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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 dtlediv relevancy to the gas turbine industry.

A detailed chemical kinetic mechanism for hydrogen aad €O (syngas) mixtures has been
updated during this study. Experimental results for ignitiondelay times and flame speeds have been
compared with predigbns 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 somedinental 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 theatizty 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, tempature, and equivalence ratio).

Natural gas/hydrogen mixtures were also investigated as an update to a previous natural gas
dlidzRéd 9ELISNAYSyi(i&d 6SNB LISNF2NXY¥SR 4 mZ mnz | yR
equivalence ratios of 0.3, 0.5, athd 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 autoignitibehaviour 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 89% wMmMn A Yok FRNJI BKEAEGdAZNBA |yR Ton b wmncn
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 tiens 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 griegtill being utilized

G2RF@® [/ dZNNByidfte ctmr 2F (KS 62NI RQa wm6 | YR dy
combustion of conventional fossil fuels such as coal, natural gas, oil, and in Ireland peat too, being

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

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

CAIdzZNBE mModmMY LNBflIYRQa FdzStAY2RIzZYILIBNIRYR TPl s6 t 1S OHis
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 tHereseeable 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 infgower generation and more efficient use of all energy sources are
SaaSyidAalfo LT G4KS 62NX RQa SySNHe& RSYFYyR 02y lGAyc
Ydzal 68 G118y Ay 2NRSNI (2 SyadND



CHAPTER 1. INTRODUCTION

Figure 1.2: Projected glabenergy 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:

GH+zQt1 E /2+h_|')|/20
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 dynamick, ¥ I OOdzNJ G St & LINBRAOG | ¥FdzS
conditions of combustor operability. The excessive use of fossil fuels can also lead to a large amount
of greenhouse gases such as carbon dioxide)(G@lfur 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 oher industrially developed countries agreed to lower their greenhouse gas (GHG)

1.2. GREENHOUSE GAS EMISSIONS & CLIMATE CHANGE

CQ, methane (CH, NOx, and chlorofluorocarbons (CFC) emissions. The main GHGs are usually
considered to be water vapour {8), CQ, CH, NOx, and ozone @ ® L NBf | yRQa G NBS
Kyoto protocol was to limit the growth of yearly emissions to above 13% from 1990 levels in the

AN ¥ oA A ¥ A 9~
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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 achiegdtirdensharing 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 alreadypected to exceed these emission targets if current energy

use continues. A global trend has seen an increase ief@@sions which in turn has led to
significant climate change. The rapid economic growth of several developing countries such as China
(theg 2 NX RQa I NAS&d SYAOGGSNL |yR LYRAIF KlFa |faz
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 Axetidce [1]. The largest contributor to

this perceived C&iriven climate change is fossil fuel combustion. The current EU objective is to
implement an overall reduction inGO YA & &4A 2y & 2F | LIWINREAYLF(GSt& yn

This is achievablenty if the current power generations systems are changed.

1.3 Gas Turbines

1.3.1 M

Gas turbines are a type of internal combustion engine used to converniclal 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 opsteir 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

3



CHAPTER 1. INTRODUCTION

produce power, seeiff. 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 turbinesalaetolerant 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 fosgilefs 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 ligid water that are used in hydrelectric 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 theshort-term the cheapest and the most viable option for
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Figure 1.4: Comparison of different engine types: (a) efficiency [9] and (b) emissions [10].

producing hydrogen with low G@missions is to use fossil fuels in conjunction with Carlagiute

and Storage (CCS [11]) technologies. In the last decade, fgmmerating 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, 5#1Q) in some cases, Fig. 1.5.
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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 the capable of operating with hightgactive 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 alternatisecéune

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 relativedy price compared to oil and natural gas. However,

6



1.3. GAS TURBINES
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 (IG@®er 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, andhe 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 performancany 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 turbile to produce additional power from the hot exhaust gases. IGCC power plants
with CCS technology have become increasingly attractive for notabiea@ONOXx emissions
reduction and their ability to use coal and syngas as well as natural gas as fuel dauices
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 beingwousted 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. ®&ver 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 baen sl

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 oxygerblown 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. Aiblown gasifiers avoid the large capital cost ofABU but produce a much lower
calorific value syngas than oxygblown gasifiers. Aiblown gasifiers also have a negative impact

on CQcapture. Due to the dilutioneffect of the nitrogen, the partial pressure of iG@ir-blown
gasifier syngas is orthird of that from an oxygelown gasifier. This increases the cost and
decreases the effectiveness of the £L&moval equipment.

The use of CCS can typically reduce power plagtSCOA & aA2ya o6& | NRdzyR yphb(
potential for CCS adaptation for IGCC power plants is seen as one of the main advantages of this
technology. There are three methods of £4@moval available in IGCC power plants; (i) post
combustion capture, (ii) oxgombustion capture, and (iii) preombustion capture. In post
combustion capture the G@ 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 purga®i@h can then be subjected
to CCS. This type of CCS is often referred to as zero emissions. The removal gdfiee th®water
gas shift operation is performed is referred to as prabuoistion capture. Postombustion and pre
combustion capture technologies are the most widely used in power plants and other industries and
are well understood. Oxgombustion capture is a promising technique but at present has a high
cost that is unattrative 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 powein 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 waterRs&Hnd, 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 teatrical 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 tunki 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
consicered 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 coalderived natural gas, hydreq, 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 a&arately 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
intermediatei S Y LIS NI ( dzZNB 6 I LILINE E ALINKIZESHE BNE: ndnlh LMLINEIE AYYOFZ( SKE AR
and lean equivalence ratio (below approximately 1.0) conditions that yield low CO and NOXx
emissions due to complete combustion and at temperatures below those that yield a large amount
of thermal NOx. Therefore, knowing the fundamental combustion pragerof 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.

| @RNR ISy Qa 3INBI S adito indBs@y, iy the-eEvinationsohGDIOx &kB SO NJ
emissions. There are a number of common pathways through which NOx can be formed during
combustion including fuel, thermal, and prompt. These are:

w Fuel: Is associated with fuels containing nitrogerghsas 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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w Thermal: The most important route to NOx formation irs garbines is thermal NOx which is

produced in the combustion process above approximately 2200 K whered\D break down
in the combustion chamber into their atomic states and then take part

in reactions through the Zeldovich mechanism to produce NOXx:
Nob h A tbhbe be
b bBthdhObe

b bkt bhl &6

wt NEYLIGY L& FT2NY¥SR (GKNRdzZAK (GKS NBIFOlb2yd c2F YA

T b/b b I ® ¢KS 1 /b ¢gKSY LINRPRdzZOSR Aa (KSy |ljdzi C

/b b hl MO/ GKbaAlI/b Oly 0S5 TN KSR 62y FONI SR

w N:O results from Breacting with O and a third body in the reactiond& h 6 b a tO#M}X b
Neh Oy GKSy NBIFOG 6AGK | y2GKSNI 2Ee3Syo+H (G2Y
hA IBh bBe bhode

g2

WCAYylFlft& bhE OFry 06S FT2N¥SR (KNRdIdAK RAYAGNRISYY

reactonsNb | 6 T bbl F2f{t26SR 686 bbl be hA T bl

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

10
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Figure 1.7: Feedstock share of global hydrogen production [20].

The postbility 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/hydrocashbon

11
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Figure 1.8: Homogeneous hydrogam 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 thegoaad 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 dgfato 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 clmanching and
chaintermination reactions. These have been studied thohbyiginder a variety of experimental
O2yRAGAZ2Ya YR INB 6Sttf (1y26yd ¢KS KeRNR3ISy SELIXM
curve, Fig. 1.8.

These limits are described as follows:

w The first limit for hydrogen combustion, above which ignition trees ability to take place,
depends largely on the surface material and shape of the reaction vessel. The hydrogen
radicals composed from the reactionHQT | hts | NBIFIRAf& RAFTTFdaAS (26

then become inactive and the initiation step pemzls by thereactiondd ba 0 T | be | 0 bal
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w¢tKS aSO02yR fAYAG FNRaSa |d KAIKSNI LINGBM & dzNB a

[ laitsa0 O2YLISGSa ¢A K hi KeSA NI dinidivd@iS/esd wattiveh ¢

than any of the other rdicals produced during hydrogen oxidation and

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

w The third limit is located above the second limit at higher pressures. This involves tiseoaiff
2 ¥ drddicals to the walls without further reaction [22]. There is also an additional factor,
exothermic reactions between the chain carriers may occur near thepriggsure explosion
limit. It is then reasonable to anticipate that sékatingcould 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 withotlite 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 matdbms. 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 experimentahth 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 oniararchical 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 iitettadure,
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 Beduto 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 Schatbhd 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
possiblewithout high levels of dilution.

13
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Miyama and Takeyama [25] investigated the reaction pathways of hydrogen at lower

temperatures by studying 30, oxidation behind reflected shock waves at temperatures ranging
FNRY ydn b mMopn Y | ydain BB EaAOKNRaitoFW® also obdepredh p dc

Ay GKS F2NXY 2F hl FT0a2NLIWA2y gA0GK y2 O2NNBALRYRA)
for in modelling these results or discounted. They also determined that below 1100 K the reactivity
oftheNB I Ol A#Hf k@b | A& AYLRNIFYG Fd KAIKe LINB&adNBa

Il bothéd BA hl Aa O2y(iNRBffAy3Ide

Skinner and Ringrose [26] studieg! I,/ Ar mixtures by measuring ignition delay times behind
reflected shock waves andmpared 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 actieat#rgy 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 gkarkinetics model

Jachimowski and Houghton [27] studied the/HD; initiation process behind incident shock
gl §Sa 20SNJ GKS GSYLISNI GdzNB NI y3IS 2F,wOonshbimynn Yo
be hl gl a GKS AYyAGAL GrARKY2 YN || CRIASF/S NB 25NdzoKR RNBSYSlye 2
theory favors the reactonH+ Q7 | b 21 6 he

Slack [28] measured hydrogen/air induction times close to the second explosion limit in a shock
GdzoS G2 RSOSNNAYS | NI GS(+MPy d (hteM)iby mazchdg thés€ NB I O 7
experimental results with numerically predicted induction times 1.9. A rate constant was
RSGSNY¥AYSR Ay GKS GSYLISNIGdzNB NYy3IS dynbmmrtc Y
results.

The phenomena of tip opening in le&unsen flames under fueich 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

suggestedhat the tipopening phenomenon is the result of the nanity 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 atlessh and fuekich equivagénce 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 burmiage 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

14
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Figure 1.9: Ignition delay times measured i Bhaskasin 22.59% b+ 14.79% ¢J32], Cheng 5.0%
H.+ 5.0% ©[33], Slack 1.0%:H 0.5% ©[28], symbols: experimental data, lines: model prediction.

of preferential diffusion. They also proposed a method of laminar flame speed measurement
through the use of signation flame and linear extrapolation of the data to zero stretch rate.

Keyseretal. [34] y #Sa G A3 GSR (KS { aby il AceDdr QAo 284KS$0 NB I O A 3
382 K at 1 Torr. It was shown that the cause of the discrepancies in previous measurements was due
G2 GKS LINBaSyOS 2F avlftft I|Y2dzyia »dmhthdsystegiRc h I 0
Keyserintroduced N y 12 G KS Fdz§t YAEGdzZNBE® ¢ KS | gba 2hfldai S NI (
T bO + Qwas measured by using the dischafd 26 NB a2yl yOS Ff dz2zNBaoOSyOoS
2in large excess. They found that this reastexhibited no pressure dependence at pressures up to
1000 Torr.

aAOKIFSt YR {dziKSNI I YR wop8 YSI AdzNBHOHNIGNgS O2vyai
GKS FTtFaK LK2G2f &aAa &aKaid theil dp&iménBlOdatardpdiz (2 02Y
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 deriveorestaiats
F2NJ 0KS NBITOA Y& hll 6 BHRaAD | of+Ar) ohes the temperature range
PcH b MTARTYhTFBN hl bl ¥R 7 nod! NDDfAN TheFirNdas b he

performed to try to remedy the significant discrega@s in the experimentally measured rate
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CHATER 1. INTRODUCTION
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 etl. is known to have a large degree of uncertainty than other

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

alaidsSy S Ftod woT18 LISNF2NYSR l,1ak2 BN ithdzo S ya (idkR
GSYLISNI GdzNBE NI y3aS mnpn b ooT1Tn Y® ¢KA&A ¢6Fa R2yS A
which is one of the most important elementary gaisase reactiondn 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 inragment with the previous rate coefficient of Pirraglia et al. [36]
Fd GKS 2@SNIFLIAY3I GSYLISNFGdzNB&a 2F mnpn b wmtnap Y
Dowdy et al. [38] presented an innovative approach for measuring burning velocities and stretch
effects in laminar flames using a simpleepomenological 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,
suggestinghe validity of its use in the future determination of experimental flame speeds.

Egolfopoulos et al. [39] studied the laminar flame speeds 0f ®/ N> mixtures using the
counterflow flame technique at ultrlean to moderatelyrich equivalence ratios @ 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 cants from the literature and found the mechanism
significantly underpredicted the experimental results foeakly burning flames at increased
LINSdadz2NBad ¢KS FdziK2NE KA IKE A I KaiddSR,adittie possile OS NI | A Y
cause of the discrepancy and deemed these reactions in need of further investigation.

Oldenborg et al. [41] revised thate constant of Kib  h | ¢ T 2Olfronbthelp@viously
I OOSLIISR NI GS 2F aAOKFSE +FyR {dziKSNIIlYyR Gop6 dzi)
They found good agreement between their study and previous shock tube measurements in the
overlapping regpn. Using their experimental results and those of the previous studies they derived
I NI 4GS O2yadlyid SELINBaaizy GlItARIFIGSR 20SN) GKS &S
Vagelopoulos et al. [42] further investigatedthe accuracy of the counterflow flame techfugue
flame speed measurements at ulitaSt y SljdzA @ £ SYyOS NI GA2& 6ndo b
accuracy of the linear extrapolation increases with decreasing Karlovitz number and that accuracy
can be increased by reducing the strain rate or increasingtizzle separation distance.
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1.4. HYDROGEN MIXTURES

Kim et al. [43] studied highressure and higlemperature 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 setdimit an increase in pressure results in a two

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

Hh B hA T hlbbch|IhctOF OHG | hobbahtc 10 b~ /:Hh Mbh 1 he

hl S / h beabhllcI T Y/Re hl bA hhel G2 dzLJRF G0Se GKS | Si8

mechanism and achieved much better agreement with literature experimeesailts.

Aung et al. [44] investigated the effects of positive flame stretch on the laminar burning
St 20AGASa 2F KE@RNRBISYKFANI FtlYSa F2NJ SljdzAh @1t Sy
and computationally. Predictions of flanstructure/stretch interactions showed unstable and
stable behaviour at fudean and fuefrich conditions, respectively, and was explainable by the
preferential diffusion of hydrogen compared to oxygen.

Hessler [45] used existing kinetic and thermochemical data to derikete constant for the
NEIFI OGA2Yy h WAhlgl o0dzi adz33SadSR Y2NB GKS2NBGAOI
the rate constant for this reaction to be accurately derived.

A significant investigation was conducted by Lee and Hochgreb [46] wifiedthhe autoignition
LIN2OS&da 2F KERNRIASY 20SN) 0KS LINBaada2NB FyR GSYLISI
respectively, for a slightly diluted mixture ofHO./ Ar (2 /1 /5) in an rapid compression machine
(RCM) with creviced pistons. Thissagone in order to investigate the reactivity of hydrogen above
the second explosion limit. The experimental results obtained were compared to the reaction
YSOKIFYyAAaY 2F YAY S Ff® wnobd Ldomigdted reddigg®t dzRSR i
0KS O2yRAGAZ2YA AYy@SalxrBt (KR beéirg idéntifiagdaSondN@BtheD G A 2 y |
Y240 AYLRNIIYG 2ySaoe ! NIGSe O2yadlyd F2NJ 0KA& N
results. The simulated pressure history with the miadifreaction 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 figtion delay times in RCMs.

Mueller et al. [47] used a flow reactor to study/HD.and CO / kD / Gy kinetics and the effect
of small amounts of NO and NODRRAGA PSa 20SNJ I 6ARS NIry3aS 2F LI
GSYLISNI G§dzZNB 071 p nb pOv sOasubYnéchaniginkuSed ivas 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, thelrRA Ol f LJ22f A& R edichlyahdikdS,And thé chénfis®y | h 6
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CHATER 1. INTRODUCTION
involving these species becomes important./ HD; kinetics at higher temperatures are largely
O2yiNRBfftSR 0608 G(G(KS OKIAY ho NMIAY O AT hBSIbdzIedY Rlc b h
T bh b I gKSNB (GKS 20SNrftt NBFOGA2Y A& OKF NI OGSNR
Sldzk t G2 GKFIG 2F GKSTNhOGBATANY®EAY T NBFOGAZY | b

Tse et al. [48] performed laminar flame speed experiments in a specially desiynel
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 th#uént, and by reducing the oxygen concentration of
the combustible mixture, diffusiondhermalinstability can be mostly suppressed and the
hydrodynamic instability delayed. Tse et al. [48] also highlighted the need for studies on the
uncertainties in thid-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 pressuresrangitigB Y M b p FGY dzAAy3I GKNBS RATTFS
[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 herateO2 STFOASY (i SELINBaarz2ya 2F.0bKS NBUHEOAY L (A
FYR | be hO@M)anttte mechahism of Yetter et al [40] and good agreement was

observed between the modified mechanism and experimental data.

Troe [52] and Michdf wpo® Fy I f &1 SRo bliakS THNIWMich2syfatel b he
controlling at gas turbine conditions, using ab initio calculations to construatffatirves for the
reaction over wide temperature and pressure ranges and experimental techniqubssexien
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 agred¢méth previous experimental results and
confirmed the exceptionally high recombination rate constant when MG- Fihese new rates were
suggested based on the temperature of the reacting mixture in addition to the chemical composition
and concentration othe 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 premixedrdgenfuelled
flames at fuelequivalence 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 ttentlency of preferentiatliffusioninstability behaviour to occur
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1.4. HYDROGEN MIXTURES

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 incrdksed
temperatures while replacing nitrogen with helium resulted in a faster laminar burning velocities
due to both increased flame temperatures and transport rates.

.FdSa St Ftd opp® LISNF2NNYSR |y ,BHdis NF(WSlyd |
at elevated pressures (7 to 152 bar) and temperatures between 1050 and 1250 K. The pressure

dependence of the reaction was studied by measuring theofélbf the reaction for M = Ar over a

oyl

MAbmMpH OF NJLINBa&adNBE NIy3ISd ¢KAa altidRe KAIKEAIKGS!

calculated rate constants for high pressure Ar results but had good agreement at low pressures. The
discrepancy was unresolved anés 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 constant F2 NJ 4§ KS NEXTOGK 2 % &3 hish b |

b l:he bO,+QX | YR Ihhleez+ #0 bising absorption spectroscopy behind reflected
shock waves. They observed the uncommon -Aorhenius behaviour of these reactions which
indicates pathway#volving 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 experimentallyuneekthe early onset

of deviations from the limiting low pressure behaviour of the unimolecular dissociatiosOaf Fhis

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

acknowledged the need for further studies of #eereactions.

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 d&tawever 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 aghey provide generally good agreement for all hydrogen combustion regimes.

Del Alamo et al. [60] compared a number of previously published reaction mechanismsq47, 61
65] to shock tube ignition data available in the literature [32,66]. They used thisal&aemulate a
AAE aiGSL) St SYSyidl NE YSOKIyAaY FT2N dzaS Ay (KS

Davis et al. [67] formulated a reaction mechanism fgt €0 / Qusing the data obtained from

Sy

Troe [52] and Michael [53] and revised datafoK S Sy G KI f L8 2F F2N¥YIF GA2Yy T2

kcal/mol) published by Ruscic et al. [68]. The mechanism was based predominantly efC@éMH
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CHATER 1. INTRODUCTION
rate parameters suggested in the GRI 3.0 mechanism [69] while the gsDilidét was taken from

various source 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 ordemgare agreement over a

wide range of temperatures, pressures, mixture compositions and experimental configurations.
Discrepancies were noted for4@-1 S Tt YS &aLISSRaz GKS | FyRe h |4
burnerstabilized flame,” and the consumption rate offér the 1.0% bl 1.5% Q% / 97.5% bflow

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 reactionstH h1 T 1 Iy Rl &1 #®1 | dechdl =
FYR AYONBFAAY 3T GKS KHiE B B+HE. Haviid bl.@isdAsAggestedla b h 6
NEGAASR NI GS F2N 0KHWNBHIXIZARSR /12 M (hK SampaINBIRA Ol A 2
flame speeds at high temperatures. Davis et al. [67] emphasized the importance of incorporating

fall2 FF O0SKI@A2dzNI Ay O2YOAYl GA2Y (NBITOS hezhadisma dzOK | 2
provides good agreement 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.

l gFy3a SiG Ffd ©OTHB YSI adzNER KIANG Sy @B HBA0ASY (a4 7
|l heobat @Al hil F6a2NLIWIA2Yy0SKAYR NBTfSOGSR akKkz2o0]
bomann Y® ¢KS YSIFada2NBYSyda | IANBSR ényperaturesand K G K2a$S

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 déwmias between the models and
SELISNAYSY(Glf RIFIGFEDP ¢KSe O2yOf dzRSRb (i Ké iDg+iHy Ay ONB|
by a factor of 10 in the mechanism of Marinov et al. [74] led to elevai€¥ ptoduction, and thus

to a faster ignition and bedr 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
pn O0FNE Fd GSYLISNIGdzZNBE&a Ay GKS Nry3aS cdpnbmmnann Y
the hydrogerfuel 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 formatia consumption
2F Jamdd4O,6 SNB AYLENIFydod ¢KSe §KS2INVLRSOHwaskheld GKS N
LINA Y NE NBIFOGA2Y NBalLlRyaiaoftS F2N) GKS YAayYl G§0OKe
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1.4. HYDROGEN MIXTURES
predictions with significant improvement in the igomi 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 seednange 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 usinghe 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 twinflame technique experimental data [39] and attributed the discrepato errors
arising from the linear extrapolation to zero stretch rate.

Laminar burning velocities of lean hydrogain 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 iegsure 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 arate @& A OA Sy i F2 NI KShNBB@@MH2y a | b
b 404 | h€Husing ab initio methods, with the reaction barrier heights being determined
using rate coefficient calculations employing CVT/SCT to experiment andehéyhab 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 [8@rmulated a reduced reaction mechanism for hydrogen and syngas
oxidation. This mechanism was validated for high temperatures and relatively low pressures. The
NI S LI NFYSGSNARA F2N 6§KS AYLRNbDb@ED QHMEpwere LINR LI I
adopi SR FNRY ¢NRS wpHBd ¢KS pEHMOIAAiIRgasddlbyis8% o NI | b
AlGa 2NRAIAYILIE SAGAYIGSDd ¢KSe Jbf &2 | NROKOIEH G S hel
OHinthesyngasstSOKI yAayY o0l &SR 2y e @trISBINBIMUMSSIEIRI GA2Y &
[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 tgossible 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. Diepite t
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CHATER 1. INTRODUCTION
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 mechanisis [58
60,69] agaist 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.

Apressured R G SYLISNI (dzNBE RSLISYRSYy (i NIobs 00 HFMbIcy

F2N

gra RSGSN¥YAYSR o6& CSNylryRSa SiG Itd oyn8 2@SNI |
GSYLISNI G§dzNE NI y3IS onn b danAr and KT 2adet anke&imeéntali K 31 a S &

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 N

Sellevag et al. [85] examined the reactioshtb bav T | be hl obald 08 KAOK

laminar flames particularly at high pressures) using féytel 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 woulddb@alue in order to provide

I 0SGGSNI RSaONR LI A DEMReRctianKS | be hl 6bav I 16

Konnov et al. [86] analyzed the performance of an updated hydrogen combustion mechanism
GKAOK KFa 0SSy @FftARFGSR Ay GKS (S Ymapherich dzNB
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 dependenceldi S ,delkreaction 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
NBI OGA2War Ihib blece hl Ly R +10 shwould be cohsaered kinetically and

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

NJ

AdzNF I OSa F2NIII bke lhd heeSNBE  OF NNA SR Ahigbly udlikely T 2 dzy R

and can be omitted from 0, 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 imprdggnificantly.

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 0.44d. 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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1.4. HYDROGEN MIXTURES
with the maximum laminar burning velocity located at an equivalence ratio of 1.8. They codiclude
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 concerirA 2 y & 2 FTOHIradicays fhahe
NEBI QiAaz2zy T2yS 2F LINBYAESRe FflYSao

| SNIft SNJ FYR bldzYlyy wyy8 adGdzRASR RAf dzi SR K& RNER:
M®n ORAfdziA2Y mMYpOX 20SN) G§KS GSYLISNI (dislar. NI y3S o
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 thermodynastibsystem of the RD
mechanism [88] (which is based on the RAMEC mechanism of Petersen et al. [89]) with additions
YFERS G 5[ w { idzi Bl fotdaldéhgdy, @@ isliehydesandiesyStent vehere
the values were taken from the mechanism of Lak [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 forthereactio@d ba 0 T hl be hl d6bave
temperature R LINS & &ddzZNB NI y3aS 2F wmnnn b mMunn Y YR nog
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, wherea? atr8, a 10%
deviation from these lowepressure 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 cowa§8&7] was shown to be very good.

Pang et al. [91] conducted an experimental shock tube and modelling study of hydrogen
2EARFGAZ2Y dzaAAy3 FNHB2Y & F RAfdSyd +Fd t26 G§SYLISN
and 3.7 atm in a shock tube. This study set out to determine the aaiube 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 facilitdependent efects and localized energy release, including an updated
version of the GRWech 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
experimentd 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 disgrépand 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 andrptien energy
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release were included and could besdgo 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
aisSya FTNRY (KD bNBID OAtArRafidssuggdstedhagevised rate constar this
reaction. For lower temperatures once the CHEMSHOCK model was applied there was better
agreement between the experimental data and &Rich 3.0.

Hong et al. [94] used laser absorption of both water and hydroxyl radicals to investigate the
reach 2y hl .1b kD & Qih shockheated HO / G/ Ar mixtures in the temperature range
Mcnn b HHAAN Y YR GKSANI @l tdzS | ANBSa ¢Sttt gAGK
AYONBIF &aSas K S INBIHIONRAYZH & beb2 VL3S (1S & | 6 Mbueaditdlse T2 NJ | 6
¢CKS NBIQEHARYA&AhBYS 2F (GKS YIFI22N) RANBOG az2dza2NDSac
RSGSNNVAYAYTI (KSIKEEYdzy @raTeé of S, 2 NBIFOle gAGK [/ h

¢ KS NXBI OdtA 2hy HA BhlheglRa oRY DRy BHGIISHEHS |t @ wdhc 8 Ay |
O2yRAGAZ2Y &Y 20SNJ GKS GSYLISNFGdzNB FyR LINB&adz2NBE NI
tunable diode laser absorption of.8. The rate coefficients of the reaction were determined by
varying kin GRIMech 3.0 [69] to generate® profiles that besfit 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 oppritey 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 reactigdsoH> a 0 T
hl the 60balb Zts,theh bNZhel B | 60T | h6HO, Q+Hh T hl be
|l ha |4 RAOdza&4SR 116298 IyR AyiSaNIriSR GKS yvYzaid O«
into the current kinetic mechanism. The mechanism was validated agawideaange of literature
data and the authors concluded that continued work on some elements of the @ sub
mechanism is still needed in order for better agreement between the experimental results and

mechanism to be achieved particularly on the radefficients 2 NJ G KS A YiArdadidnd. y G | he

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 gpls and to incorporate recent updated rate constants. They
ARSYUAFASR dzy OSNIIAYyGASa Ay (GKS GSYLISNI Gdz2NBE | yR
NEIFOGA2ya | yR (KS NBY:2 JhOt+ OashpossieSreaddns f@d thadsparitl b | 6
between experimental and modelling results. There was significant improvement for high pressure
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1.4. HYDROGEN MIXTURES
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 lanflame 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 availabidhe 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 reactobH h | ¢ T20 usinOH 6
fIraSNI F0a2NLIiA2y® D22R | INBSYSyid 4l a F2dzyR o
and Sutherland [35] and Oldenborg et al. [41].

Despite the extensive work already carried out on hydrogen oxidation the above studies
highlight that there arestill 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 thespdixies
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 feratures 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-ahdd-been the focus of increasing attention

in recert 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 padthuse it leads to reduced €0
emissions and lower soot production compared to conventional natural gas. Reliable experimental
data and validated kinetic and transport models for/HCO combustion over a wide range of
pressures, temperatures, compositignend dilutions is necessary for the development of
technology for coatlerived syngas combustion in gas turbines, 1.C engines, and S.I. engines.

The development of fuel flexible gas turbines able to operate with hydromérfuels is of high
interest tothe 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 atérattian 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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CHAPTER 1. INTRODUCTION
Biomass is attractive in thatig more environmentally friendly, cost effective, and renewable than
fossil fuel gasification [102]. Biomass gasification derived
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1.5. SYNGAS MIXTURES

syngas has a high €énd tar content that requires further treatment and is quite expensive
compared to fossil fuel poweregeration. Catalytic cracking as a method for removal of these waste
products has been the focus of intense study [D35].

The gasificationprocesses availableto the gas turbine industry to produce syngas from coal can
be characterized into three major pigs: 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 cleap and the uits 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 hsdroe fuels at high
temperatures with the aid of a catalyst mainly nickel based, through the endothermic reaction CH
+HBh 1 / h, $earo fteforming 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 throughetiwion

1
CH+_G1 / h b HI 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 metbd, which can be composed of CQ, 80Q, O, Ch, N;, NH, HCN, NOX,

H.S and various hydrocarbons, which can produce significant variations in combustion properties
for different relative concentrations of its components. The hydrogen content of thechreklso

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 realsgngas 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 eipental 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 syngasunistat 1 atm and room temperature measured in

No. 100% bWu [31], 100% FDowdy [38], N 100%Tse [48], 100% HLaw [145]Z 100% H

Egolfopoulos [39{ 100% HVagelopoulos [42], + 100% Aung [44], 100% HLamoureux [108],
F 100% kKwon [54], 5% H/ 95% CO Natarajan [10950% H/ 50% CO Natarajan [109%% H/

95% CO Scholte [11E0% H/ 50% CO Scholte [110)5% H/ 95% CO McLean [111})50% H/
50% CO McLean [11#]5% H/ 95% CO Sun [11225% H/ 75% CO Sun [112]50% H/ 50% CO
Sun [112] lines are model predictions.

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

Exensive research has been conducted on syngas laminar flame speeds at atmospheric
conditions. Work has been carried out for nesioichiometric and fuetich H/ CO mixtures with
Bunsen burners [113], flat flames [114], Mach Hebra nozzle burners [11@paedcally expanding
flames [115] 1.10. Studies have also been conducted in counterflow flames [110], and spherically
SELI YRAYI FtlYSa OMMMIMMHIMMcB D adzOK 2F GKS 2N
FGYo FyR (SYLISNI (dING than khasa ks Al of imterestto the gas Aurbine

industry.
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1.5. SYNGAS MIXTURES

Gardiner et al. [82] performed syngas shock wave experiments over the temperature range 1400
b 2500 K. This data was compared to results from the literature and used to derive a rate tonstan
for the chain initiation reaction CO -+ / 2 O. This measurement was” compared to previous
results to account for the ignitieenhancing 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 CQ//dt flames at atmospheric
pressure by Brown et al. [116] using expanding spherical flames to investigate the influence of
stretch on laminar flames. They concluded thaisslominant and governs thdarkstein 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 iitenatlire and many
investigations into the cause of mechanism and experimental disparity in measured and predicted
ignition delay times at lowemperature and higkpressure.

Counterflowing CO / H¥s. heated air jets were investigated experimentally angjgotationally
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 pressiaeations. 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
brafOKAY 3 YR GSNNAYITH M2 6 AN OBMRGE 1A+Nbh bisc

A theoretical study performed by Joshi and Wang [118] provided a new rate constant for the
NEFOlGA2Yy /b b HZAVI/ twewYak Yl adSNI Sl didmildiéngto I yI f @8 &S
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 agdatauto their previous H
oxidation reaction mechanism [58] and validated it against a wide variety of experimental results
GF 1Sy TNRY G(GKS fAGSNI GdzZNB® LYLRNIIYyG OKl,y3asa Ay
from Ruscic et al. [68] and Hillsa&. [119] respectively. Li et al. [81] revised the rate constant for
GKS NBIOGAz2yA I hod G2NRBI{haAy3d ffe GKS I @At of !
NI §S O2yaltlyidad ¢KS NI GS .02 ¥k OH which Mii2 NJ ¢l KSSi  NX |- dO Gci
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 relatiyelow 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 B8Bé¢ helium as a diluent.

Helium was used above 5 bar as this increases the mixture Lewis number and consequently
suppresses the onset of diffusitieermal cells. The experimental results collected were then used
to validate a kinetic mechanism devisedrfr rate constants in the literature [56,72,120,121]. A new

NI GS O2yadlyd T2n) G/ NBIOiaeyr i a2 sREGENVAYSR Rdz

canonical transition state theory based on G3MP2 energies and optimised MP2@1/@l,p)
geometiies. 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 wherpadng 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 dl2P] calculated a rate constant for the reaction CO +
l heot /4 hl o61F&aSR 2y (G(KS FAYRAy3da 2F aArdailfe
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 presabove 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 reactionlCO&
COb hl NEO2YYSYRSR o0& adzsSttSNs Si lfto ontéx
temperature systems and were not suitable for use at the gas turbine relevant conditions where
disparity was noted. The rate constant derived by You.d132] 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 [128125].

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
yppbvMapm YZI FYR Fd SldAg@ltSyOS NIGA2a FNRY
were accounted for mathematically during post procegsiThis 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 asgpticles 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 ofticorsdi
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1.5. SYNGAS MIXTURES
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
FGGNROdzG SR (2 GKS I NES /dby@HSeattioniaydiitee rafe yondfaktS / h b
NB O2 YYSy RS®&al.qi®2] wad aldepted into the mechanism of Davis et al. [67] to improve
agreement at gas turbine conditions.

In a shock tube study of CO4/HD./ Nzignitionat gas turbine conditions by Petersetral. [127],
GKS GSNXYAYLI A 20b aNB I Tg+M)ag iddntifidsl ashtiee controlling reaction for
ignition delay times for a variety of temperatures and pressures. Inconsistencies observed between
measured and modelled ignition delay timesfoS+y 6. I nop0 aéy3dka 6SNB y:
at high pressures (20 atm) and at temperatures between the extended second limit and the classical
GKANR fAYAG odnn b mMmMpn Y0P ¢KS YSOKIYyAaYa 6KAOF
includedDavis et al. [67], RAMEC (based on-l@&ih) [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 experimeatal 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 keagpurious 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
mixtdzZNB a4 R2 LISR 4 A (i Kbehirpl refieeted shodkinvdWes BVEr altemperature range of
mMmannbmpnann Y& ¢KS SELSNAYSyGlrt RIEGE 20GFAYSR 68
mechanism of Davis et al. [67]. Updated rate parameters for the reaction OH ©1h ¢ O + Q
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] beh Yy R NBEFf SOGSR aK201 ¢+@Sa 4G t2¢ G2 AyldSNY
pressures of 1, 2.5 and 15 atm and compared to several kinetic mechanisms from the literature
WCTIYNIYMIMMHB® C¢CKAA 62N hTedzy Rl (ikdoiainteBcBonNB G © G A 2
Fd f2¢ LINBaadz2NBE om FdYO G aKz2 QindQQiais§be®@ifgRA (A 2y &
AAAYATFAOLIY(OH | a LINBaadaNE A& AYONBIFASRtTAyh (HKM a NB =
OH becomes the dominant reaction contiolf 3 NBF OGAGAGE | a6 2A8M2aSR {2
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T I ho@G-M) below 1000 K. Kalitan et al. [129] found large discrepancies between the

experimentally obtained ignition delay time data for both H
/ Ozand H/ CO / Q mixtures compared to a wide aryaof chemical kinetics mechanisms and
remained unresolved in their study and was deemed in need of further study.
blFdlFNr2ky S Ftod omngp8 SGFfdzr SR aey3ara €t YAYL |
temperatures up to 700 K using the Bunsen flaapproach and another experimental technique
based on velocity profile measurements in a afimensional stagnation flame. These results were
then modelled using GRlech 3.0 [69] and the mechanism of Davis et al. [67], with the
mechanism from Davis et @iving 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 overpredicted medium and highzdontent fuels but undepredicted the reactivy for
low H: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 G@kk b h E 2 EARF A2y SELISNARYSy(a

Mmann o0l NJ I yIRin & high préssum faminar 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:

whl bBhbw PO+Qw / h bBThiMh |6

WNO+HT | bk

wl h/ hhbe T / h & I

WNGb el hbhkt®h

WwHNQ6baO T | hbhodobabdv

The authors also added that including the reactonC@»H | h/ h b hl Ayidi2 (KSec Y2
improved predictions but disparities werélsobserved.

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
GUKS FFAfdNB 27F K2 Xibas$ofshtudziertid@bations bdkhemiGal indiim A
LINPOSaasSa Ay GKS YAfR AIyAlGAz2y NBIAYS o6& 2yS 2NJ
conclusively.
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1.5. SYNGAS MIXTURES

Burke et al. [131] investigated syngas flame speeds over a wide range of conditionstredevan
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 particularlyigih pressures and suggested that many
rate constants present in current syngas mechanisms were in need of revision particularly the
NEBFOGA2ya h bhbRIVOY gBRb ap bipdi)h ¢

Laminar flame speeds of syngas mixtures have been studsdg 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 experintal results obtained during the study.

The effect of Caxilution 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 dudo 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 G/ /CQ/ O;flames using
the outwardly spherical propagating flame method and found that burning velocities increase with
an increase in hydrogen content and decrease with an increaseof@@fraction. The mechanism
of Davis et al. [67] was also showo predict well syngas oxyel combustion at low hydrogen and
CQ 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 CO
behaves as an inhibitor in the reaction process of syngadumiycombustion due to the competition
0S06SSy G(GKS NBIOIBARYRI I /bhbhisle hy RGbld 0/ r.(HBh 6
F2NJ I FG2Yade

Prathap et al. studied the effects of £@35] andN, [136] dilution on syngas spherically
expanding flames at atmospheric conditions. They reported thatiltion reduced the burning
velocity by reducing the thermal diffusivity and flame temperature of the mixture and thah&O
a stronger inhibitingeffect on the laminar burning velocity than nitrogen which could be due to its
FOGADBS LI NIGAOALI GA2Yy Ay (KS OKSYAOFt NBE+OGAZ2Y A
| ®6

Mathieu et al. [137] investigated a muttomponent syngas mixtures irsaock 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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CHAPTER 1. INTRODUCTION
highlighted the need for studies investigatinket 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 CRixtdres
at low temperatires 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 hydrogarsyngas mixtes can
be accurately described.

Although the laminar flame speed (S @OMNn PZMMHIMOMIMOHIMONB | YR
[75,126,128,129] of basiHCO mixtures have been investigated thoroughly in recent years, there
is however very littleinformationon the fundamental combustion of mommplex and realistic
mixtures. hus, only the influences of carbon dioxide [131,133], steam [139], and

This study
Gardiner 1971
Dean 1978
Cheng 1984 [
Bhaskaran 1973 ||
Asaba 1965
Mittal 2006
Lee 1998
Walton 2007
Kalitan 2007
Pang 2009
Slack 1977
Wang 2003
Schott 1958
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DX maRp

Figure 1.11: Summary of experimental conditions of ignition delay measuremenis@®nd their
binary blends studied tolate [24,28,32,33,46,75,82,91,126,129,£482] against thecurrent
study.

nitrogen [136] on syngas flame speeds and only[CZY,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 as garbine 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

useintheI & GdzZNDBAYS AYRdAdZZGUNE® ¢KS LINBQOA2dza aGdzRASaA

is summarized below in Figs. 1¢11.13 and Tables 1.1 and 1.2.
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Figure 1.12: Summary of diluted experimental conditions of ignition delay measurements@DH
and their binary blends studied tdate [24,26, 46,75,88,91, 96,126,141,143,144] against the current
study.
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Figure 1.13: Summary of flame speed measurements,0€0 and their binary blends studied to
date [31,38,39,42,44,48,77,87,1(R12,131,132,136,13245].
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Voevodsky et al. noép b 8001700 100% H b b [149]
Wang et al. odp b rhpp b ™ 100% H N2 0.40 [142]
Walton et al. néndpb HYypp b ™ 100% H N2 nénn b [126]

80% K +20% CO

60% H + 40% CO

50% K +50% CO

20% K +80% CO

4% H+ 96% CO
100% CO

Table 1.1: Pnéous ignition delay time studies obHO.and H/ CO / Qfrom the literature.

Author p (atm) T range (K) Fuel Mix. Diluent . Reference
Aung et al. 1.0 298 100% H N2 nénn b [44]
Bouvet et al. 1.0 295 5% H+ 95% CO b non b [132]

50% H +50% CO

10% H +90% CO

25% H +75% CO

Bradley et al. Mmdn b 365 5% H+ 95% CO N2 noo b [77]
Brown et al. 1.0 298 100% H N2 noép b [116]
50% H+ 50% CO ca
5% H+ 95% CO ca
Burke et al. mMmdn b 295 100% H He neoyp b [131]
50% H+ 50% CO ca
0% H+90% CO Ar
Chelliah et al. 1.0 298 100% H N2 ndod b [145]
Das et al. 1.0 323 100% H N2 + HO ndo b [139]

50% H +50% CO

20% H +80% CO

15% K +85% CO

10% K +90% CO

5% H+ 95% CO
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Dowdy et al. 1.0 298 100% H N2 noun b [38]
Egolfopoulos et al. 1.0 298 100% H N2 nédéHp b [39]
Hermanns et al. 1.0 298 100% H N2 nért b [76]
Hu et al. Mmdn b Hdy b n 100% H N2/ He noo b [87]
Krejci et al. Mmdn b Hoy b n 100% H50% N2/He nép b [99]
Hz2+ 50% CO
Kwon et al. ndo b 298 100% H Ar/He nédc b [54]
McLean et al. 1.0 298 50% H+ 50% CO N2 nodc b [111]
5% H+ 95% CO
Natarajan et al. Md®n.0b onn b T80%H +20%CO He noc b [109]
50% K +50% CO
20% H + 80% CO
10% H +90% CO
5% H+ 95% CO
Prathap et al. 0.98 302 50% H+ 50% CO N2 noc b [136]
Qin et al. mMmédn b 298 100% H N2 noc b [49]
Ratra Kishore et al. 1.0 300 5% H+ 95% CO b noy b [133]
Scholte et al. 1.0 298 50% H+ 50% CO N2 MdHp b [110]
5% H+ 95% CO
Sun et al. Mmdn b 298 50% H+ 50% CO 25%H N2/He noc b [112]
75% CO
5% H+ 95% CO
Tseetal. mM®n b 298 100% H N2 ndo b g [48]
Vagelopoulos et al. 1.0 298 100% H N2 nodo b [42]
Wang et al. Mmdn b 300 H2(0.1t0 0.7) N2 0.4 [134]
Wu et al. 1.0 298 100% H N2 nodyH b [31]

Table 1.2: Previous flame speed studies of®and H/ CO / Qfrom the literature.

Reaction A n Ea Reference

I b hsO+ hl ¢ 3.3(6) x 1&® - - [28]
1.91 31014 0.00 16.44 [36]

9.33x 1013 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 b h@bal (+tM) he 4.6Ex12 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]

Il has hl T 0eQ 2.456E+13 0.00 -4.970E+02 [34]
3.601021 2.1 9000 [123]

hl b 128 | ® 16 2.16 3 108 1.51 3.43 [35]
4.380E+13 0.00  6.990803 [100]

3.56 X 1016 1.52 1736 [41]

HSE 4 b= HbOp+ HP 4.79E x 13 0.00 7.95 [46]
2.150E+10 1.00  6.000E+03 [78]

I boehl 6bald [ 0(+N) 41710611 0.234 57.5 [85]
OH + 1§ o= 10 + HG, 7-B9E*13 - 7269 [94]
OH + K %= HO + @ 2.89E+13 - -500 [94]
/'h b hl T4 hee 5.757E+12 -0.66  3.318E+02 [118]
2.23E+05 190  -1.16E+03 [81]

8.001010 0.00 0.00 [123]

l hao | Il bbe 6.00E + 13 0.00 295 [112]
8.401013 0.00 400 [123]

/' h be=IC@ts hl ¢ 1.15E + 05 2.278 17545 [112]
1.570E+05 218  1.794E+04 [122]

Table 1.3: Previous rate constants for @.and B/ CO / Qfrom the literature (units:
cm®/mol/s/cal).

1.6 Natural Gas/Hydrogen Mixtures

Even though natural gas is being widely used as a fuel for gas turbines, it deesdrae
unfavourable combustion characteristics such as @@issions, lean flammability limits, and
variable composition. These can be improved by the addition of hydrogen which can significantly
lower the flammaubility limit of natural gas mixtures andtend 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. Previousudies 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
descibing their combustion properties must be developed and validated against a wide range
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1.6. NATURAL GAS/HYDROGEN MIXTURES

of experimental data including ignitiondelay times and flame speeds. The study of quinternary
natural gas mixtures reflects betténe real natural gas blends used in the gas turbine industry as
opposed to their singleand binarycomponent counterparts, which have traditionally been utilized
as natural gas surrogates [138].

The following paragraphs detail the previous work conduabedthe 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 ugkih 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, propaieitane, and npentane
fractions to methanefuel. 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 flammesd 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 adition and a single parameter indicating the extent of hydrogen addition.

Halter et al. [154] characterized laminar burning velocities of hydragethaneair mixtures at
M bp FdY® LG 6l & F2dzy R GKFG Fy Ay OMBdase$fhe K& RNR 3 S
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 wasr@gased 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 determirtegt &in 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 decreasd and flame instability increased.

De Vries and Petersen [156] measured undiluted natgasbased mixtures combining
methane with ethane, propane, -butane, npentane, and hydrogen at gas turbine relevant
conditions (at an average pressure of 20 atm,tarpet temperatures near 800 K, and at an
SlidzA @£t Sy0S NriGA2 2F . I nopod Ay | akK20]1 @GddzoSo
activation energy at lower temperatures and higher pressures.

Gersen et al. [147] reported ignition delay timeswéthane / hydrogen mixtures recorded
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observed that for hydrogen mole fractions above 50% there is a significant decrease in the ignition
delay time compared to hydgen 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 fldlerefore, at
higher temperatures, the ignition delay time is more greatly reduced when compared to lower
temperaturesDS NESY Sié Ff® omnt8 GONROGddzASR (GKAA STFFSOI
T h BA hib thy R I7€ teactionslachigher temperatures.

Hu et al. [87] studied the laminar burning characteristics of methane and hydrogen blends at 298
K and atmospheric pressure. They showed that thestmetched laminar burning velocity is
increased, and the peak value of the-stnetched laminar burning velocity shifts to the richer
mixture side with the increase of hydrogen fraction. Three regimes wientified 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 tigpgen fractions larger than 80% the mixture is controlled by
hydrogen chemistry.

Fundamental flame properties of mixtures of air with hydrogen, carbon monoxide, &t C
saturated hydrocarbons were studied both experimentally and numerically by Patk[&63d]. 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 orlputane in hgrogen flames, the reactivity of the mixture is
reduced both under prégnition 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
(GHs) and etre f ,H8) radicals. Reactivity also decreased due to the increased concentrations of
Y S (i K & §) radidal) which consumed further hydrogen atoms through the reaction$CHI ¢ T
/I 1:¢ Kl YR 3b1 & 0bad#V), pwering the overall rate of éhmain chain branching
NBI OGA2Y HA bbb hlel OmpT B8 PG

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 vas 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 -butane-air mixtures with hydrogen addition have been experimentally
determined in astudy 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 incthéeeffect of carbon
monoxide on methane, hydrogen, and binary mixtures of the two fuels at high pressures (20 to 80
oFNL FYR +Fd fSIy 6. I nd®pu/HOEQ Riktlirdsahérd was Bk S &
inhibiting effect of CO addition compared 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 &l 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 ahock 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 detreas
with the increase in hydrogen concentration.

Healy et al. [138] measured ignition delay times of quinternary natural gas mixtures in the

T2d
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chemical kinetic mechanism to describe their combustion. Good agreewssnfound 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 pultisd 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 téompera
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. Mygtogen experiments

have been performed previously in shock tubes [142], irsfeted 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 ¢ise 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 siiockheated H-air-steam mixtures by varying
GKS &ai0SlIyYy 02y OSy NI (i AhR8F% dirMiktvre foritempgraturgs2bsldind them p:7z |
NEFf SOGSR akK201 oI @S Ay ( KSsfrovd3y0@d3E7bgrnandobserved pn Y X
that ignition delay time increased with the steam concentratiespecially 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 anddben [23].
The impact of water vapour on the combustion of hydrogen and methane was investigated by
Le Cong and Dagaut [163] in agtitred reactor o6 NJ 0 KS G SYLISNI 4 dzZNS NIF y3IS yn
and 10 atm was studied. The presence of 108 Was shown to reduce the rate of oxidation of
hydrogen through a slower production of radicals and the experimental results agreed with their
previously developedhemical kinetic mechanism [166]. For methane, the presence of 16 H
inhibits the oxidation of the methane fuel blends, the chemical effect0f elded a reduction of
the concentration of the main radicals responsible for methane oxidation [163].

Theperformance and emissionanalysis of a Hydrogen Fuelled Compressionlgnition (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 approactinmiproving 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% wateioaddithe reactive
mixture when compared to the corresponding dry cases. However, at the lower end of compression
pressure, namely at acpr 10 bar, water addition had the opposite effect. A sensitivity analysis
showed that, at lower pressures, the highkird body efficiency of water leads to an increase in the
O2yadzYLIiA2y 2F | | G2Ya J(6HONR drl g+h@kndichNeslkcesdhe 2 y e | 1
ydzYoSNJ 2F | Fd2va FyR £8FRa G2 | tSaa0oBy OGADS a
T hile bhl 6bald A& LINRY2(GSR o0& (KS FRRAGAZ2Y 2F6 61 G
5ca SG ftd omcp®6 Ffaz F2dzyR GKFG GKS a8Nd® Sy 0SS 27
I hA+M).

A fivestep reduced mechanism for blast furnace gas ares containing CHCQ, and HO 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 &s 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, tesmgtures, 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 shnge
hydrogen and syngas with good agreement. Following this, a numerical study would be performed
to investigate the effect of real syngas compaositions on laminar flame speed predictions. The work
of Healy et al. [138] was then extended to quinternary natgas / 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 ractivity 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 faicility Idational

University of Ireland, Galway (NUIG). This RCM has a horizeopplhged twinpiston design that

has been described in previous studies [168,169] and was originally commissioned at the Thornton
NBaSI NOK fF o2 NF G2 NB. 24.An RCK$ usedic raplicate asnglerc@ripressionS C
event of an internal combustion (I.C.) engine but under more ideal conditions (reduced blowby, fluid
motion, cycleto-cycle variation, etc). It also allows researchers to study combustion at etevate
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 th& YLISNJ G dzZNB NI} y3S 2F | LIWNRBEAYL (
LINS&dadz2NBE NIy3IS 2F ybnn o0F NP ¢ K Standperad@eyaiighh 2y a OF y
pressure operating regime of gas turbines without the complications of experimental contamination
and uncetainties. In the NUIG RCM the pistons are tightly sealed inside two compression sleeves
GKFG FR22Ay GKS NBIFIOGA2Y OKIFYOoSNI omTmMBI a4SS CAIO
side which describes the way in which the compression sleereesa@nnected 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 lppening before the piston reaches its end point, the piston is required to travel
GSNE Frad Ay GKS OFrasS 2F GKS b!LD w/a G2L) RSIR
engines use pistons with a compression time of about 20 ms.
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Figure 2.1: Scheatic of original duapiston RCM at NUI Galway.

4

(@) (b)

Figure 2.2: (a) combustion chamber and (b) exposed low compression creviced piston heads.
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2.1. NUI GALWAY, RAPID COMPRESSION MACHINE

Figure 2.3: Creation of ralip vortex due to piston motion during the compression stroke.

Figure 2.4Results of CFD calculation of temperature field after compression for flat (left hand side)
and creviced (right hand side) piston head designs2%8 K, = 0.5 bar of nitrogen at 26.4 ms after

the start of compression [172].

This means the NUIG RG¥fers 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 fluidamies and the
unwanted mixing with neawall 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 dleasf 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 cotse of this study a number of modifications were made to the experimental facility
dzZiSR o0& | SIfteé omtpB Ay 2NRSNI G2 AYLINRGS AdGQa 2LIS

Tank and manifold heating system

A new tank and manifold heating system were put in plactcilitate 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 1@ 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 unifogating. 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 thermostatsre 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 PICOOBAJSB thermocouple data logger to measure the temperature
and enswe 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 ofC140

Reaction chamber heating system

Improvements to the heating system of the reaction chamber have alsoibg#amented. In order

to achieve a homogeneous temperature field throughout the reaction chamber, five Typed
thermocouples were attached at specified locations on the outside of the reaction chamber (these
must be kept at a defined point otherwise the syist needs to be realibrated) 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 insugape 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 1@0before 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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(b)

Figure 2.5: (a) Mixing manifold and (b) tanlatieg system of the original NUIG RCM.
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1 long heating wire

Problem: Heat loss into the driver section

=) No homogenous temperature distribution

()
6 x Cartridge l 6 x Cartridge
Heaters Hcate&s
] N
=]
| ‘
 JV VY K g 5
L LI

3 x separate heating wires
(1 on each sleeve and 1 on reaction chamber)

(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 PIGO8T@SBhermocouple 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 measurementpga®rmed. 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 afpthe 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 8Dis 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 temperat@® ppposed 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 ER). Phese 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 pisins 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 chamb 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 théigénsvas

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 NURgilities 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
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Figure 2.9: (top) Influence of different pressure profdessimulation 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 norreactive experiments wherexygen 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 isdetermined. 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 compresgidhe reactive experiments is
calculated using the compression ratio determined in the corresponding@active experiments.
Moreover, in simulating the reactive experiments the pressure profiles from thereactive
experiments are converted to the kame 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 norshielded 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 v@flAg6essure 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 Ilhme [177] discussed the effect of turbulence and composifiootuations 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 compréasge 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. Tw 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. Adseebwas 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 particularlyt ower 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

Tm
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Figure 2.10: Low compression piston head design.
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i

Figure 2.11: High compression piston head design.
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Figure 2.12: Low vortex piston head design.
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the chamber and @vice inlet channel and an increased crevice volume, see Fig. 2.12. This new
piston head design was introduced to further reduce the production ofupland corner vortices
discussed previously and has been optimally designed based on a previous GF[1&tlidThe
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 belowsia 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 experimentaloperation. It is not the complete standard operating procedure. The valve
positions described in this procedure can be seen in Fig. 2.13.

Mixture preparation

w Ensure the tank is clean by flushing with ethanol and nitrogen.
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w Ensure that the tank and manitbtemperature 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).

WIYAdNB G(KIG GKSNB A& F 322R & Odzdzy Ay G(KS

w 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 theviaal passed
through a liquid nitrogen trap before entering the mixing vessel to ensure that no impurites
such as iron pentacarbonyl were present.

w For liquid fuels, change the septum in the injection port and clean the injection port to remove
any small piees of septum remaining from the previous one. When injecting your fuel care
must be taken not to ovetighten the injection port as this can lead to blocked needles and
damage to the injection port.

w Add the oxygen and diluents slowly especially just leetbe target pressure.

w Leave the mixture in the mixing tanks for at least two hours to ensure a homogeneous
mixture.

Experimental steps
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w When the fire button is pressed to initiate a compression, the solenoid valve opens
momentarily allowing a small amounf 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.

w Close the air amittance 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.

w Close valve 1, valve 3 and the aiimittance tap.
w Close tap to manifold and apply a vacuum to the air section.
w Open valve 3 and 4 to ensure all hydraulic fluid returns to the hydraulic section.

w Open valve 1 to withdraw the pistons to the giiee position. Confirm that the pistons are
withdrawn (visually).

w Close valve 1 and the vacuum valve. Open the manifold valve.
w Open the air tank and slowly charge with hydraulic pressure to 100 psi.
w Open valve 4 and continue charging to 450 psi. Close valve 5 and the compressed air cylinder.

w Open valvel, the air admittance tap, and valve 2 to the roof compressor. Fill the drive
pressure to 180 psi.

w Isolate the roof compressor, valve 1, and valve 4.
w Open valves 2 and 3 slowly and observe discharge. Close valve 3.

w Closemanifold valve. Open mixing tank amgply desired initialpressure to the reaction
chamber. Close reaction chamber tap and leave mixture to homogenize for one minute.

wt NAYS 230Att24a021LIS o0& aasStSOGAy3a aAay3atsS akzaé
w Open path to dump tank by opening valve 5.
w Depress the fire button anperform an experiment.

w 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 temparee, T, and the compressed pressure, were calculated
using the initial temperature ;;Tand pressure ip of the experiment and the compression ratio
calculated from a nomeactive experiment. The calculations assumed adiabatic compression and
frozen diemistry as detailed previously [175]. Using Gaseq [178] which considers the temperature
and the mixture composition dependence of the heat capacity in equation
(2.2):
pc T daT
n(L)=2C__ _) 21)pw b ™M ¢

The final temperature,{Tand pressure,jpcan be computed from:

\Y;
pr=p(—i) (2.2)
Vi
\Y;
Tr=T( i) bwm (2.3)
Vi
where Tandpl NB G KS AYyAGAFf GSYLISNF GdzNB FyR LINBaadaNBs

G/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 largemretrtex particularly
at low pressure [171].

All gas mixtures were preparedanometrically 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
compositon. N6+ ' mMdn0 A& dzZaASR FT2NJ 0KS w/a AYOGSNN¥YSRAL
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 arearsevere for high Ar content
mixtures as they reach higher compressed pressures and temperatures. This can be explained by
the differing heat capacities of.K248.05 cal/kg/K) and Ar (124.38 cal/kg/K). A 50% nitrogen + 50%
argon diluent was used in thergsent study to achieve the entire temperature range available
without encountering the adverse effects of a high argon
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= 0.5, p= 32.84 bar, d= 927 K, ignition delay time = 70.6 ms. Red line represents reactive mixture

while the black line represents the noaactive 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 effect® anegligible and the reacting core is

homogeneous in temperature.

¢KS A3IyAldAzy RStlFe GAYS 0.0 Aa RSTAYSR a GKS
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, -neaictive 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 simildrermodynamic 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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2.1. NUI GALWAY, RAPID COMPRESSION MACHINE

Error bars of 20% are included on the ignition delay times of the RCM expéaintata 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 ensuthe thedls 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 eftethe 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 optimaly at all times. These include experiments using perflubk®pLJ- yS 0! ' mon
O0Cf d2NRBOKSYX h@SNI bz 0> gKAOK dzy RSNH2Sa YAYAYL
F M A& O2YLINBaaSR GKSNB A& yS3atAa3arotsS IRAFoFGA
mechanical compression alone as no heating occursaagdirop 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.
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Figure 2.15: Pressure trace olrtad from compressing 500 mbar perfluoropropane in the original
RCM.
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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 therhture 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 chamNJ y OKA y 3 NEKI &l Ab2AY hll eb FhyeR
pressuredepencent chainLINR LJF 3 G Ay 3 NIblaO G A{PM). Thereftre, these two

reactions have been studied extensively [37,55,84,96]. Forigbsure conditions, the thermal
decomposition of hydrogen peroxide AB}) via the pressurelependent reaction D6 ba v T hl

be hlobal 0S02YSa ONKFORRYAYINBEk ODK2YK¢$ CAyLffex
intermediate temperatures, the reactiontb  1olmc bO:b | A& AYLRNIFYyGe Ay @K
accurate ignition delay times. Figure 3.1 shows the igmibiehavior in low; intermediate, and
hightemperature regions for 8, 16, and 32 bar. The figure also gives reactions that control the

ignition behavior in each temperature region. Under lowto intermedi@eperature conditions (in

the temperature rangé Y 3Sa G A3 SR Ay w/ ad03X KEeRNBHSY BREARL G
l hebatx gKAOK f SI Ra ,aficals. Kif hydiNdrBxyrtadidalresctsavith H h

leading to the formation of 0., which decomposes into two OH radicals. At higkenperatures

OAY GKS GSYLISNI GdzNB NI y3ISe Ay@SadA3al GSRh AtyA aK2 O
h i ' Y Red Ha Ub Th+aW)Hheads to an unusual pressure dependence of the ignition delay

times. Depending on the pressure, at higher temperas the oxidation process is mainly governed

08 | tbhhdA hl o 5dz2§ (2 (KS LINB&&uzHBa RSO RSY OS 27
the



3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND
SYNGAS MECHANISM

Figure 3.1: Main reactions as functions of the temperature regime for a mixture ot ®.@H 3.76
Ar tesied with the present mechanism at-j 8 bar, ) 16 bar, and-(- -) 32 bar.

GSYLISNI G§dzZNB NI y3IS Ay KAOK OKSEANOAYLBEROAZY bOEGOSGS

2(+M) occurs depends on the pressure, Fig 3.1.

3.1.2 Sensitivity Analysis

A sensitiity 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 speedsewasiined. The analysis was
LISNF2NY¥YSR 20SNJ I ¢6ARS Nry3aS 2F LINBaadiaNBEa om b wmn.
delay times (Fig. 3.2). Each reaction is increased and decreased by a factor of 2 in calculating the
ignition time. The sensitilié O2SFFAOASYd o0 0 Aa OFftOdzZ +GSR o0&
calculated ignition times with the reaction increased and decreased, respectively. This analysis is
performed assuming ideal (constant volume and adiabatic) conditions:
log-¢
Ffp-g7 log

For the case of hydrogen, the sensitivity analy$i8 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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CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES

between the chaird NI Yy OK A y 3
00 bau

N 10 @ iOH2d/the Ichaikli

SNSYAYLFGAY3 NBIF OGA;

-(+M)l However, at higher temperatures (T > 1000 K), the reactivity is only

Sensitivity coefficient

- = (R1) H+0,=0+OH
——(R2) O+H,=H+OH

=== (R9) H+0,(+M)=HO, (+M)
——(R11) HO, + H=0OH + OH
——(R14) HO, + HO,=H,0, + O,
——(R15) H,0, (+M) = OH + OH (+M)
(R17) H,0,+ H=H,+ HO

10

Pressure / atm

100

Figure 3.2: Sensitivity analysis of ignition time delays as a function of pressure at 1000 K for the

present mechanism (mixte: H/ O./ N/ Ar=1/ 1/ 1.88 / 1.88). Only the seven most sensitive

reactions are included, for clarity.

controlled by the chaibranching reaction. At highressure and intermediateemperature

conditions, Fig. 3.2, the reactivity is mainly cofigd by the reactions producing and consuming

HOz, HRO0 b a v hl be

T

dbl Ol Hacu bOdbyY R @1 o KA &

NEBF OGAzye &85

NB I O0 Ay J,radidals €0 mhakk #D, which subsequently decomposes to produce two OH

>

NI RAOIFta fSIRAY3

02

OKI Ay ®ittlayiONeatyfaak [67B]EhesE A NE& (i

AR

reactions are countebalanced by the increasing sensitivity with pressure to the cteaiminating

NB I Ol Ay I.0le @+ Q. The sensitivity analysis for flame speed was performed using

Chemkin Pro [176]. The sensitivity analysis id1 wéispect 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

conditionsarecoa N2 f f SR 0o @&

T

H.b

Hb

0 KS LINB GA 2.04z3

I h(&M), but other reactions also play a key role:

hA Thillc b

ht gl ® | 6
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3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND
SYNGAS MECHANISM

l has I 6 Thhd¢ be

| hd ht ckO+Q
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Flow rate sensitivity coefficient

‘ = = (R)H+0,=0+0H ====(R9) H+0, (+M)=HO, (+M]]
I —— (R2)0+H,=H+OH ——(R10)H,+ 0, = H+ HO,
-0.2 4 g (R3)OH + H,=H +H,0 ——(R11)HO,+H=0H+0OH ]
J —— (RS)H, +M=H+H+M ——(R13) HO, +OH =H,0+ 0,
K ]
' —— (RB)H+OH+M=H,0+M
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Figure 3.3: Flow rate seitivity 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 maingntrolled by the production and consumption of H
Fd2Yad ¢KS OKFIAY OGSNXYAYLFGAY3T NBIFOGAZ2Y FT2NXAYy3 g4I

I bBE bTabO+M

is also important, and increasing its rate constant reduces reactivity.

a2NB2@0SNE Al KI & 08ao0S 1M & Rases Kdma redctivity undles
GSNE Sy O2yRAGA2YA 6. X ndT0 odzi AYONBladsa GKS
RdzS (2 GKS O2 YLIGH Alic 21y IS (g SbShyh |1 ¢h@ERQ. Undler lean

conditions, therer NE FS@SNJ | | (2Ya radidalicdnsumés $he Ol rRdicél €S | ¢ h
F2NY 6F0GSNI YR Y2t S80dzZ | NJ 2E&@3Sys 6KSNBI &% dzy RSNJ
N} RAOFf OFy NBIOG 6A0GK | bi2¥arTiaThadhkeRrédr®c hl NJ

AR LI NGAOdA F NI FGaSyaAzy 2 GKSES NBIOGA2YE Ay

Conaire” et al. [59]. For the case of syngas, a sensitivity analysis was performed based on the mixture
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CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES

with the higher CO concentration tiesl 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 systematkuni
by hydrogen

Figure 3.4: Most sensitive reactions at 1000 K and pressures of 15, 30, and 50 bar. Mixture:
H/ CO/Q/ N2/ Ar=25/10/6.25/18.125/ 63.125.
chemistry:
CO+O0O+M'T [/ A M
CO+@r [ RO
/' h b thil/db | 6

/' h botl Hegb hl 6
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3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND
SYNGAS MECHANISM

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 kineticenhanism 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 expesiofent
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 evalnaias been performed through four
main steps, which are presented in Fig. 3.5. These steps are as follows. Figure 3.5(a) presents the
AYyFtdzSyOoS 2F (KS NBI@iA2y NIGS F2NJINBFOdGA2ya | b
T h BA hib R k@:6H. Thisresultsintheinter®eA I (S YSOKI yAAY OF f f €
Figure 3.5(b) presents the impact of the reaction rate for first presfuLISY RSy & NB I Ol A2y
20 ba 0 To(+M)lama results in the second intermediate mechanism, called step 2. In Fig. 3.5(c),
the impact of two recentecommendations for the pressure dependent reactio®d ba v T hl
be hldébad Aada |3aSa3SR® hdzNJ NBO2YYSYRFGA2Yy NBadz i
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 andssociated rate constants for the/BO mechanism are provided in Appendix
A. The thermodynamic values used for species are also given in Appendix A. The enthalpy of
F2NXYI GA2y2F hl NIYRAOFfa A& FTNRY (KSomaiadddoyd 62 NJ
|l h®Hndpn (OFfkY2f0 A& FNRY . dzZNOFGa FyR wdzaOA0Qa R

I b dtrech BNe

¢KS NBI Outhzhy HA Bhilhey2i 2yfé A& SEGNEBY S0 KAYYWLEZANG |y

(Figs. 3.2, and 3.3) but also dominates/controls the oxuatif 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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SYNGAS MECHANISM

32Ay3 2EARFGAZ2Y G KAIK GSYLISNY GdzNB 6¢ x mnnn YZ
approximately 1000 K, thiSrk QG A2y 02YLISGSa 6A0GK (.6a0INRPLIF BEGA2
2(+M), which is inhibiting, as it produces only one radical and not two reactive radicals, as in the

chainbranching reaction.

¢KS NBOSyiGfte YSI adaNBR MNIH/S HOR2yHANE il F2HR dpdé hal
in the mechanism. They measuredHabsorption behind reflected shock waves at 2 atm over a
GSYLISNI GdzNBE NYy3aS 2F mmnn b mpon Yd ¢KS& O2Y06AyYyS
Masten et al. [37] over atemperat8r NI} y3S 2F wmnpn b ooT1n Y YR 7F2dz
the overlapping temperature range. Based on these two datasets, a rate constant was determined
2OSNJ F GSYLISNY GdzNE Nry3IS 2F mmnann b ootn Y gAGK |
temperaure 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 $tis[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)).

b oD e bOb | G

This reaction was found to exhitat 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

Ff®d omMHnB8 Aa | FFEOG2NI 2F o f26SN) GKIFIy ¢aly3a I yR
sersitivity 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 Hidimensional tunneling (CVT/SCT) for the

reverse reaction which leads to,H IarmlBh b hl ®¢ ¢ KSANIJ OFf Odzf [ GA2Y
recommendation below 1000 K and results in ignition delay time predictions that are much more
consistentwithMittd I yR {dzy3Q& YSI adaNBYSyiad |1 26SOSNE (KS
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 constanRan Y 4§ OK . I f RgA Y

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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CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES

theoretical rate constant isised. Therefore, the unaltered theoretical reaction rate constant
calculated by Ellingson et al. [78] is used in the present study.

I b h@&bal T(+tM)h e

¢tKA&d OKFAY LINRLIIFEGAZ2Y NBI OOAR yEA sKIADKO 22 YNISHS &
temperature reactivity and requires a presstdependent rate constant expression. A new
pressure and temperaturedependent rate constanfor this key reaction has been determined by
CSNYIFyRS&a S ftd oyné 2OSNJ I LINBaadz2NE NIy3aS 2F wm
K. This rate constant is based on experimental measurements in gtdgbure flow cell. The
pressure and tempér G dzZNE NI yaB b2 F 1 (+Bhwhscfurther extended, using
unimolecular rate theory. However, the lggressure limit rate constant proposed by Fernandes et
al. [84] for argon as a bath gas reduces the reactivity of the mixture and results irsigrtesong
aK201 GdzoS A3dyAdAizy RStrea Ay GKS (GSYLISNI GdzNBE N
NEBI QiA2y SELISNAYSyiGlEftte Ay FNH2Yy 2@SNJ I (SYLISNI
NIy3aS 2F wmn b wmpn o0F NE ¢ &Sagsn expert&msli o/ lBviesr S G | €
GSYLISNI §dzZNS NI¥ y3IS 2F onn b dnn YO

Combining the lowpressure limit rate constant from Bates et al. with the hgglessure 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. Thedsure
limit defined by Fernandes et al. [84] for a temperature range of BOO conn Y NBadzZ §a
2POSNILINBRAOUGUAZ2Y 2F GKS O0dz2NYyAy3I NI GS +dG o¢ x mpnn
dependence with increasing pressure. Michael et al. [53] studied this reaction in various bath gases
near the lowpressure limit. Theiwork 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 linatehat
higher for He than Ar. In the present study, increasing theposgsure limit by a factor of 1.5 results
in better agreement of mass burning rates.

HO0bal T hl hddbale

The second main pressudependent reaction involves the dissociation of hydrogen peroxide into

two hydroxyl radicals. Under higiressure and lowto intermediatetemperature conditions,

ignition delay times are highly sensitive taglchairbranching reacton 0,0 ba 0 1 hl be hl 0 b.
(Fig. 3.2). Pressie SLISY RSy G NI S O2yadlyid SELINBaairzya F2N
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published by Hong et al. [94] and by Troe [182]. Hong et al. [94] performed a shock tube study at
1.8atmovéN I GSYLISNIF GdzZNBE NI y3IS 27F wmn-presduredimitrateY | YR &
constant together with a higipressure limit rate constant from Sellevag et al. [97,183]. Troe [182]
reviewed the experimental data, performed a theoretical study, and deravptessure 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 highessure limit than that employed in the O Conaire”
mechanism [59]. Thus, the resulting rate constants present steepesffdilehavior, and their rate
constants are lower at low pressure and higher at high pressure. Thiksr@sincreased 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
pn o0l NJ 6 CA 3 ddydleg) averns a widetpheBsG€and téniperature range, and the use
of his recommended set of rates accurately predicts the pressure dependence of the system. In this
OFrasSz A3dyAltArzy RStFe G4AYS& | NB I OOdznite dorStrds LINBRA O
has been adopted for#@6 ba0 T hle b hlobald Ay | ada20AF0A2Yy GA
| b bBal T1(+M)lran Fernandes [84] and Bates [55] previously discussed.

HOb hl et bh bl he

This reaction requires the sum oifvd rate constant expressions to accurately reproduce its
temperature dependence. The sum of two rate expressionsfbl h | 6h T b Lpublighed

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 #D,decomposition by Hong et al. and by Troe. We observe a low sensitivity
of the mechanism to these reactions for the conditions depicted inF.and have adopted the

recent sum of two rate constant expressions from Hong et al. [94].

| ba&l obafc LOEM)

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 by a factor of 2. More recently, Srinivasan and Michael [95]
LISNF2NYSR | aK201 (dzoS &aiddzRé 2F GKS GKSNXYIf RSO?
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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CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES

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 [&@hated 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 constatower than previous recommendations. This rate constant
for this reaction has been optimized in the current mechanism, a rate constant that is slightly lower
GKIFYy [AQad NBO2YYSYRIGA2YS YR GKS STFFTFAOASYOASa
adopted to get the best agreement for the current mechanism with experimental flame speed data.

Hbb hler | BOI 6

{AYAT I NI G2 NBI OiGOHMYabdve, tame dpded psedictions gre also very sensitive
to this reaction under fuelean conditims. 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 wave® @S NJ I G SYLISNIF bdzNd vNI yY3 S V2R [pndB & & dzZNB NI y 3

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 frarnaédl and
Sutherland [35] and Oldenberg et al. [41].

| h hl et LO+Q

This chain termination reaction, which is highly sensitive for-iegsh flames (Fig. 3.3), has been
studied experimentally and theoretically by many authors [34,94,95,98,18%}eler, 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 nonrArrhenius behavior. Theported 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 experialgrivy 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], wheecommended the rate constant defined by Keyser et al. [34]. However,

they recommended that future work be carried out to measure thatmn rate in the intermediate

GSYLISNI GdzNBE NI y3IS 6pnnbmunn YOS RdzS G2 F tF01 27
[34] was adopted but has been reduced it by 15% to improve model agreement.

I hao 20 G O+ QG

This reaction inhibitsgactivity under lowtemperature, highpressure conditions. This is due to the

competition with reaction lib 120 ¢ bO;b | @  bkré&actd with Hy it produces one D,

GKAOK gAff RSO2YLRAS Ay 2radicd Radhto th piddiRio®df tvad © ¢ K dza =
hl NIRAOIFIfad LYy ORYINE & 2®EQOABY DdeX 2 ¥ ,ridieds miwh c
producesone bD,> (G Kdza f SIFRAYy3I (2 G662 hl NIRAOFfaX ¢KSNE
formed through the other pathway. Thereforeyis 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 (ly 13%).

H+Q1 | hts | G

The rate constant used in the mechanism from O Conaire” et al. [59] was taken from Tsang and
Hampson [181] and is a twmarameter Arrhenius fit. However, the use of this rate constant
increased the initial reactivity in flow reactor simulatioof 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 rArrhenius threeparameter fit and its preexponential

factor has beemeduced by 30% in order to reduce the reactivity at low temperature and keep the
same reactivity at high temperature.

3.14 Development of the CO Suhechanism

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:

@O +0(+M)" 1T [/ A+M)
CO+@[ /MO
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/'h b thi/gdb | ¢

/' h botl Heb hil

These four reactions are discussed below. Moreover, syngas oxidation does not show a great
sensitivity to the HCO sulbechanism. However, these reactions are important ffame 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 collaborationfp T n 06 NEb muvd 'y hoohol b
6.25% Q@+ 81.25% B

CO +O(+M)" T 1 A¥M)

Initially, this reaction was described with a Lindemanndélexpression, adopting the lowpressure

limit from Westmoreland et al. [71] and the higinessure limit from Troe [188]. However, this
combination does not accurately reprodutlee pressure dependence of rich, higifDcontent
syngas flames, such as those measured by Sun et al. [112], resulting in astovation of the

flame speed. Sun et al. [112] recommended the rate constant defined by Baldwin et al. [189], which
increaseghe 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 ¢fté¢«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, anduggest that further work may be needed at high pressure and at high CO
concentrations. The satisfactory agreement was obtained by adopting the Lindemaduff fall
expression and third body efficiencies recommended by Davis et al. [67] but reduced by d3% an
25% for the lowand highpressure 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%rHL:7 Q:He, T= 298 K).

/' h b hife/d | 6

Therate constant@ SR Ay 2dzNJ YSOKFYAAY F2N) 6KS NBI OlGAz2yY

from Li et al. [81]. As stated by Li et al., based on the work of Zhao et al. [190], the laminar flame

0 S

dLISSR LINBRAOGAZ2Y Aada KAIKfE aSpariB@ABYhodaliKSc NBI

/ hobatod ¢2 206GFAY O0SGAGSNIFANBSYSyid 6A0GK FElYS
et al. single reaction rate constant for the former reaction was replaced by the set of two reactions

proposed as a result of the theoreticalidy performed by Joshi and Wang [118].

/' h botl Heb hi

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 recentighmdby

You et al. [122]. According to many authors [§P35], this rate constant considerably improves the
prediction of RCM results published by Mittal et al. [75].
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CHAPTER 3. HYDROGEN AND SYNGAS MIXTURES

3.1.5 h | &submechanism

Most of the ignition delay times recorded in shock tubes based on the measurement of the

OKS YAt dzY A y S § éitbey theSonsat Bf the endssion [129], the maximum rate of increase

2T GKS SYAaairzy ooerBissianNgs]iTh&efotdSitlislimpartant td fr&lictlan

I O O dzNJ ?é&n8ssidn Ipddile. Kathrotia et al. [191] recently published a new snbchanism for

i KS ?¢hémsluminescence based on a previous study by Tamura [192] and updated with a new

NI G§S O2yaidlyld F2MAGTKS D TBNM F+dinRessurat Hurii Isikdube
SELISNAYSylGaed ¢KS NI dGS O2yadlyid 27F (RpotleandS|I OGA2y
hence the ignition delay times derived. Therefore, the results herein are not dependent on the rate
O2yaidl yi “ehctian Kahdihenod teebsolute value of OFconcentration). This sub

mechanism has been added to the/€@O mechanism to predict accurately the ignition delay times
YSI&adNBR Ay aK201 (dzoSad ¢KS NBI Olfsumééhanisy R | 4420
are provided in Apendix 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 testedincluded 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 rsistuget%

Fd . I nopd ¢KAA o6l a GKS o6A33Sad STFSOU F2dzyR 4 ¢
options. For all of the flame speed results presented below, we used the-coatiponent and
thermal diffusion options. Next, we investigated thember of grid points in the ordimensional

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 paramets 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
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For the ignition calculations in a rapid compression machine, the calculation uses a volume profile
generatedfrom the nonreactive pressure trace. The volume history used for the simulation

included the heat loss during the compression stroke by adding an empirically determined additional

g2t dzySz FyR GKS KSFG t2aa | FiSNAKS ByR @FNB 2SrH.INY
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 initahditions.

For long ignition delay times at lower temperatures in the DLR stk 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 &htoabe 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 psure and temperature variations decoupled from the effects of heat
release by chemical reactions combined with pressure relaxation effects along the shock
LIN2 LJ 31 GA2Y RANBOOUAZ2Y RdzS G2 GKS &akK201 GdzoSqQa
assumedor a time period of typically 25 us or shorter, depending on the temperature increase du
G2 KSFGO NBESIFAS oO0k¢ke¢ X nopr0X | tCw gAGK O2yadtl
propagation of the pressure increase by heat release within atifteRstep along the propagation
direction of the reflected shock. The correction of thesgiynamic 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 pofiles are then calculated by applying adiabatic and isentropic conditions. These
temperature profiles are used instead of constant initial temperaturg®rTthe simulation of the
experiments. Thus, temperature variations are caused both by the gas dy»hand 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 concentratitespradasured

in a flow reactor and JSRs and laminar flame speeds. These studies cover a wide range of
GSYLISNI §dzNBax ynnbupnn YI YR LINB&aadz2NBas wmbpn
presented below against a selection of targets coverirgfthl 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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H.+ 95% CO over a temperature range of 800 MT n 1 Y -dfcgnipreFsdriNdreSsyirdfrom 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 aprésBu NI} y3S 2F y b oH o0F N Iy
University of Connecticut was performed at a higher pressure of 70 bar.

NUIG RCM Measurements

Mixture %H %CO %Q % Diluent , p/ bar T/K

100% H 12.82 0.00 18.32 68.86 035 8,16,32 ddop b my
100% H 1736 0.00 17.36 65.28 05 8,16,32 ddHCc b wmys
100% H 3.47 0.00 3.47 93.06 0.5 16 MamMn b ™

85% H+ 15% CO 1090 192 18.32 68.86 035 8,16,32 dpH b My
85% H+ 15% CO 1476 260 17.36 65.28 05 8,16,32 ¢don b wmys
85% H+ 15% CO 295 052 347 93.06 0.5 16 Mmnon b m
50% H+ 50% CO 6.41 6.41 18.32 68.86 035 8,16,32 dpH b My
50% H+ 50% CO 8.68 8.68 17.36 65.28 05 8,16,32 ¢pHC b My
50% H+ 50% CO 1.74 1.74 3.47 93.06 0.5 16 MAHAN b ™
25% H+ 75% CO 9.62 3.2 1832 68.86 035 8,16,32 dhtTmM b My
25% H+ 75% CO 13.02 434 17.36 65.28 05 8,16,32 ¢dhecwm b wmys
5% H+ 95% CO 0.64 12.18 18.32 68.86 035 8,16,32 Mmnoc b ™

5% H+ 95% CO 0.87 1649 17.36 65.28 05 8,16,32 dcdyn b myJ
Table 3.1: Molar compositions and cotialis of H/ CO mixtures tested in the RCM at NUIG.

LIyAdAarzy RStfle& G4AYS&a 6SNB NBOSydGfte YSIFadz2NBER F2)
in the rapid compression machine from the Combustion Chemistry Centre (Figs3.338.
Measurements wereperformed 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 bighe
GSYLISNI GdzZNBaz | ONRaa 2@SNJ adl NIa G2 ,10Sh 26/ SNBDSR
hl | yR® bla 0b Tt+M).Hnereasing the amount of CO in the fuel mixtures results in longer
ignition delay times showing the inhibiting effect of lsan 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 @ssure 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.sfudy has been
performed using stoichiometric conditions with 100%, 50%, 25% and 10%thd
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Figure 3.9: Effect of pressure on ignition delay times of syngas mix@ites;, 016 bar,
NoH oOFNJ G . ,Ff15% OO (b)50%H505% O [t} 25% H75% CO (d) 5% H95%
CO performed in ta 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
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CO,0025% H/ 75% COIN 50% H/ 50% COIH85% H/ 15% CO,100% Hperformed in the RCM at

NUIG, lines are model predictions.

83



CHAPTER 3.

HYDROGEN AND SYNGAS MIXTURES

Table 3.2: Mixture composition for the ignition delay times experiments takeéherRCM at the
University of Connecticut as part of a collaboration.

H./ CO fuel mixtures with nitrogen dilution at an enflcompression pressure of 70 bar and an-end
GSYLISNI GdzNB NI y3S
carbon monoxide on the syngas ignition delay times which increase with increasing amounts of CO

ofO2 YLINBaaAzy

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 signifitdor 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

He(%) CO(%) (%) Ne(%)  Te(K)

12500 0.000 6250 81250 ¢mn b |
6.250  6.250 6.250 81250 PHp b |
3125 9375 6250 81250 dgpp b |
1.250  11.250 6.250 81250 pT O b |

arein very good agreement with the experimental results.

DLR Shock tube measurement

2T dmgeffdstofmncy

Fuel Ho Co 07 N2 Ar Ts ps
(H/CO) (%) (mol.%) (mol.%) (mol.%) (mol.%) (mol.%) (K) (atm)
0.1 0.81 4.03 9516 dHp b 11,4,16
100/0 0.5 3.47 3.47 93.06 bpn00® 11,416
40 1254 1.57 85890 dop b 11,416
85/15 0.5 2.98 0.52 3.51 46.57 4642 wMnHn b 16
0.5 1.74 1.74 3.47 9306 yTn b 11,4,16
50 /50 0.5 1.74 1.74 3.52 47.32 4568 wMnnn b 16
1.0 2.96 2.96 2.96 9112 ¢mn b 11,4,16
5/95 0.5 0.17 3.30 3.47 93.06 cnn b 11,4,16
1.0 0.30 5.62 2.96 9112 dcpn b 11,4,16

Table 3.3: Experimental conditions for the shtwalie experiments at DLR as part of a collaboration.
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3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND
SYNGAS MECHANISM

Ignition delay times of hydrogen and hydrogeaarbon 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 DLRTSmeasurements 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 equivalendgfa2 & 2F . I ndp YR wmodn
RStlFe GAYSa 2F @OSNEB €SIy 6. I' nom0O FyR FdzSt NAOK
= 0.5 as inert gas were determined. Experiments with different ratios 613@ (50% / 50%, 5% /
95%) were pdormed to determine the influence of CO on the ignition of syngas. The ignition delay
times of two H/ CO /N/ Ar mixtures (H/ CO = 85% / 15% and 50% / 50%, 508N 50% Ar) were
also determined at 16 bar, Table 3.3. The results of measurementsharen in Figs. 3.13.16
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 tem@atures in the DLR shotlbe, 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 th simulations by using MPFR (Multiple Plug Flow Reactor), an extension to CHEMKIN
I [193]. This program, developed at DLR Stuttgart, takes into account gas dynamic effects causing
pressure and temperature variations decoupled from the effects of heataseleby chemical
reactions combined with pressure relaxation effects along the shock propagation direction due to
GKS aK20] (dzoSQa WwW2LISy SYyRQ O2yFTAIAdz2NI GA2y d ¢ KdzaZ
25 s or shorter, depending on the temipd (G dzZNB Ay ONBIF &S RdzS (2 KSIG NBf
with constant pressure conditions and takes into account the propagation of the pressure increase
by heat release within a PFR tiratep 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 ignitidre ®mperature profiles are then
calculated by applying adiabatic and isentropic conditions. These temperature profiles are used
instead of constant initial temperaturesfor the simulation of the experiments. Thus, temperature
variations are caused botty 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 influencelaignition delay times. For the
5%HK p: /h YAEGANB Fd . ' nopr CAId odmnz (KS
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Figure 3.12: Measured and calculated ignition delay times of & Ar mixture at an equivalence
NI A2 . ' nom FyR | RAf dziiA 2 ysh@Ktube 2t PR a9patdB &R YSy i &
collaboration.

Figure 3.13: Measured and calculated ignition delay times of &k N>mixture at an equivalence
NI GA2 . I nodp YR | RAfdziAz2y 2F mYpd 9ELISNRYSyi(a
collatoration.
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Figure 3.14: Measured and calculated ignition delay times of a syngas,(595% CO) / & Ar
YAEGdZNBE 4 Fy SljdaAa @l tSy0S NrGA2 . I ndp yR I RAM

tube at DLR as part of a collaboration.

Figue 3.15: Measured and calculated ignition delay times of a syngas (b0%0% CO) / @ Ar
YAEGdzZNB G +y SlidA@gltSy0S NridA2 . I nop FyR ' RAf
tube at DLR as part of a collaboration.
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Figure 3.16: Measutk(symbols) and calculated (lines) ignition delay times of two syngas mixtures

(85% H/ 15% CO and 50% +60% CO) / & inert gas (50% Ar / 50%N\mixture at an equivalence

NI GA2 . I nopX | RAfdziA2y 27F ™Y erformédin dshocBNB & & dzN
tube at DLR as part of a collaboration.

&

simulations predict longer ignition delay times at high temperatures. This may be caused by
LINEOf SYa 2F RSUOSNNYAYAY3I aK2NU ATy Amadinugi, séeSt | & (A
discussion blow. 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 theunegkignition delay times.

The syngas mixture with 5%, H95% CO shows much longer ignition delay times at higher
temperatures compared to the other hydrogen containing mixtures and compared t@é @44 Ar

YAEGAINBE 6. I ndm0 SAGK | AAYAEIN 26 KERNR3ISYy O
LINE & a dzNBemiissfoR préfiles; Fig. 3.17. The pressure profiles show only a slight increase of

GKS airaylrt F2N I °sigmalysBow & kevySrodd paak bedinSing hwithca 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 H/ O,/ Ar mixture with the same hydrogencdrSy & 6. I' nop= / h NBLX I OSR
at 1240 K and 3.79 bar. It can be seen that the hydrogen consumption is fast causing a steep increase

2 T (i KSgndl. Tke much slower CO consumption is initialized by the hydrogen reactions. The
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slow CQpxidation causes only a slow temperature increase so that the observed pressure increase
Aad | faz &AaRAPIECKBaAhaG26te AYONBlIraAy3d (G2 | YI EAYd:

Figure 3.17: Pressure and emission signal of a (3%3% CO) /@ ANJ YA EG dzNB 6. T
1.0, dilution 1:5) at = 3.79 bar andsF 1240 K taken at DLR as part of a collaboration.

Figure 3.18: Calculated temperatures and concentrations of a (3%5% CO) /ex ! NJ YA E{ dzNB 6
= 1.0, dilution 1:5) and a;HO,/ Armixture6 . ' ndnp= / h 2F GKS &ae&y3al a YA
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p =3.79 bar and T = 1240 K. black lineE: HI NB S y ?, blue yin: &L, reld lines: temperatures.
full lines: 5% b 95% CO, dashed linesitllken at DLR as part of a collaboration.

Figure3.19: Calculated temperatures and concentrations of a (50060% CO)/ex ! NJ YA E (i dzNB 6
= 1.0, dilution 1:5) and a;HO2k ! NJ YAE(GdzNE 6. I nopZ /h 2F GKS ae
= 3.79 bar and T = 1240 K. black linesgkeen lines: O & blue line: CO, red lines: temperatures.

full lines: 50% H 50% CO, dashed linesithlken at DLR as part of a collaboration.

and O atoms by the reactions during the CO oxidation:”

/' h b thl/ldb | G
| ®BThb hHA
| BEM)'T hl obable

Conparing the concentration profiles of the hydrogen and the CQ//®b/ Ar mixtures it can be

seen that hydrogen is consumed earlier for the CQYW E 1 dzZNB & RdzS (2 4 KS NBI O
CQb hl @gKAOK (NI yaT2Nical into ahofdedctivdOH rAdical. ake faster h 6

| 602y adzYLIiAzy €SI Ra i’producyion. eveithéleSsNthe2am@dntith of 2h@ h | 6

h | "@ccurs at significantly longer times for the/lCO mixtures compared to the pure idixtures
duetotheslowoxil G A2y 2F /hod a4 ¢S RSTAYS GKS AIYyAGAZ2Yy |
signal, significantly longer ignition delay values for the 56 3%% CO mixtures are observed

compared to other hydrogen containing mixtures. Using definitions of the igriidely times like
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G2y asSi ZFYXNKBA Y& 2N aYFEAYdzYy KSIG NBfSFasS NI GS¢

of the measured ones would be determined. This problem of the strong dependence of the values
of the ignition delay times on their definitmois only observed under dilute conditions with high CO
content. For the 50% 4A50% 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 ik also accelerated for undiluted conditions compared to thé H

O/ Ar mixture. For the 50%24A50% CO mixture the acceleration of theigsition is very small. If

the 5% H/ 95% CO mixture is furtherdi8tR 6. ' nodpX RAf dziA2y wmYwmno
SPSy &t 26SN O dz&a&nyfs3ionlsign@ SithBwo seNdRate@®maltimasdue to the fast
oxidation of Hand the slow oxidation of CO [144].

Texas A&M University (TAMU) Shock tube measurement

All the TAMU g 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 ignitibwarious H/ CO / Q mixtures

(with Hx/ 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, redts 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 8020¢ CO miare would

not present any distinguishable difference from thg/®;results of the present study. For all the
mixtures, a crossover in the ignition delay times is observed with increasing temperature. As for the
H,/Ozmixtures
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Hz O Ts Pps
(mol. %)  (mol. %) (K) (atm) 0.12
btp b 11.67%
0.3 0.75 1.25 mMmndn b 144%19 0.15
MMpp b 328x14
dcn b 11.65% 0.23
0.5 1.0 1.0 Mayp b 133+1.0
mMmmcn b 328x15
Table 3.4: Experimental
conditions for the Mnop b 166+  shocktube study of
various H / O 10 133 0.67 1 . 14041 3mixtures diluted in
98% Ar at TAMU by~ ' ' P MU E S esearchers at  this

facility as part of a Mmn b 33.8+0.9¢0|laboration.

inthisstudyand y oyy 8% Al A& RdzS (2,70 WS b2 WWIS ii+MRAG2 YT bS5
T | h(eM). This unusual behaviour indicates that hydrogen is still governing the reactivity of the

H./ CO mixture (even though an increase in carbon monoxide causestiiat@mn 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 of2HO> mixtures diluted in 98% Ar were determined forele 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 $¢r@4 mixtures under the
conditions investigated and the experintahtrends 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 fom [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 welbdegged 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 kinetiodel 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),
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the predictions of the model compare quite well with experimental measurements@at &t pna 0 I NJ

for stoichiometric hydrogesair mixtures.
The current mechanism is in good agreement with the experimental data from Herzler and

Figure 3.20: Ignition delay times ofHD;k ! NJ YAEGdzZNBa 6. I ndo0 YSI &dzNE

part of a cdlaboration.

Figure 3.21: Ignition delay times ofH0;k ! NJ YAE(GdzNB& 6. I nodp0 YSI &dzNE

part of a collaboration.
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Figure 3.22: Ignition delay times ofHD;k ! NJ YAE(GdzNB& 6. I modn0 YSI &dzNE
part of a colldoration.

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 intermegltemperature, 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 chainNJ Yy OK A y 3 NJ& D &'iDN and the chainb h 6
propagating reactiorg, | 20bb ahic T2(+M)hAs low temperature, the reactivity is controlled

08 | Otbahc T0bde YR |G KAIK L SYHLIBSMF thdzNS 32 AdieK 1A yHd
LINBaadz2NBsx GKS NIXIdS 2F OzftAaizy AyONBa&ESwH WBIKd OK
HDbal 2O8NIh bbA thd @ ¢KSNBEF2NBZ Face (GKS LINBaddzaNE A
G§KS (NI yaaboea/0 T (@ hhe b Ah &l A& AKAFGSR (2 KA
¢KdzAX Ay (GKAa Ayl SogeNod péssuie Sxperiimedity $liSmalstipagbiTeachivityy”

than high pressure experiment resulting in this unusual coy&s 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
bl dzYFyy wyy8d t ly3/Q&mbiutes at 3.50tdm&@Bm & Méen compared to
I SNt SNDR& RIGF wyy8 6 CA 3 dmeota datalsets neady ocetay. Pang aSSy =
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 timesas@ed in Ar byoHerzler and Naumann [88] (4.0

bar, 5.87% ki 2.95% € and Pang et al. [91] (3.54 bar, 4%#+2% Q) 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, indwputed 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)). Theimgmal 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 ovthe temperature range. Even if, hydrogen ignition delays have been
extensively studied, there are only a few studies eh®0D ignition delays. Kalitan et al. [129] studied
the effect of hydrogen addition to CO in a shock tube for pressures from 1 tatriSover a
GSYLISNI G§dzZNB NI y3IS 2F dpumpbmuHcna Yd ¢KS LINSBRAOUGAZY:
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 sigeént 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% Eand 80% K Kalitan et al. [129] also studied intermediate mixtures (40% and 60%
H.) which wee removed from the figure for a better understanding. At higher pressure, the
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Figure 3.24: Ignition delay times measured in Ar: (a) 1.9%1:H0% ©[194], (b) 2.0% H 1.0% @
and 0.1% bk 0.05% [66], (c) 8% K+ 2% Q[26], (d) 4% bH 2% Q[24], symbols: experimental
data, lines: model prediction.

CA3IdzNBE oduHpY LIAYAGAZ2Y RSftl @& GAYSa YSI &dazBR o0& VYl
ho/ ho b,+M5.20pAr), dashdihe and opersymbols: p = 15.4 atm, solid line and solid

symiols: 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% ({RcgH+ RJCO) + 6.25%:,0@ 18.125% N+ 63.125% Ar)p.= 15 barTc= 1028 K0
pc= 30 bar = 1010 KN p.= 50 bar J= 1044 K, lines are model predictions.

NEF OGAGAGE 27F YA ErandeNdBezmosiithe samk. 3t hgs to the neticgd that the
O2YLISOUAGAZ2Y St 658yhl BHERé In(+M)ist govern the reactivity

of mixtures with a high concentration of CO since the svwsr 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 ignitiorn 6CD
mixtures in theirRCM 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) atg= 30 bar. Mittal et al. [75] reported that the rate for tmeaction between CO and

I hasuggested by You et al. [122] considerably improved ignition delay times predictiosis@DH
mixtures. Even if the mechanism predicts a higher reactivity under all conditions, the correct
prediction of the inhibiting impacof 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 submechanism.
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3.1.9 Flame Speed Validation

Chemkin Pro [176] was used to performrmifl@a 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 mixéweraged 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-dimeensional 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 expemients 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). Modeattpesdiare 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 workight be needed at high pressure and high CO
concentration.

Flame speeds ofHCO 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 inhibitirféeet of CO is stronger for flame speed measurement
(Fig. 3.27). CO addition decreases considerably the reactivity/ @® mixtures but also shifts the
peak flame toward richer mixtures. The updated mechanism reproduces accurately this effect for
the owerall 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 areglivg for equivalence ratio lower
GKFy I nond ! OO0O2NRAYy3I (2 2 Af-ainflames expeghientsD NO | NJ
exhibit strong thermabiffusive effects that lead to cellular instabilities that cause the measured
flame speeds to exceed the calculated for planar hydrogen flames. These thedlifaisive effects
are multidimensional in nature and cannot be treated by a-dimaensional (1D) laminar flame
code as included in the Chemkin packages.

Flame speed predictions for the improved cheatikinetic 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 B 100% bMWu [31], 100% #Dowdy [38], N 100% T se [48]; 100% HLaw [145],

Z 100% H Egolfopoulos [39],/ 100% HVagelopoulos [42], + 100% Mung [44], 100% H
Lamoureux [108], F 100%kivon [54],5% H/ 95% CO Natarajan [10990% H/ 50% CO Natarajan
[109], 5% H/ 95% CO Scholte [11050% H/ 50% CO Scholte [110})5% H/ 95% CO McLean

[111], W50% H/ 50% CO McLean [1115% H/ 95% CO Sun [112]25% H/ 75% CO Sun [112],
50% H/ 50% CO Sun [112] lines are model predictions.
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Figure 3.28: Effect ofater addition of flame speed for differentleand / h YA EG dzZNBa ¢ .
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 resultse @n 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 ban 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 o 6O flames meased 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 repted the effect of water addition on 4HCO 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. Huigtiest 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 aightlly 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 mixtuBebar,(016 bar,N 32 bar, (a) 100%:H

' ndopx O0lBOndm Rkl 1 Sy 1A tfie ptesebt mechabifing @ O £dhairéd’

et al. [59], (---) Li et al. [58§,(¢) 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] sexténuaddition to

the present mechanism. For the syngas mixtures, the mechanisms of Davis et al. [67], and USC 11 [92]
were also compared. The updated kinetic mechanism is shown to agree very well with all
experimental data for both equivalence ratios.t®®e agreement with hydrogesir 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 thanmibe t
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 captureddéptesent mechanism and the
USC Il 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 highpressure, lav-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 r€yienell, 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
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effect of CO. The main differences appear at 0w intermediatetemperature due to the
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Due to the discrepancies for théghh 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
YR

mixture leads to longer ignition delay times and sees a sharp increase in ignition delay above 40%

z

Fd mMc OFNE wmMnnn YZX

' nopd C2N) GKS LINBaSyi

concentration this is reflected in the experimental results of Mittal et al. [75] and in the USC I

mechanism [92]. The mechanisms of Li et al. [81] and [@&wis [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
20 T T T T T T T T

-
(3]
1

10 +

Ignition delay time / ms

%H,

Figure 3.32: The effect of CO concentration on the ptedigynition delay times at 16 bar, 1000 K,
FYR . T nop F2NI 0KS Ay @Sa it fdpieSeRt mEKaSisng@UIC 1 Ay Sd A
Il mechanism [92], (---) Li et al. [8%],:€) 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
RStlF& GAYSa 6SNBE YSI&aAdZNBER 20SNJ I ¢gARS LINBaadaNBE N
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 constpregsions for several

critical reactions. The updated mechanism was validated for different oxidation studies (ignition
RSftle& dAYSaz IyR Ft+FYS ALISSRO YR F2NJ I 6ARS NIy
YO |yR SldzA @I f S yri@SnedNaniank gcéuratélyn réprobuced mgbdsure and

intermediate to highttemperature data relevant to gas turbine conditions. Under these particular

conditions, the oxidation pathway-B I.h ¢ 1 BO.follevedby HO,.6 b a0 T hl be hl 0o

104



3.1. DEVELOPMENT AND VALIDATION OF A HYDROGEN AND
SYNGAS MECHANISM

was falzy R G2 06S GKS Y2aid ONHOAIf F2Nb& | OO0dz2NI 4GS A3y

pressure (1 atm) and low temperature (below 1000 K) the reactivity is mainly controlled by the

O2YLISGAGAR2Y 0SG6SSYy (KS ,ODKhA $dNhg Ddnprgpagatig | OG A 2 y

NEI Ol A 2¢tsa b +(+NMkTais 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 gRodzO (i A 2 YNI2RFA Qlhfe 6 KA OK O2y addzySa 2 NJ LINZ
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 time

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 tibyes 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. Nevarfhe 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 mechams 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- lmwintermediatetemperature
6cdbnnbmman YO RdzS (2 GKS AYLRNIFYyOS 2F (KS 2EARI
Il b hxbald (+tMIHOsObal T hlhlibebal NBERIheEb | dc
At higher temperatures (above 1100 K), under shock tube condititnas reactivity is mainly

O2y UNREff SR 08 fiKBE BEIOI®@Y | b ho
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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 foundeal syngas mixtures include small hydrocarbons,
diluents (C@ HO, and N), and various impurities ¢8, NH, NOx, etc.) as well as&hd 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 workinséstigate 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 opeating 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 KIn this study only two different types of feedstock were considered, those from coal and
biomass gasification. The average CQrble ratio for these syngas mixtures was chosen to be 40
/ 60 and 50 / 50 respectively.

The flame speed calculations wereerformed using the highemperature version of
AramcoMech 1.3 [196], where |otemperature species (peroxy radicals, alkyl hydroperoxides,
ketohydroperoxides, etc.) and their reactions have been removed. The complete mechanism has
316 species and 1805 raams, while the higtemperature mechanism composes 188 species and
1273 reactions. The calculations were performed in ChefRkin[176] using multicomponent
transport equations as the work on the syngas mechanism had shown that this provides more
accurae results than mixturaveraged 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 bethgpth

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, controb CO/H
YAEGdzZNBEA WA yand bioddived $ridas imigrSs. The Hydrocarbons of interest in this
study (Cll GHs, GHs, and GHy) were then singularly introduced to these pure mixtures in order to
study their respective influences on the combustion properties on the pufed® mixtures. Two
mixtures werethen defined and studied for the ceahnd bioderived syngas including all their
respective additives (i.e. base/MCO, hydrocarbons, and diluents). The compositionall the mixtures
investigatedin this study are provided in Table 3.5

Mixture H2 CO CH CHs CH: CHb H20 N2 cQo
Bio-syngas 50.00 50.00 & b b b b b b
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Bio-syngasCH 4250 4250 15.00 b b b b b b
Bio-syngasCoHe 49.60 4960 b 0.80 b b b b b
Bio-syngasCoHa 4735 4735 b b 5.30 b b b b
Bio-syngasCoHz 49.65 4965 b b b 0.70 b b b
Bio-syngasHC 39.10 39.10 15.00 0.80 5.30 0.70 b b b
Av.Bio-syngas 21.75 21.75 8.50 b b b 20.00 13.00 15.00
Bio-syngasH0 40 40 b b b b 20 b b
Bio-syngas\2 215 215 b b b b b 57 b
Bio-syngasCQ 325 325 b b b b b b 35
Table 3.5: Bisyngas (BS) mixtures investigated (mole fraction).
Mixture Hz (6{0) CHh CHs CHs CH H20 N2 CQ
Coalsyngas 40.00 60.00 b b b b b b b
CoalsyngasCH 37.04 5556 7.40 b b b b b b
CoalsyngasCHs 39.32 5898 b 1.70 b b b b b
CoalsyngasCHa 39.96 59.94 b b 0.10 b b b b
CoalsyngasCHq 39.948 59.922 + b b 0.13 b b b
QGoalsyngasHC 36.268 54.402 7.40 170 0.10 0.13 b b b

Av. Coabkyngas 23.48 35.22 1.60 b b b 21.80 850 9.40
CoalsyngasH0 15.2 22.8 b b b b 62 b
Coalsyngas\2 18.8 28.2 b b b b b 53 b
CoalsyngasCC 31.2 46.8 b b b b b b 22

Table 3.6: Coaynas (CS) mixtures investigated (mole fraction).

for the bio-derived syngas and in Table 3.6 for the adalived syngas. The concentration of these
observed additives varies quite a lot in the literature. In the literature the hydrogen and carbon
monoxide @rcentages in the biderived syngas varied between 5 and 50.4% and the 8.1 and 50%
respectively [197199]. For the case of cederived syngas the compositions were taken from €97
202] with the H/ CO mole fractions were determined to be 40 / 60.

Theft YS &LISSR O2YLJzil GA2ya 6SNB LSNF2NN¥SR |

for unburned gas temperaturesy,Tof 300 and 500 K.

3.2.1 Baseline Mixtures

First the effect of the baseline CO /mHixtures on the laminar flame speed was investigatédure
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 bisyngas and coayngas mixtures has a relatively-im

107



200

-1

150 4

1004

50

Laminar flame speed / cm.s

—=— Bio-syngas
1—#— Coal-syngas

450

T T
15 2.0
Equivalence ratio

0.5 1.0

(a) 1 atm, 300 K

400

-1

350 4

300

250

200+

150

100

Laminar flame speed / cm.s

—a— Bio-syngas
—e— Coal-syngas

50

T T g T T T
0.5 1.0 1.5 20

Equivalence ratio

(¢) 1 atm, 500K

CHAPTER 3. HHOGEN AND SYNGAS MIXTURES

T T T T T T
100 _~*—Bio-syngas |
—a— Coal-syngas

‘@

£ 804 g
2

@ 60+ B
o
n
£

5 404 -
=
B
©

£ 204 _
£
©
-

D = T T T T T T =

0.5 1.0 1.5 2.0 25 3.0

Equivalence ratio
(b) 15 atm, 300K
300 " g ’ . ’ . ’
—=— Bio-syngas
o —e— Coal-syngas

£
o

- 200 - 4
o
o
=%
0
o
£
o

%100+ 4
©
£
E
©
-

1.0

T T
1.5 20
Equivalence ratio

25 3.0

(d) 15 atm, 500K

Figure 3.33: Laminar flame speeds for the baselineshimasand coalsyngas 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, eggially at the fuel rich conditions. Clearly, the lowercbhtent of coal

syngas leads to a lower flame speed than for thedyingas mixture. At the most extreme condition
investigated (i.e. 15 atm, 500 K), it can be seen (Fig. 3.33(d)) that the dffdctantent 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) detailthe 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 biosynghsaatsyngas. The
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3.2. EFFECT OF IMPURITIES ON SYNGAS COMBUSTION
effect of these hydrocarbons on the thermal and chemical effect on the baseline mixture will be
discussed in another section.

The addition of ¢H, has little effect on the laminar flame speed for lean equivalence ratios lower
than 1.5 (fo equivalence ratios larger than 2.0, a small decreaseisndBserved) conversely there
is a significant decrease in the laminar flame speed observed with the additions0GE and
GH., especially at fuel rich conditions. The observed decreadeifiame speed is very important
for GHsand, to a lesser extent, fonk;compared to Clyjiven their respective concentrations (0.8,

5.3, and 15%). Finally, it is evident that for the biosyrAdg@smixture the flame speed is significantly
smaller, withnearly a factor of 2 lower peak flame speed when compared to theygas blend.
The laminar flame speed is more than 10 times higher for thesyanmas mixture than for the bio
syngasHC mixture, at an equivalence ratio of 2.0. At the extreme condiiiovestigated (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. ksvalso 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 increas@iagbure
results in a reduction of the flame speed by approximately 40% for sHeCI® mixture. This is a
significant reduction in flame speed. This effect was also observed for the mixtures including the
hydrocarbon additives in even higher proportionis should be noted that 15 atm, the:kb
OSKI@A2dz2N) Aa afA3aKiGfte FYLXAFTASR O2YLI NBR (42 wm |
RSONBIasSa o0ro020S . I mMoepo 2F GKS fFYAYIFIN FtFYS a

The computed results at 15 atm and 500 K are shown in Fig. 3.84¢tdgse high pressure/high
temperature condition, it is evident that the effect of £ihd GHsaddition
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