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Abstract 

This study presents an experimental and modelling investigation of the ignition of hydrogen and 

natural gas mixtures. These mixtures were chosen due to their relevancy to the gas turbine industry. 

A detailed chemical kinetic mechanism for hydrogen and H2 / CO (syngas) mixtures has been 

updated during this study. Experimental results for ignitiondelay times and flame speeds have been 

compared with predictions using our newly revised chemical kinetic mechanism, and good 

agreement was observed. 

This work also used the mechanism produced during the course of this study to investigate 

numerically the effect of the variationin the syngas composition on some fundamental combustion 

properties of premixed systems at realistic engine operating conditions. Several pressures, 

temperatures, and equivalence ratios were investigated. Results of this study showed that the 

addition of hydrocarbons generally reduces the reactivity of the mixture (longer ignition delay time, 

slower flame speed) due to chemical kinetic effects. The amplitude of this effect is however 

dependent on the nature and concentration of the hydrocarbon as well as the initial condition 

(pressure, temperature, and equivalence ratio). 

Natural gas/hydrogen mixtures were also investigated as an update to a previous natural gas 

ǎǘǳŘȅΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀǘ мΣ млΣ ŀƴŘ ол ŀǘƳ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ урл ҍ мулл YΣ ŀǘ 

equivalence ratios of 0.3, 0.5, and 1.0 and with dilutions ranging from 7290 %. All experiments were 

simulated using a detailed chemical kinetic model. Overall good agreement is observed between the 

simulations and the experimental results. 

The influence of steam dilution on the autoignition behaviour of hydrogen, carbon monoxide, 

syngas and natural gas mixtures under gas turbine relevant conditions was also investigated. 

Experiments were performed for fuel/air mixtures at equivalence ratios of 0.5, 1.0 and 2.0, in the 

temperature range 895 ҍ ммпл Y ŦƻǊ ǘƘŜ I2 ŀƴŘ /h ƳƛȄǘǳǊŜǎ ŀƴŘ тол ҍ млсл Y ŦƻǊ ǘƘŜ ƴŀǘǳǊŀƭ Ǝŀǎ 

mixtures and at pressures of 10 and 30 bar. It was found that significant changes in the thermal 

properties of the mixtures affect the reactivity, whereas no chemical effect of the steam addition 

was observed for the majority of the mixtures investigated. 

To Mom, Dad, and Granny 
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Chapter 1 

Introduction 

1.1 Combustion 

Combustion has been the predominant route to energy production for centuries. This process is so 

effective that the phenomenon of a fuel and oxidizer reacting to produce energy is still being utilized 

ǘƻŘŀȅΦ /ǳǊǊŜƴǘƭȅ ст҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ώмϐ ŀƴŘ фу҈ ƻŦ LǊŜƭŀƴŘΩǎ ώнϐ ŜƭŜŎǘǊƛŎƛǘȅ ƛǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ 

combustion of conventional fossil fuels such as coal, natural gas, oil, and in Ireland peat too, being 

the biggest contributors, see Fig. 1.1. Fossil fuels are still the most widely used power sources today 

even as significant biofuel and alternative energy research is being conducted. 

 

CƛƎǳǊŜ мΦмΥ LǊŜƭŀƴŘΩǎ ŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴ ŦƻǊ ŜƭŜŎǘǊƛŎƛǘȅ ƎŜƴŜǊŀǘƛƻƴ ƛƴ ǘƘŜ ǇŜǊƛƻŘ мффл ҍ нлмм ƛƴ ǳƴƛǘǎ ƻŦ 

million tonnes of oil equivalent reproduced from reference [3]. 

This suggests that while the use of renewable energy sources and biofuels is increasing, fossil fuels 

will continue to dominate power generation for the foreseeable future. However, as the 

concentrations of conventional fuels such as oil and natural gas continue to dwindle, with 

corresponding increases in fuel prices, and environmental concerns are raised, the integration of 

alternative energy sources into power generation and more efficient use of all energy sources are 

ŜǎǎŜƴǘƛŀƭΦ LŦ ǘƘŜ ǿƻǊƭŘΩǎ ŜƴŜǊƎȅ ŘŜƳŀƴŘ ŎƻƴǘƛƴǳŜǎ ǘƻ ƛƴŎǊŜŀǎŜ ŀǎ ŜȄǇŜŎǘŜŘ όCƛƎΦ мΦнύΣ ǘƘŜǎŜ ǎǘŜǇǎ 

Ƴǳǎǘ ōŜ ǘŀƪŜƴ ƛƴ ƻǊŘŜǊ ǘƻ ŜƴǎǳǊŜ ǘƘŜ ǿƻǊƭŘΩǎ ŜƴŜǊƎȅ ǎŜŎǳǊƛǘȅΦ 
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Figure 1.2: Projected global energy demand until the year 2030. Reproduced from [4]. 

In order to achieve this, the combustion of these alternative fuels must be studied in depth and 

must be accurately characterized. Though the combustion of a hydrocarbon may be written as: 

y 

CxHy + zO2 ҭ Ȅ/h2 + H2O 

2 

the reality is much more complex with many intermediate reaction steps needed to accurately 

describe its complete combustion. Studies must be performed to build chemical kinetic mechanisms 

which, coupled with computational fluid dynamics, cŀƴ ŀŎŎǳǊŀǘŜƭȅ ǇǊŜŘƛŎǘ ŀ ŦǳŜƭΩǎ ǊŜŀŎǘƛǾƛǘȅ ƻǾŜǊ ǘƘŜ 

conditions of combustor operability. The excessive use of fossil fuels can also lead to a large amount 

of greenhouse gases such as carbon dioxide (CO2), sulfur oxide (SOx) and nitrogen oxide (NOx). The 

production of these pollutants needs to be reduced in order to meet restrictions set under the Kyoto 

protocol. 

1.2 Greenhouse Gas Emissions & Climate Change 

In 1997, the Kyoto protocol was agreed upon, where all European parliament members and thirty 

seven other industrially developed countries agreed to lower their greenhouse gas (GHG) 

1.2. GREENHOUSE GAS EMISSIONS & CLIMATE CHANGE 

 

CO2, methane (CH4), NOx, and chlorofluorocarbons (CFC) emissions. The main GHGs are usually 

considered to be water vapour (H2O), CO2, CH4, NOx, and ozone (O3ύΦ LǊŜƭŀƴŘΩǎ ǘŀǊƎŜǘ ǳƴŘŜǊ ǘƘŜ 

Kyoto protocol was to limit the growth of yearly emissions to above 13% from 1990 levels in the 

ǇŜǊƛƻŘ нллу ǘƻ нлмнΦ IƻǿŜǾŜǊΣ LǊŜƭŀƴŘ ŜȄŎŜŜŘŜŘ ƛǘΩǎ ǘŀǊƎŜǘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ŜƳƛǎǎƛƻƴǎ ǘƻ онΦп҈ ŀōƻǾŜ 
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the 1990 levels peaking in 2001 [3]. By 2004 Ireland was already 23% above the Kyoto targets even 

though emissions had been in steady decline from 2001 onwards. Using the flexible mechanisms 

agreed upon under the Kyoto protocol, Ireland was able to achieve the burden-sharing target. The 

new targets agreed upon for 2020 have Ireland committing to GHG emission reductions of 20% 

compared to 2005 levels and for 16% of the total final fuel consumption to come from renewable 

energy by 2020 [1]. Ireland is already expected to exceed these emission targets if current energy 

use continues. A global trend has seen an increase in CO2 emissions which in turn has led to 

significant climate change. The rapid economic growth of several developing countries such as China 

(the ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ŜƳƛǘǘŜǊύ ŀƴŘ LƴŘƛŀ Ƙŀǎ ŀƭǎƻ ƭŜŘ ǘƻ ŀ ƭŀǊƎŜ ƛƴŎǊŜŀǎŜ ƛƴ DID ŜƳƛǎǎƛƻƴǎΦ ¢ƘŜ ŜŦŦŜŎǘ 

of these is evident on a global scale, with the rise in global temperature leading to increased 

flooding, severe blizzards, heat waves, and the loss of Arctic sea ice [1]. The largest contributor to 

this perceived CO2 driven climate change is fossil fuel combustion. The current EU objective is to 

implement an overall reduction in CO2 ŜƳƛǎǎƛƻƴǎ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ул ҍ фр҈ ōȅ ǘƘŜ ȅŜŀǊ нлрл ώоϐΦ 

This is achievable only if the current power generations systems are changed. 

1.3 Gas Turbines 

1.3.1 The Role of Gas Turbines in Power Generation 

 

Figure 1.3: A typical gas turbine reproduced from [5]. 

Gas turbines are a type of internal combustion engine used to convert chemical energy into 

mechanical energy. They consist of three main components; the compressor, the combustor and 

the turbine. The Brayton cycle can be used to describe gas turbines from a thermodynamic 

perspective. In general this consists of a number of steps; air is taken into the compressor and 

compressed isentropically, combustion then takes place at a constant pressure in the combustor, 

and the gases produced are expanded isentropically in the turbine to rotate the turbine blades and 
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produce power, see Fig. 1.3. Gas turbines play a large role in the generation of electricity and are 

continuing to increase in importance. Their simplistic design, and versatility has allowed for their 

widespread implementation in electrical power generation. Gas turbines are also tolerant of a wide 

range of fuels and have been shown to function satisfactorily on natural gas [6], gasified coal [7], 

and renewable energy sources such as hydrogen and syngas [8]. In general, natural gas produces 

the lowest emissions among fossil fuels and gas turbines have higher efficiency (Fig. 1.4(a)) and 

lower emissions (Fig. 1.4(b)) compared to other engines currently in use. 

From the steam driven turbines that are used in coal gasification electricity generation plants, 

to turbines run on liquid water that are used in hydro-electric plants, turbines are useful for a 

number of applications and are flexible in their design. 

An increasingly important role of hydrogen and syngas fuels is expected as clean energy carriers 

in the industry but in the short-term the cheapest and the most viable option for 
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(a) 

 

(b) 

Figure 1.4: Comparison of different engine types: (a) efficiency [9] and (b) emissions [10]. 

producing hydrogen with low CO2 emissions is to use fossil fuels in conjunction with Carbon Capture 

and Storage (CCS [11]) technologies. In the last decade, power-generating combinedcycle power 

plants have increased in thermal efficiency to about 60%, while NOx emissions have been reduced 

by an order of magnitude, to below 40,000 tonnes (dry, at 15% O2) in some cases, Fig. 1.5. 
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(a) 

 

(b) 

Figure 1.5: Increasing efficiency [12] with corresponding reduction of NOx emissions [13] for gas 

turbine power plants. 

1.3.2 Increasing the Efficiency of Gas Turbine Power Plants 

Future gas turbines will need to be capable of operating with highly-reactive and vastly different 

fuels without a degeneration in safety, reliability, and performance when compared to current lean 

premixed combustion systems. Operating these systems with highly reactive alternative fuels can 

significantly affect their combustion properties such as ignition, flame stability, and flashback [14]. 

The use of current coal burning power plants is attractive with coal having emerged as the fossil 

fuel with the largest reserves and a relatively low price compared to oil and natural gas. However, 
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the discovery of new coal reserves is less than the projected demand based on the economic growth 

in China and India and other developing industrial powers. 

Integrated Gasification Combined Cycle (IGCC) power plants with CCS capabilities to reduce 

emissions, the inclusion of an ASU (Air Separation Unit) in current IGCC power plant design, steam 

generation from processes such as Steam Injected Gas Turbine (STIG) to increase power in several 

operations, and the combinationof a Heat Recovery Steam Generator (HRSG) with a gas turbine [15] 

are all technologies that have been developed recently and provide increased efficiency for gas 

turbines. These technologies are all explained in greater detail below. 

With coal feedstocks expected to outlast most other traditional fossil fuels, technologies utilizing 

coal have become extremely attractive to the power generation industry. The combined cycle power 

plant is now well established and offers superior performance to any of the alternative technologies 

which are presently available in the medium term for large scale power generation applications as 

stated by Polyzakis et al. [16]. In combined cycle power plants, a gas turbine is used in conjunction 

with a steam turbine to produce additional power from the hot exhaust gases. IGCC power plants 

with CCS technology have become increasingly attractive for notable CO2 and NOx emissions 

reduction and their ability to use coal and syngas as well as natural gas as fuel sources [17]. 

Combined cycle power plants fuelled with coal are one of the most efficient means of power 

generation. In a typical IGCC power plant, a gasifier is used to turn coal into syngas which is cleaned 

of impurities inherent in the feedstock before being combusted in a gas turbine to provide electrical 

power. The waste heat produced by this process is then used to convert water to steam in a heat 

recovery steam generator. This steam is then converted to further electrical power in a steam 

turbine Fig. 1.6. Power plants using this layout have very low emissions and with the addition of CCS 

this system can be seen as a zero emissions power plant. However, the high capital and maintenance 

costs of IGCC power plants has meant that their implementation has been slow. 

The inclusion of an ASU, which converts air into its separate components in IGCC power plant 

design, can increase their efficiency, widespread usage, and operability. Coal gasification 
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Figure 1.6: A schematic of a typical IGCC power plant [18]. 

using oxygen-blown gasifiers requires large amounts of oxygen in order to produce syngas, they are 

also more expensive due their need for ASU technologies to separate the oxygen from the other 

components. Air-blown gasifiers avoid the large capital cost of an ASU but produce a much lower 

calorific value syngas than oxygen-blown gasifiers. Air-blown gasifiers also have a negative impact 

on CO2 capture. Due to the dilutioneffect of the nitrogen, the partial pressure of CO2 in air-blown 

gasifier syngas is one-third of that from an oxygen-blown gasifier. This increases the cost and 

decreases the effectiveness of the CO2 removal equipment. 

The use of CCS can typically reduce power plant CO2 ŜƳƛǎǎƛƻƴǎ ōȅ ŀǊƻǳƴŘ урҍфр҈ ώмфϐΦ ¢ƘŜ 

potential for CCS adaptation for IGCC power plants is seen as one of the main advantages of this 

technology. There are three methods of CO2 removal available in IGCC power plants; (i) post-

combustion capture, (ii) oxy-combustion capture, and (iii) pre-combustion capture. In post-

combustion capture the CO2 is removed after combustion of the fuel, while in oxycombustion the 

fuel is burned in pure oxygen instead of air. The cooled exiting gas can then be recirculated and 

injected into the combustion chamber. This results in almost pure CO2 which can then be subjected 

to CCS. This type of CCS is often referred to as zero emissions. The removal of the CO2 after the water 

gas shift operation is performed is referred to as precombustion capture. Post-combustion and pre-

combustion capture technologies are the most widely used in power plants and other industries and 

are well understood. Oxy-combustion capture is a promising technique but at present has a high 

cost that is unattractive to industry and needs further investigation. 
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Plant efficiency can also be improved by using heat recovery systems. Energy recovery from the 

exhaust gases and the steam generation from processes such as STIG are common practices used 

to increase power in several operations. This is a natural advancement of the injection of steam 

into regenerative cycles, which involves the combination of a HRSG with a gas turbine [15]. The 

heat which is generated from combustion is subsequently used to heat water in a HRSG and, as the 

steam exits through a pipe, the steam is guided through the pipe to the turbine. This flow of 

pressurized steam transfers energy to the blades and shaft of the turbine and causes rotation 

which converts the rotational mechanical energy to electrical energy using a generator. Steam 

injection has been shown to improve thermal efficiency and also reduce NOx emissions. Energy 

from the combustion of the fuel then causes the expansion of both the HRSG steam and 

compressor air inside the same turbine which further increases the power output from the 

turbine. The specific heat of superheated steam is about twice that of air and the enthalpy of this 

steam is again higher than that of air at a given temperature [15]. Thus, the STIG method can be 

considered a highly efficient way to increase the total power output and improve the total 

performance of gas turbines. 

As well as increasing plant efficiency, the issue of fuel flexibility also needs to be addressed. To 

this end coal-derived natural gas, hydrogen, syngas and mixtures of these fuels need to be studied 

and accurately characterized before they are implemented in gas turbines. The accurate 

understanding of hydrogen and syngas combustion and the development of a chemical kinetic 

mechanism that can accurately predict their combustion is an essential step in order for IGCC 

technology to become viable. It is hoped that IGCC technology will allow combustion in the 

intermediate-ǘŜƳǇŜǊŀǘǳǊŜ όŀǇǇǊƻȄƛƳŀǘŜƭȅ сллҍмллл YύΣ ƘƛƎƘ-ǇǊŜǎǎǳǊŜ όŀǇǇǊƻȄƛƳŀǘŜƭȅ мрҍпл ōŀǊύ, 

and lean equivalence ratio (below approximately 1.0) conditions that yield low CO and NOx 

emissions due to complete combustion and at temperatures below those that yield a large amount 

of thermal NOx. Therefore, knowing the fundamental combustion properties of hydrogen and 

syngas fuel mixtures including ignition delay times at gas turbine relevant conditions is a essential 

step for a proper combustor design and the implementation of these fuels in their operation. 

IȅŘǊƻƎŜƴΩǎ ƎǊŜŀǘŜǎǘ ŀŘǾŀƴǘŀƎŜΣ ǿƛǘƘ ǊŜƎŀǊds to industry, is the elimination of CO2, NOx and SO2 

emissions. There are a number of common pathways through which NOx can be formed during 

combustion including fuel, thermal, and prompt. These are: 

ω Fuel: Is associated with fuels containing nitrogen, such as coal, in which the fuel bound 

nitrogen is converted to NOx during combustion. When these fuels are burned, the nitrogen 

bonds break and some of the resulting free nitrogen oxidizes to form NOx. 
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ω Thermal: The most important route to NOx formation in gas turbines is thermal NOx which is 

produced in the combustion process above approximately 2200 K where N2 and O2 break down 

in the combustion chamber into their atomic states and then take part 

in reactions through the Zeldovich mechanism to produce NOx: 

 N2 Ҍ hɅ ҭ b Ҍɢ bhɢ 

 b Ҍ hɢ 2 ҭ bh Ҍɢ O  ̈

 b Ҍɢ hIɢ ҭ bh Ҍɢ Iɢ 

ω tǊƻƳǇǘΥ Lǎ ŦƻǊƳŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŀŎǘƛƻƴǎ ƻŦ ƴƛǘǊƻƎŜƴ ǿƛǘƘ /I ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŀŎǘƛƻƴ bɢ 2 Ҍ /Iɢ 

ҭ b/b Ҍ IΦ ¢ƘŜ I/b ǿƘŜƴ ǇǊƻŘǳŎŜŘ ƛǎ ǘƘŜƴ ǉǳƛŎƪƭȅ ƻȄƛŘƛȊŜŘ ǘƻ /b ǘƘǊƻǳƎƘɢ ǘƘŜ ǊŜŀŎǘƛƻƴ 

I/b Ҍ hI ҭ /b Ҍ I2hΦ ¢Ƙƛǎ /b Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ŎƻƴǾŜǊǘŜŘ ǘƻ bhΤ /bɢ Ҍ h2 ҭ bh Ҍ /hΦɢ 

ω N2O results from N2 reacting with O and a third body in the reaction N¨ 2 Ҍ hόҌaύɅ ҭ b2O(+M). 

N2h Ŏŀƴ ǘƘŜƴ ǊŜŀŎǘ ǿƛǘƘ ŀƴƻǘƘŜǊ ƻȄȅƎŜƴ ŀǘƻƳ ǘƻ ŦƻǊƳ ǘǿƻ bh ǊŀŘƛŎŀƭǎΣ ƛƴɢ ǘƘŜ ǊŜŀŎǘƛƻƴ b2O + 

hɅ ҭ bh Ҍɢ bhΦɢ 

ω Cƛƴŀƭƭȅ bhȄ Ŏŀƴ ōŜ ŦƻǊƳŜŘ ǘƘǊƻǳƎƘ ŘƛƴƛǘǊƻƎŜƴƳƻƴƻƘȅŘǊƛŘŜ όbbIύΦ ¢Ƙƛǎ ƻŎŎǳǊǎ ǘƘǊƻǳƎƘɢ ǘƘŜ 

reactions N2Ҍ Iɢ ҭ bbI ŦƻƭƭƻǿŜŘ ōȅɢ bbI Ҍɢ hɅ ҭ bI Ҍɢ bhΦɢ 

The challenge for those in the gas turbine industry is to implement a combustor design which can 

operate at temperatures which promote low NOx production (below 2200 K) while also achieving 

complete combustion (low CO emissions) with maximum energy output. 

1.4 Hydrogen Mixtures 
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Figure 1.7: Feedstock share of global hydrogen production [20]. 

The possibility of a hydrogen economy has been proposed for many years as a replacement for 

hydrocarbon fuel use in the gas turbine industry. Hydrogen can be produced in a variety of ways, 

including biomass gasification, steam reformation of biomethane/hydrocarbons, 



CHAPTER 1. INTRODUCTION 

12 

 

Figure 1.8: Homogeneous hydrogen-air mixture explosion limits [21]. 

or bioethanol, electrolysis of water, photolytic processes, photobiological water splitting, or 

photoelectrochemical water splitting (Fig. 1.7) and the technology to allow the storage and flow of 

such large amounts of a gas with vastly different properties than conventional fuels must be put in 

place before hydrogen can be used solely in gas turbines. These issues must be addressed and 

rectified before hydrogen can be introduced safely into the power grid. 

The first studies of hydrogen/oxygen mixtures focused on the investigationof the explosion 

limits of these mixtures and arise due to competition between chain-branching and 

chaintermination reactions. These have been studied thoroughly under a variety of experimental 

ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ŀǊŜ ǿŜƭƭ ƪƴƻǿƴΦ ¢ƘŜ ƘȅŘǊƻƎŜƴ ŜȄǇƭƻǎƛƻƴ ƭƛƳƛǘǎ ŘƛŀƎǊŀƳ Ƙŀǎ ŀ ŘƛǎǘƛƴŎǘƛǾŜ Ψ½Ω ǎƘŀǇŜŘ 

curve, Fig. 1.8. 

These limits are described as follows: 

ω The first limit for hydrogen combustion, above which ignition has the ability to take place, 

depends largely on the surface material and shape of the reaction vessel. The hydrogen 

radicals composed from the reaction H2 + O2 ҭ Ihɢ 2 Ҍ I ǊŜŀŘƛƭȅ ŘƛŦŦǳǎŜ ǘƻɢ ǘƘŜ ǿŀƭƭǎΦ ¢ƘŜǎŜ 

then become inactive and the initiation step proceeds by the reaction H2όҌaύ ҭ I Ҍɢ IόҌaύΦɢ 
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ω ¢ƘŜ ǎŜŎƻƴŘ ƭƛƳƛǘ ŀǊƛǎŜǎ ŀǘ ƘƛƎƘŜǊ ǇǊŜǎǎǳǊŜǎ ǿƘŜǊŜ ǘƘŜ ŎƘŀƛƴ ǘŜǊƳƛƴŀǘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍɢ h2(+M) 

Ґ Ihɢ 2όҌaύ ŎƻƳǇŜǘŜǎ ǿƛǘƘ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hIΦ ¢ƘŜ Iɢ hɢ 2 radical is less reactive 

than any of the other radicals produced during hydrogen oxidation and 

as a result terminates the chain. An increase of pressure close to the second explosion limit 

will inhibit ignition. 

ω The third limit is located above the second limit at higher pressures. This involves the diffusion 

ƻŦ Ihɢ 2 radicals to the walls without further reaction [22]. There is also an additional factor, 

exothermic reactions between the chain carriers may occur near the high-pressure explosion 

limit. It is then reasonable to anticipate that self-heating could modify the third explosion 

limit. The rate of reaction at these temperatures and pressures is high enough so that the 

reaction enthalpy cannot be removed at a fast enough rate. As such the temperature rises 

and the rate of reaction increases without the removal of heat from the system. This limit 

depends on the shape and size of the reaction vessel and also on the thermal conductivity of 

the diluent gases present. 

Hydrogen is also an important fuel for the combustion community due to the hierarchical 

structure of oxidation models for hydrocarbon fuels. In order to understand and describe the 

combustion of larger fuels, it is essential that the combustion and kinetics of hydrogen and syngas 

are fully understood and predictable with chemical kinetic mechanisms. Much work has been 

conducted on hydrogen ignition delay times, speciation data and flame speed. For this study, the 

previous work conducted on ignition delay times and laminar flame speeds will only be discussed as 

these are the main experimental data of interest in the current work. 

This section reports on the previous experimental and modelling studies reported in the 

literature. Hydrogen and syngas have been studied extensively as they are simple fuels and are 

necessary to built mechanisms on a hierarchical basis. Most of these studies were conducted at high 

temperatures and low pressures in shock tubes and room atmosphere and atmospheric pressure 

for laminar flame speeds. However as hydrogen and syngas became of interest to the gas turbine 

industry ignition delay time studies were conducted at higher pressures and lower pressures, and 

higher pressure and temperature flame speed experiments were conducted. When these 

experimental results were compared to chemical kinetic mechanisms available in the literature, 

significant discrepancies were noted. The rate constants of the reactions highlighted as possible 

causes of the discrepancy were then investigated using more intensive computational and 

theoretical methods. These rate constants could then be used to build mechanisms capable of 

capturing the entire temperature and pressure range possible for hydrogen and syngas. 

Strehlow and Cohen [23] investigated hydrogen oxidation behind reflected shock waves which 

they compared to the earlier work of Schott and Kinsey [24]. The disparity noted between the two 

experimental data sets was suggested to be due to the differing definitions of ignition delay time 

used in both studies. The use of reflected shocks made the study of highly exothermic reactions 

possible without high levels of dilution. 
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Miyama and Takeyama [25] investigated the reaction pathways of hydrogen at lower 

temperatures by studying H2/O2 oxidation behind reflected shock waves at temperatures ranging 

ŦǊƻƳ уфл ҍ морл Y ŀƴŘ ǇǊŜǎǎǳǊŜǎ ŦǊƻƳ пΦр ҍ рΦс atm. Below 1100 K pre-ignition was also observed 

ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ hI ŀōǎƻǊǇǘƛƻƴ ǿƛǘƘ ƴƻ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǇǊŜǎǎǳǊŜ ǊƛǎŜ ŀƴŘ ǘƘƛǎ Ƴǳǎǘɢ ŜƛǘƘŜǊ ōŜ ŀŎŎƻǳƴǘŜŘ 

for in modelling these results or discounted. They also determined that below 1100 K the reactivity 

of the ǊŜŀŎǘƛƻƴ Ihɢ 2 + H2 ҭ I2O2 Ҍ I ƛǎ ƛƳǇƻǊǘŀƴǘ ŀǘ ƘƛƎƘɢ ǇǊŜǎǎǳǊŜǎΣ ǿƘƛƭŜ ŀōƻǾŜ ммлл Y ǘƘŜ ǊŜŀŎǘƛƻƴ 

I Ҍ hɢ 2 ҭ h ҌɅ hI ƛǎ ŎƻƴǘǊƻƭƭƛƴƎΦɢ 

Skinner and Ringrose [26] studied H2 / O2 / Ar mixtures by measuring ignition delay times behind 

reflected shock waves and compared their data to the previously obtained results from Schott and 

Kinsey [24]. They showed that the two studies agreed quite well for the regions where the reflected 

shock temperatures coincided, and that the two studies had almost the same activation energy in 

the common temperature range. However the study of Skinner and Ringrose extends to 

temperatures below those of Schott and Kinsey. This study is important at this was the first work to 

accurately simulate the change in activation energy with a simple kinetics model 

Jachimowski and Houghton [27] studied the H2 / O2 initiation process behind incident shock 

ǿŀǾŜǎ ƻǾŜǊ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ мнллҍмулл YΦ ¢ƘŜȅ ǘƘŜƻǊƛȊŜŘ ǘƘŀǘ ǘƘŜ ǊŜŀŎǘƛƻƴ I2 + O2 ҭ hI 

Ҍɢ hI ǿŀǎ ǘƘŜ ƛƴƛǘƛŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ŦƻǊ ƘȅŘǊƻƎŜƴ ƻȄƛŘŀǘƛƻƴΦ IƻǿŜǾŜǊ ǎǳōǎŜǉǳŜƴǘɢ ǎǘǳŘƛŜǎ ŀƴŘ ŎǳǊǊŜƴǘ 

theory favors the reaction H2 + O2 ҭ I Ҍ Iɢ hɢ 2. 

Slack [28] measured hydrogen/air induction times close to the second explosion limit in a shock 

ǘǳōŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2(+M) ҭ Ihɢ 2(+M) by matching these 

experimental results with numerically predicted induction times 1.9. A rate constant was 

ŘŜǘŜǊƳƛƴŜŘ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ фулҍммтс Y ŀƴŘ ŀƎǊŜŜŘ ǿŜƭƭ ǿƛǘƘ ǇǊŜǾƛƻǳǎ ŜȄǇŜǊƛƳŜƴǘŀƭ 

results. 

The phenomena of tip opening in lean Bunsen flames under fuel-rich conditions was observed 

by Mizomoto et al. [29] and Katta and Roquemore [30]. In their study Katta and Roquemore found 

that their results were in good agreement with those of Mizomoto et al. [29] who had previously 

suggested that the tip-opening phenomenon is the result of the non-unity Lewis number. 

Wu et al. [31] performed a hydrogen laminar flame speed study at atmospheric pressure and 

room temperature in a Bunsen flame for a range of fuels at fuel-lean and fuel-rich equivalence ratios 

to determine the effect of stretch on the laminar flame speed measurement and discovered that 

two separate factors can effect flame speed determination (1) preferential diffusion leads to an 

increase or decrease in flame temperature and burning rate depending on the effective Lewis 

number, and (2) the flame speed can assume higher values when evaluated at the upstream 

boundary of the preheat zone instead of the reaction zone as a result 
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Figure 1.9: Ignition delay times measured in N2: Bhaskaran 22.59% H2 + 14.79% O2 [32], Cheng 5.0% 

H2 + 5.0% O2 [33], Slack 1.0% H2 + 0.5% O2 [28], symbols: experimental data, lines: model prediction. 

of preferential diffusion. They also proposed a method of laminar flame speed measurement 

through the use of stagnation flame and linear extrapolation of the data to zero stretch rate. 

Keyser et al. [34] ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ƪƛƴŜǘƛŎǎ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ Ihɢ 2 Ҍ hIɢ ҭ I2O + O2 from 254 K to 

382 K at 1 Torr. It was shown that the cause of the discrepancies in previous measurements was due 

ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǎƳŀƭƭ ŀƳƻǳƴǘǎ ƻŦ I ŀƴŘɢ h ŀǘƻƳǎΦ ¢ƻ ǊŜƳƻǾŜ ǘƘŜǎŜɅ ŀǘƻƳǎ ŦǊom the system, 

Keyser introduced NO2 ƛƴǘƻ ǘƘŜ ŦǳŜƭ ƳƛȄǘǳǊŜΦ ¢ƘŜ ŀōǎƻƭǳǘŜ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ Ihɢ 2 Ҍ hIɢ 

ҭ I2O + O2 was measured by using the discharge-Ŧƭƻǿ ǊŜǎƻƴŀƴŎŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ǘŜŎƘƴƛǉǳŜ ǿƛǘƘ Ihɢ 

2 in large excess. They found that this reaction exhibited no pressure dependence at pressures up to 

1000 Torr. 

aƛŎƘŀŜƭ ŀƴŘ {ǳǘƘŜǊƭŀƴŘ ώорϐ ƳŜŀǎǳǊŜŘ ǊŀǘŜ Ŏƻƴǎǘŀƴǘǎ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ Iɢ 2h ҭ I2 + OH using 

ǘƘŜ ŦƭŀǎƘ ǇƘƻǘƻƭȅǎƛǎ ǎƘƻŎƪ ǘǳōŜ ǘŜŎƘƴƛǉǳŜ ǘƻ ŎƻƳǇŀǊŜɢ with their experimental data and to 

previously calculated rate constants from the literature. Good agreement was found between this 

study, the previous experimental studies, and the determined rate constant. 

Pirraglia et al. [36] also used the flash photolysis shock tube technique to derive rate constants 

ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2όҌ!Ǌύ ҭ Ihɢ 2(+Ar) over the temperature range 

фсн ҍ мтлр Y ŦƻǊ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘ тпсɢ ҍ фут Y ŦƻǊ I Ҍ hɢ 2όҌ!Ǌύ ҭ Ihɢ 2(+Ar). The study was 

performed to try to remedy the significant discrepancies in the experimentally measured rate 
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constants in the literature. They found good agreement between the rate constants measured 

experimentally and those calculated previously. The atomic resonance absorption spectroscopy 

technique used by Pirraglia et al. is known to have a large degree of uncertainty than other 

techniques and this should be taken into account when employing this rate constant. 

aŀǎǘŜƴ Ŝǘ ŀƭΦ ώотϐ ǇŜǊŦƻǊƳŜŘ ŀ ǎƘƻŎƪ ǘǳōŜ ǎǘǳŘȅ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ƛƴ ǘƘŜɢ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ мпрл ҍ оотл YΦ ¢Ƙƛǎ ǿŀǎ ŘƻƴŜ ƛƴ ƻǊŘŜǊ ǘƻ ŘŜǊƛǾŜ ŀ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘƛǎ ǊŜŀŎǘƛƻƴ 

which is one of the most important elementary gas-phase reactions in combustion. Previous 

experimental studies had shown a near factor of 2 discrepancy in these experimental results and 

theoretical studies which was also the the reason for the study conducted by Pirraglia et al. [36]. 

The rate constant derived was in agreement with the previous rate coefficient of Pirraglia et al. [36] 

ŀǘ ǘƘŜ ƻǾŜǊƭŀǇǇƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ мпрл ҍ мтлр YΦ 

Dowdy et al. [38] presented an innovative approach for measuring burning velocities and stretch 

effects in laminar flames using a simple phenomenological model and used hydrogenair flames as 

an example. The model was also validated against the results of a detailed simulation of expanding 

flames. The results were in very good agreement with one another and the experimental data, 

suggesting the validity of its use in the future determination of experimental flame speeds. 

Egolfopoulos et al. [39] studied the laminar flame speeds of H2 / O2 / N2 mixtures using the 

counterflow flame technique at ultra-lean to moderately-rich equivalence ratios over a pressure 

range of 0.2 to 2.25 atm. The data obtained was compared to chemical kinetic mechanisms from the 

literature. In order to obtain good agreement with the experimental data they used the mechanism 

of Yetter et al. [40] including updated rate constants from the literature and found the mechanism 

significantly underpredicted the experimental results for weakly burning flames at increased 

ǇǊŜǎǎǳǊŜǎΦ ¢ƘŜ ŀǳǘƘƻǊǎ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŜ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ ǊŜŀŎǘƛƻƴǎ ƻŦ Ihɢ 2 and H2O2 as the possible 

cause of the discrepancy and deemed these reactions in need of further investigation. 

Oldenborg et al. [41] revised the rate constant of H2 Ҍ hIɢ ҭ I Ҍ Iɢ 2O from the previously 

ŀŎŎŜǇǘŜŘ ǊŀǘŜ ƻŦ aƛŎƘŀŜƭ ŀƴŘ {ǳǘƘŜǊƭŀƴŘ ώорϐ ǳǎƛƴƎ ŘƛǊŜŎǘ ƳŜŀǎǳǊŜƳŜƴǘǎ ōŜǘǿŜŜƴ улл ҍ мррл YΦ 

They found good agreement between their study and previous shock tube measurements in the 

overlapping region. Using their experimental results and those of the previous studies they derived 

ŀ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŜȄǇǊŜǎǎƛƻƴ ǾŀƭƛŘŀǘŜŘ ƻǾŜǊ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ нрл ҍ нрум YΦ 

Vagelopoulos et al. [42] further investigatedthe accuracy of the counterflow flame technique for 

flame speed measurements at ultra-ƭŜŀƴ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ όлΦо ҍ лΦррύΦ ¢ƘŜȅ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ 

accuracy of the linear extrapolation increases with decreasing Karlovitz number and that accuracy 

can be increased by reducing the strain rate or increasing the nozzle separation distance. 
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Kim et al. [43] studied high-pressure and high-temperature moist CO oxidation in order 

to further the understanding of the second explosion limit and to increase reaction mechanism 

knowledge. They discovered that near the second limit an increase in pressure results in a two 

orders of magnitude decrease in the oxidation rate. They altered the rate constants of six reactions, 

H2h Ҍ hɅ ҭ hI Ҍɢ hIΣ Iɢ hɢ 2 Ҍ hIɢ ҭ I2O + O2Σ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2όҌaύΣ /h Ҍ Ihɢ 2 ҭ /h2 + 

hIΣ /h Ҍɢ hIɢ ҭ /h2 Ҍ IΣ ŀƴŘɢ I Ҍ hɢ 2 ҭ h ҐɅ hI ǘƻ ǳǇŘŀǘŜɢ ǘƘŜ ¸ŜǘǘŜǊ Ŝǘ ŀƭΦ ώплϐ ǊŜŀŎǘƛƻƴ 

mechanism and achieved much better agreement with literature experimental results. 

Aung et al. [44] investigated the effects of positive flame stretch on the laminar burning 

ǾŜƭƻŎƛǘƛŜǎ ƻŦ ƘȅŘǊƻƎŜƴκŀƛǊ ŦƭŀƳŜǎ ŦƻǊ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ ƛƴ ǘƘŜ ǊŀƴƎŜ лΦоҍрΦл ōƻǘƘ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ 

and computationally. Predictions of flame-structure/stretch interactions showed unstable and 

stable behaviour at fuel-lean and fuel-rich conditions, respectively, and was explainable by the 

preferential diffusion of hydrogen compared to oxygen. 

Hessler [45] used existing kinetic and thermochemical data to derive a rate constant for the 

ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ōǳǘ ǎǳƎƎŜǎǘŜŘ ƳƻǊŜ ǘƘŜƻǊŜǘƛŎŀƭ ǿƻǊƪ ƴŜŜŘŜŘ ǘƻ ōŜ ŘƻƴŜ ƛƴɢ ƻǊŘŜǊ ŦƻǊ 

the rate constant for this reaction to be accurately derived. 

A significant investigation was conducted by Lee and Hochgreb [46] who studied the autoignition 

ǇǊƻŎŜǎǎ ƻŦ ƘȅŘǊƻƎŜƴ ƻǾŜǊ ǘƘŜ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜǎ ƻŦ с ҍ пл ōŀǊ ŀƴŘ фрл ҍ млрл YΣ 

respectively, for a slightly diluted mixture of H2 / O2 / Ar (2 / 1 / 5) in an rapid compression machine 

(RCM) with creviced pistons. This was done in order to investigate the reactivity of hydrogen above 

the second explosion limit. The experimental results obtained were compared to the reaction 

ƳŜŎƘŀƴƛǎƳ ƻŦ YƛƳ Ŝǘ ŀƭΦ ώпоϐΦ Lǘ ǿŀǎ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ǊŜŀŎǘƛƻƴǎ ƛƴǾƻƭǾƛƴƎ Ihɢ 2 dominated reactivity at 

ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ƛƴǾŜǎǘƛƎŀǘŜŘΣ ǿƛǘƘ ǘƘŜ ǊŜŀŎǘƛƻƴ Ihɢ 2 + H2 ҭ I2O2 + H being identified as one of the 

Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ƻƴŜǎΦ ! ǊŀǘŜɢ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ǿŀǎ ŘŜǊƛǾŜŘ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ 

results. The simulated pressure history with the modified reaction rate was shown to agree well with 

the measured values during the induction period over the range of conditions tested. Lee and 

Hochgreb developed a model heat loss during the induction period and was significant in 

determining more accurate ignition delay times in RCMs. 

Mueller et al. [47] used a flow reactor to study H2 / O2 and CO / H2O / O2 kinetics and the effect 

of small amounts of NO and NO2 ŀŘŘƛǘƛǾŜǎ ƻǾŜǊ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇǊŜǎǎǳǊŜ όлΦрҍмпΦл ŀǘƳύ ŀƴŘ 

ǘŜƳǇŜǊŀǘǳǊŜ όтрлҍммлл YύΦ ¢ƘŜ /h κ I2O / O2 sub-mechanism used was adopted from the 

comprehensive reaction mechanism of Kim et al. [43] with some modifications to achieve better 

agreement with experimental results. Mueller et al. [47] discussed how, at low temperatures and 

high pressures, the rŀŘƛŎŀƭ Ǉƻƻƭ ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ ǘƘŜ Ihɢ 2 radical and H2O2 and the chemistry 
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involving these species becomes important. H2 / O2 kinetics at higher temperatures are largely 

ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ŎƘŀƛƴ ōǊŀƴŎƘƛƴƎ ǎŜǉǳŜƴŎŜ I Ҍ hɢ 2 Ґ h ҌɅ hIΣɢ hɅ Ҍ I2 ҭ hI Ҍɢ IΣ ŀƴŘɢ hI Ҍ Iɢ 2 

ҭ I2h Ҍ I ǿƘŜǊŜ ǘƘŜ ƻǾŜǊŀƭƭ ǊŜŀŎǘƛƻƴ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅɢ ŀƴ ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎȅ ǘƘŀǘ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 

Ŝǉǳŀƭ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ ǊŀǘŜ ƭƛƳƛǘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hIΦɢ 

Tse et al. [48] performed laminar flame speed experiments in a specially designed novel 

apparatus at pressures up to 60 bar and at 298 K. They concluded that flame instabilities dominated 

flame dynamics at elevated pressures and would occur for all fuels and equivalence ratios. They also 

discovered that with the use of helium as the diluent, and by reducing the oxygen concentration of 

the combustible mixture, diffusional-thermalinstability can be mostly suppressed and the 

hydrodynamic instability delayed. Tse et al. [48] also highlighted the need for studies on the 

uncertainties in third-body efficiency factors and transport coefficients, especially for high pressures 

and extensive equivalence ratio ranges. 

Qin et al. [49] compared predicted and measured laminar burning velocities of hydrogen/air 

mixtures at elevated pressures ranging fǊƻƳ м ҍ р ŀǘƳ ǳǎƛƴƎ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ǊŜŀŎǘƛƻƴ ƳŜŎƘŀƴƛǎƳǎ 

[40,50,51] where they found that the mechanism of Yetter et al. [40] yielded the best agreement 

with the experimental data. In order to obtain better agreement with experimental results they 

altered the rate-ŎƻŜŦŦŎƛŜƴǘ ŜȄǇǊŜǎǎƛƻƴǎ ƻŦ ǘƘŜ ǊŜŎƻƳōƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ I Ҍɢ h2όҌaύ ҭ Ihɢ 2(+M) 

ŀƴŘ I Ҍɢ hIόҌaύɢ ҭ I2O(+M) in the mechanism of Yetter et al [40] and good agreement was 

observed between the modified mechanism and experimental data. 

Troe [52] and MichaŜƭ ώроϐ ŀƴŀƭȅȊŜŘ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M), which is rate 

controlling at gas turbine conditions, using ab initio calculations to construct fall-off curves for the 

reaction over wide temperature and pressure ranges and experimental techniques with seven 

different bath gases. They suggested new rates for the reaction based on the temperature of the 

reacting mixture in addition to the chemical composition and concentration of the bath gas over a 

range of pressures. The results were in good agreement with previous experimental results and 

confirmed the exceptionally high recombination rate constant when M = H2O. These new rates were 

suggested based on the temperature of the reacting mixture in addition to the chemical composition 

and concentration of the bath gas over a wide range in pressures. This meant that the accurate 

prediction of the hydrogen oxidation over a wider range of experimental conditions than previously 

possible. 

Kwon and Faeth [54] considered flame/stretch interactions of premixed hydrogen-fuelled 

flames at fuel-equivalence ratios of 0.6 to 4.5 and pressures of 0.3 to 3.0 atm. They saw that, at fuel-

lean conditions, an increase in flame temperature reduced the flame sensitivity to stretch, while an 

increase in pressure increased the tendency of preferential-diffusioninstability behaviour to occur 
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and the effect of flame stretch on laminar burning velocities was seen to be substantial. Replacing 

nitrogen with argon as the diluent led to larger laminar burning velocities due to increased flame 

temperatures while replacing nitrogen with helium resulted in a faster laminar burning velocities 

due to both increased flame temperatures and transport rates. 

.ŀǘŜǎ Ŝǘ ŀƭΦ ώррϐ ǇŜǊŦƻǊƳŜŘ ŀƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ŀƴŘ ƳƻŘŜƭƭƛƴƎ ǎǘǳŘȅ ƻŦ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) 

at elevated pressures (7 to 152 bar) and temperatures between 1050 and 1250 K. The pressure 

dependence of the reaction was studied by measuring the fall-off of the reaction for M = Ar over a 

млҍмрн ōŀǊ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜΦ ¢Ƙƛǎ ǎǘǳŘȅ ƘƛƎƘƭƛƎƘǘŜŘ ŀ ŘƛǎŎǊŜǇŀƴŎȅ ōŜǘǿŜŜƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŀƴŘ 

calculated rate constants for high pressure Ar results but had good agreement at low pressures. The 

discrepancy was unresolved and was determined to need further study. As Bates et al. conducted 

the only direct experimental measurements at high temperature they are seen as the most accurate 

and have been adopted into many recent mechanisms. 

Kappel et al. [56] revised the rate constantǎ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴǎ hI Ҍ Iɢ 2O2 ҭ I2h Ҍ Ihɢ 2Σ Ihɢ 2 

Ҍ Ihɢ 2 ҭ I2O2 + O2Σ ŀƴŘ Ihɢ 2 Ҍ hIɢ ҭ h2 + H2O using absorption spectroscopy behind reflected 

shock waves. They observed the uncommon non-Arrhenius behaviour of these reactions which 

indicates pathways involving bound intermediate complexes are possible for these reactions. The 

improved setup led to better precision than was possible in the earlier work [57] and falloff curves 

were also measured experimentally. Kappel et al. [56] also experimentally measured the early onset 

of deviations from the limiting low pressure behaviour of the unimolecular dissociation of H2O2. This 

led to discrepancies between the calculated and experimental results and the authors 

acknowledged the need for further studies of these reactions. 

Li et al. [58] and O Conaire´ et al. [59] both developed comprehensive kinetic mechanisms for 

hydrogen oxidation based on the previous work of Mueller et al. [47] and both mechanisms were 

validated against a wide variety of experimental data. However neither mechanism was validated at 

low temperature and high pressures and this should be taken into account when comparing these 

models to experimental data at these conditions. These mechanisms continue to be extensively used 

in the literature as they provide generally good agreement for all hydrogen combustion regimes. 

Del Alamo et al. [60] compared a number of previously published reaction mechanisms [47, 61ς

65] to shock tube ignition data available in the literature [32,66]. They used this data to formulate a 

ǎƛȄ ǎǘŜǇ ŜƭŜƳŜƴǘŀǊȅ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǳǎŜ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƎƛƻƴ мллл ҍ нрлл Y ŀƴŘ ōŜƭƻǿ мл ōŀǊΦ 

Davis et al. [67] formulated a reaction mechanism for H2 / CO / O2 using the data obtained from 

Troe [52] and Michael [53] and revised data for ǘƘŜ ŜƴǘƘŀƭǇȅ ƻŦ ŦƻǊƳŀǘƛƻƴ ŦƻǊ hI ƻŦ уΦуоɢ ҕ лΦлф 

kcal/mol) published by Ruscic et al. [68]. The mechanism was based predominantly on the H2/CO/O2 
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rate parameters suggested in the GRI 3.0 mechanism [69] while the CO / H2 subset was taken from 

various sources including Mueller et al. [47], Allen et al. [70], and Westmoreland et al. [71]. Their 

mechanism was validated against thirty six different combustion experiments including flame 

speeds, flow reactor data and shock tube ignition delay times, in order to ensure agreement over a 

wide range of temperatures, pressures, mixture compositions and experimental configurations. 

Discrepancies were noted for H2-O2-IŜ ŦƭŀƳŜ ǎǇŜŜŘǎΣ ǘƘŜ I ŀƴŘɢ h ŀǘƻƳ ƳƻƭŜ ŦǊŀŎǘƛƻƴǎ ƛƴ ǘƘŜ 

burner-stabilized flame,¨ and the consumption rate of H2 for the 1.0% H2 / 1.5% O2% / 97.5% N2 flow 

reactor mixture at 943 K and 2.5 atm of Mueller et al. [47] and the mechanism was optimized to 

resolve these by lowering the rate of the reactions H2 Ҍ hI Ґɢ I Ҍ Iɢ 2hΣ ŀƴŘ I Ҍ Iɢ hɢ 2 Ґ hI Ҍɢ hIΣ 

ŀƴŘ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǊŀǘŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴɢ I Ҍ hɢ 2 (+H2hύ ҭ Ihɢ 2 (+H2O). Davis et al. also suggested a 

ǊŜǾƛǎŜŘ ǊŀǘŜ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ /h Ҍ hIɢ ҭ /h2 + H which ŀƭƭƻǿŜŘ ŦƻǊ ǘƘŜɢ ǇǊŜŘƛŎǘƛƻƴ ƻŦ /hκI2 laminar 

flame speeds at high temperatures. Davis et al. [67] emphasized the importance of incorporating 

fall-ƻŦŦ ōŜƘŀǾƛƻǳǊ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ǎǳŎƘ ŀǎ /h Ҍ hόҌaύɅ ҭ /h2(+M). This mechanism 

provides good agreement at higher temperatures but was not validated at temperatures below 1000 

K and higher pressures above 64 atm and should not be used outside this region. When this 

mechanism was used in experimental studies at high pressure good agreement was not observed. 

 IǿŀƴƎ Ŝǘ ŀƭΦ ώтнϐ ƳŜŀǎǳǊŜŘ ǊŀǘŜ ŎƻŜŦŦƛŎƛŜƴǘǎ ŦƻǊ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ 

Ihɢ 2όҌaύ Ǿƛŀ hI ŀōǎƻǊǇǘƛƻƴōŜƘƛƴŘ ǊŜŦƭŜŎǘŜŘ ǎƘƻŎƪ ǿŀǾŜǎ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ фрлɢ

 ҍомлл YΦ ¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƎǊŜŜŘ ǿŜƭƭ ǿƛǘƘ ǘƘƻǎŜ ƻŦ tƛǊǊŀƎƭƛŀ Ŝǘ ŀƭΦ ώосϐ ŀǘ ƭƻǿ ǘemperatures and 

those of GRI 3.0 [69] over the entire temperature range investigated in the study. 

Sabia [73] analyzed five current reaction mechanisms against shock tube data available in the 

literature to determine the sensitive reaction leading to deviations between the models and 

ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŀǘŀΦ ¢ƘŜȅ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ƻŦ Ihɢ 2 Ҍ Iɢ ҭ I2O2 + H2 

by a factor of 10 in the mechanism of Marinov et al. [74] led to elevated H2O2 production, and thus 

to a faster ignition and better agreement with the experimental results was achieved. 

Mittal and Sung [75] used an RCM to study syngas mixtures in an RCM at pressures from 15 to 

рл ōŀǊΣ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ ǘƘŜ ǊŀƴƎŜ фрлҍммлл Y ŀƴŘ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ ŜǾŜƴ ǎƻƳŜ ƻŦ 

the hydrogen fuel by carbon monoxide in a reacting mixture can lead to longer ignition delay times 

and that this effect is even more pronounced at higher pressures. They also stated that at 

intermediate temperatures and high pressures, reactions involving the formation and consumption 

ƻŦ Ihɢ 2 and H2O2 ǿŜǊŜ ƛƳǇƻǊǘŀƴǘΦ ¢ƘŜȅ ǘƘŜƻǊƛȊŜŘ ǘƘŀǘ ǘƘŜ ǊŜŀŎǘƛƻƴ /h Ҍ Ihɢ 2 ҭ /h2 + OH was the 

ǇǊƛƳŀǊȅ ǊŜŀŎǘƛƻƴ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ƳƛǎƳŀǘŎƘɢ ōŜǘǿŜŜƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŀƴŘ ƳƻŘŜƭ 
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predictions with significant improvement in the ignition delay predictions being achieved by 

reducing the rate constant of this reaction. The mechanism of O Conaire´ et al. [59] was shown to 

perform best for the experimental data compared to other mechanisms from the literature. Mittal 

and Sung did not see a change in activation energy below 1000 K in contrast to the previous shock 

tube studies of Schott and Kinsey and Skinner [24] and Ringrose [26]. 

Hermanns et al. [76] studied laminar burning velocities of dilute hydrogen / oxygen / nitrogen 

mixtures using the heat flux method at equivalence ratios of 0.7 to 3.1, and at room temperature 

and atmospheric pressure. They did not achieve complete agreement with previously published 

counterflow twin-flame technique experimental data [39] and attributed the discrepancy to errors 

arising from the linear extrapolation to zero stretch rate. 

Laminar burning velocities of lean hydrogen-air mixtures at pressures up to 1.0 MPa, for 

equivalence ratios ranging between 0.3 and 1.0 and at a temperature of 365 K were measured by 

Bradley et al. [77]. It was found that as the pressure was increased, the enhancement of flame speed 

due to instabilities occurred earlier in the flame propagation, this made accurate allowance for the 

instabilities of greater importance. An increase in pressure was also shown to decrease the time for 

stable flame propagation between the end of sparking and the development of cellularity. 

Ellingson et al. [78] calculated a rate coeŦŦƛŎƛŜƴǘ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴǎ I Ҍ Iɢ 2O2 ҭ hI Ҍɢ I2O and H 

Ҍ Iɢ 2O2 ҭ Ihɢ 2 + H2 using ab initio methods, with the reaction barrier heights being determined 

using rate coefficient calculations employing CVT/SCT to experiment and high-level ab initio 

methods. This study investigated the disparity in the reported coefficients for these reactions. The 

barrier height was also adjusted to the upper limit of the benchmark calculations to obtain 

agreement with the work of Baldwin et al. [79]. 

Saxena and Williams [80] formulated a reduced reaction mechanism for hydrogen and syngas 

oxidation. This mechanism was validated for high temperatures and relatively low pressures. The 

ǊŀǘŜ ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ŎƘŀƛƴ ǇǊƻǇŀƎŀǘƛƻƴ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) were 

adopǘŜŘ ŦǊƻƳ ¢ǊƻŜ ώрнϐΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ŦƻǊ I Ҍɢ hIόҌaύɢ ҭ I2O(+M) was increased by 80% from 

ƛǘǎ ƻǊƛƎƛƴŀƭ ŜǎǘƛƳŀǘŜΦ ¢ƘŜȅ ŀƭǎƻ ǊŜǾƛǎŜŘ ǘƘŜ ǊŀǘŜǎ ŦƻǊ /h Ҍ hIɢ ҭ /h2 Ҍ I ŀƴŘ /h Ҍ Iɢ hɢ 2 ҭ /h2 + 

OH in the syngas sub-ƳŜŎƘŀƴƛǎƳ ōŀǎŜŘ ƻƴɢ ǘƘŜ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ƻŦ [ƛ et al. [81] and Mueller et al. 

[47] respectively. While overall good agreement was found for experimental data in the literature, 

discrepancies were found between the mechanism and the work of Gardiner et al. [82]. The authors 

accredited this disparity to possible experimental uncertainty and errors in the rate parameter 

values. This mechanism was validated for temperatures above 1000 K, pressures below 100 atm, 

and equivalence ratios below 3 and cannot be used for gas turbine related conditions. Despite the 
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discrepancies this mechanism can be said to produce experimental data accurately within the region 

of operability with a short computational time. 

Stro¨hle et al. [83] compared a number of different hydrogen oxidation kinetic mechanisms [58ς

60,69] against shock tube experiments measured up to pressures of about 32 bar. They found that 

the mechanisms developed by O Conaire´ et al. [59] and Li et al. [81] predicted the ignition delay 

times observed most accurately under gas turbine conditions. 

A pressure aƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǇŜƴŘŜƴǘ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) 

ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ CŜǊƴŀƴŘŜǎ Ŝǘ ŀƭΦ ώупϐ ƻǾŜǊ ŀ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мΦр ҍ фрл ōŀǊ ŀƴŘ ƛƴ ǘƘŜ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ олл ҍ флл Y ŦƻǊ ǘƘŜ ōŀǘƘ ƎŀǎŜǎ a Ґ IŜΣ b2, Ar, and H2O based on experimental 

measurements taken in a high pressure flow cell. They also provided experimental falloff curves for 

this reaction in the bath gases M = He, Ar, and N2. 

Sellevag et al. [85] examined the reaction H2hόҌaύ ҭ I Ҍɢ hIόҌaύ όǿƘƛŎƘ ƛǎ ƛƳǇƻǊǘŀƴǘɢ ŦƻǊ 

laminar flames particularly at high pressures) using high-level quantum chemistry methods and also 

examined the pressure dependence of the reaction. They concluded that new measurements at 

room temperature of the low pressure limiting rate coefficient would be of value in order to provide 

ŀ ōŜǘǘŜǊ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ I Ҍɢ hIόҌaύ Ґ Iɢ 2O(+M) reaction. 

Konnov et al. [86] analyzed the performance of an updated hydrogen combustion mechanism 

ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ǾŀƭƛŘŀǘŜŘ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ фрл ҍ нтлл Y ŀƴŘ ŦǊƻƳ ǎǳōŀtmospheric 

pressures up to 87 atm. The main focus of this work was to evaluate uncertainties in the models 

caused by the uncertainties in the available rate constants. They highlighted the fact that, although 

the effects of pressure and water dependence on ǘƘŜ Ihɢ 2 self-reaction are well established at low 

temperatures, most previous mechanisms did not contain them and that mechanisms do not 

contain the complete list of possible reactions for hydrogen combustion. It was discovered that the 

ǊŜŀŎǘƛƻƴǎ I Ҍ Iɢ hɢ 2 ҭ hI Ҍɢ hI ŀƴŘɢ I Ҍ Iɢ hɢ 2 ҭ I2O + O should be considered kinetically and 

both should be included in reaction mechanisms.¨ When calculations of the potential energy 

ǎǳǊŦŀŎŜǎ ŦƻǊ I Ҍ Iɢ hɢ 2 ҭ hI Ҍɢ hI ǿŜǊŜ ŎŀǊǊƛŜŘ ƛǘɢ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ƛǎ highly unlikely 

and can be omitted from H2/O2 mechanisms. The results of their mechanism were shown to agree 

well with literature experimental results, however even since this mechanism has been published 

our understanding of hydrogen kinetics has improved significantly. 

Hu et al. [87] performed an experimental and numerical study of hydrogen / air laminar burning 

velocities and flame instabilities at elevated pressures (up to 8.0 MPa), at temperatures up to 950 K 

for equivalence ratios in the range 0.4 to 4.0. They showed that laminar burning velocities increase 

with an increase in initial temperature while a decrease is observed with increasing initial pressure 
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with the maximum laminar burning velocity located at an equivalence ratio of 1.8. They concluded 

that competition of chain branching and chain termination reactions plays an important role in the 

determination of laminar burning velocity and also found that a strong correlation exists between 

laminar burning velocity and the maximum radical concentrŀǘƛƻƴǎ ƻŦ I ŀƴŘɢ OH radicals in the 

ǊŜŀŎǘƛƻƴ ȊƻƴŜ ƻŦ ǇǊŜƳƛȄŜŘɢ ŦƭŀƳŜǎΦ 

IŜǊȊƭŜǊ ŀƴŘ bŀǳƳŀƴƴ ώууϐ ǎǘǳŘƛŜŘ ŘƛƭǳǘŜŘ ƘȅŘǊƻƎŜƴ ƳƛȄǘǳǊŜǎ ŀǘ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ ˒ Ґ лΦр ŀƴŘ 

мΦл όŘƛƭǳǘƛƻƴ мΥрύΣ ƻǾŜǊ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ фллҍмулл Y ŀƴŘ ŀǘ ǇǊŜǎǎǳǊŜǎ ƻŦ ŀōƻǳǘ мΣ п ŀƴŘ 16 bar. 

These data were compared to a number of mechanisms [58,67] and it was found that the 

mechanisms deviated from the experimental data at low temperatures and at high pressures. To 

account for this they adopted the hydrogen kinetic and thermodynamic subsystem of the RD 

mechanism [88] (which is based on the RAMEC mechanism of Petersen et al. [89]) with additions 

ƳŀŘŜ ŀǘ 5[w {ǘǳǘǘƎŀǊǘ ŎƻƴŎŜǊƴƛƴƎ ǘƘŜ /ɢ 2H5, formaldehyde, acetaldehyde and C2H6 system where 

the values were taken from the mechanism of Li et al. [81]. While better agreement was achieved, 

they concluded that more work was required in order for these conditions to be accurately 

described. 

Hong et al. [90] determined a rate constant for the reaction H2O2όҌaύ ҭ hI Ҍɢ hIόҌaύɢ ƻǾŜǊ ŀ 

temperature aƴŘ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мллл ҍ мнлл Y ŀƴŘ лΦф ҍ оΦн ŀǘƳ ǊŜǎǇŜŎǘƛǾŜƭȅ ŦƻǊ ōƻǘƘ ŀǊƎƻƴ ŀƴŘ 

nitrogen carrier gases by fitting the measured water profiles. No pressure dependence of the 

decomposition rate was resolved between 0.9 and 1.7 atm in argon, whereas at 3.2 atm, a 10% 

deviation from these lower-pressure measurements was observed. They suggested a new low 

pressure limit rate associated with a high pressure rate from Sellevag et al. [85]. Agreement between 

this study and a previous study by Troe and coworkers [57] was shown to be very good. 

Pang et al. [91] conducted an experimental shock tube and modelling study of hydrogen 

ƻȄƛŘŀǘƛƻƴ ǳǎƛƴƎ ŀǊƎƻƴ ŀǎ ŀ ŘƛƭǳŜƴǘ ŀǘ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜǎ όфлу ҍ ммму Yύ ŀƴŘ ŀǘ ǇǊŜǎǎǳǊŜǎ ōŜǘǿŜŜƴ оΦл 

and 3.7 atm in a shock tube. This study set out to determine the cause of the discrepancy between 

model and experiments for hydrogen oxidation at these conditions. The experimental data was 

plotted against four different mechanisms [58,59,69,92] using the CHEMSHOCK [93] program, to 

study the influence of facility-dependent effects and localized energy release, including an updated 

version of the GRI-Mech 3.0 model [69] which showed a large degree of disagreement between the 

experimental results and the kinetic mechanisms. Applying the new CHEMSHOCK model to current 

experimental data showed that these two effects are at least partially responsible for most of the 

discrepancy seen between the ignition delay time data and detailed kinetic modelling and the use 

of CHEMSHOCK in modelling studies substantially resolves the discrepancy found in the detailed 

kinetic modelling of hydrogen ignition. Therefore better agreement was seen for the experimental 

results and chemical kinetic models when facility dependent pressure rise and pre-ignition energy 
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release were included and could be used to explain in part the previous discrepancies noted in shock 

tubes for long IDTs. Pang et al. [91] also proposed that the difficulty in predicting ignition delay time 

ǎǘŜƳǎ ŦǊƻƳ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌ!Ǌύ ҭ Ihɢ 2(+Ar) and suggested a revised rate constant for this 

reaction. For lower temperatures once the CHEMSHOCK model was applied there was better 

agreement between the experimental data and GRI-Mech 3.0. 

Hong et al. [94] used laser absorption of both water and hydroxyl radicals to investigate the 

reactƛƻƴ hI Ҍ Iɢ hɢ 2 ҭ I2O + O2 in shock-heated H2O / O2 / Ar mixtures in the temperature range 

мслл ҍ ннлл Y ŀƴŘ ǘƘŜƛǊ ǾŀƭǳŜ ŀƎǊŜŜǎ ǿŜƭƭ ǿƛǘƘ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ {ǊƛƴƛǾŀǎŀƴ Ŝǘ ŀƭΦ ώфрϐΦ !ǎ ǘƘŜ ǇǊŜǎǎǳǊŜ 

ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ ǊŜŀŎǘƛƻƴ Ihɢ 2 Ҍ hI ǎǘǊƻƴƎƭȅ ŎƻƳǇŜǘŜǎ ǿƛǘƘ Iɢ hɢ 2 Ҍ Iɢ ҭ hI Ҍɢ hI ŦƻǊ Iɢ hɢ 2 radicals. 

¢ƘŜ ǊŜŀŎǘƛƻƴ Ihɢ 2 Ҍ I ƛǎ ƻƴŜ ƻŦ ǘƘŜ ƳŀƧƻǊ ŘƛǊŜŎǘ ǎƻǳǊŎŜǎɢ ƻŦ hI ǊŀŘƛŎŀƭǎ ŀǘ ƘƛƎƘ ǇǊŜǎǎǳǊŜǎΣ ǘƘǳǎ 

ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ŀƳƻǳƴǘ ƻŦɢ I ŀǘƻƳ ŀǾŀƛƭŀōƭŜ ǘƻ ǊŜŀŎǘɢ ǿƛǘƘ /h ƻǊ h2. 

¢ƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ōȅ IƻƴƎɢ Ŝǘ ŀƭΦ ώфсϐ ƛƴ ŀ ǎƘƻŎƪ ǘǳōŜ ŦƻǊ ŘƛƭǳǘŜ 

ŎƻƴŘƛǘƛƻƴǎΣ ƻǾŜǊ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜǎ ƻŦ ммлл ҍ мрол Y ŀƴŘ н ŀǘƳ ǊŜǎǇŜŎǘƛǾŜƭȅ ǳǎƛƴƎ 

tunable diode laser absorption of H2O. The rate coefficients of the reaction were determined by 

varying k1 in GRI-Mech 3.0 [69] to generate H2O profiles that best-fit the experimental observations. 

Excellent agreement was achieved between their study and the previous work conducted by Masten 

et al. [37], Pirraglia et al. [36] and Hwang et al. [72] in the overlapping temperature ranges. 

Hong et al. [97] conducted an extensive experimental and modelling study of hydrogen 

oxidation. They revised the high temperature rate constants for the reactions H2O2όҌaύ ҭ 

hI Ҍɢ hIόҌaύΣɢ I Ҍ hɢ 2 ҭ h ҌɅ hIΣɢ hI Ҍ Iɢ 2O2 ҭ Ihɢ 2 + H2O, O2 + H2h ҭ hI Ҍɢ 

Ihɢ 2Σ ŀǎ ŘƛŎǳǎǎŜŘ ŀōƻǾŜ ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ ǘƘŜ Ƴƻǎǘ ŎǳǊǊŜƴǘ ǘƘŜǊƳƻŎƘŜƳƛŎŀƭ Řŀǘŀ ŦƻǊ hI ŀƴŘɢ Ihɢ 2 

into the current kinetic mechanism. The mechanism was validated against a wide range of literature 

data and the authors concluded that continued work on some elements of the H2 / O2 sub-

mechanism is still needed in order for better agreement between the experimental results and 

mechanism to be achieved particularly on the rate coefficients fƻǊ ǘƘŜ ƛƳǇƻǊǘŀƴǘ Ihɢ 2 reactions. 

Burke et al. [98] developed a comprehensive hydrogen oxidation mechanism for high pressure 

combustion based on the work of Li et al. [58]. This was done to resolve discrepancies in the 

mechanism for high pressure flame speeds and to incorporate recent updated rate constants. They 

ƛŘŜƴǘƛŦƛŜŘ ǳƴŎŜǊǘŀƛƴǘƛŜǎ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜǎǎǳǊŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ǊŀǘŜ Ŏƻƴǎǘŀƴǘǎ ŦƻǊ Ihɢ 2 

ǊŜŀŎǘƛƻƴǎ ŀƴŘ ǘƘŜ ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ Iɢ hɢ 2 ҭ I2O + O as possible¨ reasons for the disparity 

between experimental and modelling results. There was significant improvement for high pressure 
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flames and speciation data but discrepancies were still noted and the need for further work was 

evident. 

Krejci et al. [99] measured hydrogen and syngas laminar flame speeds at elevated pressures 

(up to 10 atm) and elevated temperatures (up to 443 K) with equivalence ratios ranging from 

0.5 to 5.0. The laminar flame speed measurements were compared to experimental data and 

chemical kinetic mechanisms available in the literature over a broad spectrum of equivalence ratios 

and good agreement was achieved with several data sets and with the mechanism detailed in this 

study. 

Lam et al. [100] performed a shock tube study for the reaction H2 Ҍ hIɢ ҭ I Ҍ Iɢ 2O using OH 

ƭŀǎŜǊ ŀōǎƻǊǇǘƛƻƴΦ DƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿŀǎ ŦƻǳƴŘ ōŜǘǿŜŜƴ ǘƘƛǎ ǎǘǳŘȅ ŀƴŘ ǘƘŜ ǇǊŜǾƛƻǳǎɢ ǿƻǊƪ ƻŦ aƛŎƘŀŜƭ 

and Sutherland [35] and Oldenborg et al. [41]. 

Despite the extensive work already carried out on hydrogen oxidation the above studies 

highlight that there are still discrepancies between the experimental results and chemical kinetic 

mechanisms, particularly at low temperatures and high pressures. Most experimental studies point 

to failures in the rate constants and mechanisms available as the cause for these discrepancies 

without accounting for possible facility effects and experimental uncertainties which must be also 

addressed. Therefore these discrepancies are addressed in the current study as new experimental 

data and rate constants are available at lower temperatures and higher pressures than was 

previously published to accurately validate mechanisms and the reactivity of the fuels. 

1.5 Syngas Mixtures 

Syngas, a gaseous mixture ideally composed of CO and H2, has been the focus of increasing attention 

in recent years as an intermediate alternative fuel towards the hydrogen economy. This interest has 

centered on the production and use of syngas in gas turbine power plants. Burning hydrogen and 

syngas mixtures for energy generation is a promising concept partly because it leads to reduced CO2 

emissions and lower soot production compared to conventional natural gas. Reliable experimental 

data and validated kinetic and transport models for H2 / CO combustion over a wide range of 

pressures, temperatures, compositions, and dilutions is necessary for the development of 

technology for coal-derived syngas combustion in gas turbines, I.C engines, and S.I. engines. 

The development of fuel flexible gas turbines able to operate with hydrogen-rich fuels is of high 

interest to the gas turbine industry. Syngas can be produced from a large variety of feedstock (coal, 

biomass, waste, and natural gas) production methods and can be utilized to produce power or 

electricity in a number of technologies. This has made syngas an attractive clean energy fuel with a 

large flexibility in supply. Replacing the combustion of some natural gas with biogas or biomass 

synthesis gas to provide heat or electricity is relatively straightforward in the short term [101]. 
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Biomass is attractive in that it is more environmentally friendly, cost effective, and renewable than 

fossil fuel gasification [102]. Biomass gasification derived 
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syngas has a high CO2 and tar content that requires further treatment and is quite expensive 

compared to fossil fuel power generation. Catalytic cracking as a method for removal of these waste 

products has been the focus of intense study [103ς105]. 

The gasificationprocesses availableto the gas turbine industry to produce syngas from coal can 

be characterized into three major types: fluidized bed, entrained flow, and moving fixed bed. In 

entrained flow, powdered coal is gasified with oxygen and air to produce a molten slag and requires 

thermal quenching with a loss of thermal efficiency to remove waste and as such has the worst 

efficiency of the three gasification techniques. Fluidized bed gasification has a higher efficiency and 

is the most attractive gasification technology because the temperatures on exiting the gasifier are 

high enough for immediate hot gas clean-up and the units required are smaller, simpler, and cheaper 

than moving fixed bed gasification [106]. 

Historically, steam reformation of methane and other hydrocarbons has also been an important 

route to syngas production. This involves the reaction of steam and hydrocarbon fuels at high 

temperatures with the aid of a catalyst mainly nickel based, through the endothermic reaction CH4 

+ H2h ҭ /h Ҍ оI2. Steam reforming involves the risk of carbon deposition on the reactor walls 

which may breakdown the catalyst which can prove detrimental to the reaction process [107]. 

Partial oxidation is mainly used to produce syngas from coal through the reaction 

1 

 CH4 + O2 ҭ /h Ҍ нI2 (1.1) 

2 

which is exothermic but has a lower efficiency than steam reforming and is relatively inexpensive. 

Burning synthetic gas can be challenging in practice, due to its diverse composition depending 

on the production method, which can be composed of CO, H2, CO2, H2O, CH4, N2, NH3, HCN, NOx, 

H2S and various hydrocarbons, which can produce significant variations in combustion properties 

for different relative concentrations of its components. The hydrogen content of the fuel can also 

vary widely depending on the coal or biomass used. Therefore studies with realistic syngas 

composition are necessary when designing gas turbines able to run on these fuels. Consequently, 

because of this lack of experimental background on realistic syngas blends, it is difficult for gas 

turbine manufacturers to design engines that can operate efficiently and safely with this wide range 

of fuel compositions. 

Kinetic mechanisms are useful for predicting combustion characteristics of synthetic gas 

mixtures of all possible compositions and must be validated over a wide range of equivalence ratios, 

pressures, temperatures, and species concentrations. Since most practical applications including gas 

turbine engines perform at high pressures, reliable experimental data and validated models for high-

pressure conditions are especially important. While syngas has been studied in a variety of 

experimental setups, this study will only discuss the work done on the 
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Figure 1.10: Laminar flame speed of syngas mixtures at 1 atm and room temperature measured in 

N2.  100% H2 Wu [31],  100% H2 Dowdy [38], N 100% H2 Tse [48], 
. 

100% H2 Law [145], z  100% H2 

Egolfopoulos [39], 
/ 

100% H2 Vagelopoulos [42], + 100% H2 Aung [44],  100% H2 Lamoureux [108], 

F 100% H2 Kwon [54],  5% H2 / 95% CO Natarajan [109],  50% H2 / 50% CO Natarajan [109],  5% H2 / 

95% CO Scholte [110],  50% H2 / 50% CO Scholte [110], ω 5% H2 / 95% CO McLean [111], ω 50% H2 / 

50% CO McLean [111], 4 5% H2 / 95% CO Sun [112], 4 25% H2 / 75% CO Sun [112], 4 50% H2 / 50% CO 

Sun [112] lines are model predictions. 

laminar flame speeds and ignition delay times of relevance to gas turbines. 

Extensive research has been conducted on syngas laminar flame speeds at atmospheric 

conditions. Work has been carried out for near-stoichiometric and fuel-rich H2 / CO mixtures with 

Bunsen burners [113], flat flames [114], Mach Hebra nozzle burners [110] and spherically expanding 

flames [115] 1.10. Studies have also been conducted in counterflow flames [110], and spherically 

ŜȄǇŀƴŘƛƴƎ ŦƭŀƳŜǎ ώмммΣммнΣммсϐΦ aǳŎƘ ƻŦ ǘƘŜ ǿƻǊƪ Ƙŀǎ ōŜŜƴ ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ǇǊŜǎǎǳǊŜǎ ƭƻǿŜǊ όм ҍ р 

ŀǘƳύ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƘƛƎƘŜǊ όмрлл ҍ олл0 K) than those that are of interest to the gas turbine 

industry. 
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Gardiner et al. [82] performed syngas shock wave experiments over the temperature range 1400 

ҍ 2500 K. This data was compared to results from the literature and used to derive a rate constant 

for the chain initiation reaction CO + O2 ҭ /h2 + O. This measurement was¨ compared to previous 

results to account for the ignition-enhancing effect of CO in this regime. This rate constant agreed 

well with most previously measured rate constants. 

Markstein lengths have been measured for a series of CO / H2 / air flames at atmospheric 

pressure by Brown et al. [116] using expanding spherical flames to investigate the influence of 

stretch on laminar flames. They concluded that H2 is dominant and governs the Markstein behaviour 

unless the CO mole fraction is very high (around 95%). 

Due to the recent resurgence of interest in syngas ignition delay times to resolve the discrepancy 

at gas turbine related conditions, there have been many studies reported in the literature and many 

investigations into the cause of mechanism and experimental disparity in measured and predicted 

ignition delay times at low-temperature and high-pressure. 

Counterflowing CO / H2 vs. heated air jets were investigated experimentally and computationally 

at pressures between 0.16 and 5 atm by Fotache et al. [117]. The experimental data was found to 

agree well with the calculated results, although discrepancies were noted in modelling the onset of 

chemiluminescence and its response to pressure variations. They also found that within the second 

ignition limit the ignition response is basically insensitive to aerodynamic transport. The transport 

insensitivity was attributed to the dominance at ignition of the kinetic balance between the fast 

branŎƘƛƴƎ ŀƴŘ ǘŜǊƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M). 

A theoretical study performed by Joshi and Wang [118] provided a new rate constant for the 

ǊŜŀŎǘƛƻƴ /h Ҍ hI Ґ /hɢ 2 Ҍ I ǳǎƛƴƎ wwYaκƳŀǎǘŜǊ Ŝǉǳŀǘƛƻƴ ŀƴŀƭȅǎŜǎ ŀƴŘ aƻƴǘŜ /ŀǊƭƻɢ ǎimulations to 

obtain better agreement with flame speed measurements for syngas mixtures. Excellent agreement 

was found between the calculated rate constant and the experimental results. 

Li et al. [81] developed a reaction mechanism for CO oxidation as an update to their previous H2 

oxidation reaction mechanism [58] and validated it against a wide variety of experimental results 

ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ LƳǇƻǊǘŀƴǘ ŎƘŀƴƎŜǎ ƛƴŎƭǳŘŜŘ ƴŜǿ ƘŜŀǘǎ ƻŦ ŦƻǊƳŀǘƛƻƴ ŦƻǊ hI ŀƴŘ Iɢ hɢ 2 

from Ruscic et al. [68] and Hills et al. [119] respectively. Li et al. [81] revised the rate constant for 

ǘƘŜ ǊŜŀŎǘƛƻƴǎ /h Ҍ hI Ґ /hɢ 2 Ҍ I ōȅ ŎƻǊǊŜƭŀǘƛƴƎ ŀƭƭɢ ǘƘŜ ŀǾŀƛƭŀōƭŜ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ƳŜŀǎǳǊŜŘ ƭƛǘŜǊŀǘǳǊŜ 

ǊŀǘŜ ŎƻƴǎǘŀƴǘǎΦ ¢ƘŜ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ /h Ҍ Ihɢ 2 ҭ /h2 + OH which Mitǘŀƭɢ Ŝǘ ŀƭΦ ώтрϐ 

determined to be the reaction causing the disparity between syngas experimental data and chemical 

kinetic mechanisms was taken from the mechanism of Mueller et al. [47]. This mechanism was only 

validated for high temperatures and relatively low pressures and caution was advised when 

comparing to data outside the validated conditions. 
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Sun et al. [112] measured syngas laminar flame speeds at different equivalence ratios 

at pressures of 1, 2, 5, 10, 20 and 40 atm and at a temperature of 298 K using helium as a diluent. 

Helium was used above 5 bar as this increases the mixture Lewis number and consequently 

suppresses the onset of diffusive-thermal cells. The experimental results collected were then used 

to validate a kinetic mechanism devised from rate constants in the literature [56,72,120,121]. A new 

ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ /h Ҍ Ihɢ 2 ҭ /h2 Ҍ hI ǿŀǎɢ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜŘ ŘǳǊƛƴƎ ǘƘŜ ǎǘǳŘȅ ǳǎƛƴƎ 

canonical transition state theory based on G3MP2 energies and optimised MP2(full)/6-31G(d,p) 

geometries. This rate was within a factor of 2 of the rate coefficient derived experimentally by Mittal 

et al. [75]. Good agreement was obtained between the experimental results and previous literature 

data and the derived mechanism. Care should be taken when comparing this mechanism to gas 

turbine related conditions since the mechanism was not validated for these particular conditions 

and more useful in predicting the laminar flame speeds against which it was optimised. 

An improved ab initio study by You et al. [122] calculated a rate constant for the reaction CO + 

Ihɢ 2 ҭ /h2 Ҍ hI ōŀǎŜŘ ƻƴ ǘƘŜ ŦƛƴŘƛƴƎǎ ƻŦ aƛǘǘŀƭɢ Ŝǘ ŀƭΦ ώтрϐΦ ¢Ƙƛǎ ǎǘǳŘȅ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ŀ 

combination of ab initio electronic structure theory, transition state theory, and master equation 

modelling and showed that this reaction is independent of pressure up to 500 atm for temperatures 

ranging from 300 to 2500 K. This study included a more detailed analysis of the potential energy 

surface and determined that the overall rate is independent of pressure above 500 atm. This study 

examined the hindered internal rotations in the HOOCO adduct and the critical geometries which 

were inadequately treated in previous studies. The rate constants for the reaction CO + Ihɢ 2 ҭ 

CO2 Ҍ hI ǊŜŎƻƳƳŜƴŘŜŘ ōȅ aǳŜƭƭŜǊɢ Ŝǘ ŀƭΦ ώптϐΣ ŀƴŘ {ǳƴ Ŝǘ ŀƭΦ ώммнϐ ǿŜǊŜ ŀƭƭ ƻǇǘƛƳƛȊŜŘ ŦƻǊ ƘƛƎƘ 

temperature systems and were not suitable for use at the gas turbine relevant conditions where 

disparity was noted. The rate constant derived by You et al. [122] was shown to greatly improve the 

prediction of RCM results by Mittal et al. [75] at low pressures and high pressures in number of 

studies [123ς125]. 

Walton et al. [126] performed ignition studies of diluted syngas mixtures using a RCF with flat 

pistons for gas turbine applications at pressures from p = 7.1 to 26.4 atm, temperatures in the range 

уррҍмлрм YΣ ŀƴŘ ŀǘ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ ŦǊƻƳ ˒ Ґ лΦм ǘƻ мΦлΦ ¢ƘŜ ƘŜŀǘ ƭƻǎǎŜǎ ƛƴƘŜǊŜƴǘ ƛƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ 

were accounted for mathematically during post processing. This machine also has the ability to 

optically monitor the reaction process within the driver section of the RCF and can be used to 

analyse images throughout the entire combustion event and noted the presence of preignition 

reaction fronts as well as particles in the reaction chamber which could have significant effect on 

the results. The experimental results were then compared to the mechanism of Davis et al. [67] and 

good agreement was observed with the experimental data for most of the range of conditions 
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studied though there was some discrepancy observed with the activation energy of the model being 

higher than that observed experimentally at temperatures below 950 K. This discrepancy was 

ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ƭŀǊƎŜ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ /h Ҍ Ihɢ 2 ҭ /h2 + OH reaction and the rate constant 

ǊŜŎƻƳƳŜƴŘŜŘ ōȅ ¸ƻǳɢ et al. [122] was adopted into the mechanism of Davis et al. [67] to improve 

agreement at gas turbine conditions. 

In a shock tube study of CO / H2 / O2 / N2 ignitionat gas turbine conditions by Petersen et al. [127], 

ǘƘŜ ǘŜǊƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) was identified as the controlling reaction for 

ignition delay times for a variety of temperatures and pressures. Inconsistencies observed between 

measured and modelled ignition delay times for ƭŜŀƴ ό˒ Ґ лΦрύ ǎȅƴƎŀǎ ǿŜǊŜ ƴƻǘŜŘ ŦƻǊ Řŀǘŀ ǊŜŎƻǊŘŜŘ 

at high pressures (20 atm) and at temperatures between the extended second limit and the classical 

ǘƘƛǊŘ ƭƛƳƛǘ όфпл ҍ ммрл YύΦ ¢ƘŜ ƳŜŎƘŀƴƛǎƳǎ ǿƘƛŎƘ ǿŜǊŜ ǳǎŜŘ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ 

included Davis et al. [67], RAMEC (based on GRI-Mech) [89], Saxena and Williams [80], Sun et al. 

[112], and Li et al. [81] and discrepancies were noted at the higher pressures and lower 

temperatures. Petersen et al. [127] emphasized the need for more experimental data at these 

conditions in order to validate detailed kinetic mechanisms. This study also highlighted the 

discrepancy in experimental results at lower temperature particularly in shock tubes. At lower 

temperatures gas dynamic and facility effects can lead to spurious results for these conditions. These 

must be taken into account by the experimentalists before these experiments can be accurately 

characterised. 

Sivaramakrishnan et al. [128] studied the high pressure (up to 500 bar) oxidation of dilute CO 

mixtǳǊŜǎ ŘƻǇŜŘ ǿƛǘƘ мрлҍнлл ǇǇƳ ƻŦ I2 behind reflected shock waves over a temperature range of 

млллҍмрлл YΦ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ƻōǘŀƛƴŜŘ ǿŜǊŜ ǾŀƭƛŘŀǘŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ŎƘŜƳƛŎŀƭ ƪƛƴŜǘƛŎ 

mechanism of Davis et al. [67]. Updated rate parameters for the reaction OH + Iɢ hɢ 2 ҭ I2O + O2 

in the Davis et al. [67] mechanism were adopted in order to obtain good agreement between the 

mechanism and experimental results. 

Ignition and oxidation characteristics of dilute syngas mixtures were observed by Kalitan et al. 

[129] behƛƴŘ ǊŜŦƭŜŎǘŜŘ ǎƘƻŎƪ ǿŀǾŜǎ ŀǘ ƭƻǿ ǘƻ ƛƴǘŜǊƳŜŘƛŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜǎ όфмлҍ молл Yύ ŀƴŘ 

pressures of 1, 2.5 and 15 atm and compared to several kinetic mechanisms from the literature 

ώстΣулΣумΣммнϐΦ ¢Ƙƛǎ ǿƻǊƪ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ƛǎ ǘƘŜ Ƴƻǎǘɢ important reaction 

ŀǘ ƭƻǿ ǇǊŜǎǎǳǊŜ όм ŀǘƳύ ŀǘ ǎƘƻŎƪ ǘǳōŜ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ǊŜŀŎǘƛƻƴǎ ƻŦ Ihɢ 2 and CO also becoming 

ǎƛƎƴƛŦƛŎŀƴǘ ŀǎ ǇǊŜǎǎǳǊŜ ƛǎ ƛƴŎǊŜŀǎŜŘ ƛƴ ǘƘƛǎ ǊŜƎƛƳŜΦ !ǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ мллл Y I Ҍ hɢ 2 ҭ h ҌɅ 

OH becomes the dominant reaction controllƛƴƎ ǊŜŀŎǘƛǾƛǘȅ ŀǎɢ ƻǇǇƻǎŜŘ ǘƻ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2(+M) 
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ҭ Ihɢ 2(+M) below 1000 K. Kalitan et al. [129] found large discrepancies between the 

experimentally obtained ignition delay time data for both H2 

/ O2 and H2 / CO / O2 mixtures compared to a wide array of chemical kinetics mechanisms and 

remained unresolved in their study and was deemed in need of further study. 

bŀǘŀǊŀƧŀƴ Ŝǘ ŀƭΦ ώмлфϐ ŜǾŀƭǳŀǘŜŘ ǎȅƴƎŀǎ ƭŀƳƛƴŀǊ ŦƭŀƳŜ ǎǇŜŜŘǎ ŀǘ ƭƻǿ ǇǊŜǎǎǳǊŜǎ όмҍр ŀǘƳύ ŀƴŘ ŀǘ 

temperatures up to 700 K using the Bunsen flame approach and another experimental technique 

based on velocity profile measurements in a one-dimensional stagnation flame. These results were 

then modelled using GRI-Mech 3.0 [69] and the mechanism of Davis et al. [67], with the 

mechanism from Davis et al. giving more accurate predictions. However, a disparity was still found 

between the model and the experimental data especially at the leaner equivalence ratios where 

the model over-predicted medium and high H2 content fuels but under-predicted the reactivity for 

low H2 content fuels. The authors attributed this discrepancy to failures in the mechanisms and 

possible errors in the diffusion rates. 

Rasmussen et al. [123] presented lean CO/H2/O2κbhȄ ƻȄƛŘŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ ŎƻƴŘǳŎǘŜŘ ŀǘ нл ҍ 

млл ōŀǊ ŀƴŘ слл ҍ флл K in a high pressure laminar flow reactor which were used to validate a 

detailed chemical kinetic model composed of rate constants from the literature. 

They proposed new or updated rate constants for important reactions, including: 

ω hI Ҍ Iɢ hɢ 2 ҭ I2O + O2 ω /h Ҍ hIɢ ҭ /h2 Ҍ Iɢ 

ω NO2 + H2 ҭ Ibh2 + Hɢ 

ω Ih/h Ҍɢ hIɢ ҭ /h Ҍ I2O2 

ω NO2 Ҍ Ihɢ 2 ҭ IhbhκIbh2 + O2 

ω HNO2όҌaύ ҭ IhbhόҌaύ 

The authors also added that including the reaction CO + H2O2 ҭ Ih/h Ҍ hI ƛƴǘƻ ǘƘŜɢ ƳƻŘŜƭ ȅƛŜƭŘŜŘ 

improved predictions but disparities were still observed. 

Dryer et al. [130] investigatedthe disparities between syngas mechanisms and experimental data 

based on the study of Petersen et al. [127]. Dryer et al. [130] gave their reason for the disparity as 

άǘƘŜ ŦŀƛƭǳǊŜ ƻŦ ƘƻƳƻƎŜƴŜƻǳǎ Ǝŀǎ ǇƘŀǎŜ ǇǊŜŘƛctions to capture perturbations of chemical induction 

ǇǊƻŎŜǎǎŜǎ ƛƴ ǘƘŜ ƳƛƭŘ ƛƎƴƛǘƛƻƴ ǊŜƎƛƳŜ ōȅ ƻƴŜ ƻǊ ƳƻǊŜ ǇƘŜƴƻƳŜƴŀέ ǘƘƻǳƎƘ ǘƘƛǎ Ƙŀǎ ȅŜǘ ǘƻ ōŜ ǇǊƻǾŜƴ 

conclusively. 
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Burke et al. [131] investigated syngas flame speeds over a wide range of conditions relevant to 

IGCC technology at equivalence ratios from 0.85 to 2.5, for flame temperatures from 1500 to 1800 

K, and at pressures from 1 to 25 atm. They also observed a significant discrepancy between the 

experimental data and the model predictions particularly at high pressures and suggested that many 

rate constants present in current syngas mechanisms were in need of revision particularly the 

ǊŜŀŎǘƛƻƴǎ h ҌɅ hIόҌaύɢ ҭ Ihɢ 2όҌaύ ŀƴŘ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M). 

Laminar flame speeds of syngas mixtures have been studied using the Bunsen flame 

configuration with both straight and nozzle burners by Bouvet et al. [132]. Overall good agreement 

was found between computed flame speeds using the chemical kinetic mechanisms of Li et al. [81] 

and Sun et al. [112] and the experimental results obtained during the study. 

The effect of CO2 dilution on the adiabatic burning velocity of syngas fuel was investigated by 

Ratna Kishore et al. [133]. A significant reduction in the burning velocity was observed for carbon 

dioxide dilution due to a reduction in heat release, flame temperature and thermal diffusivity of the 

mixture. The results were compared to the mechanism of Davis et al. [67] and good agreement was 

observed. 

Wang et al. [134] determined the laminar burning velocities of CO / H2 / CO2 / O2 flames using 

the outwardly spherical propagating flame method and found that burning velocities increase with 

an increase in hydrogen content and decrease with an increase of CO2 mole fraction. The mechanism 

of Davis et al. [67] was also shown to predict well syngas oxy-fuel combustion at low hydrogen and 

CO2 fraction but was in need of revision in order for the same accuracy to be obtained at high 

concentrations of hydrogen and CO and for high pressures. Wang et al. also commented that CO2 

behaves as an inhibitor in the reaction process of syngas oxy-fuel combustion due to the competition 

ōŜǘǿŜŜƴ ǘƘŜ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2 ҭ h ҌɅ hIΣ /h Ҍɢ hIɢ ҭ /h2 Ҍ I ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) 

ŦƻǊ I ŀǘƻƳǎΦɢ 

Prathap et al. studied the effects of CO2 [135] and N2 [136] dilution on syngas spherically 

expanding flames at atmospheric conditions. They reported that N2 dilution reduced the burning 

velocity by reducing the thermal diffusivity and flame temperature of the mixture and that CO2 has 

a stronger inhibiting effect on the laminar burning velocity than nitrogen which could be due to its 

ŀŎǘƛǾŜ ǇŀǊǘƛŎƛǇŀǘƛƻƴ ƛƴ ǘƘŜ ŎƘŜƳƛŎŀƭ ǊŜŀŎǘƛƻƴǎ ǘƘǊƻǳƎƘ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ǊŜŀŎǘƛƻƴ /h Ҍ hI Ґ /hɢ 2 + 

IΦɢ 

Mathieu et al. [137] investigated a multi-component syngas mixtures in a shock tube and found 

that the composition of the syngas can induce noticeable variations in the ignition delay time, 

especially at temperatures above 1250 K and for pressures of 12.5 atm or lower. This study 
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highlighted the need for studies investigating the effect of these additives on the combustion 

behaviour of syngas in order for gas turbine manufacturers to design engines that can operate 

efficiently and safely with this wide range of fuel compositions. The behaviour of CO / H2 mixtures 

at low temperatures shows the largest degree of discrepancy between measured and modelled 

values. The deviation of the kinetic mechanisms [69,81, 92, 138] from the experimental data 

suggests improvements need to be made before the reactivity of hydrogen-rich syngas mixtures can 

be accurately described. 

Although the laminar flame speed (SLύ ώмлфΣммнΣмомΣмонΣмопϐ ŀƴŘ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜ όˍύ 

[75,126,128,129] of basic H2 / CO mixtures have been investigated thoroughly in recent years, there 

is however very littleinformationon the fundamental combustion of more-complex and realistic 

mixtures. Thus, only the influences of carbon dioxide [131,133], steam [139], and 

 

Figure 1.11: Summary of experimental conditions of ignition delay measurements of H2, CO and their 

binary blends studied to-date [24,28,32,33,46,75,82,91,126,129,140ς142] against the current 

study. 

nitrogen [136] on syngas flame speeds and only CO2 [127,137] and steam [137] addition effects for 

the ignitiondelay time have been investigatedpreviously. The current study was conducted in order 

to provide new syngas experimental data at gas turbine relevant conditions for a wide range of CO 

concentrations. This data was then used to develop and validate a new syngas chemical kinetic 

mechanism capable of capturing the reactivity of syngas at low temperatures and high pressures for 

use in the Ǝŀǎ ǘǳǊōƛƴŜ ƛƴŘǳǎǘǊȅΦ ¢ƘŜ ǇǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ŀƴŘ ǘƘƛǎ ǎǘǳŘȅΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ 

is summarized below in Figs. 1.11ς 1.13 and Tables 1.1 and 1.2. 
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Figure 1.12: Summary of diluted experimental conditions of ignition delay measurements of H2, CO 

and their binary blends studied to-date [24,26, 46,75,88,91, 96,126,141,143,144] against the current 

study. 

 

Figure 1.13: Summary of flame speed measurements of H2, CO and their binary blends studied to-

date [31,38,39,42,44,48,77,87,109ς112,131,132,136,139,145]. 

Author p (atm) T range (K) Fuel Mix. Diluent  ˒ Reference 
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Asaba et al. 0.25 мпллҍнрлл 100% H2 Ar 0.25 [140] 

Bhaskaran et al. 2.5 млотҍ монн 100% H2 N2 0.80 [32] 

Chaumeix et al. нΦм ҍ нΦн ммслҍ мрнл 100% H2 Ar лΦпл ҍ мΦл [143] 

Cheng et al. мΦлсҍ нΦфл млллҍ мтлл 100% H2 Ar лΦрл ҍ мΦл [33] 

Dean et al. 1.0 нлллҍ нурл 100% H2 Ar мΦср ҍ сΦмл [141] 

Fujimoto et al. 2.0 ҍ 100% H2 Ar 1.0 [146] 

Gardiner et al. лΦмрҍ лΦол мпллҍ нрлл 100% H2 ҍ 0.4 [82] 

 лΦмрҍ лΦпл  25% H2 + 75% CO    

Gersen et al. орΦлҍ срΦл фрл ҍ млсл 100% H2 Ar 1.0 [147] 

Hasegawa et al. 5.5 фнл ҍ мсрл 100% H2 Ar 0.25 [148] 

Herzler et al. 1.0-4.0-16.0 фмр ҍ мтмр 100% H2 Ar 0.5 [88] 

Herzler et al. 16.0 млнлҍ мнсл 5% H2 + 95% CO 
50% H2 + 50% CO 

Ar 0.5 [144] 

Hong et al. 2.0 ммллҍ мрол 100% H2 Ar 0.5 [96] 

Jachimowski et al. ҍ мнллҍ мулл 100% H2 ҍ ҍ [27] 

Kalitan et al. 1.0-2.5-15.0 уфл ҍ молл 80% H2 + 20% CO N2 0.5 [129] 

   60% H2 + 40% CO    

   40% H2 + 60% CO    

   20% H2 + 80% CO    

   10% H2 + 90% CO    

   5% H2 + 95% CO    

Kim et al. мΦл ҍ фΦс фсл ҍ мнлл H2 + CO ҍ лΦооҍнΦм [43] 

lee and Hochgreb рΦф ҍ офΦр фрл ҍ млрл 100% H2 Ar 1.0 [46] 

Masten et al. лΦлм ҍ лΦлфр мпрлҍ оотл 100% H2 Ar ҍ [37] 

Mittal et al. мрΦлҍ рлΦл фрл ҍ ммлл 100% H2 N2+Ar лΦос ҍ мΦл [75] 

   75% H2 + 25% CO    

   50% H2 + 50% CO    

   35% H2 + 65% CO    

   20% H2 + 80% CO    

Miyama et al. пΦр ҍ рΦс уфл ҍ морл 100% H2 ҍ лΦр ҍ нΦл [25] 

Pang et al. оΦл ҍ оΦр флл ҍ ммму 100% H2 Ar лΦпн ҍ лΦу [91] 

Petersen et al. тΦу ҍ спΦл фпл ҍ мфлл 100% H2 H2 - 

CO - CO2 
N2/Ar лΦо ҍ мΦл [66] 

Schott et al. 1.0 моллҍ нтлл 100% H2 Ar лΦнр ҍ мΦл [24] 

Sivaramakrishnan et al. нмΦл ҍ рллΦл млллҍ мрлл H2 + CO N2 лΦр ҍ мΦл [128] 

Skinner et al. 5.0 фсл ҍ ммлл 100% H2 Ar 2.0 [26] 

Slack et al. 2.0 фул ҍ мнлл 100% H2 N2 1.0 [28] 
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Voevodsky et al. лΦр ҍ п 8001700 100% H2 ҍ ҍ [149] 

Wang et al. оΦф ҍ пΦф фрр ҍ млрл 100% H2 N2 0.40 [142] 

Walton et al. пΦпфҍ нсΦп урр ҍ млрм 100% H2 N2 лΦпл ҍ нΦлм [126] 

   80% H2 + 20% CO    

   60% H2 + 40% CO    

   50% H2 + 50% CO    

   20% H2 + 80% CO    

   4% H2 + 96% CO 
100% CO 

   

Table 1.1: Previous ignition delay time studies of H2 / O2 and H2 / CO / O2 from the literature. 

Author p (atm) T range (K) Fuel Mix. Diluent  ˒ Reference 

Aung et al. 1.0 298 100% H2 N2 лΦпп ҍ рΦлм [44] 

Bouvet et al. 1.0 295 5% H2 + 95% CO ҍ лΦп ҍ рΦл [132] 

   50% H2 + 50% CO    

   10% H2 + 90% CO    

   25% H2 + 75% CO    

Bradley et al. мΦл ҍ рΦл 365 5% H2 + 95% CO  N2 лΦо ҍ мΦл [77] 

Brown et al. 1.0 298 100% H2  N2 лΦр ҍ нΦр [116] 

   50% H2 + 50% CO  CO2   

   5% H2 + 95% CO  CO2   

Burke et al. мΦл ҍ нрΦл 295 100% H2  He лΦур ҍ нΦр [131] 

   50% H2 + 50% CO  CO2   

   0% H2 + 90% CO  Ar   

Chelliah et al. 1.0 298 100% H2  N2 лΦоф ҍ мΦпу [145] 

Das et al. 1.0 323 100% H2 N2 + H2O лΦо ҍ лΦпр [139] 

   50% H2 + 50% CO     

   20% H2 + 80% CO     

   15% H2 + 85% CO     

   10% H2 + 90% CO     

   5% H2 + 95% CO     
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Dowdy et al. 1.0 298 100% H2  N2 лΦнп ҍ рΦлс [38] 

Egolfopoulos et al. 1.0 298 100% H2  N2 лΦнр ҍ мΦпф [39] 

Hermanns et al. 1.0 298 100% H2  N2 лΦт ҍ оΦм [76] 

Hu et al. мΦл ҍ тфΦл нфу ҍ ппо 100% H2  N2/He лΦо ҍ мΦл [87] 

Krejci et al. мΦл ҍ млΦл нфу ҍ ппо 100% H2 50% 

H2 + 50% CO 
 N2/He лΦр ҍ рΦл [99] 

Kwon et al. лΦо ҍ оΦл 298 100% H2  Ar/He лΦс ҍ пΦр [54] 

McLean et al. 1.0 298 50% H2 + 50% CO 
5% H2 + 95% CO 

 N2 лΦс ҍ пΦп [111] 

Natarajan et al. мΦл ҍ р.0 олл ҍ тлл 80% H2 + 20% CO He лΦс ҍ мΦн [109] 

   50% H2 + 50% CO    

   20% H2 + 80% CO    

   10% H2 + 90% CO    

   5% H2 + 95% CO    

Prathap et al. 0.98 302 50% H2 + 50% CO N2 лΦс ҍ оΦр [136] 

Qin et al. мΦл ҍ рΦл 298 100% H2 N2 лΦс ҍ оΦл [49] 

Ratna Kishore et al. 1.0 300 5% H2 + 95% CO ҍ лΦу ҍ нΦл [133] 

Scholte et al. 1.0 298 50% H2 + 50% CO 
5% H2 + 95% CO 

N2 мΦнр ҍ пΦр [110] 

Sun et al. мΦл ҍ плΦл 298 50% H2 + 50% CO 25% H2 + 

75% CO 
5% H2 + 95% CO 

N2/He лΦс ҍ пΦр [112] 

Tse et al. мΦл ҍ нлΦл 298 100% H2 N2 лΦо ҍ пΦло [48] 

Vagelopoulos et al. 1.0 298 100% H2 N2 лΦо ҍ лΦрр [42] 

Wang et al. мΦл ҍ нΦл 300 H2(0.1 to 0.7) N2 0.4 [134] 

Wu et al. 1.0 298 100% H2 N2 лΦун ҍ мΦсм [31] 

Table 1.2: Previous flame speed studies of H2 / O2 and H2 / CO / O2 from the literature. 

Reaction A n Ea Reference 

I Ҍ hɢ 2 = O + ̈ hIɢ 3.3(6) x 1015 - - [28] 

 1.91 3 1014 0.00 16.44 [36] 

 9.33 x 1O13 0 14800 [37] 

 3.55 1015 -0.41 16.6 [45] 

 6.73 1015 -0.50 8390 [72] 

 1.04E+14 - 15,286 [96] 

I Ҍ hɢ 2όҌaύ Ґ Ihɢ 2(+M) 4.65E x 12 0.44 - [52] 
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 6.37 1020 -1.72 0.52 [53] 

 5.55 1018 1.15 0.00 [72] 

 4.65E+12 0.44 0.00 [84] 

Ihɢ 2 Ҍ hI Ґ Iɢ 2O + O2 2.456E+13 0.00 -4.970E+02 [34] 

 3.601021 -2.1 9000 [123] 

hI Ҍ Iɢ 2 Ґ I Ҍ Iɢ 2O 2.16 3 108 1.51 3.43 [35] 

 4.380E+13 0.00 6.990E+03 [100] 

 3.56 X 10-16 1.52 l736 [41] 

HO
ɢ 

2 + H2 = H2O2 + H
ɢ 4.79E x 13 0.00 7.95 [46] 

 2.150E+10 1.00 6.000E+03 [78] 

I Ҍɢ hIόҌaύ Ґ Iɢ 2O(+M) 4.17 10-11 0.234 57.5 [85] 

OH + H
ɢ 

2O2 = H2O + HO
ɢ 

2 7.59E+13 - 7269 [94] 

OH + H
ɢ 

O
ɢ 

2 = H2O + O2 2.89E+13 - -500 [94] 

/h Ҍ hI Ґ /hɢ 2 Ҍ Iɢ 5.757E+12 -0.66 3.318E+02 [118] 

 2.23E+05 1.90 -1.16E+03 [81] 

 8.001010 0.00 0.00 [123] 

Ihɢ 2 Ҍ I Ґɢ hI Ҍɢ hIɢ 6.00E + 13 0.00 295 [112] 

 8.401013 0.00 400 [123] 

/h Ҍ Ihɢ 2 = CO2 Ҍ hIɢ 1.15E + 05 2.278 17545 [112] 

 1.570E+05 2.18 1.794E+04 [122] 

Table 1.3: Previous rate constants for H2 / O2 and H2 / CO / O2 from the literature (units: 

cm3/mol/s/cal). 

1.6 Natural Gas/Hydrogen Mixtures 

Even though natural gas is being widely used as a fuel for gas turbines, it does have some 

unfavourable combustion characteristics such as CO2 emissions, lean flammability limits, and 

variable composition. These can be improved by the addition of hydrogen which can significantly 

lower the flammability limit of natural gas mixtures and extend the operability of natural gas 

turbines to leaner burning regimes [150]. Hydrogen can be mixed with natural gas and/or methane 

in concentrations of up to approximately 70% to assist the complete combustion of mixtures and 
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reduce emissions. Previous studies have shown that, at up to approximately 50% hydrogen content 

by volume, the effect on fuel behaviour is slight for shock tube ignition delay times [151]. 

To implement mixtures of these fuels in gas turbines, detailed chemical kinetic mechanisms 

describing their combustion properties must be developed and validated against a wide range 
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of experimental data including ignitiondelay times and flame speeds. The study of quinternary 

natural gas mixtures reflects better the real natural gas blends used in the gas turbine industry as 

opposed to their single- and binary-component counterparts, which have traditionally been utilized 

as natural gas surrogates [138]. 

The following paragraphs detail the previous work conducted on the effect of hydrogen on 

natural gas. These studies highlight the large gaps in the experimental results and that methane has 

been widely used to represent natural gas even though this has been shown to be inaccurate [138]. 

These studies have been useful in showing the general trend and effect of hydrogen but overall they 

show a need for new experimental results to be obtained and validated. 

Crossley et al. [152] observed the effect of adding ethane, propane, n-butane, and npentane 

fractions to methane fuel. They determined that the addition of larger hydrocarbons led to a 

significant reduction in ignition delay time, and this effect was determined to be due to the faster 

kinetics of the higher hydrocarbon fuels. 

Yu et al. [153] conducted methane flame speed experiments at atmospheric conditions with the 

addition of small amounts of hydrogen. The results showed that the flame speed was substantially 

increased with hydrogen addition. This could be linearly correlated with the flame speed without 

hydrogen addition and a single parameter indicating the extent of hydrogen addition. 

Halter et al. [154] characterized laminar burning velocities of hydrogen-methane-air mixtures at 

м ҍр ŀǘƳΦ Lǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ŀƴ ƛƴŎǊŜŀǎŜŘ ƘȅŘǊƻƎŜƴ ŎƻƴǘŜƴǘ ƛƴ ǘƘŜ ƳƛȄǘǳǊŜ ƭŜŘ ǘƻ ŀƴ ƛncrease in the 

laminar burning velocity and to a decrease in the laminar flame thickness. The addition of hydrogen 

was also shown to cause a reduction in the dependence of the laminar burning velocity of the flame 

against stretch. When the pressure was increased a reduction in the fundamental burning velocity 

decreases, as well as the laminar flame thickness. 

Huang et al. [155] studied methane / ethane / propane / hydrogen laminar burning velocities at 

atmospheric temperature and pressure. They determined that an increase in hydrogen mole fraction 

in any case leads to an increase in laminar burning velocities. Laminar burning velocities were seen 

to exponentially increase with the increase of hydrogen fractions in mixtures, while the Markstein 

number decreased and flame instability increased. 

De Vries and Petersen [156] measured undiluted natural-gas-based mixtures combining 

methane with ethane, propane, n-butane, n-pentane, and hydrogen at gas turbine relevant 

conditions (at an average pressure of 20 atm, at target temperatures near 800 K, and at an 

ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻ ƻŦ ˒ Ґ лΦрύ ƛƴ ŀ ǎƘƻŎƪ ǘǳōŜΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƻōǘŀƛƴŜŘ ǎƘƻǿŜŘ ŀ ŘŜŦƛƴƛǘŜ ŘŜŎǊŜŀǎŜ ƛƴ 

activation energy at lower temperatures and higher pressures. 

Gersen et al. [147] reported ignition delay times of methane / hydrogen mixtures recorded 
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ƛƴ ŀƴ w/a ŀǘ ƘƛƎƘ ǇǊŜǎǎǳǊŜǎ όмл ҍ тл ōŀǊύ ŀƴŘ ƛƴǘŜǊƳŜŘƛŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜǎ όфрл ҍ млсл YύΦ ¢ƘŜȅ 

observed that for hydrogen mole fractions above 50% there is a significant decrease in the ignition 

delay time compared to hydrogen concentrations below 20%, where the effect was slight. Gersen et 

al. [147] also observed an increase in the global activation energy with higher hydrogen content in 

the mixture, due to the differences in activation energy between the two pure fuels. Therefore, at 

higher temperatures, the ignition delay time is more greatly reduced when compared to lower 

temperatures. DŜǊǎŜƴ Ŝǘ ŀƭΦ ώмптϐ ŀǘǘǊƛōǳǘŜŘ ǘƘƛǎ ŜŦŦŜŎǘ ǘƻ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ I Ҍ hɢ 2 

ҭ h ҌɅ hI ŀƴŘ Iɢ 2 Ҍ hIɢ ҭ I Ҍ Iɢ 2O reactions at higher temperatures. 

Hu et al. [87] studied the laminar burning characteristics of methane and hydrogen blends at 298 

K and atmospheric pressure. They showed that the un-stretched laminar burning velocity is 

increased, and the peak value of the un-stretched laminar burning velocity shifts to the richer 

mixture side with the increase of hydrogen fraction. Three regimes were identified depending on the 

hydrogen fraction in the fuel blend. For mixtures where the hydrogen fraction was less than 60%, 

methane dominated the combustion regime. Between 60% and 80% hydrogen fuel concentration 

there is a transition regime and for hydrogen fractions larger than 80% the mixture is controlled by 

hydrogen chemistry. 

Fundamental flame properties of mixtures of air with hydrogen, carbon monoxide, and C1ҍC4 

saturated hydrocarbons were studied both experimentally and numerically by Park et al. [157]. It 

was determined that, when hydrocarbons are added to hydrogen flames as additives, flame ignition, 

propagation, and extinction were affected in a counterintuitive manner. It was found that, by 

substituting methane with propane or n-butane in hydrogen flames, the reactivity of the mixture is 

reduced both under pre-ignition and vigorous burning conditions. This was determined to be as a 

result of the depletion of hydrogen radicals through their consumption in reactions with ethylene 

(C2H4) and ethȅƭ ό/ɢ 2H5) radicals. Reactivity also decreased due to the increased concentrations of 

ƳŜǘƘȅƭ ό/Iɢ 3) radical, which consumed further hydrogen atoms through the reactions CH4 Ҍ Iɢ ҭ 

/Iɢ 3 + H2 ŀƴŘ /Iɢ 3 Ҍ I όҌaύɢ ҭ /I4 (+M), lowering the overall rate of the main chain branching 

ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ hɅ Ҍ hI ώмртϐΦɢ 

Wu et al. [158] investigated laminar flame speeds of mixtures of ethane, ethylene, acetylene, 

and carbon monoxide with small amounts of hydrogen addition at 1, 5, and 20 atm. Reasonable 

agreement was found between the experimental results and the mechanism of Wang et al. [92] but 

disparities were observed and deemed in need of further investigation. 

Flame speeds of n-butane-air mixtures with hydrogen addition have been experimentally 

determined in a study by Tang et al. [159] at atmospheric pressure. The adiabatic flame temperature 

was seen to increases monotonically with increasing hydrogen content of the 
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fuel. 

Gersen et al. [160] expanded on their previous study [147] to include the effect of carbon 

monoxide on methane, hydrogen, and binary mixtures of the two fuels at high pressures (20 to 80 

ōŀǊύ ŀƴŘ ŀǘ ƭŜŀƴ ό˒ Ґ лΦрύ ŎƻƴŘƛǘƛƻƴǎΦ ¢ƘŜȅ ŦƻǳƴŘ ǘƘŀǘ ŦƻǊ /I4 / H2 / CO mixtures there was no 

inhibiting effect of CO addition compared to binary methane/hydrogen mixtures [160]. 

Modelling work has been performed by Chen et al. [161] to predict the flame speeds of methane 

and hydrogen blends because the flame speed of blended fuels cannot be obtained by linear 

combination of each blended fuel constituent. The model showed that the laminar flame speed of 

binary fuel blends depends on the square of the laminar flame speed of each individual fuel 

component. Good agreement between calculations and measurements was found. 

Man et al. [162] used a shock tube to study hydrogen / propane mixtures from 0 to 100%, at 

pressures of 1.2, 4.0 and 10 atm, and at temperatures from 1000 to 1600 K. They found that for 

mixtures containing less than 70% hydrogen, the ignition delay time is only moderately decreased 

with the increase in hydrogen concentration. 

Healy et al. [138] measured ignition delay times of quinternary natural gas mixtures in the 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ сол ҍ мррл YΣ ƛƴ ǘƘŜ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мл ҍ ол ōŀǊ ŀƴŘ ŘŜǾŜƭƻǇŜŘ ŀ ŘŜǘŀƛƭŜŘ 

chemical kinetic mechanism to describe their combustion. Good agreement was found between the 

experimental data taken in both an RCM and in a shock tube and chemical kinetic mechanism. The 

current study was undertaken to extend the work of Healy et al. to quinternary natural gas / 

hydrogen mixtures. 

Few data have been published on hydrogen/hydrocarbon blend ignition delay times, and to the 

authors knowledge, no hydrogen/quinternary natural gas blend ignition delay times at gas turbine 

relevant conditions have been published previously. No relevant elevated pressure or temperature 

laminar flame speed data was found in the literature. 

1.7 Steam Dilution 

In order to investigate the effect of steam dilution on fuel combustion behaviour, studies need to be 

performed using various gas turbine related fuels with steam addition. Moist hydrogen experiments 

have been performed previously in shock tubes [142], in jet-stirred reactors [163], in compression 

ignition engines [164], and in RCMs [165]. These studies detail the promoting effect of steam 

addition on fuel chemistry but most of these have only been conducted for hydrogen and not other 

fuels of interest to the gas turbine industry. It is clear that a wealth of experimental results is not 

available in the literature and more work is needed. 
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Wang et al. [142] investigated ignition of shock-heated H2-air-steam mixtures by varying 

ǘƘŜ ǎǘŜŀƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŦǊƻƳ лҍпл҈ ŦƻǊ ŀ мр҈ I2 / 85% air mixture for temperatures behind the 

ǊŜŦƭŜŎǘŜŘ ǎƘƻŎƪ ǿŀǾŜ ƛƴ ǘƘŜ ǊŀƴƎŜ флл ҍ морл YΣ ŀǘ ǘƘŜ ǇǊŜǎǎǳǊŜǎ Ǉ5 from 3.0 to 17 bar, and observed 

that ignition delay time increased with the steam concentration, especially in mixtures with small 

amounts of steam. These results indicated two separate ignition regions, strong and mild. The mild 

behaviour was removed by fixing surface deformation to produce more accurate results than those 

noted by Strehlow and Cohen [23]. 

The impact of water vapour on the combustion of hydrogen and methane was investigated by 

Le Cong and Dagaut [163] in a jet-stirred reactor ovŜǊ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ улл ҍ молл Y ŀƴŘ ŀǘ м 

and 10 atm was studied. The presence of 10% H2O was shown to reduce the rate of oxidation of 

hydrogen through a slower production of radicals and the experimental results agreed with their 

previously developed chemical kinetic mechanism [166]. For methane, the presence of 10% H2O 

inhibits the oxidation of the methane fuel blends, the chemical effect of H2O yielded a reduction of 

the concentration of the main radicals responsible for methane oxidation [163]. 

The performance and emissionanalysis of a Hydrogen Fuelled CompressionIgnition (HFCI) engine 

with variable water injection timing was reported by Adnan et al. [164]. The results indicate that the 

water injection technique seems to be an effective approach to improving the operability and 

emissions quality of a HFCI engine effectively. 

Using an RCM to study the effect of water addition to hydrogen mixtures, Das et al. [165] found 

that at pC = 30 and 70 bar ignition delay was reduced with 10% and 40% water addition in the reactive 

mixture when compared to the corresponding dry cases. However, at the lower end of compression 

pressure, namely at a pC = 10 bar, water addition had the opposite effect. A sensitivity analysis 

showed that, at lower pressures, the higher third body efficiency of water leads to an increase in the 

ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ I ŀǘƻƳǎ ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŀŎǘƛƻƴɢ I Ҍ hɢ 2(+H2hύ ҭ Ihɢ 2(+H2O) which reduces the 

ƴǳƳōŜǊ ƻŦ I ŀǘƻƳǎ ŀƴŘ ƭŜŀŘǎ ǘƻ ŀ ƭŜǎǎ ǊŜŀŎǘƛǾŜ ǎȅǎǘŜƳΦ !ǘɢ ƘƛƎƘŜǊ ǇǊŜǎǎǳǊŜǎ ǘƘŜ ǊŜŀŎǘƛƻƴ I2O2(+M) 

ҭ hI Ҍɢ hIόҌaύ ƛǎ ǇǊƻƳƻǘŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦɢ ǿŀǘŜǊ ŀƴŘ ǘƘŜ ǊŜŀŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ƛƴŎǊŜŀǎŜǎΦ 

5ŀǎ Ŝǘ ŀƭΦ ώмсрϐ ŀƭǎƻ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǿŀǘŜǊ ǾŀǇƻǳǊ ŦŀǾƻǳǊǎ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ ҭ 

Ihɢ 2(+M). 

A five-step reduced mechanism for blast furnace gas mixtures containing CH4, CO2, and H2O has 

been developed recently by Nikolaou et al. [167] based on GRI Mech 3.0 [69]. The mechanism was 

validated over a wide range of pressures and temperatures for both flame speed and ignition delay 

time. Overall agreement was good compared to the experimental data and the full GRI Mech 3.0 

while computational time was significantly shorter. 
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The present study set out to produce experimental data for a range of gas turbine related fuels 

covering a wide range in pressures, temperatures, pressures, and experimental facilities. These 

experimental results coupled with recent literature rate constants could be used to 

1.7. STEAM DILUTION 

validate a detailed chemical kinetic mechanism capable of capturing the entire reactivity range of 

hydrogen and syngas with good agreement. Following this, a numerical study would be performed 

to investigate the effect of real syngas compositions on laminar flame speed predictions. The work 

of Healy et al. [138] was then extended to quinternary natural gas / hydrogen mixtures to study the 

effect of hydrogen on these mixtures. Finally, the effect of steam injection on a wide variety of gas 

turbine related fuels would be studied. This work is felt to be invaluable to the gas turbine in 

predicting the reactivity of a wide range of gas turbine related fuels for use in future power plants.  
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Chapter 2 

Experimental 

2.1 NUI Galway, Rapid Compression Machine 

2.1.1 Background 

The experiments described in this study were performed in the original RCM facility at the National 

University of Ireland, Galway (NUIG). This RCM has a horizontally-opposed twin-piston design that 

has been described in previous studies [168,169] and was originally commissioned at the Thornton 

ǊŜǎŜŀǊŎƘ ƭŀōƻǊŀǘƻǊȅ ƛƴ ǘƘŜ мфслΩǎ ώмтлϐΣ ǎŜŜ Cig. 2.1. An RCM is used to replicate a single compression 

event of an internal combustion (I.C.) engine but under more ideal conditions (reduced blowby, fluid 

motion, cycle-to-cycle variation, etc). It also allows researchers to study combustion at elevated 

pressures under conditions for which reaction is too slow for shock tube studies. RCMs are also ideal 

in the study of HCCI engines and gas turbines since the physical conditions of temperature and 

pressure are similar. 

The original NUIG RCM can study the ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ сллҍмнлл YΣ ƛƴ ǘƘŜ 

ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ уҍпл ōŀǊΦ ¢ƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǎǘǳŘȅ ǘƘŜ ƭƻǿ-temperature and high-

pressure operating regime of gas turbines without the complications of experimental contamination 

and uncertainties. In the NUIG RCM the pistons are tightly sealed inside two compression sleeves 

ǘƘŀǘ ŀŘƧƻƛƴ ǘƘŜ ǊŜŀŎǘƛƻƴ ŎƘŀƳōŜǊ ώмтмϐΣ ǎŜŜ CƛƎΦ нΦнΦ ¢ƘŜ ǘǿƻ ƘŀƭǾŜǎ ŀǊŜ ŘŜƴƻǘŜŘ ǘƘŜ ΨŦƛȄŜŘΩ ŀƴŘ ΨŦǊŜŜΩ 

side which describes the way in which the compression sleeves are connected to the reaction 

chamber of the RCM. 

The symmetry of the machine is designed to reduce the aerodynamic effects that occur inside 

the combustion chamber at the end of compression. In order to avoid significant heat loss and also 

reactions from happening before the piston reaches its end point, the piston is required to travel 

ǾŜǊȅ Ŧŀǎǘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ǘƘŜ b¦LD w/a ǘƻǇ ŘŜŀŘ ŎŜƴǘǊŜ ό¢5/ύ ƛǎ ǊŜŀŎƘŜŘ ŀŦǘŜǊ мсҍмт ƳǎΦ 5ƛŜǎŜƭ 

engines use pistons with a compression time of about 20 ms. 
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Figure 2.1: Schematic of original dual-piston RCM at NUI Galway. 

 

 (a) (b) 

Figure 2.2: (a) combustion chamber and (b) exposed low compression creviced piston heads. 
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Figure 2.3: Creation of roll-up vortex due to piston motion during the compression stroke. 

 

Figure 2.4: Results of CFD calculation of temperature field after compression for flat (left hand side) 

and creviced (right hand side) piston head designs. Ti = 298 K, pi = 0.5 bar of nitrogen at 26.4 ms after 

the start of compression [172]. 

This means the NUIG RCM offers an attractive means of studying the reactivity of diesel engines 

under similar conditions. A major problem in RCM operation is the formation of roll up vortices, see 

Fig. 2.3. The addition of a creviced piston can eliminate the complicated fluid mechanics and the 

unwanted mixing with near-wall cold gases inside the combustion chamber, resulting in a 

homogeneous mixture [173]. A unique sabot design to achieve the same purpose has also been 

demonstrated [174]. The use of creviced piston heads was the focus of a computational fluid 

dynamics (CFD) study at NUIG [171]. These features have made possible the accurate 

characterization of mixture temperature for kinetic studies, see Fig. 2.4. 
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2.1.2 Modifications Made to the Experimental Facility 

During the course of this study a number of modifications were made to the experimental facility 

ǳǎŜŘ ōȅ IŜŀƭȅ ώмтрϐ ƛƴ ƻǊŘŜǊ ǘƻ ƛƳǇǊƻǾŜ ƛǘΩǎ ƻǇŜǊŀōƛƭƛǘȅΦ ¢ƘŜǎŜ ŀǊŜ ŘŜǘŀƛƭŜŘ ōŜƭƻǿΦ 

Tank and manifold heating system 

A new tank and manifold heating system were put in place to facilitate the study of fuels with a low 

vapour pressure, particularly to investigate the effect of steam dilution on gas turbine related fuels 

to avoid the problem of condensation and to ensure homogeneous mixture composition. Three 

layers of Zetex 1000 insulation tape were first wrapped around the mixing tank followed by a layer 

of heating tape which was all covered by a final layer of insulation tape and the tanks also sit on hot 

plates heated to the specified temperature. This method produces uniform heating. Care was taken 

to ensure that no hot spots were caused by direct contact of the heating tapes with the stainless 

steel tanks. For the manifold, Omega FGR rope heaters were used and wrapped with two Omega 

heating tapes. Eight Cal 9900 thermostats were attached to the tanks and to the manifold heating 

system to regulate the temperature at various specified positions on the manifold and on the tanks. 

These are connected to a PICO TC-08 USB thermocouple data logger to measure the temperature 

and ensure homogeneous heating. Figures 2.5(a), and 2.5(b) show the manifold and tank heating 

system. This system can be varied up to a temperature of 140C. 

Reaction chamber heating system 

Improvements to the heating system of the reaction chamber have also been implemented. In order 

to achieve a homogeneous temperature field throughout the reaction chamber, five TypeJ 

thermocouples were attached at specified locations on the outside of the reaction chamber (these 

must be kept at a defined point otherwise the system needs to be re-calibrated) and twelve cartridge 

heaters (six per sleeve) were drilled into the sleeves at the bottom dead centre piston position, see 

Fig, 2.6. 

Previously the heating system used one heating strip and the temperature measurement was 

taken on the outside of the combustion chamber which led to temperature inhomogeneity, Fig, 2.7. 

A new experimental procedure has now been applied with the use of three Flexelec 1250 W heating 

tapes and these in turn were covered with three Zetex 1000 insulation tape for the chamber and 

sleeves as well as the cartridge heaters. The current setup allows the variation of the initial 

temperature from room temperature to a maximum of 140C before it becomes too hot leading to 

degradation of the chamber tap seals and machine seals which can cause leaks in the facility. The 

thermocouples and heating tapes were connected to Cal 9900 
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(a) 

 

(b) 

Figure 2.5: (a) Mixing manifold and (b) tank heating system of the original NUIG RCM. 
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(a) 

 

(b) 

Figure 2.6: Schematic of (a) old heating setup and (b) new heating setup. 
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Figure 2.7: Comparison between old and new heating setup. 

thermostats, which were then subsequently connected to a PICO TC-08 USB thermocouple data 

logger to measure the temperature and ensure homogeneous heating, see Fig. 2.7. 

To ensure that a uniform temperature field was achieved throughout the chamber and in the 

piston sleeves of the RCM, an internal temperature measurement was performed. An insulated 

metal bar containing thermocouples located at known distances along it was inserted along the 

combustion chamber. Two thermocouples were positioned so as to touch the two piston heads. The 

remaining thermocouples were positioned along the length of the piston sleeve at 1.5, 3.8, 8.1, 10.0, 

11.5, 13.5 cm from the piston head with a final thermocouple located at 15.0 cm being placed inside 

the reaction chamber of the RCM. A comparison between the old and new reaction chamber heating 

profiles at an initial set temperature of 80C is given in Fig. 2.7. The temperature profile of the new 

heating system is much more homogeneous compared to the previous one. The heating system now 

requires only one hour to heat and stabilize in temperature, as opposed to the previously required 

two hours. 
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Figure 2.8: Piston position sensors. 

Piston sensors 

A new set of piston position sensors (Positek P100) were acquired that are specifically designed for 

use in hydraulic and pneumatic cylinders, see Fig. 2.8. These sensors provide the ability to map the 

piston stroke, the position of each piston at the end of compression to ensure the synchronized 

movements of the two pistons throughout each experiment, to ensure optimal homogeneity in the 

chamber. The pistons move within 0.5 ms of one other and the timing is adjusted using the needle 

valves on the hydraulic line. The signals from the probes are recorded on the Nicolet Sigma TDS 

Digital Storage oscilloscope. 

Pressure measurement system 

Pressures in the chamber were recorded using a Kistler type 603B pressure transducer which was 

mounted flush with the combustion chamber wall. The measured pressure signal is amplified using 

a Kistler type 5015A1000 amplifier set to twenty mechanical units per volt and the sensitivity was 

set to 4.84 picocoulombs per volt. The amplifier is in turn connected to the Nicolet Sigma TDS Digital 

Storage oscilloscope. Recent experiments in shock tubes and in RCMs have shown that the pressure 

transducer (Kistler 603B) used in the NUIG facilities is sensitive to heat shock during the 
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experiments. Heat flux from the hot gas into the sensor reduces the output signal so that a lower 

pressure is measured compared to reality. We have 

 

Figure 2.9: (top) Influence of different pressure profiles on simulation results and (bottom) Influence 

of thermal sensor protection on the pressure measurement in experiment. 

modified our experimental procedure to overcome this problem. First, the pressure profile is 

recorded for non-reactive experiments where oxygen is replaced by nitrogen to prevent chemical 

reaction and the pressure transducer is covered with a thin layer of silicon, which acts to shield the 

sensor against the heat load during the experiment. From these experiments the true pressure 

profile is determined. Thereafter, a reactive experiment is performed without the silicone layer since 

this can contribute to chemical reaction influencing the reactivity and leading to spurious ignition 

delay measurements. The temperature at the end of compression in the reactive experiments is 

calculated using the compression ratio determined in the corresponding non-reactive experiments. 

Moreover, in simulating the reactive experiments the pressure profiles from the non-reactive 

experiments are converted to the volume history used in simulations in Chemkin pro [176], see Fig. 

2.9. 
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Since we deduce the temperature profile from the pressure profile via the isentropic 

relationship, thus the apparent measured temperature is also lower compared to reality using the 

profiles from the non-shielded sensor. This would result in longer ignition delay times being 

predicted in the simulation compared to a simulation using the profile measured with the shielded 

sensor. The 603B pressure transducer has since been replaced with a 601A pressure transducer to 

eliminate the problem of heat shock, and the need to perform experiments with and without a 

silicon layer on the pressure sensor. 

Piston head design 

A recent study by Ihme [177] discussed the effect of turbulence and compositional fluctuations in 

RCMs on the prediction of syngas mixture combustion. Several sources of turbulence were identified 

including the filling process, the generation of corner vortices, boundary layergenerated turbulence, 

and turbulence production by compressive strain. To alleviate these effects in the original RCM a 

number of procedures were undertaken. To account for turbulence during the filling process, the 

test mixture was left to homogenize in the combustion chamber for one minute before 

compression. Two piston designs were used to cover the full temperature range possible in the RCM 

without the use of large argon mole fractions, one set with a shallow body length which achieves a 

lower compression ratio (CR) of approximately of 9.5:1, Fig. 2.10. A second set was also used with a 

deeper body length where a CR of approximately 13:1 is achieved, Fig. 2.11. Previous work by 

Wu¨rmel et al. [171] showed that the use of large concentrations of argon diluent led to increased 

boundary layer effects particularly at lower pressure. In order to alleviate this effect piston heads 

leading to a CR of approximately 13.1 were introduced so that a wide range of compressed gas 

temperatures could be studied without the need to use high concentrations of Ar as a diluent gas. 

New creviced piston heads have since been introduced with an increased clearance between 

 

Figure 2.10: Low compression piston head design. 



2.1. NUI GALWAY, RAPID COMPRESSION MACHINE 

57 

 

Figure 2.11: High compression piston head design. 

 

Figure 2.12: Low vortex piston head design. 
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the chamber and crevice inlet channel and an increased crevice volume, see Fig. 2.12. This new 

piston head design was introduced to further reduce the production of roll-up and corner vortices 

discussed previously and has been optimally designed based on a previous CFD study [171]. The 

optimal design according to the CFD study is shown above. This piston head is optimized for low 

compressed pressures and high argon concentration. The compression ratio for this design is 12.5:1. 

2.1.3 RCM operating procedure 

Presented below is a brief outline of the key steps involved in performing experiments in the original 

NUIG RCM. This list only details the most important steps in mixture preparation, Figure 2.13: 

Schematic diagram of valve positions on the original RCM. 

and experimental operation. It is not the complete standard operating procedure. The valve 

positions described in this procedure can be seen in Fig. 2.13. 

Mixture preparation 

ω Ensure the tank is clean by flushing with ethanol and nitrogen. 
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ω Ensure that the tank and manifold temperature is sufficient to maintain fuel in the vapour 

phase (general rule to ensure maximum pressure injected is less than 1/3 of the fuels 

saturation vapour pressure). 

ω 9ƴǎǳǊŜ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ƎƻƻŘ ǾŀŎǳǳƳ ƛƴ ǘƘŜ ƳƛȄƛƴƎ ǘŀƴƪ ŀƴŘ ƳŀƴƛŦƻƭŘ όҒ лΦлн ¢ƻǊǊύΦ 

ω Add mixture components in the order of: i) fuel ii) oxygen and iii) diluent. Gaseous fuels are 

also used without further purification. In the case of carbon monoxide the fuel was passed 

through a liquid nitrogen trap before entering the mixing vessel to ensure that no impurites 

such as iron pentacarbonyl were present. 

ω For liquid fuels, change the septum in the injection port and clean the injection port to remove 

any small pieces of septum remaining from the previous one. When injecting your fuel care 

must be taken not to over-tighten the injection port as this can lead to blocked needles and 

damage to the injection port. 

ω Add the oxygen and diluents slowly especially just before the target pressure. 

ω Leave the mixture in the mixing tanks for at least two hours to ensure a homogeneous 

mixture. 

Experimental steps 
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ω When the fire button is pressed to initiate a compression, the solenoid valve opens 

momentarily allowing a small amount of hydraulic fluid to be displaced from the pressurized 

hydraulic section. This causes the pistons to unlock and move forward at high speed. The 

displaced fluid needs to be returned to the hydraulic chambers from the fluid reservoir above. 

ω Close the air admittance tap so that valve 2 and valve 3 are open to the vacuum pump. Close 

valve 4. Depress the fire button. Check that the fluid levels on the fluid reservoir fall slightly 

as the fluid is sucked back into the machine. 

ω Close valve 1, valve 3 and the air admittance tap. 

ω Close tap to manifold and apply a vacuum to the air section. 

ω Open valve 3 and 4 to ensure all hydraulic fluid returns to the hydraulic section. 

ω Open valve 1 to withdraw the pistons to the pre-fire position. Confirm that the pistons are 

withdrawn (visually). 

ω Close valve 1 and the vacuum valve. Open the manifold valve. 

ω Open the air tank and slowly charge with hydraulic pressure to 100 psi. 

ω Open valve 4 and continue charging to 450 psi. Close valve 5 and the compressed air cylinder. 

ω Open valve 1, the air admittance tap, and valve 2 to the roof compressor. Fill the drive 

pressure to 180 psi. 

ω Isolate the roof compressor, valve 1, and valve 4. 

ω Open valves 2 and 3 slowly and observe discharge. Close valve 3. 

ω Closemanifold valve. Open mixing tank and apply desired initialpressure to the reaction 

chamber. Close reaction chamber tap and leave mixture to homogenize for one minute. 

ω tǊƛƳŜ ƻǎŎƛƭƭƻǎŎƻǇŜ ōȅ άǎŜƭŜŎǘƛƴƎ ǎƛƴƎƭŜ ǎƘƻǘέ ŎŀǇǘǳǊŜΦ 

ω Open path to dump tank by opening valve 5. 

ω Depress the fire button and perform an experiment. 

ω Slowly open valve 1 to release the drive pressure. Once valve 1 is fully open, open valve 3 to 

vent residual hydraulic pressure. Open valve 5 to evacuate the manifold. 

Data collection and analysis 
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The experimental compressed temperature, Tc, and the compressed pressure, pc, were calculated 

using the initial temperature Ti, and pressure pi, of the experiment and the compression ratio 

calculated from a non-reactive experiment. The calculations assumed adiabatic compression and 

frozen chemistry as detailed previously [175]. Using Gaseq [178] which considers the temperature 

and the mixture composition dependence of the heat capacity in equation 

(2.1): 

 pc Tc  ɹ dT 

ln( ) = Z ( ) (2.1) pi Ti ɹ  ҍ м ¢ 

The final temperature, Tf, and pressure, pf, can be computed from: 

V 

 pf = pi( i )  ɹ (2.2) 

Vf 

V 

 Tf = Ti( i )ʴҍм (2.3) 

Vf 

where Ti and pi ŀǊŜ ǘƘŜ ƛƴƛǘƛŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜǎǎǳǊŜΣ ŀƴŘ ʴ ƛǎ ǘƘŜ ǎǇŜŎƛŦƛŎ ƘŜŀǘ Ǌŀǘƛƻ 

Cp/CV . 

It was determined during a CFD study of the boundary layer effects in the reaction chamber that 

mixtures containing more than 50% argon as the diluent leads to a larger roll-up vortex particularly 

at low pressure [171]. 

All gas mixtures were prepared manometrically in stainless steel tanks with high purity gases (= 

99.9%) with a minimum mixing time of two hours before use. The compressed gas temperature is 

varied by altering the initial temperature of the experiment but also by varying the diluent 

composition. N2 όʴ Ґ мΦпύ ƛǎ ǳǎŜŘ ŦƻǊ ǘƘŜ w/a ƛƴǘŜǊƳŜŘƛŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜ ȊƻƴŜ ŀƴŘ !Ǌ όʴ Ґ мΦссύ ƛǎ 

used as the diluent for the highest temperatures accessible to the machine. Heat loss profiles of 

various nitrogen/argon mixtures show that the heat losses are more severe for high Ar content 

mixtures as they reach higher compressed pressures and temperatures. This can be explained by 

the differing heat capacities of N2 (248.05 cal/kg/K) and Ar (124.38 cal/kg/K). A 50% nitrogen + 50% 

argon diluent was used in the present study to achieve the entire temperature range available 

without encountering the adverse effects of a high argon 
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CƛƎǳǊŜ нΦмпΥ ¢ȅǇƛŎŀƭ ǇǊŜǎǎǳǊŜ ǘǊŀŎŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ƻǊƛƎƛƴŀƭ b¦LD ǊŀǇƛŘ ŎƻƳǇǊŜǎǎƛƻƴ ƳŀŎƘƛƴŜΤ ˒ 

= 0.5, pC = 32.84 bar, TC = 927 K, ignition delay time = 70.6 ms. Red line represents reactive mixture 

while the black line represents the non-reactive mixture. 

diluent. For each experiment, a pressure profile and the piston positions were recording on a digital 

oscilloscope. The pressure profile was recorded by a pressure transducer (Kistler 603B). With the 

addition of creviced pistons, boundary layer effects are negligible and the reacting core is 

homogeneous in temperature. 

¢ƘŜ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜ όˍύ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ǘƛƳŜ ŦǊƻƳ ǘƘŜ ŜƴŘ ƻŦ ŎƻƳǇǊŜǎǎƛƻƴΣ ǘŀƪŜƴ ŀǎ ǘƘŜ ǘƛƳŜ 

of peak compressed pressure, to the rapid rise in pressure on ignition, Fig. 2.14. In order to account 

for the heat losses inherent in RCM experiments, non-reactive experiments were performed in 

which the oxygen content of the charge is replaced by nitrogen and then simulated to produce a 

volume/time history which was used as the input in the ChemkinPro [176] simulation. Nitrogen is 

used because it has similar thermodynamic properties to those of oxygen. The recorded pressure 

profile presents the same pressure drop as a reactive trace as a result of very similar heat loss 

properties. 
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Error bars of 20% are included on the ignition delay times of the RCM experimental data to 

account for uncertainties in their measurement. 

2.1.4 Maintenance 

In order to maintain optimal RCM operation all internal seals must be replaced regularly. The 

previously used piston seals have been replaced with a guide band. This ensures that the seals do 

not become warped with the heating and cooling of the machine, and provides a better seal and a 

lesser mass loss during an experiment. The hydraulic oil must also be changed regularly to remove 

dirt from the hydraulic system which would effect the compressibility of the hydraulic fluid. A 

detailed methodology for the dismantling of the original NUIG RCM has been provided previously 

[175]. 

A series of standard experiments are performed regularly (weekly) to ensure the machine is 

working optimally at all times. These include experiments using perfluoropǊƻǇŀƴŜ όʴ Ґ мΦлсύ 

όCƭǳƻǊƻŎƘŜƳΣ hǾŜǊ фф҈ύΣ ǿƘƛŎƘ ǳƴŘŜǊƎƻŜǎ ƳƛƴƛƳŀƭ ƘŜŀǘƛƴƎ ǿƘŜƴ ŎƻƳǇǊŜǎǎŜŘΦ ²ƘŜƴ ŀ Ǝŀǎ ǿƛǘƘ ŀ ʴ 

Ғ м ƛǎ ŎƻƳǇǊŜǎǎŜŘ ǘƘŜǊŜ ƛǎ ƴŜƎƭƛƎƛōƭŜ ŀŘƛŀōŀǘƛŎ ƘŜŀǘƛƴƎ ǎƻ ŀƴȅ ǇǊŜǎǎǳǊŜ ŎƘŀƴƎŜǎ ŀǊŜ ŘǳŜ ǘƻ 

mechanical compression alone as no heating occurs, and any drop in pressure would be caused by 

a leak and not heat loss. If heat loss is observed in the perfluoropropane pressure traces then this 

indicates the presence of a leak in the reaction chamber system, see Fig. 2.15. 

 

Figure 2.15: Pressure trace obtained from compressing 500 mbar perfluoropropane in the original 

RCM. 

 



 

 

Chapter 3 

Hydrogen and Syngas Mixtures 

3.1 Development and Validation of a Hydrogen and Syngas 

Mechanism 

3.1.1 Chemical Kinetic Mechanism 

Several reactions have been identified in the literature as being important for hydrogen and syngas 

oxidation. Previous studies of hydrogen [59,81,86,97] have shown that its reactivity is mainly 

controlledby the competitionbetween the chain-ōǊŀƴŎƘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hIɢ ŀƴŘ ǘƘŜ 

pressure-dependent chain-ǇǊƻǇŀƎŀǘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2όҌaύ Ґ Ihɢ 2(+M). Therefore, these two 

reactions have been studied extensively [37,55,84,96]. For high-pressure conditions, the thermal 

decomposition of hydrogen peroxide (H2O2) via the pressure-dependent reaction H2O2όҌaύ ҭ hI 

Ҍɢ hIόҌaύ ōŜŎƻƳŜǎ ǘƘŜ ŘƻƳƛƴŀƴǘ ŎƘŀƛƴ-ōǊŀƴŎƘƛƴƎ ǊŜŀŎǘƛƻƴΦ CƛƴŀƭƭȅΣ ŀǎ ŦƻǊɢ Ƴƻǎǘ ŦǳŜƭǎΣ ŀǘ 

intermediate temperatures, the reaction H2 Ҍ Ihɢ 2 ҭ I2O2 Ҍ I ƛǎ ƛƳǇƻǊǘŀƴǘɢ ƛƴ ǘƘŜ ǇǊŜŘƛŎǘƛƻƴ ƻŦ 

accurate ignition delay times. Figure 3.1 shows the ignition behavior in low-, intermediate-, and 

high-temperature regions for 8, 16, and 32 bar. The figure also gives reactions that control the 

ignition behavior in each temperature region. Under lowto intermediate-temperature conditions (in 

the temperature range ƛƴǾŜǎǘƛƎŀǘŜŘ ƛƴ w/aǎύΣ ƘȅŘǊƻƎŜƴ ƻȄƛŘŀǘƛƻƴ ƛǎ ƎƻǾŜǊƴŜŘ ōȅ I Ҍ hɢ 2όҌaύ ҭ 

Ihɢ 2όҌaύΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ Ihɢ 2 radicals. The hydroperoxyl radical reacts with H2, 

leading to the formation of H2O2, which decomposes into two OH radicals. At higher temperatures 

όƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜɢ ƛƴǾŜǎǘƛƎŀǘŜŘ ƛƴ ǎƘƻŎƪ ǘǳōŜǎύΣ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ I Ҍ hɢ 2 ҭ h ҌɅ 

hI ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) leads to an unusual pressure dependence of the ignition delay 

times. Depending on the pressure, at higher temperatures the oxidation process is mainly governed 

ōȅ I Ҍ hɢ 2 ҭ h ҌɅ hIΦ 5ǳŜ ǘƻ ǘƘŜ ǇǊŜǎǎǳǊŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ǊŜŀŎǘƛƻƴɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M), 

the 
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Figure 3.1: Main reactions as functions of the temperature regime for a mixture of 0.7 H2 + O2 + 3.76 

Ar tested with the present mechanism at (- -) 8 bar, (ς) 16 bar, and (- · -) 32 bar. 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƛƴ ǿƘƛŎƘ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 

2(+M) occurs depends on the pressure, Fig 3.1. 

3.1.2 Sensitivity Analysis 

A sensitivity analysis of the reaction mechanism is presented to show the important reactions that 

should be highlighted in the following discussion of the mechanism development. The effect of the 

reaction rate constants on ignition delay times and flame speeds was examined. The analysis was 

ǇŜǊŦƻǊƳŜŘ ƻǾŜǊ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇǊŜǎǎǳǊŜǎ όм ҍ млл ōŀǊύ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜǎ όурл ҍ мнлл Yύ ŦƻǊ ƛƎƴƛǘƛƻƴ 

delay times (Fig. 3.2). Each reaction is increased and decreased by a factor of 2 in calculating the 

ignition time. The sensitiviǘȅ ŎƻŜŦŦƛŎƛŜƴǘ όˋύ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ 9ǉΦ όоΦмύΣ ǿƘŜǊŜ ˍΩ ŀƴŘ ˍέ ŀǊŜ ǘƘŜ 

calculated ignition times with the reaction increased and decreased, respectively. This analysis is 

performed assuming ideal (constant volume and adiabatic) conditions: 

log̱ˍέ0  

ˋ Ґόо.1)  log 
For the case of hydrogen, the sensitivity analysis shows that, at low temperature (below 

1000 K) and at relatively low pressure (1 atm), the reactivityis mainly controlledby the competition 
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between the chain-ōǊŀƴŎƘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 = O +¨ OH and the chain-ǘŜǊƳƛƴŀǘƛƴƎ ǊŜŀŎǘƛƻƴɢ Iɢ Ҍ 

O2όҌaύ Ґ Ihɢ 2(+M). However, at higher temperatures (T > 1000 K), the reactivity is only 

 

Figure 3.2: Sensitivity analysis of ignition time delays as a function of pressure at 1000 K for the 

present mechanism (mixture: H2 / O2 / N2 / Ar = 1 / 1 / 1.88 / 1.88). Only the seven most sensitive 

reactions are included, for clarity. 

controlled by the chain-branching reaction. At high-pressure and intermediate-temperature 

conditions, Fig. 3.2, the reactivity is mainly controlled by the reactions producing and consuming 

H2O2, H2O2όҌaύ ҭ hI Ҍɢ hIόҌaύ ŀƴŘ Iɢ 2 Ҍ Ihɢ 2 ҭ I2O2 Ҍ IΦ ¢Ƙƛǎ ǊŜŀŎǘƛƻƴɢ ǎŜǉǳŜƴŎŜ ƻŦ ŦǳŜƭ 

ǊŜŀŎǘƛƴƎ ǿƛǘƘ Ihɢ 2 radicals to make H2O2 which subsequently decomposes to produce two OH 

ǊŀŘƛŎŀƭǎ ƭŜŀŘƛƴƎ ǘƻ ŎƘŀƛƴ ōǊŀƴŎƘƛƴƎ ǿŀǎ ŦƛǊǎǘ ƛŘŜƴǘƛŦƛŜŘ ōȅɢ Pitz and Westbrook [179]. These 

reactions are counter-balanced by the increasing sensitivity with pressure to the chain-terminating 

ǊŜŀŎǘƛƻƴΣ Ihɢ 2 Ҍ Ihɢ 2 ҭ I2O2 + O2. The sensitivity analysis for flame speed was performed using 

Chemkin Pro [176]. The sensitivity analysis is with respect to mass flow rate, which is directly 

proportional to flame speed. It was performed for hydrogen in air at room temperature and 

pressure and for a range of stoichiometries from 0.5 to 2.0 (Fig. 3.3). The flame speeds under these 

conditions are conǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ ƛŘŜƴǘƛŦƛŜŘ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2(+M) 

ҭ Ihɢ 2(+M), but other reactions also play a key role: 

 H2 Ҍ hɅ ҭ I Ҍɢ hIɢ 

 H2 Ҍ hIɢ ҭ I Ҍ Iɢ 2O 
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 Ihɢ 2 Ҍ Iɢ ҭ hI Ҍɢ hIɢ 

 Ihɢ 2 Ҍ hIɢ ҭ I2O + O2 

 

Figure 3.3: Flow rate sensitivity analysis of laminar flame speed of hydrogen in air at 298 K and 1 

atm as a function of equivalence ratio for the present mechanism. Only the nine most sensitive 

reactions are included, for clarity. 

It is evident that laminar flame speed is mainly controlled by the production and consumption of H 

ŀǘƻƳǎΦ ¢ƘŜ ŎƘŀƛƴ ǘŜǊƳƛƴŀǘƛƴƎ ǊŜŀŎǘƛƻƴ ŦƻǊƳƛƴƎ ǿŀǘŜǊ ǾƛŀΥɢ 

 I Ҍɢ hI Ҍ aɢ ҭ I2O + M 

is also important, and increasing its rate constant reduces reactivity. 

aƻǊŜƻǾŜǊΣ ƛǘ Ƙŀǎ ǘƻ ōŜ ƴƻǘŜŘ ǘƘŀǘ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) decreases flame reactivity under 

ǾŜǊȅ ƭŜŀƴ ŎƻƴŘƛǘƛƻƴǎ ό˒ Җ лΦтύ ōǳǘ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǊŜŀŎǘƛǾƛǘȅ ƻŦ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŀƴŘ ǊƛŎƘ ƳƛȄǘǳǊŜǎΦ ¢Ƙƛǎ ƛǎ 

ŘǳŜ ǘƻ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ Ihɢ 2 Ҍ Iɢ ҭ hI Ҍɢ hI ŀƴŘ Iɢ hɢ 2 Ҍ hIɢ ҭ I2O + O2. Under lean 

conditions, there ŀǊŜ ŦŜǿŜǊ I ŀǘƻƳǎ ŀǾŀƛƭŀōƭŜ ŀƴŘ ǘƘŜ Iɢ hɢ 2 radical consumes the OH radical to 

ŦƻǊƳ ǿŀǘŜǊ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴΣ ǿƘŜǊŜŀǎΣ ǳƴŘŜǊ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎɢ ŀƴŘ ǊƛŎƘ ŎƻƴŘƛǘƛƻƴǎΣ ǘƘŜ Ihɢ 2 

ǊŀŘƛŎŀƭ Ŏŀƴ ǊŜŀŎǘ ǿƛǘƘ I ŀǘƻƳǎ ǘƻ ǇǊƻŘǳŎŜɢ hI ǊŀŘƛŎŀƭǎΣ Iɢ hɢ 2 Ҍ Iɢ ҭ hI Ҍɢ hIΦ Therefore,we have 

ǇŀƛŘ ǇŀǊǘƛŎǳƭŀǊ ŀǘǘŜƴǘƛƻƴ ǘƻ ǘƘŜǎŜ ǊŜŀŎǘƛƻƴǎ ƛƴ ǳǇŘŀǘƛƴƎɢ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ǇǊŜǾƛƻǳǎƭȅ ǇǳōƭƛǎƘŜŘ ōȅ h 

Conaire´ et al. [59]. For the case of syngas, a sensitivity analysis was performed based on the mixture 
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with the higher CO concentration tested by Mittal et al. [75] at three different end of compression 

pressures (15, 30 and 50 bar) at 1000 K. Only the top fifteen most sensitive reactions have been 

plotted (Fig. 3.4). Only four reactions involving CO appear to be important in this system dominated 

by hydrogen 

 

Figure 3.4: Most sensitive reactions at 1000 K and pressures of 15, 30, and 50 bar. Mixture: 

H2 / CO / O2 / N2 / Ar = 2.5 / 10 / 6.25 / 18.125 / 63.125. 

chemistry: 

 CO + O + M¨ ҭ /h2 + M 

CO + O2 ҭ /h2 + O  ̈

 /h Ҍ hIɢ ҭ /h2 Ҍ Iɢ 

/h Ҍ Ihɢ 2 ҭ /h2 Ҍ hIɢ 
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Particular attention has been paid to these four reactions, and these will be discussed below. 

3.1.3 Development of the Hydrogen Mechanism 

The detailed chemical kinetic mechanism of hydrogen is based on the earlier hydrogen mechanism 

of O Conaire´ et al. [59]. Rate constants for reactions were updated to reflect more accurate values 

now available from measurements and calculations in the literature. The hydrogen experiments of 

Mittal et al. [75] were used as a benchmark to assess the performance of the hydrogen mechanism. 

The performance of the ignition delay time prediction is evaluated when it is updated with the 

recently published rate constant measurements. This evaluation has been performed through four 

main steps, which are presented in Fig. 3.5. These steps are as follows. Figure 3.5(a) presents the 

ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ŦƻǊ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2 

ҭ h ҌɅ hI ŀƴŘ Iɢ 2 Ҍ Ihɢ 2 ҭ I2O2 + H. This results in the intermeŘƛŀǘŜ ƳŜŎƘŀƴƛǎƳ ŎŀƭƭŜŘɢ ǎǘŜǇ мΦ 

Figure 3.5(b) presents the impact of the reaction rate for first pressure-ŘŜǇŜƴŘŜƴǘ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 

2όҌaύ ҭ Ihɢ 2(+M) and results in the second intermediate mechanism, called step 2. In Fig. 3.5(c), 

the impact of two recent recommendations for the pressure dependent reaction H2O2όҌaύ ҭ hI 

Ҍɢ hIόҌaύ ƛǎ ŀǎǎŜǎǎŜŘΦ hǳǊ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ǘƘƛǊŘɢ ƛƴǘŜǊƳŜŘƛŀǘŜ ƳŜŎƘŀƴƛǎƳ ŎŀƭƭŜŘ 

step 3. Finally, Fig 3.5(d) presents the performance of the present mechanism against the 

experimental results from Mittal et al. [75]. For the ignition calculations in a rapid compression 

machine, a special subroutine from Case Western Reserve University (CWRU) was used to simulate 

the volume history and heat losses in the machine. 

The reactions and associated rate constants for the H2/CO mechanism are provided in Appendix 

A. The thermodynamic values used for species are also given in Appendix A. The enthalpy of 

ŦƻǊƳŀǘƛƻƴƻŦ hI ǊŀŘƛŎŀƭǎ ƛǎ ŦǊƻƳ ǘƘŜ ǊŜŎŜƴǘ ǿƻǊƪ ƻŦ wǳǎŎƛŎɢ Ŝǘ ŀƭΦ ώсуϐΦ ¢ƘŜ ŜƴǘƘŀƭǇȅ ƻŦ Ŧormation for 

Ihɢ 2 όнΦфп ƪŎŀƭκƳƻƭύ ƛǎ ŦǊƻƳ .ǳǊŎŀǘǎ ŀƴŘ wǳǎŎƛŎΩǎ ŘŀǘŀōŀǎŜ ώмулϐΦ 

I Ҍ hɢ 2 ҭ h ҌɅ hIɢ 

¢ƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ƴƻǘ ƻƴƭȅ ƛǎ ŜȄǘǊŜƳŜƭȅ ƛƳǇƻǊǘŀƴǘ ƛƴ ǘƘŜ ƘȅŘǊƻƎŜƴ ǎǳō-ɢ ƳŜŎƘŀƴƛǎƳ 

(Figs. 3.2, and 3.3) but also dominates/controls the oxidation of all fuels under- 
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Figure 3.5: Main steps for the kinetic mechanism improvement. Experimental results: Mittal et al. 

[75]. 
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ƎƻƛƴƎ ƻȄƛŘŀǘƛƻƴ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ό¢ җ мллл YΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ǇǊŜǎǎǳǊŜύΦ !ǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜƭƻǿ 

approximately 1000 K, this rŜŀŎǘƛƻƴ ŎƻƳǇŜǘŜǎ ǿƛǘƘ ǘƘŜ ǇǊƻǇŀƎŀǘƛƻƴ ǊŜŀŎǘƛƻƴ Iɢ Ҍ h2όҌaύ ҭ Ihɢ 

2(+M), which is inhibiting, as it produces only one radical and not two reactive radicals, as in the 

chain-branching reaction. 

¢ƘŜ ǊŜŎŜƴǘƭȅ ƳŜŀǎǳǊŜŘ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ I Ҍ hɢ 2 ҭ h ҌɅ hI ŦǊƻƳ IƻƴƎɢ Ŝǘ ŀƭΦ ώфсϐ ǿŀǎ ŀŘƻǇǘŜŘ 

in the mechanism. They measured H2O absorption behind reflected shock waves at 2 atm over a 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ ммлл ҍ мрол YΦ ¢ƘŜȅ ŎƻƳōƛƴŜŘ ǘƘŜƛǊ ǊŜǎǳƭǘǎ ǿƛǘƘ ǘƘƻǎŜ ǇǊŜǾƛƻǳǎƭȅ ǊŜǇƻǊǘŜŘ ōȅ 

Masten et al. [37] over a temperaturŜ ǊŀƴƎŜ ƻŦ мпрл ҍ оотл Y ŀƴŘ ŦƻǳƴŘ ǾŜǊȅ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ƛƴ 

the overlapping temperature range. Based on these two datasets, a rate constant was determined 

ƻǾŜǊ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ ммлл ҍ оотл Y ǿƛǘƘ ŀ ǊŜŘǳŎŜŘ ǳƴŎŜǊǘŀƛƴǘȅ ƻŦ ƭŜǎǎ ǘƘŀƴ мл҈ ƻǾŜǊ ǘƘƛǎ 

temperature range. The rate constant is also in good agreement with the experimental results from 

Pirraglia et al. [36] and is used in recently published hydrogen mechanisms [97,98]. This value is 

lower than the previous recommendation, taken from the work of Hessler [45], and results in the 

prediction of slightly longer ignition times at intermediate temperatures and low pressures and 

slightly shorter ignition delay times at higher pressures (Fig. 3.5(a)). 

H2 Ҍ Ihɢ 2 ҭ I2O2 Ҍ Iɢ 

This reaction was found to exhibit a high sensitivity at the high pressures and low temperatures 

found in the RCM experiments (Fig. 3.2). At 1000 K, the recommended rate constant from Baulch et 

ŀƭΦ ώмнлϐ ƛǎ ŀ ŦŀŎǘƻǊ ƻŦ о ƭƻǿŜǊ ǘƘŀƴ ¢ǎŀƴƎ ŀƴŘ IŀƳǇǎƻƴΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴ ώмумϐΦ .ŀǎŜŘ ƻƴ ǘƘŜ 

sensitivity results, this would result in a factor of 3 difference in ignition delay time at 1000 K and 50 

bar. Ellingson et al. [78] recently used ab initio methods to compute the rate constant. They used 

canonical variational transition state theory with multidimensional tunneling (CVT/SCT) for the 

reverse reaction which leads to H2 Ҍ Ihɢ 2 and H2h Ҍ hIΦɢ ¢ƘŜƛǊ ŎŀƭŎǳƭŀǘƛƻƴ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ¢ǎŀƴƎΩǎ 

recommendation below 1000 K and results in ignition delay time predictions that are much more 

consistent with Mittaƭ ŀƴŘ {ǳƴƎΩǎ ƳŜŀǎǳǊŜƳŜƴǘǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ŀō ƛƴƛǘƛƻ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ǿŀǎ ǘƻƻ ŦŀǎǘΣ 

compared to experimental data from Baldwin et al. [79], and so Ellingson et al. adjusted the barrier 

height to the upper theoretical limit in order to reduce the rate constant anŘ ƳŀǘŎƘ .ŀƭŘǿƛƴΩǎ 

experimental data. 

Unfortunately, in the RCM experiments, this adjustment results in a decreased reactivity and the 

model reproduces the RCM ignition delay data more precisely (Fig. 3.5(a)) when the unaltered 
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theoretical rate constant is used. Therefore, the unaltered theoretical reaction rate constant 

calculated by Ellingson et al. [78] is used in the present study. 

I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) 

¢Ƙƛǎ ŎƘŀƛƴ ǇǊƻǇŀƎŀǘƛƻƴ ǊŜŀŎǘƛƻƴΣ ǿƘƛŎƘ ŎƻƳǇŜǘŜǎ ǿƛǘƘ I Ҍ hɢ 2 ҭ h ҌɅ hIΣ ŎƻƴǘǊƻƭǎ ǘƘŜ ƭƻǿ-ɢ 

temperature reactivity and requires a pressure-dependent rate constant expression. A new 

pressure- and temperature-dependent rate constant for this key reaction has been determined by 

CŜǊƴŀƴŘŜǎ Ŝǘ ŀƭΦ ώупϐ ƻǾŜǊ ŀ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мΦр ҍ фрл ōŀǊ ŀƴŘ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ оллҍфлл 

K. This rate constant is based on experimental measurements in a high-pressure flow cell. The 

pressure and temperŀǘǳǊŜ ǊŀƴƎŜ ƻŦ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) was further extended, using 

unimolecular rate theory. However, the low-pressure limit rate constant proposed by Fernandes et 

al. [84] for argon as a bath gas reduces the reactivity of the mixture and results in excessively long 

ǎƘƻŎƪ ǘǳōŜ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅǎ ƛƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ млллҍмнлл YΦ .ŀǘŜǎ Ŝǘ ŀƭΦ ώррϐ ǎǘǳŘƛŜŘ ǘƘƛǎ 

ǊŜŀŎǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ƛƴ ŀǊƎƻƴ ƻǾŜǊ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ млнлҍмнсл Y ŀƴŘ ƻǾŜǊ ŀ ǇǊŜǎǎǳǊŜ 

ǊŀƴƎŜ ƻŦ мл ҍ мрл ōŀǊΣ ǿƘŜǊŜŀǎ CŜǊƴŀƴŘŜǎ Ŝǘ ŀƭΦ ǇŜǊŦƻǊƳed argon experiments in a lower 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ олл ҍ флл YΦ 

Combining the low-pressure limit rate constant from Bates et al. with the high-pressure limit 

from Fernandes et al. results in the best agreement of our mechanism with both RCM and shock 

tube measurements (Fig. 3.5(b)). Recent flame speed measurements in helium as a bath gas from 

Burke et al. [131] show a strong pressure dependence of the mass burning rate. The low-pressure 

limit defined by Fernandes et al. [84] for a temperature range of 300 ҍ флл Y ǊŜǎǳƭǘǎ ƛƴ ŀƴ 

ƻǾŜǊǇǊŜŘƛŎǘƛƻƴ ƻŦ ǘƘŜ ōǳǊƴƛƴƎ ǊŀǘŜ ŀǘ ό¢ җ мрлл Yύ ŀƴŘ ŘƻŜǎ ƴƻǘ ŀŎŎǳǊŀǘŜƭȅ ǊŜǇǊƻŘǳŎŜ ǘƘŜ ƴŜƎŀǘƛǾŜ 

dependence with increasing pressure. Michael et al. [53] studied this reaction in various bath gases 

near the low-pressure limit. Their work suggests that experiments performed in Ar have slightly 

higher rate constants than in He. However, interestingly, mechanisms recently published by Burke 

et al. [131] and Hong et al. [97] use, respectively, an efficiency and a low pressure limit that are 

higher for He than Ar. In the present study, increasing the low-pressure limit by a factor of 1.5 results 

in better agreement of mass burning rates. 

H2O2όҌaύ ҭ hI Ҍɢ hIόҌaύɢ 

The second main pressure-dependent reaction involves the dissociation of hydrogen peroxide into 

two hydroxyl radicals. Under high-pressure and low- to intermediate-temperature conditions, 

ignition delay times are highly sensitive to this chain-branching reaction H2O2όҌaύ ҭ hI Ҍɢ hIόҌaύ 

(Fig. 3.2). Pressure-ŘŜǇŜƴŘŜƴǘ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŜȄǇǊŜǎǎƛƻƴǎ ŦƻǊ ǘƘƛǎ ǊŜŀŎǘƛƻƴɢ ƘŀǾŜ ǊŜŎŜƴǘƭȅ ōŜŜƴ 
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published by Hong et al. [94] and by Troe [182]. Hong et al. [94] performed a shock tube study at 

1.8 atm oveǊ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ млнлҍмпсл Y ŀƴŘ ǎǳƎƎŜǎǘŜŘ ŀ ƴŜǿ ƭƻǿ-pressure limit rate 

constant together with a high-pressure limit rate constant from Sellevag et al. [97,183]. Troe [182] 

reviewed the experimental data, performed a theoretical study, and derived a pressure dependent 

rate constant expression. The Hong et al. and Troe rate constant expressions have been 

implemented separately in our current reaction mechanism and tested against the ignition delay 

times measured by Mittal et al. (Fig. 3.5(c)). 

Both expressions use a higher high-pressure limit than that employed in the O Conaire´ 

mechanism [59]. Thus, the resulting rate constants present steeper fall-off behavior, and their rate 

constants are lower at low pressure and higher at high pressure. This results in increased pressure 

dependence of the system. Using the Hong et al. rate constant expressions [94] results in the 

prediction of accurate ignition delay times at 15 bar but predicts too high a reactivity at both 30 and 

рл ōŀǊ όCƛƎΦ оΦрόŎύύΦ ¢ǊƻŜΩǎ ǎǘudy [182] covers a wider pressure and temperature range, and the use 

of his recommended set of rates accurately predicts the pressure dependence of the system. In this 

ŎŀǎŜΣ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜǎ ŀǊŜ ŀŎŎǳǊŀǘŜƭȅ ǇǊŜŘƛŎǘŜŘ ŦƻǊ ŀƭƭ ǘƘǊŜŜ ǇǊŜǎǎǳǊŜǎΦ ¢ǊƻŜΩǎ ǎŜǘ of rate constants 

has been adopted for H2O2όҌaύ ҭ hIɢ Ҍ hIόҌaύ ƛƴ ŀǎǎƻŎƛŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ǎŜǘ ƻŦ ǊŀǘŜ Ŏƻƴǎǘŀƴǘǎ ŦƻǊɢ

 I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M) from Fernandes [84] and Bates [55] previously discussed. 

H2O2 Ҍ hIɢ ҭ I2h Ҍ Ihɢ 2 

This reaction requires the sum of two rate constant expressions to accurately reproduce its 

temperature dependence. The sum of two rate expressions for H2O2 Ҍ hIɢ ҭ I2h Ҍ Ihɢ 2 published 

by Hong et al. [94] has been compared with the two previously recommended by Hippler and Troe 

[184]. These rate constant expressions have been tested by combination with and without the rate 

constant proposed for H2O2 decomposition by Hong et al. and by Troe. We observe a low sensitivity 

of the mechanism to these reactions for the conditions depicted in Fig. 3.2, and have adopted the 

recent sum of two rate constant expressions from Hong et al. [94]. 

I Ҍɢ hIόҌaύɢ ҭ I2O(+M) 

Flame speed calculations are very sensitive to this recombination reaction forming water. Increasing 

this reaction rate decreases reactivity. In the previous mechanism, the value of Tsang and Hampson 

[181] was used, but multiplied it by a factor of 2. More recently, Srinivasan and Michael [95] 

ǇŜǊŦƻǊƳŜŘ ŀ ǎƘƻŎƪ ǘǳōŜ ǎǘǳŘȅ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǿŀǘŜǊ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ όнмфс ҍ 

2792 K) and low pressure (6 and 11 Torr) using Kr as the bath gas. They defined a new rate constant 
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with an evaluated accuracy of 18%. However, this resulting rate constant is a factor of 2 lower than 

the rate constant we previously used, resulting in overestimation of flame speeds. 

Some scattering still exists for this reaction rate, and Konnov [86] estimated the remaining 

uncertainty of this reaction rate to be a factor of 2. Li et al. [58] also modified the rate constant 

recommended by Tsang and Hampson [181]. More recently, Sellevag et al. [85] studied this reaction 

and recommended a new rate constant, lower than previous recommendations. This rate constant 

for this reaction has been optimized in the current mechanism, a rate constant that is slightly lower 

ǘƘŀƴ [ƛΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ŜŦŦƛŎƛŜƴŎƛŜǎ ǊŜŎƻƳƳŜƴŘŜŘ ƛƴ ǘƘŜ DwL ƳŜŎƘŀƴƛǎƳ ώсфϐ ƘŀǾŜ ōŜŜƴ 

adopted to get the best agreement for the current mechanism with experimental flame speed data. 

H2 Ҍ hIɢ ҭ I Ҍ Iɢ 2O 

{ƛƳƛƭŀǊ ǘƻ ǊŜŀŎǘƛƻƴ I Ҍɢ hIόҌaύɢ ҭ I2O(+M) above, flame speed predictions are also very sensitive 

to this reaction under fuel-lean conditions. The rate constant from Michael and Sutherland [35] 

previously used has been replaced by the very recent rate constant recommended by Lam et al. 

[100]. The rate constant was measured using UV laser absorption of OH radicals behind reflected 

shock waves ƻǾŜǊ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ флнɢ ҍ мрму Y ŀƴŘ ŀ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мΦмрҍмΦрн ŀǘƳΦ 

They observed a very small experimental scatter (less than 7%), which results in a reduced 

uncertainty of 17%. Their recommendation is consistent with the previous work from Michael and 

Sutherland [35] and Oldenberg et al. [41]. 

Ihɢ 2 Ҍ hIɢ ҭ I2O + O2 

This chain termination reaction, which is highly sensitive for fuel-lean flames (Fig. 3.3), has been 

studied experimentally and theoretically by many authors [34,94,95,98,185]. However, there is a 

large discrepancy in the reported rate constant at intermediate temperatures; it can be up to a 

factor of 4 at 1200 K, due to an unusual temperature dependence of the rate constant, which creates 

an important non-Arrhenius behavior. The reported rate constant measurements show a deep and 

narrow minimum around 1250 K. This behaviour led to some authors having up to five expressions 

in order to reproduce the temperature dependence. 

This reaction has very recently been investigated experimentally by Hong et al. [94]. Their results 

are in good agreement with an earlier study by Srinivasan et al. [95], and the authors concluded that 

there is only a weak temperature dependence and recommended the rate constant reported by 
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Baulch et al. [185], who recommended the rate constant defined by Keyser et al. [34]. However, 

they recommended that future work be carried out to measure this reaction rate in the intermediate 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ όфллҍмнлл YύΣ ŘǳŜ ǘƻ ŀ ƭŀŎƪ ƻŦ ŘŀǘŀΦ ¢ƘŜ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŘŜŦƛƴŜŘ ōȅ YŜȅǎŜǊ Ŝǘ ŀƭΦ 

[34] was adopted but has been reduced it by 15% to improve model agreement. 

Ihɢ 2 Ҍ Ihɢ 2 ҭ I2O2 + O2 

This reaction inhibits reactivity under low-temperature, high-pressure conditions. This is due to the 

competition with reaction H2 Ҍ Ihɢ 2 ҭ I2O2 Ҍ IΦ LŦ Iɢ hɢ 2 reacts with H2, it produces one H2O2, 

ǿƘƛŎƘ ǿƛƭƭ ŘŜŎƻƳǇƻǎŜ ƛƴǘƻ ǘǿƻ hI ǊŀŘƛŎŀƭǎΦ ¢ƘǳǎΣ ƻƴŜ Iɢ hɢ 2 radical leads to the production of two 

hI ǊŀŘƛŎŀƭǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǊŜŀŎǘƛƻƴ Iɢ hɢ 2 Ҍ Ihɢ 2 ҭ I2O2 + O2 ŎƻƴǎǳƳŜǎ ǘǿƻ Ihɢ 2 radicals and 

produces one H2O2Σ ǘƘǳǎ ƭŜŀŘƛƴƎ ǘƻ ǘǿƻ hI ǊŀŘƛŎŀƭǎΣ ǿƘŜǊŜŀǎ ŦƻǳǊɢ hIɢ ǊŀŘƛŎŀƭǎ ŎƻǳƭŘ ƘŀǾŜ ōŜŜƴ 

formed through the other pathway. Therefore, this reaction can be considered inhibitive under 

these conditions. It requires the sum of two rate constants to accurately reproduce its temperature 

dependence. The previously used set of rate constants from Hippler et al. [186] has been slightly 

reduced (by 13%). 

H2 + O2 ҭ Ihɢ 2 Ҍ Iɢ 

The rate constant used in the mechanism from O Conaire´ et al. [59] was taken from Tsang and 

Hampson [181] and is a two-parameter Arrhenius fit. However, the use of this rate constant 

increased the initial reactivity in flow reactor simulations of the Mueller et al. [47] data and resulted 

in inaccurate predictions. Therefore, the more recent rate constant defined by Michael et al. [121] 

was chosen due to its more accurate non-Arrhenius three-parameter fit and its pre-exponential 

factor has been reduced by 30% in order to reduce the reactivity at low temperature and keep the 

same reactivity at high temperature. 

3.1.4 Development of the CO Sub-mechanism 

The CO mechanism initially comes from one prepared by O Conaire [187] which is based on´ the 

mechanism from Mueller et al. [47] and has been updated with recently published rate constants. 

Based on the sensitivity analysis performed (Fig. 3.4), only four reactions involving CO appear to be 

important in this system dominated by hydrogen chemistry: 

 CO + O(+M) ̈ ҭ /h2(+M) 

CO + O2 ҭ /h2 + O  ̈
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 /h Ҍ hIɢ ҭ /h2 Ҍ Iɢ 

/h Ҍ Ihɢ 2 ҭ /h2 Ҍ hIɢ 

These four reactions are discussed below. Moreover, syngas oxidation does not show a great 

sensitivity to the HCO sub-mechanism. However, these reactions are important for flame speed 

predictions of larger hydrocarbons. 

 

Figure 3.6: Effect of CO concentration on ignition delay times measured in a RCM in the University 

of Connecticut as part of a collaboration, pc Ґ тл ōŀǊΣ мнΦр҈ όʰI2 Ҍ όм ʰ/hύύ Ҍ 

6.25% O2 + 81.25% N2. 

CO + O(+M)  ̈ ҭ /h2(+M) 

Initially, this reaction was described with a Lindemann fall-off expression, adopting the lowpressure 

limit from Westmoreland et al. [71] and the high-pressure limit from Troe [188]. However, this 

combination does not accurately reproduce the pressure dependence of rich, high-CO-content 

syngas flames, such as those measured by Sun et al. [112], resulting in an over-estimation of the 

flame speed. Sun et al. [112] recommended the rate constant defined by Baldwin et al. [189], which 

increases the inhibiting effect of CO. However, adopting this rate constant results in overestimation 

of the ignition delay times measured at 70 bar in the rapid compression machine (Fig. 3.6) for high 

CO concentrations, not accurately capturing the inhibiting effect of CO addition. Moreover, the CO 
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inhibiting impact on ignition delay times measured by Mittal et al. [75] is not well reproduced at 

either 15 or 30 bar. New flame speed measurements (Fig. 3.7) highlight the uncertainty, especially 

for rich mixtures, and suggest that further work may be needed at high pressure and at high CO 

concentrations. The satisfactory agreement was obtained by adopting the Lindemann fall-off 

expression and third body efficiencies recommended by Davis et al. [67] but reduced by 13% and 

25% for the low- and high-pressure limits, respectively. 

 

Figure 3.7: Comparison with flame speed measurements from Sun et al. [112] and TAMU, as part of 

a collaboration, (95% CO + 5% H2 in 1:7 O2:He, Ti = 298 K). 

/h Ҍ hIɢ ҭ /h2 Ҍ Iɢ 

The rate constant uǎŜŘ ƛƴ ƻǳǊ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛƻƴ ōŜǘǿŜŜƴ /h ŀƴŘ hI ǿŀǎ ƛƴƛǘƛŀƭƭȅɢ ǘŀƪŜƴ 

from Li et al. [81]. As stated by Li et al., based on the work of Zhao et al. [190], the laminar flame 

ǎǇŜŜŘ ǇǊŜŘƛŎǘƛƻƴ ƛǎ ƘƛƎƘƭȅ ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜ ǊŜŀŎǘƛƻƴǎ /h Ҍ hIɢ ҭ /h2 Ҍ Iɢ ŀƴŘ I/hόҌaύ Ґɢ I Ҍ 

/hόҌaύΦ ¢ƻ ƻōǘŀƛƴ ōŜǘǘŜǊ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ŦƭŀƳŜ ǎǇŜŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎɢ ŦƻǊ ǎȅƴƎŀǎ ƳƛȄǘǳǊŜǎΣ ǘƘŜ ½Ƙŀƻ 

et al. single reaction rate constant for the former reaction was replaced by the set of two reactions 

proposed as a result of the theoretical study performed by Joshi and Wang [118]. 

/h Ҍ Ihɢ 2 ҭ /h2 Ҍ hIɢ 

This reaction is the most sensitive of the CO subsystems under the conditions investigated (Fig. 3.4). 

The rate constant used for this reaction was updated taking the rate constant recently published by 

You et al. [122]. According to many authors [123ς125], this rate constant considerably improves the 

prediction of RCM results published by Mittal et al. [75]. 
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3.1.5 hIɢ ? sub-mechanism 

Most of the ignition delay times recorded in shock tubes are based on the measurement of the 

ŎƘŜƳƛƭǳƳƛƴŜǎŎŜƴŎŜ ƻŦ hIɢ ?, either the onset of the emission [129], the maximum rate of increase 

ƻŦ ǘƘŜ ŜƳƛǎǎƛƻƴ ώонϐ ƻǊ ǘƘŜ ǇŜŀƪ ƻŦ ǘƘŜ hIɢ ? emission [88]. Therefore, it is important to predict an 

ŀŎŎǳǊŀǘŜ hIɢ ? emission profile. Kathrotia et al. [191] recently published a new sub-mechanism for 

ǘƘŜ hIɢ ? chemiluminescence based on a previous study by Tamura [192] and updated with a new 

ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ŦƻǊ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ hIɢ ? Ǿƛŀ h Ҍɢ I Ҍ aɢ ҭ hIɢ ? + M measured during shock tube 

ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘŜ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴ Ƙŀǎ ƴƻ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǘƛƳƛƴƎ ƻŦ ǘƘŜ hIɢ ? profile and 

hence the ignition delay times derived. Therefore, the results herein are not dependent on the rate 

Ŏƻƴǎǘŀƴǘ ƻŦ ǘƘƛǎ hIɢ ? reaction (and hence the absolute value of OH? concentration). This sub-

mechanism has been added to the H2/CO mechanism to predict accurately the ignition delay times 

ƳŜŀǎǳǊŜŘ ƛƴ ǎƘƻŎƪ ǘǳōŜǎΦ ¢ƘŜ ǊŜŀŎǘƛƻƴǎ ŀƴŘ ŀǎǎƻŎƛŀǘŜŘ ǊŀǘŜ Ŏƻƴǎǘŀƴǘǎ ŦƻǊ ǘƘŜ hIɢ ? sub-mechanism 

are provided in Appendix A. 

3.1.6 Numerical model 

Flame speed 

Chemkin Pro was used for the flame calculations. In preliminary flame calculations, we investigated 

the effect of the choice of Chemkin transport options on the computed flame speed. The transport 

options tested included mixture averaged, multicomponent and thermal diffusion options. The 

multicomponent transport model is more accurate than the mixtureaveraged one. When thermal 

diffusion was included, the flame speed decreased by up to 8% for stoichiometric mixtures and 4% 

ŀǘ ˒ Ґ нΦрΦ ¢Ƙƛǎ ǿŀǎ ǘƘŜ ōƛƎƎŜǎǘ ŜŦŦŜŎǘ ŦƻǳƴŘ ǿƘŜƴ ǎŜƭŜŎǘƛƴƎ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ǘǊŀƴǎǇƻǊǘ 

options. For all of the flame speed results presented below, we used the multi-component and 

thermal diffusion options. Next, we investigated the number of grid points in the one-dimensional 

mesh needed for an accurate flame speed calculation. As the number of grid points was increased, 

the flame speed converged close to the value with 400 grid points. To be conservative, Chemkin 

convergence parameters were adjusted so that at least 800 grid points (and at times as many as 

1000) were used in the calculations in paper. 

Rapid compression machine 



3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND 

SYNGAS MECHANISM 

79 

For the ignition calculations in a rapid compression machine, the calculation uses a volume profile 

generated from the non-reactive pressure trace. The volume history used for the simulation 

included the heat loss during the compression stroke by adding an empirically determined additional 

ǾƻƭǳƳŜΣ ŀƴŘ ǘƘŜ ƘŜŀǘ ƭƻǎǎ ŀŦǘŜǊ ǘƘŜ ŜƴŘ ƻŦ ŎƻƳǇǊŜǎǎƛƻƴ ǿŀǎ ŀŎŎƻǳƴǘŜŘ ōȅ ΨŀŘƛŀōŀǘƛŎ ŎƻǊŜ ŜȄǇŀƴǎƛƻƴΩ 

approach. The volume history is then used as an input in the Chemkin input file. 

Shock tube 

Shock tube data have been simulated using constant volume adiabatic simulation with the reflected 

shock pressure and temperature as initial conditions. 

For long ignition delay times at lower temperatures in the DLR shock-tube, a gas dynamic effect 

appears which slightly increases both the pressure and the temperature. The pressure and 

temperature variations due to the gas dynamics of the shock tube behind reflected shock waves for 

the DLR shock tube) are considered in the simulations by using MPFR (Multiple Plug Flow Reactor), 

an extension to CHEMKIN II. This program developed at DLR Stuttgart takes into account gas 

dynamic effects causing pressure and temperature variations decoupled from the effects of heat 

release by chemical reactions combined with pressure relaxation effects along the shock 

ǇǊƻǇŀƎŀǘƛƻƴ ŘƛǊŜŎǘƛƻƴ ŘǳŜ ǘƻ ǘƘŜ ǎƘƻŎƪ ǘǳōŜΩǎ ΨƻǇŜƴ ŜƴŘΩ ŎƻƴŦƛƎǳǊŀǘƛƻƴΦ ¢ƘǳǎΣ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ 

assumes for a time period of typically 25 µs or shorter, depending on the temperature increase due 

ǘƻ ƘŜŀǘ ǊŜƭŜŀǎŜ όҟ¢κ¢ Җ лΦр҈ύΣ ŀ tCw ǿƛǘƘ Ŏƻƴǎǘŀƴǘ ǇǊŜǎǎǳǊŜ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ 

propagation of the pressure increase by heat release within a PFR-time step along the propagation 

direction of the reflected shock. The correction of the gas dynamic effects is based on measured 

pressure histories of mixtures with similar acoustic properties but without heat release by chemical 

reactions or of mixtures with very long ignition delay times and no heat release before ignition. The 

temperature profiles are then calculated by applying adiabatic and isentropic conditions. These 

temperature profiles are used instead of constant initial temperatures T5 for the simulation of the 

experiments. Thus, temperature variations are caused both by the gas dynamics and the heat 

release of the reactive system. 

3.1.7 Mechanism Validation 

The updated kinetic mechanism has been validated over a wide range of oxidation studies, including 

ignition delays measured in both shock tubes and RCMs, species concentration profiles measured 

in a flow reactor and JSRs and laminar flame speeds. These studies cover a wide range of 

ǘŜƳǇŜǊŀǘǳǊŜǎΣ уллҍнрлл YΣ ŀƴŘ ǇǊŜǎǎǳǊŜǎΣ мҍрл ōŀǊΦ ¢ƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ŎǳǊǊŜƴǘ ƳŜŎƘŀƴƛǎƳ ƛǎ 

presented below against a selection of targets covering the full range of conditions. 

The performance of the new mechanism has also been compared to the new ignition delay times 

measured in rapid compression machines and shock tubes for mixtures from pure hydrogen to 5% 
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H2 + 95% CO over a temperature range of 900 ҍ мтпл Y ŀƴŘ ŦƻǊ ŜƴŘ-ofcompression pressure from 1 

to 70 bar. The ignition of syngas mixtures, from pure hydrogen to a high concentration of CO, has 

been studied in two different RCMs. The study in NUI 

Galway was performed for a lean mixture over a pressuǊŜ ǊŀƴƎŜ ƻŦ у ҍ он ōŀǊ ŀƴŘ ǘƘŜ ǎǘǳŘȅ ƛƴ ǘƘŜ 

University of Connecticut was performed at a higher pressure of 70 bar. 

NUIG RCM Measurements 

Mixture % H2 % CO % O2 % Diluent  ˒ p / bar T / K 

100% H2 12.82 0.00 18.32 68.86 0.35 8, 16, 32 фор ҍ млнл 

100% H2 17.36 0.00 17.36 65.28 0.5 8, 16, 32 фнс ҍ млнл 

100% H2 3.47 0.00 3.47 93.06 0.5 16 млмл ҍ млрн 

85% H2 + 15% CO 10.90 1.92 18.32 68.86 0.35 8, 16, 32 фрн ҍ млпм 

85% H2 + 15% CO 14.76 2.60 17.36 65.28 0.5 8, 16, 32 фол ҍ млпм 

85% H2 + 15% CO 2.95 0.52 3.47 93.06 0.5 16 млол ҍ млсп 

50% H2 + 50% CO 6.41 6.41 18.32 68.86 0.35 8, 16, 32 фрн ҍ млпн 

50% H2 + 50% CO 8.68 8.68 17.36 65.28 0.5 8, 16, 32 фнс ҍ млнл 

50% H2 + 50% CO 1.74 1.74 3.47 93.06 0.5 16 млнл ҍ млсу 

25% H2 + 75% CO 9.62 3.2 18.32 68.86 0.35 8, 16, 32 фтм ҍ млру 

25% H2 + 75% CO 13.02 4.34 17.36 65.28 0.5 8, 16, 32 фсм ҍ млпм 

5% H2 + 95% CO 0.64 12.18 18.32 68.86 0.35 8, 16, 32 млос ҍ млум 

5% H2 + 95% CO 0.87 16.49 17.36 65.28 0.5 8, 16, 32 фул ҍ млсп 

Table 3.1: Molar compositions and conditions of H2 / CO mixtures tested in the RCM at NUIG. 

LƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜǎ ǿŜǊŜ ǊŜŎŜƴǘƭȅ ƳŜŀǎǳǊŜŘ ŦƻǊ ǾŀǊƛƻǳǎ ƭŜŀƴ ό˒ Ґ лΦор ŀƴŘ лΦрύ ǎȅƴƎŀǎ ƳƛȄǘǳǊŜǎ 

in the rapid compression machine from the Combustion Chemistry Centre (Figs. 3.8ς 3.11). 

Measurements were performed at 8 bar, 16 bar and 32 bar. The mixtures and experimental 

conditions are provided in Table 3.1. Over this temperature range, increasing pressure results in 

higher reactivity of the mixture and shorter ignition delay times. However, for the highest 

ǘŜƳǇŜǊŀǘǳǊŜǎΣ ŀ ŎǊƻǎǎ ƻǾŜǊ ǎǘŀǊǘǎ ǘƻ ōŜ ƻōǎŜǊǾŜŘ ŘǳŜ ǘƻ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ Iɢ Ҍ h2 ҭ h ҌɅ 

hI ŀƴŘɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M). Increasing the amount of CO in the fuel mixtures results in longer 

ignition delay times showing the inhibiting effect of carbon monoxide on the hydrogen chemistry. 

The kinetic mechanism has been used to simulate these experimental results. The predicted ignition 

delay times are in very good agreement with experimental results. Both the inhibiting effect of CO 

and the unusual pressure dependence are well reproduced. 
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University of Connecticut RCM Measurements 

Ignition delay times for various syngas mixtures were measured in the rapid compression machine 

from the University of Connecticut as part of a collaboration, Table 3.2. The study has been 

performed using stoichiometric conditions with 100%, 50%, 25% and 10% H2 in the 

 

Figure 3.8: Effect of pressure on ignition delay times of hydrogen mixtures,  8 bar, ω 16 bar, N 32 bar 

(a) 100% H2 ˒  Ґ лΦор όōύ млл҈ I2 ˒  Ґ лΦр ǇŜǊŦƻǊƳŜŘ ƛƴ ǘhe RCM at NUIG, lines are model predictions. 
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Figure 3.9: Effect of pressure on ignition delay times of syngas mixtures,  8 bar, ω 16 bar, 

N он ōŀǊ ŀǘ ˒ Ґ лΦорΣ όŀύ ур҈ I2 / 15% CO (b) 50% H2 / 50% CO (c) 25% H2 / 75% CO (d) 5% H2 / 95% 

CO performed in the RCM at NUIG, lines are model predictions. 

 

Figure 3.10: Effect of pressure on ignition delay times of syngas mixtures,  8 bar, ω 16 bar, N 32 bar 

ŀǘ ˒ Ґ лΦрΣ όŀύ ур҈ I2 / 15% CO (b) 50% H2 / 50% CO (c) 25% H2 / 75% CO (d) 5% H2 / 95% CO performed 

in the RCM at NUIG, lines are model predictions. 
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Figure 3.11: Effect of CO concentration on ignition delay times of syngas mixtures measured in NUIG 

RCM (a) pc Ґ он ōŀǊΣ ˒ Ґ лΦор Ψƛƴ ŀƛǊΩΣ όōύ Ǉc Ґ он ōŀǊΣ ˒ Ґ лΦр Ψƛƴ ŀƛǊΩΣ όŎύ Ǉc Ґ мс ōŀǊΣ ˒ Ґ лΦор Ψƛƴ ŀƛǊΩΣ 

(d) pc Ґ мс ōŀǊΣ ˒ Ґ лΦр Ψƛƴ ŀƛǊΩΣ όŜύ Ǉc Ґ у ōŀǊΣ ˒ Ґ лΦор Ψƛƴ ŀƛǊΩΣ όŦύ Ǉc Ґ у ōŀǊΣ ˒ Ґ лΦр Ψƛƴ ŀƛǊΩΦ  5% H2 / 95% 

CO, ω 25% H2 / 75% CO, N 50% H2 / 50% CO, H 85% H2 / 15% CO,  100% H2 performed in the RCM at 

NUIG, lines are model predictions. 
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H2 (%) CO (%) O2 (%) N2 (%) Tc (K) 

12.500 0.000 6.250 81.250 фмп ҍ млмл 

6.250 6.250 6.250 81.250 фнф ҍ млом 

3.125 9.375 6.250 81.250 фрф ҍ млрн 

1.250 11.250 6.250 81.250 фто ҍ млсу 

Table 3.2: Mixture composition for the ignition delay times experiments taken in the RCM at the 

University of Connecticut as part of a collaboration. 

H2 / CO fuel mixtures with nitrogen dilution at an end-of-compression pressure of 70 bar and an end-

of-ŎƻƳǇǊŜǎǎƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ фмп ҍ млсу Y όCƛƎΦ оΦсύΦ wŜǎǳƭǘǎ ǎƘƻǿ ǘƘŜ ƛƴƘƛōƛǘƛng effect of 

carbon monoxide on the syngas ignition delay times which increase with increasing amounts of CO 

in the syngas mixture. However, as noted previously by Mittal et al. [75] and Kalitan et al. [129] at 

lower pressure, this effect is more significant for fuel mixtures with a CO concentration greater than 

50%. The experimental results have been compared to ignition delay time predictions from the 

present mechanism, Fig. 3.6. The model captures accurately this inhibiting effect and its predictions 

are in very good agreement with the experimental results. 

DLR Shock tube measurement 

Fuel  ˒ H2 CO O2 N2 Ar T5 p5 

(H2/CO) (%)  (mol.%) (mol.%) (mol.%) (mol.%) (mol.%) (K) (atm) 

 0.1 0.81  4.03  95.16 фнр ҍ нмлл 1, 4, 16 

100 / 0 0.5 3.47  3.47 93.06  фрл ҍ н000 1, 4, 16 

 4.0 12.54  1.57  85.89 фор ҍ мурл 1, 4, 16 

85 / 15 0.5 2.98 0.52 3.51 46.57 46.42 млнл ҍ мннл 16 

 0.5 1.74 1.74 3.47  93.06 утл ҍ нмлл 1, 4, 16 

50 /50 0.5 1.74 1.74 3.52 47.32 45.68 мллл ҍ мннл 16 

 1.0 2.96 2.96 2.96  91.12 фмл ҍ нмтл 1, 4, 16 

5 / 95 0.5 0.17 3.30 3.47  93.06 фпл ҍ нннл 1, 4, 16 

 1.0 0.30 5.62 2.96  91.12 фрл ҍ ннлл 1, 4, 16 

Table 3.3: Experimental conditions for the shock-tube experiments at DLR as part of a collaboration. 
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Ignition delay times of hydrogen and hydrogen / carbon monoxide mixtures were determined 

at 1, 4 and 16 bar and at a dilution of 1:5 (dilution 1:5 means one part of a fuel / oxygen / inert gas 

mixture, defined by the equivalence ratio and a ratio of 21/79 for oxygen / inert gas, and four parts 

of the inert gas). All the DLR S-T measurements were undertaken by staff at the DLR as part of a 

collaboration by Ju¨rgen Herzler, Clemens Naumann, Peter Griebel and modelled at NUIG. 

Additional to the hydrogen measurements at equivalence raǘƛƻǎ ƻŦ ˒ Ґ лΦр ŀƴŘ мΦл ώууϐΣ ǘƘŜ ƛƎƴƛǘƛƻƴ 

ŘŜƭŀȅ ǘƛƳŜǎ ƻŦ ǾŜǊȅ ƭŜŀƴ ό˒ Ґ лΦмύ ŀƴŘ ŦǳŜƭ ǊƛŎƘ ƳƛȄǘǳǊŜǎ ό˒ Ґ пΦлύ ŀƴŘ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ƴƛǘǊƻƎŜƴ ŀǘ ˒ 

= 0.5 as inert gas were determined. Experiments with different ratios of H2 / CO (50% / 50%, 5% / 

95%) were performed to determine the influence of CO on the ignition of syngas. The ignition delay 

times of two H2 / CO /N2 / Ar mixtures (H2 / CO = 85% / 15% and 50% / 50%, 50% N2 and 50% Ar) were 

also determined at 16 bar, Table 3.3. The results of measurements are shown in Figs. 3.12ς3.16 

together with simulations. 

The shock tube data were simulated using constant volume, adiabatic conditions with the 

reflected shock pressure and temperature used as the initial conditions. 

For long ignition delay times at lower temperatures in the DLR shock-tube, a gas dynamic effect 

appears which slightly increases both the pressure and the temperature. The pressure and 

temperature variations due to the gas dynamics of the shock tube behind reflected shock waves are 

considered in the simulations by using MPFR (Multiple Plug Flow Reactor), an extension to CHEMKIN 

II [193]. This program, developed at DLR Stuttgart, takes into account gas dynamic effects causing 

pressure and temperature variations decoupled from the effects of heat release by chemical 

reactions combined with pressure relaxation effects along the shock propagation direction due to 

ǘƘŜ ǎƘƻŎƪ ǘǳōŜΩǎ ΨƻǇŜƴ ŜƴŘΩ ŎƻƴŦƛƎǳǊŀǘƛƻƴΦ ¢ƘǳǎΣ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ ŀǎǎǳƳŜǎ ŦƻǊ ŀ ǘƛƳŜ ǇŜǊƛƻŘ ƻŦ ǘȅǇƛŎŀƭƭȅ 

25 µs or shorter, depending on the tempeǊŀǘǳǊŜ ƛƴŎǊŜŀǎŜ ŘǳŜ ǘƻ ƘŜŀǘ ǊŜƭŜŀǎŜ όҟ¢κ¢Җ лΦр҈ύΣ ŀ tCw 

with constant pressure conditions and takes into account the propagation of the pressure increase 

by heat release within a PFR time-step along the propagation direction of the reflected shock. The 

correction of the gas dynamic effects is based on measured pressure histories of mixtures with 

similar acoustic properties but without heat release by chemical reactions or of mixtures with very 

long ignition delay times and no heat release before ignition. The temperature profiles are then 

calculated by applying adiabatic and isentropic conditions. These temperature profiles are used 

instead of constant initial temperatures T5 for the simulation of the experiments. Thus, temperature 

variations are caused both by the gas dynamics and the heat release of the reactive system. 

The simulations agree very well with the measurements. The complex pressure and inert gas 

dependence of the hydrogen and syngas mixtures is very well predicted. Deviations between the 

experiments and the simulations of hydrogen and syngas ignition can only be observed for the 

longest ignition delay times. This is probably caused by small deviations of the assumed and the real 

temperature profiles which exhibit a very pronounced influence on the ignition delay times. For the 

5% H2 κ фр҈ /h ƳƛȄǘǳǊŜ ŀǘ ˒ Ґ лΦрΣ CƛƎΦ оΦмпΣ ǘƘŜ 
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Figure 3.12: Measured and calculated ignition delay times of a H2 / O2 / Ar mixture at an equivalence 

Ǌŀǘƛƻ ˒ Ґ лΦм ŀƴŘ ŀ Řƛƭǳǘƛƻƴ ƻŦ мΥрΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ shock tube at DLR as part of a 

collaboration. 

 

Figure 3.13: Measured and calculated ignition delay times of a H2 / O2 / N2 mixture at an equivalence 

Ǌŀǘƛƻ ˒ Ґ лΦр ŀƴŘ ŀ Řƛƭǳǘƛƻƴ ƻŦ мΥрΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ǎƘƻŎƪ ǘǳōŜ ŀǘ 5[w ŀǎ ǇŀǊǘ ƻŦ ŀ 

collaboration. 
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Figure 3.14: Measured and calculated ignition delay times of a syngas (5% H2 / 95% CO) / O2 / Ar 

ƳƛȄǘǳǊŜ ŀǘ ŀƴ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻ ˒ Ґ лΦр ŀƴŘ ŀ Řƛƭǳǘƛƻƴ ƻŦ мΥрΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ǎƘƻŎƪ 

tube at DLR as part of a collaboration. 

 

Figure 3.15: Measured and calculated ignition delay times of a syngas (50% H2 / 50% CO) / O2 / Ar 

ƳƛȄǘǳǊŜ ŀǘ ŀƴ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻ ˒ Ґ лΦр ŀƴŘ ŀ Řƛƭǳǘƛƻƴ ƻŦ мΥрΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ǎƘƻŎƪ 

tube at DLR as part of a collaboration. 
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Figure 3.16: Measured (symbols) and calculated (lines) ignition delay times of two syngas mixtures 

(85% H2 / 15% CO and 50% H2 / 50% CO) / O2 / inert gas (50% Ar / 50% N2) mixture at an equivalence 

Ǌŀǘƛƻ ˒ Ґ лΦрΣ ŀ Řƛƭǳǘƛƻƴ ƻŦ мΥр ŀƴŘ ŀ ǇǊŜǎǎǳǊŜ Ǉ Ґ мс ōŀǊΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ Ǉerformed in a shock-

tube at DLR as part of a collaboration. 

simulations predict longer ignition delay times at high temperatures. This may be caused by 

ǇǊƻōƭŜƳǎ ƻŦ ŘŜǘŜǊƳƛƴƛƴƎ ǎƘƻǊǘ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜǎ ŘǳŜ ǘƻ ǘƘŜ ǾŜǊȅ ōǊƻŀŘ hIɢ ? maximum, see 

discussion below. At higher temperatures, a lower activation energy is observed followed by a very 

steep increase at about 1000 K. The ignition behaviour is dominated by the hydrogen content of the 

mixtures. The addition of 50% CO has only a small influence on the measured ignition delay times. 

The syngas mixture with 5% H2 / 95% CO shows much longer ignition delay times at higher 

temperatures compared to the other hydrogen containing mixtures and compared to a H2 / O2 / Ar 

ƳƛȄǘǳǊŜ ό˒ Ґ лΦмύ ǿƛǘƘ ŀ ǎƛƳƛƭŀǊ ƭƻǿ ƘȅŘǊƻƎŜƴ ŎƻƴǘŜƴǘΦ ¢Ƙƛǎ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ǎƘŀǇŜ ƻŦ ǘƘŜ 

ǇǊŜǎǎǳǊŜ ŀƴŘ hIɢ ? emission profiles, Fig. 3.17. The pressure profiles show only a slight increase of 

ǘƘŜ ǎƛƎƴŀƭ ŦƻǊ ŀ ƭƻƴƎ ǘƛƳŜ ŀƴŘ ǘƘŜ hIɢ ? signal shows a very broad peak beginning with a steep 

increase, followed by a slower increase to a maximum. These characteristics are well reproduced by 

the simulations, Fig. 3.18, which represents simulations for the experiment in Figure 3.17 (full lines) 

and a H2 /  O2 / Ar mixture with the same hydrogen conǘŜƴǘ ό˒ Ґ лΦрΣ /h ǊŜǇƭŀŎŜŘ ōȅ !ǊΣ ŘŀǎƘŜŘ ƭƛƴŜǎύ 

at 1240 K and 3.79 bar. It can be seen that the hydrogen consumption is fast causing a steep increase 

ƻŦ ǘƘŜ hIɢ ? signal. The much slower CO consumption is initialized by the hydrogen reactions. The 
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slow CO oxidation causes only a slow temperature increase so that the observed pressure increase 

ƛǎ ŀƭǎƻ ǎƭƻǿΦ ¢ƘŜ hIɢ ? ǎƛƎƴŀƭ ƛǎ ǎƭƻǿƭȅ ƛƴŎǊŜŀǎƛƴƎ ǘƻ ŀ ƳŀȄƛƳǳƳ ŘǳŜ ǘƻ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ Iɢ 

 

Figure 3.17: Pressure and emission signal of a (5% H2 / 95% CO) / O2 / AǊ ƳƛȄǘǳǊŜ ό˒ Ґ 

1.0, dilution 1:5) at p5 = 3.79 bar and T5 = 1240 K taken at DLR as part of a collaboration. 

 

Figure 3.18: Calculated temperatures and concentrations of a (5% H2 / 95% CO) / O2 κ !Ǌ ƳƛȄǘǳǊŜ ό˒ 

= 1.0, dilution 1:5) and a H2 / O2 / Ar mixture ό˒ Ґ лΦлрΣ /h ƻŦ ǘƘŜ ǎȅƴƎŀǎ ƳƛȄǘǳǊŜ ǊŜǇƭŀŎŜŘ ōȅ !Ǌύ ŀǘ 
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p = 3.79 bar and T = 1240 K. black lines: H2Σ ƎǊŜŜƴ ƭƛƴŜǎΥ hIɢ ?, blue line: CO, red lines: temperatures. 

full lines: 5% H2 / 95% CO, dashed lines: H2 taken at DLR as part of a collaboration. 

 

Figure 3.19: Calculated temperatures and concentrations of a (50% H2 / 50% CO) / O2 κ !Ǌ ƳƛȄǘǳǊŜ ό˒ 

= 1.0, dilution 1:5) and a H2 / O2 κ !Ǌ ƳƛȄǘǳǊŜ ό˒ Ґ лΦрΣ /h ƻŦ ǘƘŜ ǎȅƴƎŀǎ ƳƛȄǘǳǊŜ ǊŜǇƭŀŎŜŘ ōȅ !Ǌύ ŀǘ Ǉ 

= 3.79 bar and T = 1240 K. black lines: H2, green lines: OIɢ ?, blue line: CO, red lines: temperatures. 

full lines: 50% H2 / 50% CO, dashed lines: H2 taken at DLR as part of a collaboration. 

and O atoms by the reactions during the CO oxidation:¨ 

 /h Ҍ hIɢ ҭ /h2 Ҍ Iɢ 

 I Ҍ hɢ 2 ҭ h ҌɅ hIɢ 

 I Ҍɢ O(+M)  ̈ ҭ hIόҌaύɢ 

Comparing the concentration profiles of the hydrogen and the CO / H2 / O2 / Ar mixtures it can be 

seen that hydrogen is consumed earlier for the CO / H2 ƳƛȄǘǳǊŜǎ ŘǳŜ ǘƻ ǘƘŜ ǊŜŀŎǘƛƻƴ /h Ҍ Ihɢ 2 ҭ 

CO2 Ҍ hI ǿƘƛŎƘ ǘǊŀƴǎŦƻǊƳǎ ŀ ƭŜǎǎ ǊŜŀŎǘƛǾŜ Iɢ hɢ 2 radical into a more reactive OH radical. The faster 

Iɢ 2 ŎƻƴǎǳƳǇǘƛƻƴ ƭŜŀŘǎ ǘƻ ŀƴ ŜŀǊƭƛŜǊ ƻƴǎŜǘ ƻŦ hIɢ ? production. Nevertheless, the maximum of the 

hIɢ ? occurs at significantly longer times for the H2 / CO mixtures compared to the pure H2 mixtures 

due to the slow oxidŀǘƛƻƴ ƻŦ /hΦ !ǎ ǿŜ ŘŜŦƛƴŜ ǘƘŜ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜ ŀǎ ǘƘŜ ƳŀȄƛƳǳƳ ƻŦ ǘƘŜ hIɢ ? 

signal, significantly longer ignition delay values for the 5% H2 / 95% CO mixtures are observed 

compared to other hydrogen containing mixtures. Using definitions of the ignition delay times like 
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άƻƴǎŜǘ ƻŦ ǘƘŜ hIɢ ? ŜƳƛǎǎƛƻƴέ ƻǊ άƳŀȄƛƳǳƳ ƘŜŀǘ ǊŜƭŜŀǎŜ ǊŀǘŜέ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜǎ ƻŦ ƭŜǎǎ ǘƘŀƴ рл҈ 

of the measured ones would be determined. This problem of the strong dependence of the values 

of the ignition delay times on their definition is only observed under dilute conditions with high CO 

content. For the 50% H2 / 50% CO mixture (Fig. 3.19) or for undiluted conditions the heat release of 

the hydrogen oxidation and the radical concentrations are much higher leading to rapid CO 

oxidation. The consumption of H2 is also accelerated for undiluted conditions compared to the H2 / 

O2 / Ar mixture. For the 50% H2 / 50% CO mixture the acceleration of the H2 ignition is very small. If 

the 5% H2 / 95% CO mixture is further dilutŜŘ ό˒ Ґ лΦрΣ Řƛƭǳǘƛƻƴ мΥмлύ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ƻŦ /h ōŜŎƻƳŜǎ 

ŜǾŜƴ ǎƭƻǿŜǊ ŎŀǳǎƛƴƎ ŀ ǾŜǊȅ ōǊƻŀŘ hIɢ ? emission signal with two separated maxima due to the fast 

oxidation of H2 and the slow oxidation of CO [144]. 

Texas A&M University (TAMU) Shock tube measurement 

All the TAMU S-T measurements and laminar flame speeds were undertaken by staff at the TAMU 

as part of a collaboration including Olivier Mathieu, Michael C. Krejci, and Eric L. Petersen. These 

experiments were then modelled at NUIG. Recently, the ignition of various H2 / CO / O2 mixtures 

(with H2 / CO ratios of 80 / 20, 50 / 50, 40 / 60, 20 / 80, and 10 / 90) diluted in 98% Ar was studied 

between 960 and 2000 K. The equivalence ratio was set to 0.5 and pressures ranged from 1.5 to 30 

atm [99]. Overall, results showed that an increase in the CO concentration led to an increase in the 

ignition delay time. This increase in the ignition delay time was however more pronounced for 

mixtures containing more than 50% CO as fuel and results for the 80% H2 / 20% CO mixture would 

not present any distinguishable difference from the H2 /O2 results of the present study. For all the 

mixtures, a crossover in the ignition delay times is observed with increasing temperature. As for the 

H2 /O2 mixtures 
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0.12 

0.15 

0.23 

Table 3.4: Experimental 

conditions for the shock-tube study of 

various H2 / O2 mixtures diluted in 

98% Ar at TAMU by researchers at this 

facility as part of a collaboration. 

in this study and ƛƴ ώууϐΣ ƛǘ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍɢ h2(+M) 

ҭ Ihɢ 2(+M). This unusual behaviour indicates that hydrogen is still governing the reactivity of the 

H2 / CO mixture (even though an increase in carbon monoxide causes the activation energy of the 

mixture to slightly decrease in [99]). All of these results have been successfully reproduced by the 

model, especially for pressures above 1.6 atm. 

The ignition delay times of H2 / O2 mixtures diluted in 98% Ar were determined for three different 

equivalence ratios: 0.3, 0.5 and 1.0, Table 3.4. For a pressure of around 13 atm, the effect of the 

equivalence ratio on the ignition delay times is not very significant for H2 / O2 mixtures under the 

conditions investigated and the experimental trends were well captured by the model. A similar 

result for the effect equivalence ratio was found for the other pressures investigated and in the 

study of Herzler and Naumann [88]. The pressure dependence on the ignition delay observed for 

the data from [88] between 1 and 16 bar was also observed with the new data of this study, between 

1.6 and 30 atm. As can be seen in Fig. 3.20, 3.21, 3.22 for equivalence ratios 0.3, 0.5 and 1.0, 

respectively, the pressure dependence of hydrogen ignition is well reproduced by the model for all 

cases and the explanations provided for the results in Fig. 3.1 also apply to this new set of data 

obtained at higher pressures. 

3.1.8 Comparison with Literature Ignition Delay Times 

The predictions of a revised chemical kinetic model for hydrogen were compared to experimental 

data taken in a rapid compression machine at elevated pressure [75]. As can be seen in Fig. 3.5(d), 

 ˒ H2 O2 T5 p5 

 (mol. %) (mol. %) (K) (atm) 

   фтр ҍ мрол 1.67 ± 

0.3 0.75 1.25 млфл ҍ мнрл 14.4 ± 1.9 

   ммрр ҍ мнол 32.8 ± 1.4 

   фсл ҍ мснр 1.65 ± 

0.5 1.0 1.0 млур ҍ мнпр 13.3 ± 1.0 

   ммсл ҍ мнтл 32.8 ± 1.5 

   млор ҍ мтпл 1.66 ± 

1.0 1.33 0.67 11лр ҍ мнмл 14.0 ± 1.3 

   ммпл ҍ мнсл 33.8 ± 0.9 
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the predictions of the model compare quite well with experimental measurements at мр ҍ рл ōŀǊ 

for stoichiometric hydrogen-air mixtures. 

The current mechanism is in good agreement with the experimental data from Herzler and 

 

Figure 3.20: Ignition delay times of H2 / O2 κ !Ǌ ƳƛȄǘǳǊŜǎ ό˒ Ґ лΦоύ ƳŜŀǎǳǊŜŘ ƛƴ ¢!a¦ ǎƘƻŎƪ ǘǳōŜ ŀǎ 

part of a collaboration. 

 

Figure 3.21: Ignition delay times of H2 / O2 κ !Ǌ ƳƛȄǘǳǊŜǎ ό˒ Ґ лΦрύ ƳŜŀǎǳǊŜŘ ƛƴ ¢!a¦ ǎƘƻŎƪ ǘǳōŜ ŀǎ 

part of a collaboration. 
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Figure 3.22: Ignition delay times of H2 / O2 κ !Ǌ ƳƛȄǘǳǊŜǎ ό˒ Ґ мΦлύ ƳŜŀǎǳǊŜŘ ƛƴ ¢!a¦ ǎƘƻŎƪ ǘǳōŜ ŀǎ 

part of a collaboration. 

Naumann [88] for the three pressures studied and reproduces accurately the unusual pressure 

dependence of the hydrogen reactivity (Fig. 3.12). At high temperature, an increase in pressure 

results in an increased reactivity. However, at intermediate temperature, between 950 K and 1100 

K under these experimental conditions, the reactivity show an unusual behaviour. This behavior is 

created by the competition between the chain-ōǊŀƴŎƘƛƴƎ ǊŜŀŎǘƛƻƴΣ I Ҍ hɢ 2 = O +¨ OH and the chain-

propagating reaction,ɢ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M). At low temperature, the reactivity is controlled 

ōȅ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2όҌaύ ŀƴŘ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜΣ ōȅ I Ҍɢ h2 ҭ h ҌɅ hIΦ ²ƛǘƘ ƛƴŎǊŜŀǎƛƴƎ 

ǇǊŜǎǎǳǊŜΣ ǘƘŜ ǊŀǘŜ ƻŦ Ŏƻƭƭƛǎƛƻƴ ƛƴŎǊŜŀǎŜǎ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ƛƴɢ ǘƘŜ ǇǊŜŘƻƳƛƴŀƴŎŜ ƻŦ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 

2όҌaύ ƻǾŜǊ I Ҍ hɢ 2 ҭ h ҌɅ hIΦ ¢ƘŜǊŜŦƻǊŜΣ ŀǎɢ ǘƘŜ ǇǊŜǎǎǳǊŜ ƛǎ ƛƴŎǊŜŀǎŜŘΣ ǊŜŀŎǘƛǾƛǘȅ ƛǎ ŘŜŎǊŜŀǎŜŘ ŀƴŘ 

ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŦǊƻƳ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2όҌaύ ǘƻ I Ҍ hɢ 2 ҭ h ҌɅ hI ƛǎ ǎƘƛŦǘŜŘ ǘƻ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜΦ 

¢ƘǳǎΣ ƛƴ ǘƘƛǎ ƛƴǘŜǊƳŜŘƛŀǘŜɢ ǘŜƳǇŜǊŀǘǳǊŜ Ǌŀƴge, low pressure experiments show a stronger reactivity 

than high pressure experiment resulting in this unusual cross-over behaviour. The mechanism also 

reproduces accurately the impact of the gas dynamics effect at low pressure which will be explained 

below. 

Pang et al. [91] performed some shock tube experiments under conditions similar to Herzler and 

bŀǳƳŀƴƴ ώууϐΦ tŀƴƎΩǎ Řŀǘŀ ώфмϐ ŦƻǊ I2 / O2 / Ar mixtures at 3.5 to 4 atm have been compared to 

IŜǊȊƭŜǊΩǎ Řŀǘŀ ώууϐ όCƛƎΦ оΦноύΦ !ǎ Ŏŀƴ ōŜ ǎŜŜƴΣ ǘƘŜ ǘǿƻ ŜȄǇŜǊimental data sets nearly overlap. Pang 

et al. explained that at low temperature for long ignition delay times, a gas dynamic effect appears 

and results in a slight pressure and temperature increase which 
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Figure 3.23: Comparison of ignition delay times measured in Ar by ω Herzler and Naumann [88] (4.0 

bar, 5.87% H2 + 2.95% O2) and  Pang et al. [91] (3.54 bar, 4% H2 + 2% O2) lines are model predictions. 

increases the reactivity. Pang et al. reported a pressure increase rate, dP/dt, of 2%/ms. The effect is 

taken into account in the simulation by the ga sdynamics effect. 

At lower pressures of 1, 3 and 5 atm in Ar and approximately 2 atm in N2, computed ignition 

delay times compare well with experimental results for lean, stoichiometric and rich mixtures (Figs. 

3.24 and 1.9) [24,26,28,33]. Most of these mixtures are highly diluted with only a very low 

concentration of hydrogen. However, simulation predicts a slightly lower reactivity for the high 

pressure experiments from Petersen et al. (Fig. 3.24(b)). The experimental results from Schott and 

Ringsey [24] and Cheng [33] show an important scattering mainly due to discrepancies in the 

compressed pressure. For a clearer plot, an average compressed pressure of 1.97 atm was calculated 

and used for the calculation over the temperature range. Even if, hydrogen ignition delays have been 

extensively studied, there are only a few studies on H2 / CO ignition delays. Kalitan et al. [129] studied 

the effect of hydrogen addition to CO in a shock tube for pressures from 1 to 15 atm over a 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ фмрҍмнсл YΦ ¢ƘŜ ǇǊŜŘƛŎǘƛƻƴǎ ǊŜǇǊƻŘǳŎŜ ŀŎŎǳǊŀǘŜƭȅ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƘȅŘǊƻƎŜƴ 

addition to CO (Fig. 3.25). Only a small increase in the hydrogen concentration is enough to increase 

the reactivity of the mixture. There is a significant effect in ignition delay time in increasing the 

hydrogen concentration from 5% to 10% and 20% but there is only a relatively small difference 

between 20% H2 and 80% H2. Kalitan et al. [129] also studied intermediate mixtures (40% and 60% 

H2) which were removed from the figure for a better understanding. At higher pressure, the 



CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES 

96 

 

Figure 3.24: Ignition delay times measured in Ar: (a) 1.0% H2 + 1.0% O2 [194], (b) 2.0% H2 + 1.0% O2 

and 0.1% H2 + 0.05% O2 [66], (c) 8% H2 + 2% O2 [26], (d) 4% H2 + 2% O2 [24], symbols: experimental 

data, lines: model prediction. 

 

CƛƎǳǊŜ оΦнрΥ LƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜǎ ƳŜŀǎǳǊŜŘ ōȅ Yŀƭƛǘŀƴ Ŝǘ ŀƭΦ ώмнфϐ ƛƴ ŀ ǎƘƻŎƪ ǘǳōŜ όмтΦо҈ όʰI2 + (1-

ʰύ/hύ Ҍ мтΦр҈ h2 + 65.2% Ar), dashed-line and open-symbols: p = 15.4 atm, solid line and solid 

symbols: p = 1.1 atm, symbols: experimental data, lines: model prediction. 
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Figure 3.26: Effect of CO concentration on ignition delay times measured by Mittal et al. [75] in a 

RCM (12.5% ((1-RCO)H2 + RCOCO) + 6.25% O2 + 18.125% N2 + 63.125% Ar),  pc = 15 bar Tc = 1028 K, ω 

pc = 30 bar Tc = 1010 K, N pc = 50 bar Tc = 1044 K, lines are model predictions. 

ǊŜŀŎǘƛǾƛǘȅ ƻŦ ƳƛȄǘǳǊŜǎΣ ƛƴ ǘƘŜ р ҍ нл҈ I2 range are almost the same. It has to be noticed that the 

ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘɢ I Ҍ hɢ 2 όҌaύ ҭ Ihɢ 2 (+M) still govern the reactivity 

of mixtures with a high concentration of CO since the crossover noticed previously for the hydrogen 

experiments is also observed in this case resulting in a higher reactivity of the low pressure 

experiments in the intermediate temperature range. Mittal et al. [75] studied the ignition of H2 / CO 

mixtures in their RCM at higher pressure. The mechanism reproduces accurately the trend due to 

the effect of CO addition to hydrogen, but predicts a higher reactivity than measured experimentally 

(Fig. 3.26) at pC = 30 bar. Mittal et al. [75] reported that the rate for the reaction between CO and 

Ihɢ 2 suggested by You et al. [122] considerably improved ignition delay times predictions of H2 / CO 

mixtures. Even if the mechanism predicts a higher reactivity under all conditions, the correct 

prediction of the inhibiting impact of CO concentration on ignition delays must come from this 

particular rate constant that exhibits the highest sensitivity with respect to ignition delay time for 

the CO sub-mechanism. 
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3.1.9 Flame Speed Validation 

Chemkin Pro [176] was used to perform flame speed calculations. In preliminary flame calculations, 

we investigated the effect of the choice of Chemkin transport options on the computed flame speed. 

The transport options tested included mixture averaged, multicomponent and thermal diffusion 

options. The multicomponent transport model is more accurate than the mixture-averaged one. For 

all of the flame speed results presented below, we used the multicomponent and thermal diffusion 

options. Next, we investigated the number of grid points in the one-dimensional mesh needed for 

an accurate flame speed calculation. To be conservative, Chemkin convergence parameters were 

adjusted so that at least 800 grid points (and at times as many as 1000) were used in the calculations 

in this study. 

Flame speed experiments for syngas mixtures with a high CO concentration have been measured 

at a pressure of 5 and 10 atm. This data has been collected by collaborators at TAMU. Flame speeds 

are faster than previous measurements from Sun et al. [112] (Fig. 3.7). Model predictions are a bit 

slower than the measurements and predict intermediate values between the present study and 

previous results from Sun et al. [112]. These discrepancies highlight the uncertainties, especially for 

rich mixtures, and suggest that further work might be needed at high pressure and high CO 

concentration. 

Flame speeds of H2 / CO have been studied over a broad range of conditions from pure hydrogen 

to a high concentration of CO and from atmospheric pressure to 40 atm diluted in different bath 

gases. The comparison between experimental results and model predictions is presented in the 

following over a selection of targets. 

If the addition of CO to hydrogen does not show a strong effect on ignition delay time 

measurement below 50% CO, the inhibiting effect of CO is stronger for flame speed measurement 

(Fig. 3.27). CO addition decreases considerably the reactivity of H2 / CO mixtures but also shifts the 

peak flame toward richer mixtures. The updated mechanism reproduces accurately this effect for 

the overall equivalence ratio range and in particular for lean mixtures (Fig. 3.27). If the region at low 

equivalence ratio is expanded (Fig. 3.27), one sees that the model cannot predict the flame 

measurement for very lean flames since the calculations are diverging for equivalence ratio lower 

ǘƘŀƴ ˒ Ґ лΦпΦ !ŎŎƻǊŘƛƴƎ ǘƻ ²ƛƭƭƛŀƳǎ ŀƴŘ DǊŎŀǊ ώмфрϐΣ ǾŜǊȅ ƭŜŀƴ ƘȅŘǊƻƎŜƴ-air flames experiments 

exhibit strong thermal-diffusive effects that lead to cellular instabilities that cause the measured 

flame speeds to exceed those calculated for planar hydrogen flames. These thermal-diffusive effects 

are multidimensional in nature and cannot be treated by a one-dimensional (1-D) laminar flame 

code as included in the Chemkin packages. 

Flame speed predictions for the improved chemical kinetic mechanism were compared to the 

many flame speed measurements available for hydrogen at room temperature and a 
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Figure 3.27: Laminar flame speed for lean syngas mixtures at 1 atm and room temperature 

measured in N2.  100% H2 Wu [31],  100% H2 Dowdy [38], N 100% H2 Tse [48], 
. 

100% H2 Law [145], 

 z100% H2 Egolfopoulos [39], 
/ 

100% H2 Vagelopoulos [42], + 100% H2 Aung [44],  100% H2 

Lamoureux [108], F 100% H2 Kwon [54],  5% H2 / 95% CO Natarajan [109],  50% H2 / 50% CO Natarajan 

[109],  5% H2 / 95% CO Scholte [110],  50% H2 / 50% CO Scholte [110], ω 5% H2 / 95% CO McLean 

[111], ω 50% H2 / 50% CO McLean [111], 4 5% H2 / 95% CO Sun [112], 4 25% H2 / 75% CO Sun [112], 4 

50% H2 / 50% CO Sun [112] lines are model predictions. 
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Figure 3.28: Effect of water addition of flame speed for different lean H2 κ /h ƳƛȄǘǳǊŜǎ ό˒ Ґ лΦсύ 

from Das et al. [139] at 1 atm and 323 K, symbols: experimental data, lines: model prediction. 

pressure of 1 atm (Fig. 3.27). This system has been the subject of numerous studies [31,38, 

39,42,44,48,54,145] and most of the results are in good agreement. The computed results 

reproduce very accurately the experimental results and also catch the dependence of the diluent 

reported by Kwon and Faeth [54]. According to these authors, when using argon, the increased 

velocity is the result of an increased flame temperature whereas helium results in an increase of 

both flame temperature and transport rates but also enhances the diffusion effect which stabilizes 

lean flames. 

Sun et al. [112] studied the effect of pressure on H2 / CO flames measured in helium bath gas for 

a high CO concentration. As the pressure increases, the laminar flame speed decreases and the peak 

flame is shifted to leaner mixtures. This behaviour is well reproduced by the mechanism (Fig. 3.7). 

Das et al. [139] recently reported the effect of water addition on H2/CO flame speeds. For mixtures 

with a CO concentration lower than 50%, water addition gives an almost linear decrease in flame 

speed whereas the effect is not linear for mixtures with high CO concentrations. For the highest CO 

concentrations, the flame speed slightly increases with water concentration up to approximately 

15% but thereafter additional water decreases reactivity. These effects are well reproduced by the 

mechanism even if the computed flame speeds are slightly higher than those measured (Fig. 3.28). 

The authors explained this nonlinear behaviour as being due to the competition between the 

chemical effect of water which increases reactivity and the thermal effect of water which decreases 

flame temperature 
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Figure 3.29: Mechanism comparison for hydrogen mixtures,  8 bar, ω 16 bar, N 32 bar, (a) 100% H2 

˒ Ґ лΦорΣ όōύ млл҈ I2 ˒  Ґ лΦр ǘŀƪŜƴ ƛƴ ǘƘŜ b¦LD w/aΣ ότ) the present mechanism, (ς ς) O Conaire´ 

et al. [59], (···) Li et al. [58], (ς···ς) Hong et al. [97]. and therefore the reactivity. 

3.1.10 Comparisons with Literature Mechanisms 

The experimental data was also compared to other mechanisms from the literature. For hydrogen, 

the mechanisms of O Conaire´ et al. [59], Li et al. [58] and Hong et al. [97] were used in addition to 

the present mechanism. For the syngas mixtures, the mechanisms of Davis et al. [67], and USC II [92] 

were also compared. The updated kinetic mechanism is shown to agree very well with all 

experimental data for both equivalence ratios. Better agreement with hydrogen-air mixtures is 

found for the current mechanism than other models available in the literature [59], [58], and [97], 

see Figs. 3.29, 3.30, and 3.31. 

For syngas mixtures, the present mechanism achieves better agreement than the three 

mechanisms selected from the literature [67,81,92]. The chemical kinetic mechanisms deviate more 

from the experimental data at lower temperatures, at higher pressures, and at higher CO 

concentrations. These conditions are more accurately captured by the present mechanism and the 

USC II mechanism [92]. The mechanism of Li et al. [58] was found to have the largest disagreement 

for the hydrogen oxidationdata, this is probably due to the fact that Li et al. [58] was not validated 

over the high-pressure, low-temperature conditions under investigation. For the syngas mixtures, 

the Davis et al. [67] mechanism performs worst especially for the high CO containing mixtures, this 

is understandable as the mechanism has not been extensively validated in this regime. Overall, the 
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predictions of the mechanisms and the experimental data are in good agreement. However, some 

differences appear, especially in the inhibiting 

 

Figure 3.30: Mechanism comparison for syngas mixtures,  8 bar, ω 16 bar, N он ōŀǊ ŀǘ ˒ Ґ лΦорΣ όŀύ 

85% H2 / 15% CO (b) 50% H2 / 50% CO (c) 25% H2 / 75% CO (d) 5% H2 /  

95% CO taken in the NUIG RCM, (τ) the present mechanism, (ς ς) USC II mechanism [92], (···) Li et 

al. [81], (ς···ς) Davis et al. [67]. 
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Figure 3.31: Mechanism comparison for syngas mixtures taken in the NUIG RCM,  8 bar, ω 16 bar, N 

он ōŀǊ ŀǘ ˒ Ґ лΦрΣ όŀύ ур҈I2 / 15% CO (b) 50% H2 / 50% CO (c) 25% H2 /  

75% CO (d) 5% H2 / 95% CO, (τ) the present mechanism, (ς ς) USC II mechanism [92], 

(···) Li et al. [81], (ς···ς) Davis et al. [67]. 

effect of CO. The main differences appear at low- to intermediate-temperature due to the 

ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ǇŀǘƘǿŀȅ ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŀŎǘƛƻƴǎ I Ҍ hɢ 2όҌaύ ҭ Ihɢ 2(+M), H2 Ҍ Ihɢ 2 

ҭ I Ҍ Iɢ 2O2, and H2O2όҌaύ ҭ hI Ҍɢ hIόҌaύΦɢ 

Due to the discrepancies for the high CO containing fuels, the effect of CO addition on predicted 

ignition delay times of the mechanisms was plotted, see Fig. 3.32. All simulations were performed 

ŀǘ мс ōŀǊΣ мллл YΣ ŀƴŘ ˒ Ґ лΦрΦ CƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ƳŜŎƘŀƴƛǎƳ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ /h ǘƻ ǘƘŜ ƘȅŘǊƻƎŜƴ 

mixture leads to longer ignition delay times and sees a sharp increase in ignition delay above 40% 

concentration this is reflected in the experimental results of Mittal et al. [75] and in the USC II 

mechanism [92]. The mechanisms of Li et al. [81] and Davis et al. [67] predict no inhibiting effect of 
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CO concentration below 80% CO where there is a steep increase in ignition delay, with Davis et al. 

[67] predicting the shortest ignition delay times of 

 

Figure 3.32: The effect of CO concentration on the predicted ignition delay times at 16 bar, 1000 K, 

ŀƴŘ ˒ Ґ лΦр ŦƻǊ ǘƘŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ŎƘŜƳƛŎŀƭ ƪƛƴŜǘƛŎ ƳŜŎƘŀƴƛǎƳǎΣ ότ) the present mechanism, (ς ς) USC 

II mechanism [92], (···) Li et al. [81], (ς···ς) Davis et al. [80]. all of the mechanisms investigated and 

this is reflected in Figs. 3.29, 3.30, and 3.31. 

3.1.11 Conclusions 

This study presents new oxidation data for hydrogen and syngas mixtures. Flame speeds and ignition 

ŘŜƭŀȅ ǘƛƳŜǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ƻǾŜǊ ŀ ǿƛŘŜ ǇǊŜǎǎǳǊŜ ǊŀƴƎŜ ƻŦ мҍтл ōŀǊ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ όфлл ҍ нрлл 

K), respectively. Ignition delay times were measured in both rapid compression machines and in 

shock tubes. These new experimental results were compared to an updated mechanism for 

hydrogen and syngas mixtures with recently published reaction rate constant expressions for several 

critical reactions. The updated mechanism was validated for different oxidation studies (ignition 

ŘŜƭŀȅ ǘƛƳŜǎΣ ŀƴŘ ŦƭŀƳŜ ǎǇŜŜŘύ ŀƴŘ ŦƻǊ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇǊŜǎǎǳǊŜ όм ҍ тл ōŀǊύΣ ǘŜƳǇŜǊŀǘǳǊŜ όфллҍнрлл 

Yύ ŀƴŘ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ όлΦмҍпΦлύΦ The mechanism accurately reproduces high-pressure and 

intermediate- to high-temperature data relevant to gas turbine conditions. Under these particular 

conditions, the oxidation pathway H2 Ҍ Ihɢ 2 ҭ I Ҍ Iɢ 2O2 followedby H2O2 όҌ aύ ҭ hI Ҍɢ hI όҌ aύ 
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was foǳƴŘ ǘƻ ōŜ ǘƘŜ Ƴƻǎǘ ŎǊǳŎƛŀƭ ŦƻǊɢ ŀŎŎǳǊŀǘŜ ƛƎƴƛǘƛƻƴ ŘŜƭŀȅ ǘƛƳŜ ǇǊŜŘƛŎǘƛƻƴΣ ǿƘŜǊŜŀǎ ŀǘ ƭƻǿ 

pressure (1 atm) and low temperature (below 1000 K) the reactivity is mainly controlled by the 

ŎƻƳǇŜǘƛǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŎƘŀƛƴōǊŀƴŎƘƛƴƎ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hI ŀƴŘ ǘƘe chain-propagating 

ǊŜŀŎǘƛƻƴɢ I Ҍ hɢ 2 όҌaύ ҭ Ihɢ 2 (+M). This reaction was found to inhibit the reactivity of flame speed 

under very lean conditions and promotes the reactivity under stoichiometric to rich conditions. This 

behavior is explained by the proŘǳŎǘƛƻƴ ƻŦ Ihɢ 2 ǊŀŘƛŎŀƭ ǿƘƛŎƘ ŎƻƴǎǳƳŜǎ ƻǊ ǇǊƻŘǳŎŜǎ hI ǊŀŘƛŎŀƭǎΦɢ 

The reactivity of syngas is governed by hydrogen chemistry, and CO addition has an inhibiting 

effect. This effect is noticeable for CO concentrations of 50% or higher for ignition delay times 

measurement but appears for lower CO concentration for flame speed measurements. A CO 

concentration of 50% in the fuel results in an increase of a factor of two in the ignition delay times 

whereas a concentration of 90% increases the ignition delay times by a factor of ten. A CO 

concentration of 50% leads to a reduction of 35% in flame speed, while a concentration of 90% 

reduces it by a factor of four. Therefore, the inhibiting effect appears stronger for ignition delay 

times than for flame speeds. New flame speed measurements for syngas mixtures with a high CO 

concentration at 5 and 10 atm highlighted the remaining uncertainties for rich mixtures. Thus, 

further work is needed in order to reduce these uncertainties. 

Overall, the predictions of the mechanisms for a series of fundamental shock tube, RCM, and 

flame speed experiments are in good agreement. However, some differences appear especially for 

the inhibiting effect of CO. The main differences appear at low- to intermediatetemperature 

όфллҍммлл Yύ ŘǳŜ ǘƻ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ǇŀǘƘǿŀȅ ǘƘǊƻǳƎƘ ǊŜŀŎǘƛƻƴǎ 

I Ҍ hɢ 2όҌaύ Ґ Ihɢ 2(+M), H2O2 όҌaύ ҭ hI Ҍɢ hI όҌaύ ŀƴŘ Iɢ 2 Ҍ Ihɢ 2 ҭ I2O2 Ҍ IΦɢ 

At higher temperatures (above 1100 K), under shock tube conditions, the reactivity is mainly 

ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǊŜŀŎǘƛƻƴ I Ҍ hɢ 2 ҭ h ҌɅ hIΦɢ 
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3.2 Effect of Impurities on Syngas Combustion 

Depending on the feedstock and the production method, the composition of syngas can vary 

significantly. Other species that may be found in real syngas mixtures include small hydrocarbons, 

diluents (CO2, H2O, and N2), and various impurities (H2S, NH3, NOx, etc.) as well as H2 and CO. While 

the wide variety in actual syngas compositions is well known, very little work has been conducted 

into the effect that these impurities can have on syngas flames combustion characteristics. 

Previously, only the influences of carbon dioxide[133],[131], steam [139], and nitrogen[136] on 

flame speed have been studied in any detail. The aim of this work is to investigate numerically the 

effect of the variation in the syngas composition on some fundamental combustion properties of 

laminar flame speed at realistic engine operating conditions. Results of this study can be used as a 

guide to define the optimal operating conditions for power generation gas turbines. 

This study has investigated the effect of real syngas compositions on laminar flame speeds and 

their final pressures at gas turbine conditions of 1 and 15 atm and an initial temperature of 300 K 

and 500 K. In this study only two different types of feedstock were considered, those from coal and 

biomass gasification. The average CO / H2 mole ratio for these syngas mixtures was chosen to be 40 

/ 60 and 50 / 50 respectively. 

The flame speed calculations were performed using the high-temperature version of 

AramcoMech 1.3 [196], where low-temperature species (peroxy radicals, alkyl hydroperoxides, 

ketohydroperoxides, etc.) and their reactions have been removed. The complete mechanism has 

316 species and 1805 reactions, while the high-temperature mechanism composes 188 species and 

1273 reactions. The calculations were performed in Chemkin-Pro [176] using multicomponent 

transport equations as the work on the syngas mechanism had shown that this provides more 

accurate results than mixture-averaged transport models. Simulations were converged to a grid 

independent solution by assigning GRAD and CURV values of 0.02. This leads to solutions 

approaching 1000 grid points and more accurate flame speed calculations being produced. 

To investigate the effect of the addition of various small quantities of different hydrocarbon 

species on the laminar flame speed, the first two mixtures studied were the pure, control CO/H2 

ƳƛȄǘǳǊŜǎ Ψƛƴ ŀƛǊΩ ŦƻǊ ǘƘŜ Ŏƻŀƭ- and bio-derived syngas mixtures. The hydrocarbons of interest in this 

study (CH4, C2H6, C2H4, and C2H2) were then singularly introduced to these pure mixtures in order to 

study their respective influences on the combustion properties on the pure H2 / CO mixtures. Two 

mixtures were then defined and studied for the coal- and bioderived syngas including all their 

respective additives (i.e. base H2 / CO, hydrocarbons, and diluents). The compositionall the mixtures 

investigatedin this study are provided in Table 3.5 

Mixture H2 CO CH4 C2H6 C2H4 C2H2 H2O N2 CO2 

Bio-syngas 50.00 50.00 ҍ ҍ ҍ ҍ ҍ ҍ ҍ 
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Bio-syngas-CH4 42.50 42.50 15.00 ҍ ҍ ҍ ҍ ҍ ҍ 

Bio-syngas-C2H6 49.60 49.60 ҍ 0.80 ҍ ҍ ҍ ҍ ҍ 

Bio-syngas-C2H4 47.35 47.35 ҍ ҍ 5.30 ҍ ҍ ҍ ҍ 

Bio-syngas-C2H2 49.65 49.65 ҍ ҍ ҍ 0.70 ҍ ҍ ҍ 

Bio-syngas-HC 39.10 39.10 15.00 0.80 5.30 0.70 ҍ ҍ ҍ 

Av. Bio-syngas 21.75 21.75 8.50 ҍ ҍ ҍ 20.00 13.00 15.00 

Bio-syngas-H2O 40 40 ҍ ҍ ҍ ҍ 20 ҍ ҍ 

Bio-syngas-N2 21.5 21.5 ҍ ҍ ҍ ҍ ҍ 57 ҍ 

Bio-syngas-CO2 32.5 32.5 ҍ ҍ ҍ ҍ ҍ ҍ 35 

Table 3.5: Bio-syngas (BS) mixtures investigated (mole fraction). 

Mixture H2 CO CH4 C2H6 C2H4 C2H2 H2O N2 CO2 

Coal-syngas 40.00 60.00 ҍ ҍ ҍ ҍ ҍ ҍ ҍ 

Coal-syngas-CH4 37.04 55.56 7.40 ҍ ҍ ҍ ҍ ҍ ҍ 

Coal-syngas-C2H6 39.32 58.98 ҍ 1.70 ҍ ҍ ҍ ҍ ҍ 

Coal-syngas-C2H4 39.96 59.94 ҍ ҍ 0.10 ҍ ҍ ҍ ҍ 

Coal-syngas-C2H2 39.948 59.922 ҍ ҍ ҍ 0.13 ҍ ҍ ҍ 

Coal-syngas-HC 36.268 54.402 7.40 1.70 0.10 0.13 ҍ ҍ ҍ 

Av. Coal-syngas 23.48 35.22 1.60 ҍ ҍ ҍ 21.80 8.50 9.40 

Coal-syngas-H2O 15.2 22.8 ҍ ҍ ҍ ҍ 62 ҍ ҍ 

Coal-syngas-N2 18.8 28.2 ҍ ҍ ҍ ҍ ҍ 53 ҍ 

Coal-syngas-CO2 31.2 46.8 ҍ ҍ ҍ ҍ ҍ ҍ 22 

Table 3.6: Coal-syngas (CS) mixtures investigated (mole fraction). 

for the bio-derived syngas and in Table 3.6 for the coal-derived syngas. The concentration of these 

observed additives varies quite a lot in the literature. In the literature the hydrogen and carbon 

monoxide percentages in the bio-derived syngas varied between 5 and 50.4% and the 8.1 and 50% 

respectively [197ς199]. For the case of coal-derived syngas the compositions were taken from [197ς

202] with the H2 / CO mole fractions were determined to be 40 / 60. 

The flŀƳŜ ǎǇŜŜŘ ŎƻƳǇǳǘŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀǘ м ŀƴŘ мр ŀǘƳΤ ōŜǘǿŜŜƴ ˒ Ґ лΦр ŀƴŘ оΦлΤ ŀƴŘ 

for unburned gas temperatures, Tu, of 300 and 500 K. 

3.2.1 Baseline Mixtures 

First the effect of the baseline CO / H2 mixtures on the laminar flame speed was investigated. Figure 

3.33(a) shows the results obtained at 1 atm for an inlet temperature of 300 K. It can be seen, that 

the difference between the bio-syngas and coal-syngas mixtures has a relatively im- 
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Figure 3.33: Laminar flame speeds for the baseline bio-syngas and coal-syngas mixtures at (a) 1 atm 

and an inlet temperature of 300 K (b) 15 atm and an inlet temperature of 300 K (c) 1 atm and an 

inlet temperature of 500 K (d) 15 atm and an inlet temperature of 500 K. portant effect on their 

laminar flame speed, especially at the fuel rich conditions. Clearly, the lower H2 content of coal-

syngas leads to a lower flame speed than for the bio-syngas mixture. At the most extreme condition 

investigated (i.e. 15 atm, 500 K), it can be seen (Fig. 3.33(d)) that the effect of H2 content is even 

greater. It can also be seen that the condition 1 atm, 500 K (Fig. 3.33(c)) has the fastest flame speed 

while 15 atm, 300 K (Fig. 3.33(b)) has the slowest. 

3.2.2 Effect of Hydrocarbon Addition to Baseline Mixtures 

Figure 3.34(a) details the effect of hydrocarbon addition on the laminar flame speed of the bio-

syngas mixture at 1 atm and at an inlet temperature of 300 K. This section will discuss the effect of 

the varying concentrations of hydrocarbons on the baseline of both biosyngas and coalsyngas. The 
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effect of these hydrocarbons on the thermal and chemical effect on the baseline mixture will be 

discussed in another section. 

The addition of C2H2 has little effect on the laminar flame speed for lean equivalence ratios lower 

than 1.5 (for equivalence ratios larger than 2.0, a small decrease in SL is observed) conversely there 

is a significant decrease in the laminar flame speed observed with the addition of CH4, C2H6, and 

C2H4, especially at fuel rich conditions. The observed decrease in the flame speed is very important 

for C2H6 and, to a lesser extent, for C2H4 compared to CH4 given their respective concentrations (0.8, 

5.3, and 15%). Finally, it is evident that for the biosyngas-HC mixture the flame speed is significantly 

smaller, with nearly a factor of 2 lower peak flame speed when compared to the bio-syngas blend. 

The laminar flame speed is more than 10 times higher for the bio-syngas mixture than for the bio-

syngas-HC mixture, at an equivalence ratio of 2.0. At the extreme conditions investigated (15 atm, 

500 K), it can be seen in Fig. 3.34(d) that the effect on these two mixtures is even greater. 

For the higher inlet temperature of 500 K used in this study and at a pressure of 1 atm, Fig. 

3.34(b), similar observations were made. It was also noted that an increase in the unburned gas 

temperature by 200 K (from 300 K to 500 K) led to an increase in laminar flame speed of a factor 

slightly more than two. 

When Fig. 3.34(a) (1 atm) and Fig. 3.34(c) (15 atm) are compared, the increase in the pressure 

results in a reduction of the flame speed by approximately 40% for the H2 / CO mixture. This is a 

significant reduction in flame speed. This effect was also observed for the mixtures including the 

hydrocarbon additives in even higher proportions. It should be noted that 15 atm, the C2H2 

ōŜƘŀǾƛƻǳǊ ƛǎ ǎƭƛƎƘǘƭȅ ŀƳǇƭƛŦƛŜŘ ŎƻƳǇŀǊŜŘ ǘƻ м ŀǘƳ ǿƛǘƘ ƭŀǊƎŜǊ ƛƴŎǊŜŀǎŜǎ όōŜƭƻǿ ˒ Ґ мΦфύ ŀƴŘ 

ŘŜŎǊŜŀǎŜǎ όŀōƻǾŜ ˒ Ґ мΦфύ ƻŦ ǘƘŜ ƭŀƳƛƴŀǊ ŦƭŀƳŜ ǎǇŜŜŘΦ 

The computed results at 15 atm and 500 K are shown in Fig. 3.34(d). At these high pressure/high 

temperature condition, it is evident that the effect of CH4 and C2H6 addition 

 


