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Abstract

Abstract

Theuseof natural gas (NG) for transportation and heduyy power generation applications has

led to an increase in demand for conventional andaoowentional NG sources. Moreover,
techniques such as exhaust gas recirculation (EGR) are useattol NOx emissions from
combustors such as internal combustion engines (ICEs) and gas turbines (GTs). Several studies
have shown that the presence of higher hydrocarbon and/or NOx species in NG mixtures can
significantly affect autagnition behavior, \ich is a critical parameter for gagrbines spark

ignited (SI), andhomogeneous charge compression ignitid@CIl) engines. Thus, it is critical

to understand the oxidation of NG mixtures containing different fractions of higher alkanes and
the impact of NOx species on the oxidation of their mixtures in order to mitigate emissions and
increase engine efficiency. Théee, this research study focuses on building a comprehensive
database of experimental measurements of ignition delay times (IDTs) for NG mixtures contain
C.11 C7 n-alkanes. Moreover, the effect of the addition of N@xboth methane and ethane
oxidation, the primary componestof NG mixtures, is studied. These data are critinathe
developnent of a reliable chemical kinetic mechanism to describe the oxidation of these
mixtures. In addition, the chemical kinetic mechanism is used to develop empirietioagu
which are helpful in quickly predicting the IDTs of different mixturége IDT experiments

were carried out in two independent but complementary experimental facititiidl Galway

namely the (red) rapid compression machine (RCM}ed for the lav- to intermediate
temperature regimes artde high-pressure shoctube (HPST)used to study thentermediate

and high temperatures regimes depending on the fuel nixsreactivity. The IDT
measurements were performed over a wide range of operatingicosdincluding compressed
temperature$Tc) = 6501 2000 K, compressed pressures) (= 101 40 bar and at equivalence
ratios (1) = 0.57 2.0. These data provide a direct understanding of the-igwiton
characteristics of the mixtures studied and are used together with a wide range of available
literature datancluding IDTs from RCMs and STs, speciation from a flow reactor (FR) and a
jet-stirred reactor (JSR), as well as flame speed data to develop a reliable chemical kinetic

mechanism.
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Preface

Preface

This manuscript presents the scientific results | have obtained since btaaieel my PhD in
July 2018. When | started my research at the Combustion Chemistry Cedirew@&s given a

task to learn how to use the rapid composition machine (RCM) which was the first time for me
to see such a piece of equipment. Once | was vefied and started to perform experiments, |
have been asked to contribute to experiments on different projects and these experimental results
have been included in two pemviewed scientific articles which are described in Chapters 7
and 8.

As part of myproject to study the autignition of NG mixtures comprising G C7 n-alkanes,
methane/NOx, and ethane/NOx, | acted as an experimental chemist and engineer. | was
responsible for updating the inlet manifold system of the red RCM &lyGnstalling a new
manifold with new connections which facilitated the connection of a mixing tank to prepare the
seven components-alkanes NG mixtures. Moreover, alLltank was used to mix the NOXx
species with the studied fuels (methane and ethand)aamew pressure gauge with a small
range of 20 mbar to accurately add NOx species at ppm concentrations.

Moreover, | have learned how to use the kigéssure shock tube. Oncevastrained | started

to perform experiments by myself to extend the experaiestudy of my project to higher
temperatures than those accessible in the RCM.

Over the last three and half years | have been fortunate to be involved in many such projects,
where my role as part of a collaboration has often been that of an experiotentast, and
engineer. In this way, | am proud to have a good role in my project team as well as with other
project teams. In this way, my research has been an interdisciplinary journey. To showcase the
complete work | performed, | have decided to write aticlebased thesis. The published
scientific articles are an effective way to communicate technical breakthroughs.

| have organized this manuscript into nine Chapters. Chapter 1 provides a background of the
research questions addressed and gives admseription of the lalscale reactors used in the
studies. Chaptersi26 include the peereviewed publications from my main project. Chapters 7

and 8 provide the peeeviewed publications of my experimental contribution to other projects.
Chapter 9 rports general conclusions and recommended future work. Finally, appendices are
included, which are a compilation of the supporting information from the publications and the

experimental raw data.

XXVil



XXVili



CHAPTER 1

INTRODUCTION



Chapter 1

Chapter 1: Introduction

This chapter presents the background and motivation of the work reported in this thesis and
includes the importance @fchemical kinetic mechanism in understanding fuel characteristics
and in developing an optimized combustor. Moreover, a laesfcription of the lalscale
reactors used to generate the experimental data is included and the simulation and analytical

methods used are discussed.

1.1 Background and Motivation

Controlling energy production and consumption plays a vital role in improwimg Istandards.

Fossil fuels remain the primary source of energy production and consumption being responsible
for about 80% of world energy supplyiagicatedin Fig. 1-1 [1].

Fossil fuels are a nerenewable source of energy that take millions of years to produce, and
reserves are bayndepleted at a much faster rate than are beitgeaed. Fossil fuels are a
unique blend in that they are an extraordinary energy source but also produce harmful emissions.
The process of extracting energy from hydrocarbon fuels (fuel burn) ultimatelyqes carbon

dioxide (CQ), water vapor (k0), and many other harmful emissions such a®gginoxides

(NOx), unburned hydrocarbonsulfur dioxide (SQ) and carbon monoxide (COYXarbon

dioxide comprises 74% of greenhouges (GHG) emissions, with thenajority (89%) coming

from the combustion of fossil fuels. Several combustion exhaust gases have been demonstrated
as GHGs including C& methane (Ck), and NO [2].

Natural gas (NG) is the lowest G@mitting fossil fuel when it burngl], Table1-1 compares

the amount of C®emitted per unit of energy output or heat content. Besides the low CO
emissions producedhile burning NG compared to other fossil fuels it counts ascanomical

energy source. However, strict measures and precautions must be taken to prevent leakage when

extracting, transporting, and using NG as it consists of mainly methane which iSgagEHG.
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Figure 1-1. World total energy supply[1].
Table 1-1. Pounds of CQ emitted per million British thermal units (Btu) of energy [1].

Fossil fuels Pounds of CQ emitted /1FKJ of energy
Coal (anthracite) 241.186
Coal (bituminous) 217.025
Coal (lignite) 227.259
Coal (subbituminous) 226.098
Diesel fuel and heating oil 170.181
Gasoline (without ethanol) 165.855
Propane 146.653
Natural gas 123.442

The potential of natural gas (NG) as an alternative fuel for transportation andchag\yower
generation applications has led to an increase in demand for conventional sswhwemntional

NG sources. NG is primarily composed of methane with some mealk@nes ranging from
ethane to heptari8,4]. The annual NG production, consumption, and gross exports report from
theUntedsat es (U. S.) Energy | nf or mafblislmows thedryni ni s
natural gas productioimcreased by 10%, reaching a recbigh average o2.636billion cubic
meterper dg (Bm3d). Despite the increase in U.S. natural gas production, the consumption rate
increased by 3%, led by greater use of natural gas in the electric power Beugrthe U.S.

natural gas gross exports increased 29% to 12.8 Bcf/d.


https://www.eia.gov/dnav/ng/NG_PROD_SUM_A_EPG0_FPD_MMCF_A.htm
https://www.eia.gov/dnav/ng/NG_PROD_SUM_A_EPG0_FPD_MMCF_A.htm
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The declining conceration of >C, specieson a volume/mol basis is an observed trend in
samples of NG found around the world. These are identified by Siemens Energy Canada Ltd.
who wants to ensure that NG mixtures of varying composition can be used intiishgaess and
determine if there is any limitation in terms of pollutants, power range, or fuel supply systems.
Thus, this study is motivated to achieve highly efficient and safe use of NG by performing both
experimental and kinetic modeling studies for mlevrange of NG mixtures to verify their
varying combustion characteristics.

CombustionEngines(CEs)are devices that can convert the chemical energy stored in any kind
of liquid fuel (e.g, petroleum), gaseous fuel (g.gatural gas), and solid fuel ge.coal) through
controlled combustion to produce thermal energy, ultimately producing useful mechanical
energy. These devices are commonly classified into two types, internal combustion, and external
combustionengines The invention and development GEs had a profound impact on human

life. Currently, combustion engineare the most commonly used devices to generate power.
These engines include gasoline engines, diesel enginedurgee®e engines, and rocket
propulsion systems.

The ongoing developmemdf combustion devices requires a better understanding of the
characteristics of the fuel used over a wide range of conditions relevant to the conditions of its
operation to finally achieve the highest possible efficiency of a combustor. One of the most
effective techniqus is exhaust gas recirculation (EGR) whiplays a major role in reducing
nitrogen oxides (NOx) emission levels by reducing the combustion temperature of internal
combustion engines and gas turbif@s3]. As the presence of NOx in the combustmwaducs

is unavoidable under such operating conditions, understanding the effect of NOx on fuel
oxidation is necessary to achieve the highest possible efficiency of EGR applicBhiossthis

study has been performed to achieve a better understanding of the effect of the presence of NOx

species on the aufgnition characteristic of methane and ethane which are the primary

4
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components of NG mixtures. Therefore, this thesis include#h bxperimental and kinetic
modeling studies of the autgnition of methane/NOx and ethane/NOx mixtures over a wide

range of practical combustor relevant conditions.

1.2 Chemical kinetic models for fuel oxidation

As mentioned in the previous section to a#ki highly efficient and safe use of wide range of

NG mixtures and EGR technique it requires both experimental and kinetic modeling studies. The
current experimentaheasurementalong with the literature lead to accurately depeigiable

kinetic mechanisms. These mechanisms then will be used to simulate the combustion processes
in practical combustors for various fuels over a wide range of conditions at much lower cost
relative to a direct experimental approach aiding toeé#ficient and optimized practical
combustors.In their review[9] Westbrook and Dryer presented a hierarchical approach to
mechanism development. Thus, this strategy has been used to develop reliable chemical kinetic
mechanisms which can precisely describe in detail the pyrpthgigshermal decompa®n of

the fue|] and/or oxidation processes of heavy and more complex hydrocarbons starting from the
Co submechanism, represented by thg®} system, up to Especiesat elevated temperatures

and pressure§igure 12 shows a general schematic mechanism for ethane pyrolsis and methane
oxidation This strategy helps researchdos better understand the pyrolysis and oxidation
processes of hydrocarbons by recognizing critical reaction pathways. In this wawy, easily
recognize the foremost reactions which control these processes from relatively simple fuel
combustion such as hydrogen or hydrogen/syngas mixtures to methane, and ethane up to very
complex fuelcombustiorsuch as natural gas (NGiguefied petoleum gas (LPG), gasoline, and
diesel.

A fuel 6s combustion charact er i s tautcigsitiorstime, h a s

provide excellent validation data in the development of reliable chemical kinetic mechanisms
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which can then be reducasd coupled with computational fluid dynamic (CFD) simulations to
help in the design of efficient combustors. Laboratory scale combustion reactors such as
combustion vessels, jstirred reactors, flow reactors (laminar and turbulent flow), rapid
compressin machines (RCMs), and shock tubes (STs) are used to measure combustion
characteristics at conditions relevant to practical combustor operation.

Ignition delay time (IDT)s the time needed for a mixture of fuel and oxidizer to react and ignite
at a certan temperature and pressure. The IDT measuremsntme of the criteria that is
extensively used to validate chemical kinetic mechanisifiserefore, in this thesis,
comprehensive IDTsneasurements are reported using both a RCM and gphégksure shock

tube (HPST), reactorsvhich have been used together with literature data to develop the

NUIGMech versions which are reported upon in this thesis.

NOx

C2H3 \:I\O > CHzo Daa— CHon

v

F——————————— e ——— — —

[
C,H, |—4—» Hco
. t
H : v
Aromatics : co
H ii OH__ |
Soot Jl CO,
Pyrolysis Oxidation

Figure 1-2. General schematic mechanism foethanepyrolsis and methaneoxidation.
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1.3 Experimental facilities and mixture preparations

Fuel auteignition is an important fuel characteristic for combustor design. It is impadidant
ensure that the time requiredftdly premix the fuel and air is shorter than the IDT required for
the mixture at combustor operation conditions. Moreover,-i@gmition is the main process
controlling combustion in homogeneous charge compression ignition (HCCI) engines.

RCMs and STs arewo independent, but complementary-k&tale reactors used to investigate
fuel auteignition characteristics at combustor relevant conditions. In this thesis, these two
facilities were extensively used to study the autoignition of various fuels overearande of
conditions. Associated nedealities of both RCMs and STs during their normal operation can

be found in refs[10i 15].

1.3.1 Rapid compression machine

The NUI Galway rapid compression machine is used to emulate the compression stroke of an
internal combustiomngine,but it is quite different in that it undergoes only one compression at

a time and does not have the ability to perfonuitiple cycles. At the end of the compression
process, the pistons are held in position using a hydraulic locking system so that the IDT
characteristics of a mixture can be measured at a defined compressed temperature and pressure
RCMs have gained sigmifant attention in the combustion community to study relatively low
temperature fuel oxidation chemistry at thermodynamic conditions relevant to IC engines and
gas turbines.

At NUI Galway C lab there are two RCMs and to differentiate between them itefiesbeen
referred to them as red and blue which are the colors of the pneumatic cyliftergeneral
specifications of the NUI Galway (red) RCM are presentedahble 2. The RCM used to
perform the IDTs measurements included in this thesis was originally designed by Affleck and

Thomag[16]. In the 1960s the RCM was constructed atShell ThorntorResearctCentre and
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re-commissioned at NUI Galway in the 199@s gerform chemical kinetic experimerits7].
Figure1-3 showsa schematic diagram of the NUI Galway RCM facility d&gure1-4 showsa

digital photo of the red RCM, mixing tanks and the inlet manifold. Thé@M has an opposed
twin-piston designwith creviced pistons to improve the homogeneity of the gas after
compression[18]. The RCM comprise three main systems, the pneumatic system which
controls piston movement in both the compression and retracting processes, the hydraulic system
which is responsible for holding the pistons in place before and after compression, and finally
the chemical raction chamber which is responsible for holding the test mixture and the pressure
sensor(s). Each system has its own components which are described briefly here and only the

main components appear in teghematic diagram

Table 1-2. Specifications of the NUI Galway (red) RCM.

Parameter Value
Bore size of the reaction chambem{ 3.820
Volume of the reaction chambeng®) 33191
Pistondspwm/docity ( 934.0~ 12940
Pistonsdé <mroke | en 16.817
Pistonds type Flat head with the crevice
Type Twin-counter pistons

1 (5) Creviced piston

©
Cy llnden

i

(2) Hydraulic chamber I

Y-

(7) connecting rod

(8) connecting rod

Figure 1-3. A schematic diagram of the NUIG RCM facility.

| (4) Pneumatic piston

(5) Hydraulic pistoul|

Pneumatic system
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Figure 1-4. A photograph of the (red) RCM, including mixing tanks and the inlet manifold.
1.3.1.1 The pneumatic system components:

Two pneumatic chambers (1) are connected through awage/alve to a compressed airline

with a capacity of ugo 10 bar pressure which can vent to the atmosphere and to a vacuum
pump. The compressed airline supplies the pneumatic chambers with the appropriate amount of
pressurized air needed for the compression process. These pistons are indirectly connected to th
main pistons through two rods. The first rod (7) connects the pneumatic piston (4) to the
hydraulic piston (5) and the second rod (8) connects the hydraulic piston (5) ¢coetieed

piston. The vent is used to release the pressurized air to the atmogfter performing an
experiment, and the vacuum pump is responsible for retracting the pistons to their original

positions.

1.3.1.2The hydraulic system components:

Two hydraulic chambers (2) filled with hydraulic oil are connected to an oil pump which apply a
locking pressure of 40 bar. The two chambers are connected to a valve in order to manually
release the pressure allowing the tarevicedpistons (5) to compress the test mixture in the

reaction chamber (3).
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1.3.1.3The chemical reaction chamber components:

The reaction chamber consists of the reaction chamber (3), therewicedpistons (5), and the
two-cylinder sleeves (9)A Kistler 6045B pressure transducer, mounted flush with the reaction
chamber wall, is connected to a Kistler charge amplifieroimjunction with an oscilloscope to
record pressure/timepft) histories As the geometric compression ratio (CR) of the RCM is
fixed, in order to span a range of the compressed gas temperdi)resdpressurespc), the

initial temperatureT;) and intial pressureg) are varied following Equations-Il and 12. The
variation inT; is controlled using a heating system implemented on the walls of the cylinder and
the reaction chamber together with five thermocouples installed on the outer body-of two
cylinder sleeves (9) to accurately contial Thepi is measured using pressure readings from the
static pressure gauges connected to the inlet manalsle19] is used assuming an adiabatic

compression/expansion, to calculate the compressed gas temperature according to E§uation 1

w vy ® (1-1)
0
@ (1-2)
hon =
| |n— i?—"Y (1-3)
n g ey

wherew, w, are the initial volume (maximum volume) and the compressed volume (minimum
volume) of the reaction chamber, respective
The reactive (fuel/@diluent) and nosreactive (fuel/diluent) test mixtures are transferred from

the reactive and nereactive tanks, respectively, to the reaction chamber through the inlet
manifold. The reaction chamber is connected to a vacuum pump to flush the exhauaftgases
completing an experiment.

For fuelbxidizer mixtureswhich exhibit a strong peak pressure at ignitibie IDT is defined as

the interval between the time of the first peak pressure at thef@uhpression (EOC) to the
second global peak pressure due to the ignition event as shown in FHguBué to the weak

10
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pressure signal for the highly dilute ethanefNOnditions, gphotomultiplier (PMT) equipped
with a CH* filter (CWL: 430 nm 10 FWHM; Thorlabs)is used together with the pressure trace

to measure the IDT for dilute mixtures. The ignition event is reported at the maximum gradient

z

pressure— orin CH —— after compression as shown in Figur6.1
1o CoHg,/ =1.0,30 bar, 926 K
100 |- Reactive trace_1
90 Reactive trace_2
80 Non-Reactive
. [oeeeee dp/dt
@& 70 [---- Simulation_NUIGMech1.0
o]
o 60 dE10ms, 43%_f |
> s0p t
8 sl EOC DT
T 3 P—— L
20 i
EOC: End of compression
10 P DT: Detonation o
00 3 6 9 12 15 18 21 24 27 30 33 36 3
time/ms
Figure 1-5. Typical RCM pressuretime histories for ethane oxidationati= 1. 0 in 6éair 6

45

C,Hg _260 PPM NO,,j =0.5, 30 bar, 969K
40 | — Reactive p-t

----- Non-Reactive p-t
| —— CH* .
35 ! t=1827ms
; i

Pressure(bar)

0O 3 6 9 12 15 18 21 24 27 30 33

time (ms)

Figure 1-6. Typical RCM pressure versustime histories for ethane/NQ oxidation at 4 = 0.5 and
91% dilution at pc = 30 bar.

1.3.2 Mixture preparation and the used gases purity

The inlet manifold has been modified to prepare the mixtures presented in theRigesesl-7
shows the schematic diagram ahe photograph of the red RCM Inlet manifold and mixing

tanks

11



Chapter 1

20 mbar Pirani 100 mbar 1000 mbar 5080 mbar
amge  gauge  gamge  gauge

Atmosphere

f
chamber
QT
A

Figure 1-7. The schematic diagram andthe photograph of the red RCM Inlet manifold and mixing
tanks.

A fuel mixing tank (1) was used to prepare the seven componenidg{n-alkane fuel mixture

in order to minimizeany errors in mixture preparation. The mixture was allowed to homogenize
via gaseous diffusion for at least ibefore using it to prepare the final reactive fugiy/Ar)

and norreactive fuel/(N/Ar) mixtures in the reactive (2) and nosactive (3) anks
respectively. The MAr fractions were varied to ensure a wide range of compressed gas
temperaturesA separate 1.0 NOx mixing tank (4) was connected to the line for N@O,

NO2 and NO) species addition where the desiredxNpecies wasmllowed to mix with the
fuel/Oy/(N2/Ar) mixture for 51 10 min before filling the reaction chambénr. addition, a set of
nonreactive experiments were performed at the same initial condition of the reactive
experiments by replacing Qvith N2 in the reaagve mixture, the pressutgme of which are
converted to voluméime histories and are used as input files in Chemkin simulations in order to
account for facility affects in simulating the RCM experiments.

The purities of the fuels used vary based on akdity from the supplier and are as follows:
methane (99.5%), ethane (99.5%), propane (99.58bltane (99.9%)NO: diluted in Ar
(99.99% purity) (2% N@98% Ar), NO diluted in Ar (99.99% purity) (4% NO6% Ar), and

N20 (99.5% purity)were supplied by & Liquide company. The liquid fuelsi-pentane (99%),

n-hexane (99%), and-heptane (99%) were supplied by Sigma Aldrich and were used without

12
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further purification. The diluent and oxidizer gases, nitrogen (> 99.96%), argon (> 99.98%), and

oxygen (>99.5%) were supplied by BOC Ireland.

1.3.3 Shock tube

A shocktube is a laboratory device with no moving parts, extensively used in the fields of
aerodynamics, physics and chemistry, to study fuel-guition as well aselementary rate
constant measurementsuatly at shortet i mes (ih 2t hmes )hi gh temper a:
regime In this study, the reflected shock technique was implemented to measure IDTs of various
reactive fuel/air mixtures. As shown in Figuré the shock tube is a long tube with clossdis
separated into two main sections, namely, the driver section (filled with high pressure driver
gag often helium or a helium/nitrogen mixture) usually separ@gdouble diaphragnirom

the driven section (filled to a relatively low pressure of thertesture).

Dounkle diaphragm
nrrnngtmml
Pressure
transducers

High-pressure I_—l Low-pressure

’—~ Diriver Section Diriven Section

He

end-wall
pressurs
transducer

Alid section

Figure 1-8. A schematic diagram of the NUIG HPST facility.

1.3.3.1Principles of shock tube operation

In performing a ST experiment, both the driver, mid and driven sections were evacuated.
Thereafter, the driven section is first filled with the {pvessure test gas mixture. Thereatfter, the
mid-section and the driver section are opegssured to a high pressure of the driver gas, where
normally the midsection is filled to half the final daed driver pressure. Finally, the driver is
filled to the final desired pressure and releasing the pressure of thseation allows the

diaphragm to burst as a result of the pressure difference between the diver and driven sections.

13
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Once the diaphragraursts an incident shock wave propagates at supersonic speed toward the
driven section, which causes an increase in the temperature and pressure of the test gas. The
incident shock wave reaches the endwall and reflects back towards the driver sectem furth
compressing and heating the test gas to the desired test temperature and pressure. Steady tes
times of shock tubes are usually terminated by the arrival of rarefaction waves from the driven
section or reflected waves from the shaoktact surface intaction, depending on the test
condition and geometry of the shock tube. Figu@&shows an idealized wave structure during

shock wave experiments. It further illustrates a typical distinee indicating the shock front
position, plotted in an x diagam for successive longitudinal tirpeessure distributions.
Moreover, Figure 410 shows the shock tube pressure distribution before and after bursting the
diaphragm. The test time used to study reflected shock experiments is considered as the time
betweenthe arrival of the shock wave at the endwall and the arrival of the contact surface, as
shown in Figure B. As a result of the effective stghange in shock conditions and the
effective stagnation of the test gas mixture behind the reflected shockthavest gas mixture

can potentially be treated as a@iensional reactor and modeled assuming a constant volume.
However, important deviations from the idealized constraints are often present such as pre
ignition pressure rise and a constapifdt that $1ould be identified and reported upon when
presenting experimental data. Figur® Shows the five different gas regions present during
shock tube experiments which are used to determine the gaseous conditions during an
experi ment . AReginoni d10 ddesbtgastlendi ti ons.
conditions of the gas particles between the contact surface and the incident shock front. The
condition of the gas between the contact su
The initial d i ver gas conditions are denoted as 0

conditions are referred to as firegion 50.

14
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Test
Time

Time, t

Reflected
Shock

Incident
Shock

Position, x
Diaphragm Test Location

Figure 1-9. A representative xt diagram of shock wave experiment. Brownhigh-pressure driver
gas (T4, pa); dark blue, low-pressure test gas mixture Ty, pu); blue, test gas mixture at incident
shock conditions {2, p2); green and yellow and red in expansion wave regime, expanded driver gas
(T3, p3); turquoise triangle, test gas mixture at reflected shock conditionsTg, ps) , copied from [20].
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Figure 1-10. Shock tube pessure distribution before and after diaphragm burst copied from [24].
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1.3.3.2Computation of flow behind shock waves

To understand the gas dynamics during a ST experiment, two frames of reference should be
considered. These are (i) the shagke laboratory timeframed] and (ii) the gagarticle
timeframe ¢ )] The time recorded on an external recording device is referred to as the
laboratory fixed time and the time with respect to the movement of flowing gas patrticles through
a static shock front is the gpatrticle time or shock fixed time

The theory behind the conditions across the shock front are governed by the equations of
conservation of mass, momentum, and energy as described by Reokjoeiot[21,22] and

full analyses and associated equations are well documented and presented in the Chemkin

marual [23].

1.3.3.2.1Incident shock conditions
In considering the gas motion in relation to the shock {28}, one must consider two frames
of referencethe gas enters the shock at a relative velazitgnd leaves with a relative velocity
0 . The shock is then considered to be at réstis the incident shock velocity of the gas
measured in shoefixed coordinates whiléY is the measured in laboratefixed coordinates,
the two frames of refereneae related by:
6 N (1-4)

o v Ty (1-5)
Figure 111 shows gas conditions associated with the incident shock in the two coordinate
systems. The properties behind the incident, region 2, shock wave can be calculated using the
three conservation equationsmaéss, linear momentum, and energy for gas phasevefow,
RankineHugoniot[21,22] relations:

(1-6)

(1-7)
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0 o) -
Q > o = (1-8)
where,” iQ andn are the density, enthalpy, and pressure of the gas, respectively.

Incident shock

030 v

th "¥! ! 2 hl! "Yl ? 1

Laboratory -fixed coordinates
Incident Shock

=N % @ <@ 01="7Y

—

N2, "% "2 MY, "1

Shockfixed coordinates
Figure 1-11. Laboratory-fixed and Incident-shockfixed coordinate system$23].

Utilizing the equation of state for the ideal Gas Layvd ¢ 'Y )Yand Equation -6 to eliminate
the velocity 6 and from Equation-¥ andEquation 18 results in the following expressions for

the pressure and temperature ratios across the incident shock:

"0 Yon n (1-9)
T el — T
P n P Y 1 n
o~ O Yon " (1-10)
Q — — — Q Tt
G " n

As no change in gas composition across the shock assumed, an@® ihus function of
temperature alone. Therefore, Equatio®® And Equation -10 represent a system of two
eqguations with two unknowns. The solution giVesand”Y when conditions before the incident
shock are specified. Knowing these,is determined from the equation of state @ndfrom
Equation 16.

In this study, the incident shock speéd)( and the temperaturéY( and pressurery( behind

the shock ee reported. However, the gas velocity behind the shock must be calculated before the
experiments can be modelled. Employing the equation of state in Equadidio &liminate

" J N resultsin:
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” (r) uY "Y r‘]
PR v Py
Equation 111 and Equation -10 again represent two equations with two unknowns. The

(1-11)

n
T Tt
n

solution gives'Y andry and from these the density in region 1 is determined from the equation
of state. The velocity behind the shodk (is determined from Equatidi6.

The shock Mach numberd , Equation 112, also can be calculated. The upstream Mach
number 0 is calculated based ofY, the incident shock speed reported during an experiment

as shown in Equation-14, are also required for the calculatiortted postshock conditions.

5 9 (1-12)
i
o FTrl (1-13)
Y _ (1-14)
rn

where,6fchandr are the gas local velocity, local speed of sound, and the ratio of specific heats,

respectively.

1.3.3.2.2Reflectedshod conditions
Shockfixed and laboratorfixed coordinates are again employed for reflected shocks, but now
shockfixed coordinates refer to the reflected shock, which moves at velocitgnd Figure *

12 shows gas conditions associated with the reflected shohk b coordinate systems
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Reflectedshock
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N2, "%, "2 M, Y"1
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/ReflectedShock
=%+Yi @ S @ 65="Yi %

h27 "\fr ! 2 hSr "\gv ! 5

Shockfixed coordinates
Figure 1-12. Laboratory-fixed and Reflectedshockfixed coordinate systemg23].

As the reflectedshockis consideredo be at rest, gas at condition 2 flows into the shock front

and gas at condition 5 flows out. The velocities in the two coordinate systems are as follows:

6 v Ty (1-15)
6 v Ty (1-16)

The RankineHugoniotrelations for properties across the reflected shock are:
e o (1-17)
oo oo (1-18)
0 6 o o (1-19)

G
Following the same analyses of the incident shock the solution for Equatiohsk18, and 1

19, is found by gtting the values 6fY andny which satisfy:

0 Yon n (1-20)
S ~ — T
P n A n
O YN , (1-21)
Q — = — Q T
¢ P v o

When the gas is assumed to be at rest behind the reflected 'shoak, then the reflected shock

velocity,Y , is given by:

(1-22)

Y
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1.3.3.3NUI Galway high-pressure shock tube

The high-pressure shock tub@PST) facility at NUI Galway were used to conduct the IDTs
measurements reported in this thesis, a brief description for the facility and the experiment
procedure are provided below. Figureld shows aphotographof the NUIG HPSTfacility,
respectively.

Table 13 shows the general information of the NUI GalwdlyST which comprises a 90

long stainlesssteel tube with a uniform crosection of 63.5nm inner diameter. It is divided

into three sections; a driver sectionn(i3, a diven section (5.73n), and a doubldiaphragm

chamber (0.27) which separates the driver and driven sections.

\ v
k’\
High-pressure shock tube (HPST) S \

Figure 1-13. A photograph of the NUIG HPST.

Two prescored aluminiundiaphragms are used, with the scoring depth varied depending on the
target bursting pressure which enables improved control of the -sfeoak Helium is used as

the driver gas and a fraction of nitrogen is used for tailoring. Six axially positioned PBB113
pressure transducers mounted in the walls of the tube at different location near to the endwall are
used to measure the shock velocMgrocy. A Kistler 603B pressure transducer mounted in the
endwall is used to measure the ID the equilibrium ppgram Gasefl9]t he dAr ef |l ect e«
module, in conjunction with frozen chemistig,used to calculate the reflected shock pressure

(ps) and temperatureT§) using the initial pressurey), the initial temperatureT(), andVshock
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For the mixtures with 90% dilution, the IDTs were measured using a photodiode array detector
(PDA) or photomultiplier (PMT) systems equipped with Citer (CWL: 430 nm + 10 FWHM;
Thor | abs) installed on the sidewall of the
Kistler pressure transduceérhe IDT of the HPST measurement is defined as the tnterval
between the pressure rise due to the shemke arrival at the endwall and the ignition event as

shown in Figure414f or f uel i n O ai-i15dor foel ixhigh dil@ionanixtdre. Fi g ur

120
110}
100 f——p
90 | dp/dt
80 |
70}
60 |,
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40| |
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20 F|
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Figure 1-14. Typical HPST pressuret i me hi st ori es for the ignition
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Figure 1-15. Typical HPST pressuretime histories for the ignition event at fuel in high dilution.
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Table 1-3. Specifications of the NUI Galway highpressure shock tube.

Total length 9.1m
Section Length (m) Diameter (mm)
Driver 3.0 63.5
Middle 0.04 63.5
Driven 5.7 63.5
Material Stainlesssteel (1.4571/316Ti and 1.4462/F51)
Controlling system Doublediaphragm type
Di aphragmds m Aluminium (1050 H14)
Diaphragmds t 0.8~2 mm; according to target pressure
Pre-scoring the diaphragms 0.2~1.1 mm; according to target p

1.4 Simulation and analytical methods

The experimental targets presenkexk were simulated using the appropriate modules available
in Ansys Chemkin PR@5] and a Python script based on the CANTEJRA] library for the ST
simulations. A zeraimensional costant volume reactor module was used and the reflected
temperature and pressure conditiomg, fc) were adopted as the initial conditions for the ST
simulations. The RCM simulationsare performed using the effective volume approach by
imposing a heat I@esboundary condition on the calculations due to facility effects, including heat
losses, during compression and in plestcompression zone of the reaction chamber

In order to betteunderstandhe fuel oxidation at wide range combustion relevaniditions,
bruteforce sensitivity analyses were performed to identify the reactions most influencing the
IDT predictions at the experimental conditions studied. The sensitivity coefficief@q[};is
defined as Equation {23):

Ottultn Otteltn
VERFQ O8I

(1-23)

The sensitivity coefficien§is calculated using the brute force method and is based on the IDT

(0), w i -éxponential éactqgr in the Arrhenius equations for each reaction perturbed in the
sensitivity analysisThe sensitivity coefficient can have either a positive or negatlee, with

a negative value indicating a reaction that promotes reactivity (decreasing the IDT), while a
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positive value refers to a reaction that inhibits reactivity (increasing the IDT). Furthermore, flux
and rate of production (ROP) analyses were chrot to track the most important reactions

consuming the fuel and producing intermediate species.

1.5 Thesislayout

The focus of this thesis lies in building a comprehensive combustion kinetic data of IDT
measurements from experiments in a RCM and in a HRSTUmmary of the fuel compositions
and corresponding experimental conditions studied as part of this thesis are shown in Tables (1

4)i (1-7).

Table 1-4. Natural gas blends studied.

Species NG1 NG2 | NG3 NG4 NG6 NG7 NG8 NG10
Methane (CHa) 98.125| 81.25] 62.5 | 98.03125 | 60.625| 72.635 | 45.27 | 35.601
Ethane (CHe) 1 10 20 1 20 10 20 20
Propane (GHs) 0.5 5 10 0.5 10 6.667 | 13.33| 14.815

n-Butane(CsH 10) 0.25 25 | 5.0 0.25 5.0 444 | 8.89 | 10.974
n-Pentane 0-CsH12) 0.125 1.25 2.5 0.125 2.5 2.965 5.93 8.129
n-Hexane (-CsH14) T I I 0.0625 1.25 1.976 3.95 6.021
n-Heptane (1-C7H1¢) T | | 0.03125 | 0.625 | 1.317 | 2.63 | 4.460

Table 1-5. Experimental conditions of thenatural gas blends studied.

Blend a pc / bar Tc/K Facilities

NG1 05,15 20, 30 8731 1037 RCM

0.5,1.0,2.0 10,18, 20, 30 71171 1054 RCM

NG2 1.0 20, 30 10371 1483 ST

75471 952 RCM

NG3 1.0 20, 30

10157 1426 ST

NG4 05,15 20, 30 8621 1031 RCM

NG6 1.0 20, 30 67071 1032 RCM

NG7 0.5,1.0,15 10, 20, 30 68871 952 RCM

NG8 1.0 20, 30 67971 960 RCM

NG10 0.5,1.0,15 10, 20, 30 65071 1052 RCM
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The IDT data measured are vital in developing accurate chemical kinetic mechanisms and in
improving the predictability of existing kinetic models to describe the highly complex

combustion processes involved in practical combustors.

Table 1-6. Experimental conditions studied for NOxsensitization of methane autegnition.

Exp. | CHe | Os | No | Ar | NOsppmy | 2O | MERINO L Mpa|  Terk
(ppm) (ppm)
Rapid compression machine experiments
1 6.0 | 24.0 | 15.0 | 55.0 T T T 0.5| 1.5,3.0| 923i 1064
2 10 20 T 70.0 T T T 1.0| 15,3.0| 926i 1102
3 15.0 | 15.0 T 70.0 T T T 20| 1.5,3.0| 888i 1067
4 5.94 | 23.76| 14.85| 55.43 200 T T 0.5| 1.5,3.0| 9127 1056
5 5.9 | 23.52| 14.40| 55.56 400 T T 05| 1.5,3.0| 9191 1037
6 9.89 | 19.8 T 70.28 200 T T 1.0| 15,3.0| 935i 1053
7 9.79 | 1959 1 70.56 400 T T 10| 15,3.0| 937i 1016
8 14.85| 14.85| i 70.28 200 T T 20| 1.5,3.0| 9017 1058
9 147 | 147 T 70.56 400 T T 20| 1.5,3.0| 904i 1061
10 | 9.89 | 19.8 T 70.26 ) 400 T 1.0| 15,3.0 | 926i 1105
11 | 9.75 | 195 T 70.65 ) 1000 T 1.0 3.0 9391 1067
12 5.97 | 23.88| 14.93| 55.2 ) T 200 0.5| 1.5,3.0| 9267 1036
14 5.94 | 23.76| 14.85| 55.41 ) T 400 0.5| 1.5,3.0| 912i 1056
15 10 20 i 70.0 i i 501 1000 | 1.0 3.0 900i 1050
16 | 14.93| 1493| i 70.13 T T 200 20| 1.5,3.0| 920i 1037
17 | 14.85| 14.85| i 70.26 T T 400 20| 1.5,3.0| 8911 1043
High-pressure shock tube experiments
18 10 20 70.0 T T T T 1.0| 1.5,3.0 | 10501 1650
19 | 9.89 | 19.8 | 69.3 | 0.98 200 i i 1.0| 1.5,3.0 | 1050i 1650

More specifically,Chapter 2 investigates the effect on IDT measurements of the additen of
hexane and-heptane to natural gas blends using the RCM and numerically using a detailed
kinetic model. The experiments of NG mixtures containing alkanes from methargetdane
(NG1) and methane to-heptane (NG4) were carried out over a wide range of tempeiaiwe

84071 1050 K, pressur@c = 207 30 bar and equivalence ratio= 0.5 and 1.5. The effect on

measured IDTs for NG3 with the addition of up to 50% by mole-lbéxane anah-heptane is
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numerically studied by substituting Gkith different fractions othese higher hydrocarbons.

The results show that the addition of even small amoumshekane ana-heptane (I 2%) to

the natural gas blends leads to a significant increase in reactivity.

Table 1-7. Experimental conditions studied for NOx sensitization on ethane autmnition.

Ethane/NQzatj = 1. 0 in O6aird
initial NO 2 (ppm) | 2 ° NO: 02 Diluent % pc / bar Te/K Facility
% (ppm) % N2 Ar
0 5.66 ) 19.82 74.52 T 20, 30 10061 1382 ST
0 5.66 T 19.82 14.90 59.62 20, 30 8851 970 RCM
200 5.61 200 19.62 73.77 0.98 20, 30 9447 1351 ST
200 5.61 200 19.62 14.76 59.99 20, 30 873i 988 RCM
1000 5.38 1000 18.83 70.79 4.90 20, 30 10047 1368 ST
1000 5.38 1000 18.83 14.16 61.53 20, 30 8557 989 RCM
Ethane/NOatj = 1. 0 n 6aird
Initial NO (ppm) C2Hs NO/NO, Oz N2 Ar pc (bar) Tc (K)
200 5.64 135/65 19.72 14.83 59.80 30 8691 973 RCM
1000 5.52 280/720 19.32 14.53 60.53 30 8511 958 RCM
Ethane/NoOatj= 1. 0 in d6aird
Initial N 20 (ppm) C2Hs N20 Oz N2 Ar pc (bar) Tc (K)
1000 5.66 1000 19.82 1491 59.51 20, 30 9007 995 RCM
Ethane/NCGzat j = 0.5 diluted
Initial NO 2 (ppm) CzHs NO2 02 N2 Ar pc (bar) Tc (K)
260 1.01 260 7.05 54.38 37.53 20, 30 90871 1038 RCM
2704 1.05 2704 7.31 78.12 13.25 20, 30 81671 960 RCM
5163 1.00 5163 6.98 66.20 25.30 20, 30 8057 961 RCM

Chapter 3 provides IDTs measurements for radthponent NG mixtures comprising iCC7 n-

alkanes with methane as the major component (volume fraction: i10.888). These

measurements were carried out using the rapid compression machine at conditions relevant to

gas turbine operation, at equivalence ratios ofi 5. 0

1050 K, at pressures of 1B0 bar.Significantly diferent IDTs are measured over a wide range

n o6ai

A

ro

n tihe

t

of conditions along with the available literature data providing a strong validation target for the

development oNUIGMechl1.0 Replacing 1.875% methane with 1.25%hexane and 0.625%
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n-heptane in a mixture comténg C. 1 Cs components leads to a significant increase in a
mi xtureds reactivity.

Chapter 4 provides new HPST IDTs measurements for stoichiometri€€CNG blends with

methane as the major component. The good agreement of the new IDTs experimental data with

literature data shows the reliability of the new data at the conditions investigated. Empirical IDT
correlation equations were developeddmgployinga traditional Arrhenius rate expression. The
format includes dependencies on the individual fuel fracflen(i and pc and are developed
through multiple linear regression analyses for thes¢ Cs n-al kane/ 6ai r & mi
constant volume IDT simul@ns in the pressure range = 107 50 bar, affc = 9507 2000 K

and atli = 0.3i 3.0.

Chapter 5 investigates the augmition behavior of CHand CH doped with NQ species (NO,

NO2, and NO) in the low to intermediate temperature range of 8100 K atpc = 15 and 30

bar using the RCM and GHind CH doped with 200 ppm N£at high temperatures of 1050

1650 K atpc = 15 and 30 bar using the HPST. These conditions are relevant to practical
combustors (ICEs and GTs) and thus provide benchmaaksumements for ignition behavior as

a function of temperature, pressure, ,N@ilution levels and equivalence ratidhese
experimental results together with available literature data were simulated using NUIGMech1.2
comprising an updated NGubmechanism.

Chapter 6 investigates the augmition behavior of GHe and GHes doped with G° 1000 ppm

NOx species (NO, N& and NO) in the low to intermediate temperature range of 8®B5 K

at pc = 20 and 30 bar using the RCM angHe and GHes doped with O 1000 ppm NQin the

high temperature range of 9441382 K atpc = 20 and 30 bar using the HPSThese
experimental results along with the available literature data were simulated using NeHGRie

comprising an updated NGubmechanism.
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Chapters 7 and provide acomprehensive database of IDT measurements for binary blends of
C.11 C2andCi Czalkane/alkene gaseous fuels together with the literature data for Girigle

alkane and alkene gaseous fuels that is used to develop and validate the core chemistry of
NUIGMech1.0. Moreover, IDT correlation equations were also developed for thess.blend

Chapter 7 reporta comprehensive database of IDT measurements for binary blendeG.C
alkane/alkene fuels including methane/ethylene, methane/ethane, and ethane/ethylene over a
wide range of temperature, pressure, equivalence ratio, fuel/fuel vétaot®n, and dilution.

The experimental data provides a new insight into the oxidation of alkane/alkene blended fuel
mixtures. These findings in terms of safety and the design of neverlwgsion and size
efficient combustion systems are very useful imformative.

Chapter 8 reports the IDT characteristics ofiQCz binary blends of gaseous hydrocarbons
including ethylene/propane and ethane/propane studied over a wide range of temperatures (750
2000 K), pressures {1135 bar), equivalence ratio§ € 0.517 2.0) and dilutions (75 90%). The
performance of NUIGMechl.1 and its corresponding derived correlations are evaluated against

the experimental data collected.
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Abstract
New ignition delay time measurements of natural gas mixtures enriched with small amounts of
n-hexane andn-heptane were performed in a rapid compression machine to interpret the
sensitization effect of heavier hydrocarbons on dgndion at gagurbine relevant conditions.
The experimental data of natural gas mixtures containing alkanes from methahegane
were carried out over a wide range of temperaturesi (8D K), pressures (280 bar), and
equivalence ratiost(= 0.5 and 1.5). The experiments war@mpkementedwith numerical
simulations using a detailed kinetic model developed to investigagéfdot ofn-hexane and-
heptane additions. Model predictions show that the addition of even small amao@dtg (ff n-
hexane and-heptane can lead to increase in reactivity byi 600ms at compressed temperature
(Tc) = 700 K. The ignition delay time (IDTof these mixtures decrease rapidly with an increase
in concentration of up to 7.5% but becomes almost independent ofstBe c@ncentration

beyond 10%. This sensitization effect of &d G is also found to be more pronounced in the
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temperature ranged@ 900 K compared to that at higher temperatures (> 900 K). The reason is
attributed to the dependence of IDT primarily opOp( + M) z+ “I"HHM) at higher
temperatures while the fuel dependent reactions suehadaisma b s t r a ¢ tligsaxiatipn oR “I|
QOOH + O reactions are less important compared toi®00 K, where they are very
important.

Keywords: Natural gas; RCM; kinetic modelimghexanen-heptane.

Abbreviations Nomenclature

IDT Ignition delay time Tc Compressed temperature
NG Natural gas p Pressure

ST  Shock tube d Equivalence ratio

RCM Rapid compression machine
NTC Negative temperature coefficient

EOC End of compression

2.1 Introduction

Due to increasing concerns about depleting petroleum fuel reserves, the combustion community
have paid significant attention to feiéxible gas turbine engines for transportation and heavy
duty power generation applications. As a promising alternatelerésource, natural gas (NG) is

the most commonly used gaseous fuel for industrial gas turbine applications due to its high
efficiency, low soot emissions and low greenhouse gas signature [1,2]. Although natural gas
primarily contains methane (GH[3,4], depending on the topographical origin and extraction
process, it also comprises heavier hydrocarbons varying in compositrethane (€Hs) to n-
heptane 1{-C7Hz1e). In order to validate the combustion characteristics of NG with varying
compositions, experimental and kinetic modeling investigations are necessary. One important
combustion feature of any fuel is augmition, which can be experimentally determined using a
rapid compression machine (RCM) and/or a shock tube (ST) at gas turbine relevant conditions.

Studying the ignition behavior of heavier hydrocarbon surrogates incluelreyane i1t-CsH14)
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and n-heptane 1-C7Hz16) in NG blends can deliver a concrete understanding of NG oxidation,

that can lead to more effective gas turbine engine design and operation.

As methane is the major component of NG mixtures, extensive studiess@u@kHgnition and
oxidation have beemperformed at conditions relevant to combustion devices, including gas
turbines and internal combustion engiri®&$10]. Several studies also develdpehemical

kinetic mechanisms to model various compositions of NG mixtures which included lighter
weight alkanes-Cii Cs [111 14]. After methane, ethanis typically the second most abundant
component in NG mixtures. Thus, many studies have been devoted to investigating the effect of
ethane addition on CHautaignition over a wide range of conditiof$1,15,16] The igntion
characteristics of CHCzHs, CHs/n-CsH1o, and CH/n-CsHi2 [11,15,17 24] mixtures were
investigated using RCMs and STs at various temperatures and pressures. These studies showec
that replacing ChHwith heavier hydrocarbons increases negative temperature coefficient (NTC)
behavior as well as decreasing the ignition temperatuoes temperature chemistry plays a

more significant role with the addition of higher hydrocarbons in NG mixtures.

Ignition delay times (IDTs) of ternary mixtures @8.He/CsHsg with various fuel mole fractions

have also been studi¢ti2,15,24,25] The combustion features of @B2He/CsHs, CHa/CoHe/Nn-

CsHio, CH4/CoHe/n-CsHiz, CH4/C3Hg/n-C4Hio, and CH/CsHg/n-CsHiz mixtures were
investigated by de Vries and Peter§&s] for mixtures atli = 0.5 in air at 20 bar pressure. They
showed that the activation energy for fuel ignition reduced with the addition of higher
hydrocarbons. Moreover, the reactivity of all of the blends was faster compared togthame.

An autoignition study of GHe/C3Hs/n-CsHio was also conducted by Eubank et [AR] for

highly dilute mixtures in a ST and they observed that adding 0.4% ethane, propambusaite

to a 1% methane niiire decreased the IDTs to a factor of thirteen compared to those measured

for pure methane.
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It is observed from the relevant literature th@though some efforts have been made towards
studying the ignition behavior dfii Cs alkanes[13,14,26] experimental measurements and
kinetic modelling of NG mixture blends containinghexane andh-heptane have not yet been
reported. The objective of the present work is to provide useful measurements of IDTs for these
blends at lowtemperature and highressure conditions, relevant to gas turbine operation. We
also develop detailed chemical kinetic mechanisms to accurately predict the experimentally
measured ignition data. In the present work new IDT experiments are carried out using an RCM
atd = 0.5 andL.5 in air, at 20 and 30 bar pressure at temperature rangeidfd80K and these

measurements are utilized to validate a kinetic model

2.2 Experimental procedure

A twin, crevicedpiston RCM has been used at NUI Galway to conduct the IDT measurements
for thecurrent Gi C7 natural gas blends. The RCM has been described previously [27]. A 6045B
model Kistler pressure transducer is installed in the chamber wall in conjunction with a Kistler
charge amplifier. To record the pressure/time histories of the expéesintika charge amplifier

is connected to a computer through an Oscilloscope. By changing the initial temperature and
pressure, an extended range of compressed gas temperatures and pressures are achieved using
fixed geometric compression ratio. Therefaaefully controlled heating system is installed on

the RCM.ThelDT is defined as the time to maximuip/dtafter the end of compression (EOC).

A separate mixing tank is connected to the manifold line to prepare thersallanes @ C;
fuel components to achieve the sexsemponent fuel mixture and is allowed to mix for 12h via
gaseous diffusion before use. The gaseous fuels were sourced fromglide with the
following purities; methane (99.5%), ethane (99.5%), propane (99.5%)-batane (99.9%).
The liquid fuels were supplied by Sigma Aldrich with the following puritrepentane (99%),

n-hexane (99%), and-heptane (99%). The fuels weused without further purification. The
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diluent and oxidizer gases, nitrogen (> 99.96%), argon (> 99.98%), and oxygen (> 99.5%), were

supplied by BOC Ireland. Tabl2-1 summarizes the composition of two natural gas blends
containing Gi Cs n-alkanes which wre studied previously [13,14] and the new NG4 mixture
containing Gi C7 n-alkanes. The oxidizer mixture used for the current study comprisesanfdO
diluent gas in the volumetric ratio of 1:3.76, where the diluent varies from 1GQ08% #5:55

N2/Ar blends depending on the experimental conditions. The oxidizer gas is hereafter referred to
as Oairé in this work, wit h 2Artblenddarelused. Tdble c o m
2-2 provides the relative fuelfN2/Ar concentrations for the cases stdli The input files for
nonreactive pressure histories that are required for the model simulations are available on

request to the corresponding author. A total uncertaintyl686 is estimated in &6é§RCM IDT

measurements.

Table 2-1. Natural gas blends studied.

Natural Gas
Species NG1 NG3 NG4
Methane (CH) 98.125 62.5 98.03125
Ethane (GHe) 1 20 1
Propane (6Hs) 0.5 10 0.5
n-Butane (GH1o) 0.25 5.0 0.25
n-Pentanern{-CsHi2) 0.125 25 0.125
n-Hexane -CsH14) 0.0625
n-Heptane 1-C7H16) 0.03125
Table 2-2. Mixture composition (in %) used in the current study.
NG3 NG1 NG4
a 0.5 1 2 0.5 15 0.5 15
Xcha 2.1300 4.1200 7.7300 4.7900 13.1000 4.7600 13.0000
XczHe 0.6820 1.3200 2.4700 0.0488 0.1330 0.0486 0.1330
XcaHs 0.3410 0.6600 1.2400 0.0244 0.0667 0.0243 0.0664
XcaH1o 0.1700 0.3300 0.6190 0.0122 0.0333 0.0122 0.0332
XncsH12 0.0852 0.1650 0.3090 0.0061 0.0167 0.0061 0.0166
XncéH14 T T T T T 0.0030 0.0083
Xnc7H16 i T i i T 0.0015 0.0042
Xoz 20.3000 19.6000 18.4000 20.0000 18.2000 19.0000 18.2000
Xdiluent 76.3000 73.8000 69.2000 74.5000 68.5000 76.1000 68.5000
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2.3 Chemical kinetic model

The detailedchemical kinetic reaction mechanism used in the present work is based on the
ongoing development of a;BC; mechanism. This model contains &® submechanism [28],

along with an updatedCCs base mechanism [29]. The &xd G submechanisms adopted are
based on the works by Zhang et al. [30,31]. The hierarchical nature of the model is constructed
based on several prior mechanisms developed at NUIG and is validated against extensive
experimentally measured data such as IDT¢igien profiles obtained using flow reactors and
jet-stirred reactors, as well as laminar flame speed measurements. The detailed integrated model
is provided in a recent work by Wu et al. [32]. The model will be referred to as NUIGMech1.1.
Constant volumesimulations were carried out using Chemkin19.0. Facility effects were

accounted for the RCM cases by using the-reactive pressure time histories.

2.4 Results and discussion
2.4.1 Model validation with existing measurements

2.4.1.1n-hexanen-heptane
Figure2-1 shows cmparisons of NUIGMech1.1 and Zhang et al. [31] model predictions of IDT

measurements in a shock tube for pmigexane [30] andh-heptane [31] at pressures ranging
from 15 38 bar. The NUIGMech1l.1 model is able to reproduce the ignition behavior for these

alkanes with satisfactory agreement.

10
10k (a) n-hexane in ‘air',j =1 n-heptane in ‘air', j = 1

(b)

0.1F 0.1}

Ignition delay time / ms
Ignition delay time / ms

A 15bar
W 20 bar

Solid lines NUIGMech1.1 ® 38bar

B 15atm

® 32atm

Solid Lines : NUIGMech1.1

Dash lines Zhang et al. mech [31] Dash lines Zhang et al. mech [31]
L

0.01 ! ! ! ! ! ! ! 1 0.01 1 1 1 1 1 1 1
0.7 0.8 0.9 1.0 11 12 13 14 15 0.7 0.8 0.9 1.0 11 12 13 14

1000K /T 1000K /T

Figure 2-1. NUIGMechl.1 (solid lines) and Zhang et al. (dashed lines) simulation results for
ignition delay times experiments (symbols) of pure fuel at stoichiometric conditiorti(= 1.0) in air;
(a) n-hexane [30] and (b) n-heptane [31].
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2.4.1.2NG3 mixture

Figure 2-2 shows IDT measurements for the NG3 mixturé at 0.5 2.0 in air and pressures

ranging fom & 30 bar which were reported previously [13,14]. NUIGMech1.1 reproduces these

data with very good agreement over the range of conditions considered.

1000

ST < NG3,j =1.0in 'alr' _______
- D
100k 8 bar 100L W™ ST 8bar
g ® 19 bar » A ST 30bar
= E RCM
o 49l RCM o O RCM 10 bar
10
E O 10 bar E O RCM 20 bar
= =1
> o 20bar = A RCM 30 bar
o 1k & 30bar I 1L
E E (b)
c
5 (@) g
= =
c 01F Simulation: g 01 Simulation:
k= Solid lines NUIGMech1.1 - oi Solid lines NUIGMech1.1
Dash lines Zhang et al. mech [31] A Dash lines Zhang et al. mech [31]
001 1 1 1 1 1 1 1 OOl -I 1 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 11 1.2 13 14 0.6 0.7 0.8 0.9 1.0 11 1.2 1.3 14
1000K /T 1000K /T
ST NG3,/ =2.0in "air' .
100F m 8bar C "
® 18 bar
RCM

10 O 20bar

(€)

Simulation:

Solid lines NUIGMech1.1

Dash lines Zhang et al. mech [31]
1 1 1 1 1 1 1 1

06 07 08 09 10 11 12 13 14 15
1000K /T

01

Ignition delay time / ms

Figure 2-2. IDT predictions and measurements for NG3: symbols are experiments and lines are the
simulations at different pressures (a) fuel-lean mixtures {@ = 0.5} (b) stoichiometric mixture (G =
1.0);, and (c) fuetrich mixtures (G = 2.0) Simulations using NUIGMech1.1 and Zhang et al. [31]
mechanisms

2.4.2 Effect of addition of Cs and Cz
2.4.2.1Low level of GJ/C7 addition (~ 0.1%)

Figure 2-3 illustrates the measured and computed IDTs for NG1 and NG4 mixtuiies at5
and 1.5, at compression pressures of 20 bar and 30 bar, in the temperature rah@gs08&0
NG4, which is similar to the NG1 mixture, with an additional ~0.4%eH14 and n-C7Hzs,
shows a slight enhancement in reactivity for the-figdi cases especially at 30 bar, but there is

no difference in measured IDTs for the flehn cases. The model predictions using
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NUIGMechl.1 capture these trends very well. In comparison, thegZétal.mechanism [31]

tends to ovepredict IDTs in the lowintermediate temperature regime for fleddn cases. For

the fuel rich conditions, as the fuel concentration is higher, any difference in the fuel
compositions in the NG1 and NG4 mixtures bbees more significant when compared to the
fuel-lean cases. As it is well known that low temperature chemistry relies on the fuel oxidation
mechanism, and hence the difference in the reactivities between the two mixtures is more
observable for the fuelch cases. However, at such low concentrations-G§H14 andn-C7Hzs,

the impact on the autignition behavior is minimal.

2.4.2.1.1Effect of pressure andequivalenceratio

The effect of pressure and equivalence ratio on the IDTs for the NG1 and NG4 mixtures are
shown in Figures 2-4(a) and 2-4(b), respectively. A comparison of the experimental
measurements with predictions shows that NUIGMechl.1 captures the reactivities almost
perfectly at 20 bar for all cases. For both the NG1 and NG4darl mixtures, thenodel over

predicts the IDTs by between iI®% at 30 bar, which is within the uncertainty limits of the
experimental measurements. Overall, NUIGMech1.1 shows a better agreement compared to the

Zhang et al. mechanism [31].

j = in 'air' 0 0, L . .
J =0.5in"air', 45% N,/55% Ar K j =15in air', 45% N,/55% Ar
» m 0O 20bar e
£ 100 | g 30 bar ?’
Py -
o 100 |
£ =
- =
° )
° S
c
§ E (b)
) =
Simulation  NUIGMech1.1 - Simulation  NUIGMech1.1
NG1: Closed symbol & Solid lines NG1: Closed symbol & Solid lines
10F . NG4: Openedlsymbol & Dash Iinles NG4: Opened symbol & Dash lines
10 1 1 1
0.95 1.00 1.05 1.10 1.05 1.10 1.15

Figure 2-3. IDT predictions and measurements: symbols are experiments and lines are the
simulations at fixed pressure 20 bar and 30 bar for NG1 and NG4a) fuel-lean mixtures (i = 0.5)
and (b) fuel-rich mixtures (4 = 1.5) from the current study.

39



Chapter 2

The highefpressure cases exhibit a faster ignition across the range of conditions studied. This is

attributed to the increase in fuel concentration, thus resulting in a higher overall redetiamdra

faster ignition. For the NG1 mixture, Figuzet(a), the IDT decreases from ~110 ms to 41 ms at

Tc ~ 950 K and from 130 ms to 57 msTat ~ 900 K for(i = 0.5 and 1.5, respectively as the

pressure increased from 20 bar to 30 bar. Similarly, for the NG4 mixture, Rigi{p3, the IDT

decreases from 106 ms to 40.5 m3 @t 950 K forli = 0.5,and from 66 ms to 30.5 ms & =

920 K ford = 1.5. Note thaincreasing the pressure from 20 to 30 bar leads to a decrease in

IDTs by an average factor of 2.2 for the lean and rich cases considered here.

Figure 2-4 also shows the effect of equivalence ratio on IDTs for two-diremixtures at

equivalence ratios af = 0.5 and 1.5. The experiments and simulations both show thaidhel

mixtures ignite faster compared to the flegin ones. For both NG1 and NG4, the IDT is shorter

by a factor of threeas the equivalence ratio increases from 0.5 to 1.5. This inBluehc

equivalence ratio on IDT is attributed to the combined effect of fuel chemistry and the chain

branc

hing reaxzt iRnNID ARHBOH + M) z 27TH( +M) . Il nc

equivalence ratio increases the fuel concentration, which leads to a higttereate of these

chain

branching reactd.i

enhancing the reactivity of the fuair system.

f
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Figure 2-4. Ignition delay times: symbols are experiments and lines are the simulations at leai £
0.5) and rich mixtures (@ = 1.5) and fixed pressure 20, and 30 bafa) NG1, and (b) NG4 from the
current study.
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2.4.2.2Moderate to high levelsof n-Cs and n-C7 addition

In this section, the effect af-hexane anah-heptane addition of up 50% in the fuel mixture is
numerically studied. Figurez5 and2-6 show the effect of adding-hexane andh-heptane to

NG3. The composition of the nemixture is determined by substituting different fractions of
these higher hydrocarbons with €Hrigure2-6 compares IDTs as a functionmehexane (solid

lines) andn-heptane (dashed lines) concentration in the fuel mixtufe at700 K, 800 K, 900

K and1000 K. It can be seen in Figu2es that the addition of even small amountsidfexane

and n-heptane (~12%) significantly reduces IDTs. The plot highlights the impact of the
addition ofn-Ce/n-C7 on IDT and shows that the additionrehexane ana-heptane in amounts

of up to 7.5% significantly reduces the IDT by +80 ms affc = 700 K and by ~40 ms at =

800 K. Further addition of C7 alkanes to the mixture has a much lower relative influence on
the IDT in the mixture. Allc = 900 K, the influene of G/C; addition is significantly reduced
compared to lower temperatures, while ata 1000 K, IDTs for all of the blends are withiin 2

3 ms of each other. This behavior was also observed at high temperature conditions in previous
studies[33,34] A crossover in the IDT profiles can be seen betweeii SIDK in Figure2-6

and this is because batkhexane and-heptane exhibit strong NTC behavior in the temperature
range studied. A discussion on the observed trends is provided in the next section using

sensitivity analysis

—_nNes 30 bar,j =1.0inair' —_nNes 30 bar,j =1.0in 'air'

102 4~ NG3+0.1% n-C, 102 = NG3+0.1% n-C,
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= NG3+0.8% n-C¢ —— NG3+0.8% n-C,

NG3+1.2% n-C

» s o NG3+1.2% n-C, :
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° = NG3+2.0% n-C, ==z2:% @ = NG320%nC, T .t LY
£ = NG3+2.5% n-C, £ = NG3+2.5%n-C, Geiiziziit

I = NG3+5.0%n-C, M o= = m == = = NG3+5.0% n-C, : P

& 101  nNe3+100%n-c, & 104 i Ne3+00%nc, LB accce...
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Figure 2-5. (a) Effect of adding n-hexane and (b) n-heptane to NG3 on IDTs. Simulations using
NUIGMech1.1.
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104
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Figure 2-6. Effect of adding n-hexane (solid lines)n-heptane (dashed lines) to NG3 on IDTs.
Simulations using NUIGMech1.1.

2.4.2.3Sensitivity analysis

Figure2-7 provides a sensitivity analysis to IDT for the NG3 mixturthvz.5%, 7.5% and 15%

n-CeH14n-C7H16 addition at aTc =

el i mi

nati on

830 K. Hatom abstraction from the fuel, concerted

obr adi ood le ffi rnpraaicaldamntithe adsitioR GOOH

radicals to Q@ are identified as the key reaction classes affecting IDT at 830 K. Even with 2.5%

n-CsH14 addition, the sensitivitgoefficients of GHs +

‘I H

7z 4He fi H2O (R2) show similar orders of sensitivity as theHG +

pr odueHizth g ( & 3eHi-D(R4) radicals.

H202(+M)<=>20H(+M)
2HO2<=>H202+02
C2H6+0H<=>C2H5+H20
C3H8+0H<=>IC3H7+H20
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C3H8+0H<=>NC3H7+H20
NC5H12+0H<=>C5H11-1+H20
NC5H12+0H<=>C5H11-2+H20
NC6H14+0H<=>C6H13-1+H20
NC6H14+0H<=>C6H13-2+H20
NC6H14+HO2<=>C6H13-3+H202
NC6H14+H02<=>C6H13-2+H202
NC3H702<=>H02+C3H6
C2H502<=>C2H4+H02
C6H1302-2<=>C6H12-2+HO2
C6H1302-2<=>C6H12-1+HO2
C6H1302-3<=>C6H12-2+H02
C6H1302-3<=>C6H12-3+HO2
C5H1000H2-4+02<=>C5H1000H2-402
C6H1200H3-5+02<=>C6H1200H3-502
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Figure 2-7. IDT sensitivity analysis for NG3 with 2.5%, 7.5% and 15% (a) n-CeH14, and (b) n-
C-H1s addition at 830 K, and 30 bar.
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The addiHDOH5 o R 5B )eH10@H2-4 ([R6) radicals to @are also as sensitive

as t he asHadOOQH24oadicats {R7)iiThis agrees with the previous observations made
in Figure 2-7, that even at low levels (~2.5%) ofhexane addition, IDTs are significantly
decreased. With further addition mhexane, reactions R3 and R4 become the mairbhsdd
reactiors promoting reactivity while the role of reactions R1 and R2 diminishes. Similar trends
are observed fon-C7H16 addition atTc = 830 K, Figure2-7(b). However, afc = 1000 K, the

IDT of the mixture is highly sensitive only to:& ( + M)  z+ ‘T'lkHM) (R8) and shows
relatively very low sensitivity to other fuelependent reactions. The sensitivity coefficient of R8
remains largely waltered for the different £C; addition cases, while sensitivity coefficients
for the other less important reactions shomlyosmall changes. Therefore, the IDT of the
mixture exhibits a significantly low dependence on the amount @6H14/n-C7H16 addition at

higher temperature3¢ = 1000 K) as observed in Figuzes.

(a) H202(+M)<=>20H(+M)
2HO2<=>H202+02
C2H6+0H<=>C2H5+H20
C2H6+HO2<=>C2H5+H202
C3H8+HO02<=>IC3H7+H202
C3H8+HO2<=>NC3H7+H202
C3H8+CH302<=>IC3H7+CH302H
C4H10+HO2<=>SC4H9+H202
NC5H12+HO2<=>C5H11-2+H202
NC6H14+HO2<=>C6H13-2+H202

(b) H202(+M)<=>20H(+M)
2HO2<=>H202+02
................................. e PRRTE ~ L TUTPP
C2H6+HO2<=>C2H5+H202
C3H8+HO2<=>NC3H7+H202
C3H8+CH302<=>IC3H7+CH302H
C4H10+HO2<=>PC4H9+H202
CA4H10+HO2<=>SC4H9+H202
NC5H12+HO2<=>C5H11-2+H202
NCBH14+HO2<=>C6H13.3+H202 NC7H16+H02<=>C7H15-2+H202
NC6H14+HO2<=>C6H13-1+H202 NCTHI6+HO2<=>CTHIS 3+H202
CH2O+HO2<=>HCOHI20 " T CH20+HO2<=>HCO+H202
CH3+H02<=>CH30+0H
CH3+HO2<=>CH4+02

H abstraction

from fuel H abstraction

from fuel

CH3+HO2<=>CH30+0OH
CH3+HO2<=>CH4+02

T T T | L B B B BB B |
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Figure 2-8. IDT sensitivity analysis for NG3 with 2.5%, 7.5% and 15% (a) n-CeH14, and (b) n-
C-H1s addition at 1000 K,and 30 bar.

2.5 Conclusions

In this study IDT measuremes for multtcomponent (@ C7) NG blends are reported using a
rapid compression machine at conditions relevant to gas turbine operafion0ab and 1.5, at

p = 20 bar and 30 bar over the temperature rangel®&D K. Simulations using NUIGMech1.1
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are found to be in good agreement with the new measurements as well as with previous
measurements of purehexane,n-heptane and with data for NG3 available in tierature.

This study also shows that the addition of even small amoumsdhekane and-heptane (L

2%) to natural gas blends leads to a significant increase in reactivity. At lower temperbgures (

< 900 K), the addition of £C7 n-alkanes in concentians of up to 7.5% rapidly reduces the

IDT of the mixture while the influence decreases for concentrations greater than 7.5%. At
temperatures > 900 K, the impact on the agtotion behavior of the NG mixtures is low.
Sensitivity analyses for the 2.5%/C7 addition cases show that the roletofitomabstraction
reactions and addition ofe(C7; QOOH radical species to molecular oxygen are as important as
the reactions pertaining to lower alkane speciekat 830 K. Whereas, at 1000 K, the IDT of

the mixtue shows significant sensitivity only to the decomposition of hydrogen peroxide
H202( + M) z 2 TH( +M) wi t h a very I-based reaetions,i t i v
irrespective of the §C; concentration. Therefore, the effect on IDThe€sH14/n-C7H16 addion

to the NG3 mixture is limited at higher temperatures but is significant atttowmtermediate

temperatures, 600000 K.
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Abstract

Ignition delay time measurements for mudéimponent natural gas mixtures were carried out
using a rapid compression machine at conditions relevant to gas turbine operation, at
equivalenceratiosof 02 . 0 i n oOairé6 i n 1105 K taprespusees dIBOr e r «
bar. Natural gas mixtures comprisingi C; n-alkanes with methane as the major component
(volume fraction: 0.360.98) were considered. A design of experiments was employed to
minimize the number of experiments needed to cover the wide range of pressures, temperatures
and equivalence ratios. The nexperimental data, together with available literature data, were
used to develop and assess a comprehensive chemical kinetic model. Replacing 1.875% methane
with 1.25%n-hexane and 0.625%heptane in a mixture containingi©s components leads to

a signifc an't i ncrease in a mixtureds reactivity.
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also tend to show a strong negative temperature coefficient andtag®e ignition behavior.
Sensitivity analyses of the:0C7 blends have been performed to highlight Key reactions

controlling their ignition behavior.

Keywords:Natural gas; ignition delay time; rapid compression machine; kinetic modeling.

3.1 Introduction

The potential of natural gas (NG) as an alternative fuel for transportation andchag\yower
geneation applications has led to an increase in demand for conventional acdmamntional

NG sources. NG is primarily composed of methane with some heavier alkanes ranging from
ethane to heptarj&], [2]. Thus, to achieve highly efficient and safe use of NG, experimental and
kinetic modeling studies are needed for a wide range of NG mixtures to verify their varying
combustim characteristics. One of the fundamental combustion characteristics of a fuel is auto
ignition which can be measured experimentally at relevant reaction times using both rapid
compression machines (RCMs) and shock tubes (STs). Methane, being a majonerdngbo

NG, has been studied extensively in the literat[8B [8] and there are many available
mechanisms describing its oxidation at conditisakevant to combustion devicd9]i[13].
Studying blends of alkanes with compositions similar to available sources of NG can provide
tangible targets in pdéicting the combustion characteristics of these alternate NG mixtures to

test their suitability for use in practical combustors.

A summary of experimental studies of methane with larger hydrocarbons was presented
previously[1], [7], [14] and a summary is updated and adde@dppendix A Ignition delay

times (IDTs) of biney NG blends of methane/ethane up to methaheptane were studied
experimentally using RCMs and STs over a wide range of combustion conditions
[15],[16],[17][24 30]. The results showed an increase in negative temperature coefficient (NTC)

behavior and a degease in the onset of ignition temperature with increasing concentrations of
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higher order hydrocarbons in the mixtures. A recent study afr@EtH14 mixtures by He et al.

[22] showed a significant decreasddil's with increasingi-hexane content at low temperature.

A kinetic analysis showed that a strong effect stems from the decompositiofOpfnHich

i nduces the producti on [24]fstudieda differdnt CHICA L i a
mixtures in a ST. The results showed that the fuel composition with methane concentrations of
less than 75% had IDTslose to puren-heptane. Kinetic analyses showed that dominant
reactions occurred betweerh e pt ane and the radi candmethargar t i
consumption occurred close to the ignition event. Similar behavior was also observed/fer CH
CeH14 ST experimentq22].

IDT measurements of ternary blends, includingsCkHe/C3Hg as well as higher alkanes with
volume percentages of up to 50% of the entire fuel composition have also been [g8Hied

[23], [27], [29], [31], [32] De Vries and PetersefR9] observed that adding higher
hydrocarbons up to-pentanestrongly reduces the activation energy at high pressures and low
temperatures with an observed faster and stronger ignition behavior for all of the blends
compared to pure methane;iCs ST experiments were also studig@B] for highly dilute
mixtures containindgl4.29% ethane, 7.14% propane, 7.14%butane, and 71.43% metharie

was found that IDTs were shortened by up to a factor of 13 compared to pure methane. Recently,
C1i Cs alkanes blends were studied in both an RCM and in a ST with higher hydrocarbons up to
37.5% by volume of the fuel compositi¢h4], [34], [35] Beerer and McDonelll8] used a
turbulent fow reactor to measure IDTs for a le@nh= 0.6) mixture containing {LCs species at

p = 9 atm, in the temperature range B33 K. They showed that the inclusion of higher
alkanes can help reduce NOx emissions by decreasing the onset of ignition t@repdéoatNG
mixtures.

The declining concentration of »Gpecies on a volume/mol basis is an observed trend in

samples of NG found around the world. These are supplied to Siemens by potential customers
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who are interested in ensuring their feasibility adgdor engine applications and understanding

the limitations in terms of pollutants, power range, or fuel supply systems. Although several
studies have explored:Cs n-alkanes mixtures with limited work performed ot Cs alkane
blends[18].

However, to our knowledge n®T measurements are available foii C7 alkane blends. The

aim of the present work is to provide useful measurements of IDTSif@; @-alkanes blends at
conditions relevant to gas turbine (GT) operation and to develop an accurate chemical kinetic

mechaism to understand the underlying kinetics of NG mixture combustion at the specified

conditions

3.2 Experiments

Experiments were conducted using the RCM at NUI Galway, which was described previously
[36]. A brief description of the machine and the experimental procedure are pramided
appendix A Table3-1 shows the @ C; n-alkanes blends by volume pertage, reported as

NG1 to NG10.

Initially the NGI'NG3 blends were selected, where NG1 and NG2 compositions are very
similar to North American and European natural gases, respectively. NG3 is an extension of the
compositions along the NG mixture trends imler to capture the increasing content of > C
species. The new natural gas mixtures NB310 are intended to consider both the impact of

Cs and G n-alkane addition and higher amounts of >9pecies. The motive in the increased
content of > @ is to enswe that future natural gas compositions can be included. Constant
volume simulations were performed for all of the NG blends in Taldleas shown in Figre

AS1 to help select the final experimental conditions. NG2 experiments which had been studied
previausly in our laboratory14], [34] helped in validating the new experiment targets and

confirm the reliability of the old data. The NG3 and NG6 experiments were performed to study
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the effect of replacing 1.875% methane in the NG3 blend mwiliexane anah-heptane at the

same conditions gpressure and dilution concentrations. Finally, NG7, NG8, and NG10 were
chosen so that different levels of higher hydrocarbon in the blends with different conditions can
be tested. Developing a chemical kinetic mechanism that can reproduce well the extseinm

the different conditions will be useful in predicting other NG blends that have not been studied
experimentally. Concerning the DOE approach, we have not applied the methodology in a strict
manner implied by the terminology but rather a sensitasiglysis was performed to identify the
experiments that would be the most informative to develop/validate/calibrate the mechanism
within the large parameter space of pressure, equivalence, temperature, and natural gas
compositions considered. TabB2 stows the experimental conditions with the NG blends
which were chosen in the current study. The measured IDT is quantified from the reactive
pressurdime trace as shown iRigure AS2. Each experimental point is repeated at least three

times and the IDTs nasurement uncertainty in the current study is estimated to be £15%.

Table 3-1. Natural gas blends.

Species NG1 | NG2 |NG3| NG4 NG5 | NG6 | NG7 [NG8| NG9 | NG10
Methane (CHa) 98.125| 81.25| 62.5| 98.03125| 80.3125| 60.625| 72.635| 45.27| 63.107| 35.601
Ethane (CzHo) 1 10 | 20 1 10 20 10 | 20| 10 | 20
Propane (GHs) 05 | 5 | 10 0.5 5 10 | 6.667|13.33| 8.0 |14.815
n-Butane(CaH 1) 025 | 25 | 50| 0.25 2.5 5.0 | 4.44 | 8.89| 6.40 |10.974

n-Pentane -CsH1) | 0.125| 1.25| 25| 0125 | 125 | 25 | 2.965|5.93| 5.12 | 8.129
n-Hexane (-CeH14) i i | 1 | 00625 | 0625 | 1.25 | 1.976| 3.95| 4.097 | 6.021
n-Heptane (-C7H1¢) i i | 7 | 003125| 0.3125| 0.625| 1.317 | 2.63| 3.276 | 4.460

Table 3-2. Experimental conditions studied in the RCM.

Blend a pc / bar Tc/K

NG2 0.5,1.0,2.0 10,18, 20, 30 7117 1054 [141,[34], current study
NG3 1.0 20, 30 75471 952 [14],[34], current study
NG6 1.0 20, 30 67071 1032 current study
NG7 0.5,1.0,15 10, 20, 30 6881 952 current study
NG8 1.0 20, 30 67971 960 current study
NG10 0.5,1.0,15 10, 20, 30 6501 1052 current study
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3.3 Kinetic modelling

The detailed chemical kinetic mechanism employed here, NUIGMechl.0, is built in a
hierarchical way and has been derived by merging eu€£{base chemistr{37]i [40] with the
hexane isomer mechanisms from Zhang et[4il]. Rate constants for the-heptane sub
mechanism are incorporated from a previously published model by Zhang[éR]alThis
mechanism habeen validated against the experimentally measured IDTs from the present work
across a wide range of temperatufe £ 650° 1500 K), equivalence ratidi(= 0.4'2.0), and
pressurefc = 10/ 100 bar)as well as a variety of natural gas mixture composit[8a$ [35],

[22], [32] as shown in Figres AS10 AS16. A detailed description of the important reactions for
the conditions studied here identified in sendijivanalyses are provided in the following
sections. In addition, the performance of NUIGMechl1.0 is compared with that published by

Zhang et al.[42] and Mehl et al[43].

3.4 Results and Discussion

The results of the IDTs for the testNG blends listed in TabB1 are provided in this section.

The term Ain airo in the fi gurAdduentietheeaticoft o t
1:3.76. The diluent was either 100% Nr 45:55 N: Ar. The fuel compositions, initial
condtions, IDT data, and pressure/time histories for the simulations are all provided as

Appendix Aand withthe online version of the paper.

3.4.1 Experimental validation

Figure 3-1 and FigureAS3 show that the current IDT measurements for NG2 at different
compressed gas temperatures and NG3 at stoichiometric conditions are comparable with our
previously published dafd 4], [34]. Moreover, simulations of theew IDTs using three kinetic
models, C5_49 which was previously used to simulate the NG2 and NGBRLdhtthat from

Zhang et al.[42], and NUIGMechl1.0. The three models show good agreement with the
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experiments, with NUIGMech1.0 showing particularly good agreement, especially at low
temperatures. Overall, there isagl agreement among the old and new data and the difference
which appears clearly in the fdlelan and stoichiometric conditions at temperature above 900 K
stems from the use of 100% Ar as the diluent gas in the old data. Using only Argon as a diluent
makes the IDTs longer as reported by Wirmel ef44] whereas in the new data 45%/56%

Ar is used. At fuekich conditions for NG2 the same diluent was used for both studies and they

show very good agreemefigureAS3(c).

1000 f NG2,; =1.0,in 'air'
” 100% N, K
1S ® 20 bar .0
B A 30 bar N
E 100 | 45% No/55% Ar 0.1
= ® 20bar 8 g >
E A 30 bar /
3 Healy et al. (2010)
c P O 20 bar
o 10f (o)
= A 30 bar
S 0 Solid NUIGMech1.0
- Dash Zhang et al. (2016)
Dot C5_49
l 1 1 1 1
0.9 1.0 1.1 1.2 1.3 1.4
1000K /T

Figure 3-1. Comparison of current study IDTs measurements for NG2 verse NG2 previous study
[34] and the simulations, NUIGMech1.0 ( solid line, Zhang et g42] (dash lines), and C5_4914]
(Dotted line).

3.4.2 Effect of fuel composition

Comparisons of the IDTs of the different NG mixtures, NG2, NG3, NG6, NG7, NG8, and
NG10, studied here are presentedrigure 3-2 for stoichiometric mixtures at 20 bar and 30 bar
and 6751000 K. It is observed that NG2 and NG3 mixtures comtgimighest percentage of
smaller alkanes ({£Cs) amongst all fuels exhibit the lowest reactivity, with reactivity increasing
with the increasing percentage of higher order hydrocarbons present. Mixture NG10, which has
a total of almost 10%nCeH14 and nC7His, exhibits the highest reactivity. The effect of
composition on the IDTs is seen to be the largest in the temperature rain§8® 80 For NG3

at 770 K, 20 bar, the IDT is ~150 ms while for NG10 the IDT is ~6 ms, showing that there is

more than an ordef magnitude reduction in reactivity with changing fuel compositiéigure
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3-2 also shows that NUIGMech1.0 can predict the IDTs with very good agreement for the range
of NG mixtures at both 20 and 30 bar and also accurately reproduces the NTC belravior. T
Zhang et al[42] model undesestimates the reactivity of the mixtures by a factor of two for the
NG3 and NG6 mixtures. The agreement becomes better for NG mixtures with higher alkanes but
still over-predicts the IDT by factor of 1.5 compared to the experiments in the f&8@ion.
Moreover, the Mehl et a[43] model overestimates the reactivity of NG2 and NG3 and begins

to underestimate the reactivity of the mixtures with increasing higher order hydrocarbons in
NG6I NG10 and by increasing the pressure from &0tb 30 bar. A detailed sensitivity analysis

is presented in the chemical kinetics analysis section to gain insights on the underlying kinetics
at different conditions. FigurdS6 shows reactiv@/t histories for the conditions similar to
Figure 3-2(b) for NG7, NG8, and NG10 dic 770 K along with simulateg/t histories using the

experimental nomeactive p/t trace to include the effect of heat loss. It is obvious that the

mechanism can also capture the first stage and total ignition very well

1000
1000 £ 20 bar,j =1.0in 'air' 30 bar,/ =1.0in"air'

m NG2 . m NG2 .
0 : y 2} ® NG3 .
S S A NG6
=~ ~ NG7 . B,
L ook O 00F 4 Nes T A
S £ @ NG10 y
=] - Y, 2 Ik

>
&) 3
© [} |
s 3 10
c F c
o o T
= Solid  NUIGMech1.0 b= Solid  NUIGMech1.0
c (a) Dash Zhang et al. (2016) CCF) § (b) Dash  Zhang et al. (2016)
k= Dot Mehl et al. (2012) = 1f, \ . Dot Mehletal. (2012)
! 1.0 11 12 13 14 15 1.0 11 12 13 14 15
1000K /T 1000K /T

Figure 3-2. Comparison of experimental (symbols) and model predicted (lines) IDTs of various NG
mixtures at 4 = 1.0, (a) pc = 20 bar; and (b) pc = 30 bar, measured in an RCM.

3.4.3 Effect of pressure and equivalence ratio
Figure 3-3 shows a comparison of model predictiornithiDT measurements for fuétan and
fuel-rich NG mixtures at 1{BO bar. A similar comparison for the stoichiometric mixtures is

provided inFigure AS7. The IDTs for all mixtures decrease with increasing pressure, thus
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showing an increase in reactivityhis is primarily due to the increasing concentration of the
reactant molecules with pressure. The sensitivity of IDT with pressure showsliagartrend

with respect to temperature. For stoichiometric NB610 mixtures, the IDT shortens by a
factor of 1.5 atTc < 700 K as the pressure increases from 20 to 30 bar, while it reduces by a
factor of 2 atTc > 700 K until the end of NTC region. The dependence on pressure again
decreases with a further increase in temperature. Fofldfaiel and fuetich mixtures, an
increase in pressure from 10 bar to 30 bar leads to a reduction in IDT of almost a factor of nine
in the NTC region, as shown ifrigure 3-3. Comparisons of model predictions with
measurements (Riges. 3-3 andAS7), show that NUIGMech1.0 &ble to successfully predict

the IDTs with very good agreement for a wide range of pressurée8QHar) and equivalence

ratios (i = 0.5 2.0).

3.4.4 Chemical kinetics analysis

Figure3-4 shows thdruteforce sensitivityanalysis for NG3, NG6 and NG10 mixtureshtls at

G =1.0,pc = 30 bar, andc = 830 K. Modifications have been made to some of these important

reactions and the choice of the updated rate constants are discussed here

1000 - —— 1000 1000
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» ® 20bar e 2 ® 30bar 2 o 30bar [ L] M i
E 4 30 bar AR = 45%N/55% Ar — o | 45% Ny/55% ALy o e
© 100 £ 45% No/55% Ar 2K © 100f O 10bar 8| @ B obar 2 =
£ O 10bar S £ © 30bar £ ) 30 bar
= .S = /. =
- O 20 bar ar > >
B o 30bar JH A, © ©
] S O] T 10}
© w0} LYY T 10} -
c ] Y c c
=l 4 Solid NUIGMech1.0 9o = Solid  NUIGMech1.0
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S e Mehlget ol v(2012 = b Dash Zhang et al. (2016) c Dash Zhang et al. (2016)
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100%N, NG2,j =2.0in air' ooy, NG7,j =1.5in air 100% Ny NG10,; =1.5in 'air .
1) ® 18bar . B § %) 10 bar a m 10 bar
£ A 30 bar Qé [ B E ® 30 bar e E ® 30 bar
~ 100% Ar kel 7 = 45% N,/55% Ar = 2 ¢ o 100F 45% Ny/55% Ar
o O 18bar ‘ e © 100 f 2 2 .
€10k & aopar L ezt IS o 0bar E O 10bar
= . . i O 30bar 2 o 30bar 7
z K S b
© ] g}
° T 10} ©
S 1w} s s
2 Solid  NUIGMech1.0 = Solid  NUIGMech1.0 = olid  NUIGMech1.0
= Dash Zhangetal. (2016)| ‘= Dash  Zhang et al. (2016) c 1if
c Dash Zhang et al. (2016)
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Figure 3-3. Ignition delay times at different pc (a) NG2,0 = 0.5; (b) NG7,d = 0.5; (c) NG10,G = 0.5;
(d) NG2,0 =2.0; (e) NG7,G = 1.5;and (f) NG10, (i = 1.5.
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The reactivity of the NG mixtures (NG3, N GG
reactions with propane producimgpropyl andiso-propyl radicals, via @4 + "1 Hn i@H7 +

H.0 and GHs + "I H sH7 +i HdO, respectivelyThe previous moddk2] utilised the rate
constant measured by Droege and Ty#l¥] at temperatures below 900 K. More recently,
Sivaramakrishnan et a[46] directly measured sispecific rate constants for thesHs +

‘I'H system at h iTHlha6 K). #haip measareniente showéd9axslightly higher
branchi ng sH#tharcmeasared by Rroegeidnd TyHdB). The current model applies

a fit which takes account of the direct measurement f#sG "I H #H; + HiO by
Sivaramakrishnan et aJ46]. It is evident fromFigure 3-4 that for all NG mixtves direct
hydrogenrabstraction from €He by “ITH r adi cal has the | argest
ignition. In the present model, the rate constant fdtsG "I H 2Hs + &0 is adopted from

the fit recommended by Krasnoperov and Michdé&l. A sensitivity analysis also shows that

the low temperature reactions pertaining #§€chemistry influence the overall reactivity of

NG mixtures. The formation of carbonyl hydroperoxide species via the isomerization reactions
of CsHsOOH1-3 "1 promotes the overall reactivity of the NG mixtures containing higher
concentration ofn-hexane andn-heptane fuels (NG6 and NG10). Whereas the concerted
elimination reaction, producings8e + H, ‘inhibits NG oxidation at low temperaturér the
reactionnCsH;O2 2 CsHe +  H, ‘therateconstanuusedin the previousmodelwasbasedon the
calculation by Villano et al. [48] while for (C3HeOOH1-30,z C3KET13 + “I H) the rate
parametersvere taken from the study of Sharmaet al. [49]. In the current model, the rate
constant for these reactions are adopted from thelbighh quantum chemical calculation by

Goldsmith et al[50], and these updatésproved the model predictions as showirigure3-2.
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NC6H14+HO2<=>C6H13-2+H202
NC6H14+0OH<=>C6H13-2+H20
NC6H14+0OH<=>C6H13-1+H20
NC7H16+0OH<=>C7H15-1+H20
NC7H16+0OH<=>C7H15-2+H20

CH302+H02<=>CH302H+02
H202(+M)<=>20H(+M)
C3H8+0OH<=>NC3H7+H20
C4H10+OH<=>PC4H9+H20
NC5H12+0OH<=>C5H11-2+H20
NC5H12+HO2<=>C5H11-2+H202
C3H600H1-302<=>C3KET13+OH
C4H10+HO2<=>SC4H9+H202
C5H1000H2-4+02<=>C5H1000H2-402
C3H8+HO2<=>NC3H7+H202
C2H6+HO2<=>C2H5+H202
NC5H12+0OH<=>C5H11-1+H20
C4H80O0H2-4+02<=>C4H800H2-402
C2H502+H02<=>C2H502H+02
SC4H902<=>C4H8-1+HO2
C2H502<=>C2H4+HO2
C5H1102-2<=>C5H10-2+HO2
C5H1102-2<=>C5H10-1+HO2
CH20+0H<=>HCO+H20
C4H10+OH<=>SC4H9+H20
NC3H702<=>H0O2+C3H6
2HO2<=>H202+02
C3H8+0OH<=>|C3H7+H20
CZH6+OH<=>CZH5+H20I

-05-04 -03-02 -0.1 0.0 01 02 03 04 05
Sensitivity coefficients

Il \G3
NN NG6
NG10

Figure 3-4. Brute-force sensitivity analysis of various NG mixtures (NG3, NG6, NG10) IDTs at =
1.0, 30 bar, and 830 K.

Thechain terminati ng arde accattistA HidettOg s ammpbirtant
reaction that inhibits reactivity under thesanditions, while the decomposition ob®b is the

most important reaction enhancing reactivity of NG mixtures for all conditions. For the reaction
H'b+ HZ ¥+ Oy, we use the rate constant from the recent -leghl abinitio
theoretical study by Kppenstein et al[51]. Notably, this value islightly lower than the rate
constant assigned in our previous mdde], in which the rate parameters were taken from the
experimental work of Hong et al[52]. Interestingly, in NG6 and NG10 mixtures, the
sensitivities of the important promoting reactions from thie@o n-CsH12 submechanism &
reduced significantly as compared to the NG3 mixture. Howevern4igHi4 and n-C7H1e
chemistries begin to control the reactivity for NG6 and NG10. THadrh abstraction from the

n-CeHisandn-C:Hisby “ITH radicals become more i mportan

Figure 3-5 depicts brutdorce sensitivity analyses performed for the NG10 mixturpcat 10
and 30 bar, and at an intermediate temperature of 830 K. Figure AS9 shows the sensitivity
analyses comparisons for different equivalence ratios (0.5, 1.0 and 1.5) for the NG10

mixture at 30 bar pressure and at an intermediate temperature of. 83t Knost important
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reactions are governed by the hygmdcglsethat abst
initiate the fuel consumption. The letl@mperature chemistries such as the addition of
(sH1000H24  a nHi:0@H24 radicals to @are also sensite reactions that promote the
reactivity. The concerted el i mjimibt N®ignitione act i
Meanwhiz+e HR" ¥+ Oz is the most inhibiting reaction. The resultaniCA
generates two "TEH:EMdiI Clddl s+ tIHr duwgh) .H Fi gure A
fuel-lean conditions, the chain branching reactio®H + M) 2z “ITH + “IH (+M) d
reactivity and exhibits higher sensitivity than at stoichiometric andriciel conditions. A

similar trend in sensitivitycoefficients at 10 bar and 30 bar (Figuré)3indicates that the
chemistry is not responsible for the increase in reactivity at 30 bar, but rather the higher fuel

concentration causes the observed reduction in IDTSs.

H202(+M)<=>20H(+M)
C5H1000H2-4+02<=>C5H1000H2-402
NC5H12+HO2<=>C5H11-2+H202
NC6H14+HO2<=>C6H13-2+H202
C4H10+OH<=>PC4H9+H20
NC6H14+0OH<=>C6H13-2+H20
C3HB00H1-302<=>C3KET13+OH
NC6H14+HO2<=>C6H13-3+H202
NC5H12+0OH<=>C5H11-1+H20
NC5H12+0OH<=>C5H11-2+H20
NC7H16+HO2<=>C7H15-2+H202
C6H1200H2-4+02<=>C6H1200H2-402
C4H10+HO2<=>SC4H9+H202
NC7H16+0OH<=>C7H15-1+H20
NC7H16+0OH<=>C7H15-2+H20
NC6H14+0OH<=>C6H13-1+H20
NC7H16+0OH<=>C7H15-4+H20
CH302+H02<=>CH302H+02
CH302+0H<=>CH30H+02
C2H502<=>C2H4+H0O2
CH20+0H<=>HCO+H20
H+02(+M)<=>HO2(+M)
C5H1102-2<=>C5H10-2+HO2
C5H1102-2<=>C5H10-1+HO2
C4H10+0OH<=>SC4H9+H20
NC3H702<=>HO2+C3H6
C3H8+0OH<=>IC3H7+H20
C2H6+0H<=>C2H5+H20
2HO2<=>H202+Qg. T T

0.4 -0.3 -02 -0.1 00 0.1 0.2 03 0.4
Sensitivity coefficients

Il 10 bar
30 bar

Figure 3-5. Brute-force sensitivity analysis of NG10 mixtures ati = 1.0,830 K, for both 10 bar and
30 bar.

3.5 Conclusions
In the current study, ignition delay time measurements farCZ n-alkanes blends were
performedby using NUI Galway RCM at conditions relevant to GT operating conditions. Six

compositions of natural gas mixtures with methane being the major component were chosen for
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the study. The measurements were camrangeefd ou:
650/ 1050 K at equivalence ratios 0.5, 1.0, 1.5 and 2.0 and pressures varying fr8onbHD.

The wide range of conditions provides a comprehensive overview of the reactivity of the natural
gas mixtures. The experimental results showed that Her range of fuetompositions
considered in this study, the IDTs of the mixture shortened by an order of magnitude at the same
pressure and temperature conditions. For NG3 mixture, the IDT measured was approximately
150 ms while for NG10 the IDT was as l@as 6 ms alc = 770 K andpc ~20 bar. Significantly
different IDTs measured over a wide range of conditions provide a strong validation target for
developing accurate and robust chemical kinetic mechanisms. The new detailed kinetic
mechanism NUIGMechl.0with update reaction rates based on recent theoretical and
experimental studies together with the heptane mechanism developed by Zhang et al. were
chosen to simulate the experimental conditions in this study. The NUIGMech1.0 model showed
excellent agreemérwith the IDT measurements for mixtures with compositions ranging from
quinternary mixtures ({LCs) to severcomponent mixtures (€C;) represented by NG8IG10.

The Zhang et al. model showed reasonable agreement with mixtures contelm@ptane but
oveestimated the IDTs by more than 50% in the NTC region for mixtures containing large
amounts lower hydrocarbons (NG®G6). The agreement of NUIGMech1.0 with measurements

recorded in this study along existing literature data highlights its robustness
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Abstract

New ignition delay time (IDT) data for stoichiometric natural gas (NG) blends composead of C
I Cs n-alkanes with methane as the major component were recorded usingpadsglire shock
tube (HPST) at reflected shock pressume} énd temperaturedd) in the range 20 30 bar and
10007 1500 K, respectively. The good agreement of the new IDT experimental data with
literature data shows the reliability of the new data at the conditions investigated. Comparisons
of simulations using the NUI Galway mechanism (NUIGMech1.0) show very goodragne
with the new experimental results and with the existing data available in the literature. Empirical
IDT correlation equations have been developed through multiple linear regression analyses for
these @i Cs n-alkane/air mixtures using constant volitdT simulations in the pressure range
pc =107 50 bar, at temperaturds = 9507 2000 K and in the equivalence ratif) fange 0.3

3.0. Moreover, aglobal correlation equation is developed using NUIGMech1.0, to predict the
66
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IDTs for these NG mixtureand other relevant data available in the literature. The correlation
expression utilized in this study employs a traditional Arrhenius rate form including
dependencies on the individual fuel fractids, 4 andpc.

Keywords: Chemical kinetics; Gas turbindsternal Combustion Engines; Oxidation; Natural

gas; ST; IDT correlation.

Nomenclature

Tc Compressed temperature, K

Pc Compressed pressure, bar

a Equivalence ratio

0 Activation energy, Kcal/mol

Y Universal gas constarcal/K/mol

4.1 Introduction

Due to stringent emissions legislation natural gas (NG) is becoming a potential fuel for internal
combustion engines (ICEs) to reduce pollutant emissions and is used as a main fuel for gas
turbines (GTs]1i 5]. The current work is motivated by numerous concerns, inauitie need

to understand the suitability of using fuels from +wmmventional NG sources in combustion
devices such as GTs and ICEs. Furthermore, a chemical kinetic mechanism has been developed
to describe NG oxidation. This mechanism has been used ttopdevéool to predict IDTs that

will save time and cost of designing combustion devices. -fgitition is an important fuel
characteristic for combustor design. It is importemtensure that the time required to fully
premix the fuel and air is shorteratithe ignition time required for the mixture at the conditions

of combustor operation. Moreover, augmition is the main process controlling combustion in
homogeneous charge compression ignition (HCCI) engines. Recently, the development of these
enginesusing NG has attracted more attention due to its high efficacy in decreasing harmful
emissions (nitrogen oxides and particulate matter) while increasing fuel ec¢ébiiy. The
chemical kinetics of a fuel controls atigmition in a combustion device, which depends not
only on the fuel/air ratio and eahbstgas recirculation rate but also on the thermodynamic

conditions (pressure and temperature) inside the engine cylib®@erTherefore, to achieve
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reliable results an accurate chemical kinetic mechanism describinh &#fae oxi dat i on n
developed which can ultimately lead to the development and optimization of more effective
engine combustion technologi€k3i 15]. NG mixtures consist largely of methane with larger
hydrocarbons, sometimes including upntbeptang16]. Therefore, a detailed chemical kinetic
mechanism describing NG oxidation should include thechgmistry of eachuiel component

from C. 1 C7 hydrocarbons. However, such a mechanism comprises 2746 species and 11270
reactions[17i 22], which results in a prohibitive cost for hidgidelity simulations of a full
combustor system.

Lab-scale react@ such asapid compression machines (RCMs) and shock tubes (STs) are used
to measure IDTs at combustor relevant conditions, which are then commonly used to validate a
detailed chemical kinetic mechanism over a wide range of conditions. Once a mechanism th
yields good agreement with the experimental data is validated, it can be used to create a test
dataset to develop a correlation equation for IDT data to reduce both experimental and
computational cost. This equation should include functions for keynedeas such as pressure,
equivalence ratio and fuel concentration.

Several regression analyses of IDTs producing correlations (DI (4-6)) based on the
Arrhenius equation form were published previo&$i 28]. These expressions include the fuel
dependence, either through fuel concentration, fuel mole fraction, fuel component percentage
(volume %), or number of carbon atoms in the fuel, andiatdade a dependence on pressure,

equivalence ratio, dilution, and oxygen concentration.

t 5 &0Alc $EI GOA (4-1)
T 8hf « Q (4-2)
T one Q- (4-3)
T one - Q (4-4)
toene # Q (4-5)
T one « "Q (4-6)
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wheret, 6,1, ,® ,#,"Y & O Aédpresenthe IDT, frequency factor, compressed pressure,
equivalence ratio, oxygen mole fraction, number of carbon atoms, universal gas constant,
compressed temperature, and fuel concentration [mdR@, mespectively. The exponents
ofohtd ¢ Qrepresenthe exponential coefficients of the dependence parameter.

The current study focuses on the challenges of acquiring one global correlation equation for
IDTs as a function of individual parameters such as fuel fragignTc and (i, as well as an
investigationof the sensitivity of these parameters to IDT predictions over the temperature range
studied. Thecorrelation equations are developed to accurately express the IDT behavior of a
series of @i Cs n-alkane mixtures at intermediate and high temperatures. For the training
dataset the range of each fuel component in the mixture is varied from the minimum to the
maximum values of their concentrations in the NG1 to NG3 mixtures as shown irdTh[l8,

29, 30] The presented correlation equations have been tested over a wider range of experimental
shock tube IDT measements In the following Sections experimental details, the chemical
kinetic model, and the correlation development procedure are provided followed by a discussion

of the results

4.2 Experiment

The NUI Galway (NUIG) higkpressure shock tube (HPST) was used to perform the IDT
experiments presented here. A brief description of the facility is provided here as greater detalil
has been provided previoudly7], [31]. The driver gases used are helium for-tatored and
helium/nitrogen mixtures for tailored experiments. To measure the shock velocdyatieesix
PCB113B24 pressure transducers mounted axially positioned to the tube wall in the driven
section at different location near the endwall. An endwall mounted Kistler 603B pressure
transducer is used to record the presstaee used to measure tH2Ts. The initial pressure

(p1), the initial temperaturé€Ti), and the shock velocityVsnoc) Of the tested mixture are
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implemented in theh Gaseqo [82ptiswapge t he problem type
conjunction with frozen chemistry assumption with the thermodynamic data file
(NUIGMech1.0.dat]17i 22] to calculatethe compressed gas temperaturg and pressurgg)

behind the reflected shock which listed in Taldle. The ignition event inthe current
experiment is identified as the time of maximum pressure gradient. Hgluighows the time
histories of pressure and tdp/dt profiles for NG2 atstoichiometric conditionsli(= 1.0), 1248

K, and 20 barAt time zero the initial pressure oscillations in the pressure time history in Figure
4-1 are due to the shock wave hitting the pressure transducer which is fixed at the endwall and
these oscillations are minimal for the sidewall pressure time hii@8ir37].

The IDTs measurements in which the pressure/time histories exhibit a clagnipo: (PI)
pressure rise before the major main ignition event are reported-gmpi@n events irrable4-

3 and are plotted agpen symbols witltcrosses through them in Figu#e6. The estimated
uncertainty limits of the current measurementag8 K in Ts, £ 0.5% in mixture composition,

and x20% in measured IDT.

To prepare the mixture, the liquid fuel-gentane) is first injected into the mixgj tank via an
injection port until the desired partial pressure is attained. Subsequently, the other ghkgs (O

are filled in ascending order based on their increasing partial pressures. The mixture is allowed
to homogenize via gaseous diffusion foleatst 12h before performing experiments.

The purity of the fuels used are as follows; methane (99.5%), ethane (99.5%), propane (99.5%),
andn-butane (99.9%) were supplied by Air Liquide and the liquid fuelsentane (99%) was
supplied by Sigma Aldrich ral was used without further purification. The oxidizer gases
nitrogen (> 99.96%) and oxygen (> 99.5%) were supplied by BOC Ireland.

Table4-2 shows the experimental conditions for NG2 and NG3 which have been carried out in

the HPST and the twipiston RCMat NUIG in the current and previous studj&8, 29, 30]

The error bars in the figures below represe?®% of the measured IDT
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4.3 Numerical model

In the present work, the newly published detailed chemical kinetic model NUIGMddi71.0

22] is used to simulate the experimentally meadulDTs. NUIGMech1.0 is hierarchically
developed for important hydrocarbon and oxygenated fuels ranging from hydrogen/syngas to C
chemistry and includes 2746 species and 11270 reactions. In our simulations, the IDT is defined

as the maximum gradient ofgssure with respect to time.

4.4 Results and discussion

Results of the new HPST IDTs for NG2 and NG3 along with the HPST and RCM IDTs for
NG2 and NG3 from previous studi¢s8, 29, 30]at the conditions listed in Tabk-2. are
provided here. The results of multiple regression analyses for the correlation equations are also
provided. The simulations of the ST IDTs as a tamsvolume simulation are performed using

the reflected shock pressure and temperature as the initial pressure and temperature, respectively.

100
A
— dp/dt
80 P
60
ttotal

0 50 100 150 200 250 300 350

time/ us

Figure 4-1. Sock tube pressure/time history for NG2 afi = 1.0,ps = 20 bar, andTs= 1248 K.
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Table 4-1. NG blends.

Species NG1 NG2 NG3
Methane (CHa) 98.125 81.25 62.5
Ethane (GHe) 1 10 20
Propane (GHs) 0.5 5 10
n-Butane(CsH 10) 0.25 2.5 5.0
n-Pentane (CsH12) 0.125 1.25 2.5
Table 4-2. HPST and RCM experiments conditions for NGI NG3 current and previous studies.
Blend T (K) p (bar) a Facility Ref.
11061 1427 30 0.3 HPST [29, 30]
82171 1054 207 30 05 RCM [18, 29, 30]
11217 1444 18 ' HPST [29, 30]
NG2 73871 960 20, 30 RCM [18, 29, 30]
1051i 1518 30 1.0 HPST [29, 30]
10371 1483 20, 30 HPST Current study
71171 968 18, 30 20 RCM [18, 29, 30]
109971 1549 18 ' HPST [29, 30]
10841 1472 30 0.3 HPST [29, 30]
74511062 107 30 0.5 RCM [29, 0]
10647 1467 20 ' HPST [29, 30]
NG3 7547 952 20, 30 RCM [18, 29, 30]
99571 1470 30 1.0 HPST [29, 30]
101571 1426 20, 30 HPST Current study
69971 886 20, 30 20 RCM [29, 30]
10197 1508 20 ' HPST [29, 30]

4.4.1 Validation of IDT experiments

Figure 4-2 shows a comparison of the current HPST IDT experiments with previous
measurements for stoichiometric NG2 (Figds2(a)) and NG3 (Figurel-2(b)) mixtures afpc =

30 bar. The red and black lines represent the NUIGMech1.0 predictions uspa@titels from

the previous study29, 30]and the current study, respectively. The current measurements are
within the uncertainty of previous work ensuring the validity of the facility and experimental
procedure. Figurd-2(b) shows some discrepancy in the IDTs at high tentperdor NG3 at 30

bar between the current and previous measurements. This may be because the short IDTs (~20
us) are affected by pressure oscillation at time zero due to the shock wave arrival at the endwall,
as evident in Figurel-1. The IDTs predictionsising NUIGMech1.0 also show very good

agreement with the experiments data.
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Table 4-3. ST IDTs data for NG2 and NG3 atii =1.0 andps =20 and 30 bar from the current study.

p: (bar) | 71K | Vshook(m/s) | ps (bar) | Ts(K) | IDT (us)
NG2
0.474 308.15 938.04 17.683 1040.4 2107 (PI)
0.474 308.15 941.16 17.867 1045.2 1774 (PI)
0.474 308.15 968.86 19.500 1087.7 1216 (PI)
0.430 308.15 1010.51 20.110 1153.1 848.2
0.361 308.15 1069.44 19.953 1248.7 369.8
0.308 308.15 1123.0 19.660 1338.8 140
0.271 308.15 1180.1 19.940 1438.0 59.3
0.250 308.15 1205.4 19.555 1483.0 38.39
0.879 308.15 911.27 30.002 1000.1 2107 (PI)
0.788 308.15 936.2 29.213 1037.6 1649 (PI)
0.711 308.15 983.34 30.603 1110.2 945.8
0.590 308.15 1049.0 30.795 1215.2 343.3
0.499 308.15 1102.2 30.155 1303.5 149.6
0.430 308.15 1155.7 29.787 1395.2 66.8
0.380 308.15 1204.2 29.845 1486.3 32.64
NG3
0.524 308.15 914.39 18.628 1007.7 2080 (PI)
0.524 308.15 919.47 18.950 1015.3 2062 (PI)
0.524 308.15 939.29 20.237 1045.4 1434
0.463 308.15 977.68 20.175 1104.5 887.6
0.421 308.15 1012.8 20.370 1160.1 546.8
0.353 308.15 1066.56 19.915 1247.6 232
0.301 308.15 1112.8 19.259 1325.3 113.1
0.270 308.15 1171 20.032 1426.3 43.8
0.859 308.15 903.98 29.460 992.5 1931 (PI)
0.859 308.15 919.27 31.026 1015.0 1382 (PI)
0.770 308.15 945.43 30.680 1056.3 1132
0.695 308.15 976.88 30.188 1103.3 653.8
0.576 308.15 1048.6 30.947 1218.0 206
0.488 308.15 1106 30.645 1313.0 90.6
0.420 308.15 1156.4 30.021 1400.7 39
10 . . 10 R .
o NG2, 30 bar,/; =1.0in 'air (a) NG3, 30 bar,j =1.0, in ‘air (b)
g B Current study g ST
- ® Healy et al. (2010) = m Current study
o L o L ® Healy et al. (2010)
E E
S 2
E 01k g 0.1F
5 5
Solid lines NUIGMech1.0 - Solid Lines_NUIGMech1.0
0.01 . . . L 0.01 L L L L

0.7 0.8 0.9 1.0 07 0.8 0.9 1.0
1000K /T 1000K /T

Figure 4-2. HPST IDTs experiments (symbols) and simulation (lines) at = 1.0 andps = 30 bar for;
(a) NGZ and (b) NG3.
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4.4.2 Correlation development
4.4.2.11DT trends for C11 Cs n-alkanes

Figure 4-3 shows constant volume simulations for fuel/air mixtures includiatkanes from
methane (Ch) up ton-pentane fCsH12) at temperatures ranging from 90@000 K at 30 bar
pressure. On addition of longehained alkanes the mixture reactivibcreases from methane

(CHg) to n-pentane for temperatures from 900 K to 1100 K. But this trend changes at higher
temperatures where2Be¢ exhibits the fastest ignition followed byCsH12, nCsH10, CsHg and

CHa. At low temperatures, secondary alkyl radicais formed in greater abundance for the
heavier alkanes which lead to l@emperature chain branching pathways via multiple additions
to &> gener ating TH radical s and consequently
hydrocarbons. At high temperaturesge treactivity of all fuels is controlled by the chain
branching reactionl + O> Z ¥ "IH. The production of significant amount d&f atoms is
responsible for the faster ignition oblds/air mixtures at higher temperatures. Etradiicals
decompose quicklyot produce @Hs and N atoms. Thereafter, £s undergoes Fatom
abstraction to form vinyl radicals which react widh generating vinoxy radicals and O atoms in

a chain branching process. Moreover, vinoxy radicals and O atoms further proceed through
dissocidion and bimolecular reactions withlds, producing morel atoms. In the case bfgher
n-alkanes atom production is primarily governed by unimolecular decomposition of the fuel.
The higher rate constant of unimolecular decomposition for heavier alkanes causes the faster
ignition of nCsH12 andnCsH10 compared to €Hs. Whereas, for CikHand GHs, the formation of

| arge amerumndi coadl siH nhi bits their reactivity

+ HZl CHOand sl HEH+ M) oHs (+18).
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Figure 4-3. Constant volume IDT simulation by using NUIGMech1.0 afi = 1.0 and 30 bar for G1
Cs n-alkanes.

4.4.2.2Impact of equivalence ratio

Figure4-4 shows the effect of increasing the equivalence ratio frori f00.3i 3.0 for the NG1
(Figure 4-4(a)), NG2 (Figure4-4(b)), and NG3 (Figure4-4(c)) mixtures at 30 bar in the
temperature range 9002000 K. It is observed in Figu#4 that the fuekich mixtures ignite
faster for temperature from 900 K up to 1150 K but at temperatures above ~1300 K-tbarfuel
mixtures clearly show a faster reactivity. Figdrd also shows that the crossover temperature
between the equivalence ristarts at ~1170 K far=3.0 and 2.0 and ends at ~1270 K dicr

3.0 with (i = 0.3 for NG1 mixture (98% Ck). This crossover range changes for different NG
mixtures comprising higher amounts of larger hydrocarbons as shown in Bigibg¢ and

Figure4-4(c) for the NG2 and NG3 mixtures, respectively.

4.4.2.3Impact of pressure

Figure4-5 shows constant volume simulationdiat 1.0 in the temperature range 908000 K

at pressures of 1050 bar forthe NG1 (Figure %(a)), NG2 (Figure 4(b)), and NG3 (Figurd-

5(c)) mixtures The reactivity of the mixture increases consistently with pressure over the entire
temperature range. This is primarily attributed to higher concentrations of fuel and oxidizer in

the reaction mixture with increasing pressures.
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Figure 4-4. Constant volume IDT simulation by using NUIGMech1.0 at(i = 0.37 3.0 and 30 bar
for; (a) NG1; (b) NG2; and (c) NG3.
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The noamonotonous dependencies aralkanes, pressure, and equivalence ratio across the
range of temperature make it very difficult to find one correlation coefficient for each fuel
component which can describe the IDT of iCCs mixtures, while capturing all the trends
successfully. Therefore, the temperature range has been divided into two sections to simplify the
correlation development: one from 950150 K and the other from 120@000 K. To ensure a
smooth transition betves these two regions we include the 1150 K simulation from both of the

correlation equations.

4.4.2 . 4Multiple linear regression

The applicability of the linearization of the Arrhenius equation through logarithmic
transformation has been tested before by Klick# lknbacek{38] and the results showed that

the statistical properties of the Arrhes equation transformation can be affected by biased
estimates. However, these are strongly overlapped by the standard deviations therefore, they can
be completely neglected. In the current study, we have confirmed this by usingwiesgbted
nonlinearcurve fitting method with multiple linear regression of the-limnsformed Arrhenius
equation, an approach shown by Sund@@j to be reliable. In the following section, the
results obtained for O Cs n-alkare IDT correlations are provided. The IDT is correlated as a
function of the key parameters including fuel fraction, equivalence ratio, pressure, temperature,
and activation energy.

Equation 4-7) shows the general form of the IDT correlatemjuation which is analogous to the

Arrhenius equation and is a function of fuel fractién© ), equivalence ratio* , pressure
(1 and temperature’Y. A preexponential factord and an activation energy term— are

also included. Buation @-8) is the linearized form of equatior-{) produced by log
transformation as shown below. Table 4 summarizes the values of the coefficients obtained from
the multiple linear regression analysis withsguare values of 98.4% and 99.0% using over

48000 and 81000 IDTs constant volume simulation points for the intermediate and high
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temperature regimes, respectively. The absolute average error over these IDTs target goints are

15.33%, and 21.89% for intermediate and high temperature regime, cegply.

t OO#( #( #( #( E#( o THQ (4-7)
Pl 1b @ (W @ W QW Q T#( Q
20w o 48)
Y Y'Y

It should be noted that in Tabfe4 methane has a positive coefficien} (vhile all of the other
n-alkanes has negative coefficients €). A positive coefficient signifies that adding methane to

a mixture would result in longer IDTs (inhibit reactivity) while increasingdbecentration of

any other alkane would shorten IDTs (promote reactivity). For the intermediate temperature
range (9501150 K), the coef fi ci en tnpentane adicatmg than c r e
adding larger hydrocarbons would have a greateaaihpn increasing the mixtures' reactivity.
Furthermore, for the higtemperature regimelf(>1 2 00 K) the value of
becomes the most negative compared to the other larger hydrocarhan€s{Ghowing that

adding ethane would have tlmghest impact in increasing reactivity at these temperatures.
These trends are consistent with the IDT predictions shown previously in Biguae ethane is

seen to be the most reactive at high temperatures.

Table 4-4. Summary of correlation equation coefficients for intermediate and high temperature.

T, K 95071 1150 12007 2000
Coefficients Evaluated value Standard Error Evaluated value Standard Error
ad i8.45 0.018 114.16 0.016
a 1.17 0.019 1.74 0.020
b 10.021 0.002 710.058 0.002
c 710.051 0.001 10.029 0.001
d 10.06 0.001 10.045 0.001
e 10.086 0.001 10.072 0.001
f 0.642 0.011 1.91 0.006
g 11226.12 11.647 12520 8.167
h 11.16 0.001 10.782 0.001
Eac 26.3 0.019 37.65 0.014

To address the change of the impact of equivalence ratio on IDT with temperature, the

equivalence ratio coefficiemtas used with a temperature dependence definedas= . In the
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intermediate temperature range, the valud)ak (positive andd) is negative, which makes the

final value of the total coefficient negative, but it decreases with increasing temperature in this
temperature range. This keeps the reactivity of therfalelmixtures higher than that of the fuel

lean ones. However, the difference in the reactivity decreases with increasing temperature,
which is in line with the mechanism predictions shown in Figiide For the high temperature

range the values of)(and(g) increase by a factor of ~ 3 and 2, respectively, which makes the
final value of the total coefficient decrease faster compared to intermediate temperatures and
they become positive with increasing temperature. This leads to a crossover in reactthi¢y fo
fuel-lean and fuelich mixtures in the temperature range of ~117A325 K. Therefore,
increasing the equivalence ratio at these temperatures lowers the reactivity and increases IDTs.
The correl ati ons pr EeoifocmixtutesvithgC,bCs) hadume fraationsvi t h i
larger than 15% (for NG2 and NG3) as shown in FiguEb) and Figure4-4(c), but over

predicts the reactivity for mixtures with high concentrations of methane (in NG1) at high
temperatures as shown in Figdrd(a).

Moreover, the negative value of the pressure coefficients for the two regimes ensures that
increasing the pressure leads to lower IDT values and faster reactivity. These trends agree with
the underlying chemical kinetics. The correlations predict the ivégcat different pressures

within 10% error for mixtures with (0 Cs) volume fraction greater than 15% but they ever
predict the reactivity by 35% for the NG1 mixture at 10 bar. This decreases to 20% as the

pressure increases to 50 bar, Figi#e

4.4.2 5Performance of correlations for natural gas mixtures

This section shows the performance of the correlation equations compared to the experimental
IDTs for the NG mixtures and to the NUIGMechl.0 predictions at different pressures and
equivalence ratios. The TD measurements, simulation and correlation are represented by

symbols, solid lines, and dashed lines, respectively in Figdh&s (4-9).
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Figures4-6 shows the IDTs measurements for stoichiometric NG2 and NG3 mixtures at 20 bar
and 30 bar, Figurd-6(a) and Figure4-6(b), respectively. NUIGMech1.0 captures the IDT
values with excellent quantitative agreement, being within 20% of the measurements for both the
low- and hightemperature regimes. The calculations using the correlation equations are also
obseved to agree well within 20% with the model and experiments over the entire temperature
range apart from the slightly faster estimations at ~950 K. The impact of pressure is also
observed to be accurately captured by the correlation equations in #igure

Figures4-7 and4-8 show comparisons of the model and correlation predictions compared to the
experimental data for NG2 and NG3 mixtures at -faah, stoichiometric, and fuekch
conditions. The correlations are observed to successfully predict ThedlDes within 20% of

the experimental values for all equivalence ratios. Moreover, they also tend to both qualitatively
and quantitatively capture the experimentally measured trends in IDT crossover behavior for the
fuel-rich to fuellean mixtures. The rossover temperatures from fdehn ( = 0.5) to
stoichiometric((i = 1.0) and from stoichiometri@li = 1.0) to fuelrich (4 = 2.0) mixtures are
observed to be ~1330 K and 1175 K, respectively for both NG2 and NG3 experiments as shown
in Figures 4-7 and 4-8. NUIGMechl1.0 captures these crossover trends with excellent
guantitative agreement, while the estimates using the corretigtions are delayed by ~30 K

but remain in reasonable agreement with the measurements.
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Figure 4-6. Effect of pressure on IDT at(i = 1.0 andboth 20 bar and 30 bar for; (a) NG2; and (b)
NG3, ST IDTs (current study), RCM IDTs [18].
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Figure 4-7. Effect of equivalence ratio on IDT for NG2 at; (a) 20 bar; and (b) 30 bar.
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Figure 4-8. Effect of equivalence ratio on IDT for NG3 at; (a) 20 bar; and (b) 30 bar.

Figures 4-9 (ad) compare the correlation estimations with the mopeddictions and
experimental measurements from the literafd@ for two LNG mixtures at two equivalence

ratios { = 0.4 and 1.2) angs = 20, and 40 bar. Satisfactorily agreement (within 25%) is
observed with the experimental data for variations in temperature, pressure, and equivalence

ratio.

4.4.3 Chemical kinetic analysis

The crossover of IDT trends for fueich and fuellean natural gas ixtures was observed in

both the experimental measurements and in the model predictions as the temperature gradually
increases from~ 11757 1325 K In order to understand the kinetics behind this crossover,
sensitivity analyses were performed for the ¢hiG mixtures. Figures-40(a) and 410(b)

compare the most sensitive reactions to IDT for the 1050 K and 1850 K cases, respectively. At
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1050 K, the two most sensitive+  rigzhcQGH oms’lTHir e

and 34 HHZl CsH4 O, While the former reaction is a chain propagation, it leads to the
production of highly reactive ‘TH radicals a

chain termination reaction producing stable molecules.
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Figure 4-9. Correlation prediction performance verses ST IDT experiments at 20 bar and 40 bar
for two mixtures of LNG; mix-1 (a)/ =0.4; (b)/ =1.2 and mix2 (c)j =0.4;and(d); = 1.2[40].

Since enhancing &+ eHdZr eCaoewoowl o aitrehiofi tiH he p
radicals, a large positive sensitivity towards IDT is seen in Figul€(@. The methyl
recombination reaction also shows a large positive coefficienigoed its chain terminating
nature and depl et i ngadidals ©ther mathane hased achdtiomsisuch Bis  {
CH3'l+ @M GCH  + 3IGH 4@ H HZl  (sH H:0,andCHO + > HITHG O » H
also exhibit negative sensitivity coefficients therebgnpoting reactivity. For the NG1 mixture,

the kinetics is seen to be governed by,OGBised reactions, compared to the other alkanes, owing

to its large concentration in the fuel. For the NG2 and NG3 mixtures, the sensitivity coefficient

of the reaction €Hs + HZA iHs + HxO2 is seen to increase and eventually becoming
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comparable to the CHbased reactions owing to the increase uHdCconcentrations and
therefore, its importance. The significance oatdm abstraction reactions from other alkanes

also exhibit increasing sensitivities for the NG2 and NG3 mixtures.

The unimolecular dissociation reactionn@®( + M) Z “IH + “$hdws(ar-iMjeasiagd s o
sensitivity in the NG2 and NG3 mixtures as i
radicals from a relatively stable-8>, molecule. This increased sensitivity coefficients towards

IDT for NG2 and NG3 mixtures is primarilyttebuted to the increasing rate of-datom
abstraction f r om:rhdicad produoirngéd and ¢he coregponHirig alkyl
radicals. Overall, it is observed that the key reactions governing the ignition kinetics at 1050 K
are primarily fuelbasel. Therefore, higher equivalence ratio mixtures (higher fuel mole
fractions), exhibit faster ignition behavior. At higher temperatufies (1850 K), the chain
branching+®ea&t ilddn,i sithe single most i mport:
for all of the NG mixtures, irrespective of fuel composition. The-haded reactions are seen to

have negligible sensitivities towards IDT, indicating that the kinetics is primarily governed by

O- based reactions. Thus, leaner mixtures tend to show highetivity at higher temperatures.

This behavior of the crossover of reactivities with equivalence ratio is also successfully shown

by the correlations proposed in this study
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Figure 4-10. IDT sensitivity analysis for NG1, NG2, and NG3 afi = 1.0and 30 bar for; (a) 1050 K
and (b) 1850 K.
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4.5 Conclusions

In this study new IDT measurements for NG2 and NG3 blends are reported using a HPST at
reflected shock presires ps) and temperatured+) in the range 20 30 bar and 10001500 K,
respectively. The IDT measurements for different NG mixtures showed that reactivity increases
with increasing equivalence ratio, from fidean to fuelrich mixtures, at low andchtermediate
temperatures T(O 1250 K). On the contrary, at high temperatur&ésQ(1250 K), fuellean
mixtures become more reactive than fuieh mixtures. The crossover temperature in reactivity
depends on mixture composition as well as pressure. Moelgicions using NUIGMech1.0 for

the new IDTs measurements show excellent agreement with the current data as well as with
other available data in the literature. Multiple linear regression analyses were used to develop
IDT correlation equations for both tietermediate and high temperature regime for NG blends
composed of € Cs n-alkanes with methane as the major component. Dividing the correlations
analysis into two temperature regimes allowed us to capture the impact of diffei&anes as

well as te pressure and equivalence ratio successfully. The coefficients' values derived from the
multiple regression analyses reflect well the chemical effects of each parameter on the IDT. The
correlation equations provided reproduce the IDT measurements withgeed agreement
(within 20%) in the temperature range 950500 K for different equivalence ratios. Therefore,

the correlations proposed in this study should be a valuable tool to estimate the ignition

characteristics of NG mixtures quickly aadcurately.
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Abstract
An experimental and kinetic modeling study of the influence of N®©. NG, NO and NO)

addition on the ignition Ipaformedinahis work. Igntient h a n
delay time measurements are taken in a rapid compression machine (RCM) and in a shock tube
(ST) at temperatures and pressures ranging froni 94800 K and 1.% 3.0 MPa, respectively

for equivalence ratios of 0i52.0in6 ai r 6 . The conditions chosen
and homogeneous charge compression ignition engine operating conditions where exhaust gas
recirculation can potentially add N@o the premixed charge. The RCM measurements show
that the additiorof 200 ppm NQ to the stoichiometric Cloxidizer mixture results in a factor

of three increase in reactivity compared to the baseline case withqibN®mperatures in the

range 600 1000 K. However, adding up to 1000 pprfNdoes not show any apprable effect

on the measurements. The promoting effect ot W&s found to increase with temperature in

the range 950 1150 K, while the sensitization effect decreases at higher pressures. The
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experimental results measured are simulated using NUIGMechfn@rising an updated NO
subchemistry in this work. A kinetic analysis indicates that the competition between the
react izeNOsz QHAI +N O a n g+ NOKHM) Z CH3NO; (+M), the former being a
propagation and the latter being a termination reaafjomerns NQ@ sensitization on CH
ignition. Recent calculations by Matsugi and Shiina (A. Matsugi, H. Shiina, J. Phys. Chem. A.
121 (2017) 42184224) for the nitromethane formation reactionsGHNO, (+M) z CH3NO:

(+M), together with the recently calculatedhte constants for HONO/HNOreactions
significantly improve ignition delay time predictions in the temperature rangé 6000 K.
Furthermore, the experiments with NO addition reveal amonotonous sensitization impact

on CH; ignition at lower tempetares with NO initially acting as an inhibitor at low NO
concentrations and then as a promoter as NO concentrations increase in the mixture.-This non
monotonous trend is attributed to the role of the chasnr mi nat i o4+ NO&+MEzt | o n
CH3NO2 (+M) and the impact of NO on the transition to the chHainching steps G + > H'l

Z HGO 20, O (+M)Z "I H+"TH( + M) , Zz BO¥l fol |l owedz b@@CO +
¥ andOA O+"IH. NUI GMech1l.2 is systematically
delay measurements taken here together with species measurements and high temperature
ignition delay time data available in the literature for 4@idizer mixtures diluted with

NO2/N20/NO and is observed to accurately capture the sensitization trends.

Keywords: Methane/NQ ignition delay time; rapid compression machine; chemical kinetic
modelling.

5.1 Introduction

It is important to understand the interaction of a hydrocarbon and its related species with NO
species during combustion at conditions relevant to practical combustors in order to develop
cleaner, more efficient combustors. Exhaust gas recirculation (EGR) is an effective strategy to

reduce thermal NOemissions by lowering the peak flame tempeesfit]. However, EGR
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implicitly leads to mixing of various Nspecies (NO, N@and NO) with the fuel/air premixed
charge alongvith the major diluents namely,.,NCQO; and HO. Several studies have shown that
the presence of N@an significantly affect aut@nition behaviour which is a critical parameter
for the efficient operation of spaignited and homogeneous charge compoassgnition
(HCCI) enginedq2,3]. Additionally, several soligtate propellants and energetic materials are
nitrate based compounds which potentially produe® Ms a key intermediate during the
comhustion procespt,5]. Therefore, the study of the influence of Néh combustion kinetics is

important to the research community.

Natural gas is one of the potential fuels used in Sl engines as well as in statioAampigas,

and thus the sensitisation effect of N& methane and other alkanes has garnered wide interest.
Several studies investigating the effect of g CH; oxidation have been carried out using
laminar flow reactor$6,7] and jetstirred reactors (JSR§3,9]. The primary routes of NO/NO
reactions with Ckloxidation have been identifieda 3#MD.Z CHg'l + NO and CH'l2 +

NO z CHz'l + NOz. In addition, the reacton N@ H'"b 2 NO.+"1H serves as
propagation reaction promoting the conversion of-tegssa ct prvaediHclal s i nt o r
radicals and is also a key step in the NOZNi@er-conversion process, especially at low to
intermediate temperatures (60A000 K). Recently, Song et al. [9] conducted an atmospheric
pressure JSR experimental and kinetic miodestudy of CH oxidation doped with NO and

NOz. The model showed overall good agreement with several key intermediate species such as

HCN and HONO but oveestimated the formation of nitromethane (Bid.).

While many studies have been conducted on ttidation process, most of them have been
limited to pressures below 1.0 MPa. Apart from the work of Gersen EtGdlwe believe no
other studies of direct measurements of the -griion for NO. doped methane/oxidizer
mixtures exist at high pressure81.0 MPa) and low to intermediate temperatures {60000

K).

92

oL}



Chapter 5

Herein we attempt to systematically investigate the effect of NQ,a@ NO addition on the
autcignition behaviour of CHO2/N2/Ar mixtures in an RCM at pressurgg) of 1.5 MPa and

3.0 MPa, at temperature3d) ranging from 890 1100 K, at equivalence ratiog)(of 0.5, 1.0

and 2.0 in O&missidns fromynaturat gas fireM éngines have been reported to
range from 500 3500 ppm depending on the load and operating condifidiid4]. EGR may

result in an effective NOcomposition in the range of 5@00 ppm in the premixed charffieli

14], whereas gasturbine combustors equipped with EGR typically targetxN@ 15% Q)

emi ssi 058 ppm[d5]. The dilution levels considered in this study not only covex NO
concentrations coparable to those of practical combustors but also extends the higher levels of
NOx concentration (~1000 ppm) to aid our experimental investigation and model development.
The study also provides comparisons of experimental and model predictions obtamed her
together with other RCM and shock tube measurements available in the literature. In addition,
simulations have also been carried out to compare with measured speciation data for
CH4/O2/N2/NOx  mixtures [9], thus providing a comprehensive overview of thedeh
performance.

5.2 Experimental procedure

5.2.1 Rapid compression machine

The red RCM facility at NUI Galways used to measure the ignition delay times (IDTs)
presented here. A complete description of the RCM was published previbGsh\Briefly, it

has twiropposed creviced pistons assembly which permits fast compression {#16s), and

helps prevent rolup vortices, that improves the temperature homogeneity of the compressed gas
[17]. A range of compressed gas temperatures is achieved by varying the initial temperature of
the test gas via an electrical heating system installed on the outer body of the reaction chamber.
The dynamic pressure of the testas monitored using a Kistler 6045B pressure transducer

flush-mounted with the chamber wall and connected to a Kistler charge amplifier in conjunction
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with an oscilloscope to record the pressure/time histories. The measured IDT is calculated from
the reative pressurdime trace as the time from the first peak pressure at the EOC to the second
global peak at the total ignition event. The compressed gas tempeiiud €ach test was
calculated using Gas€d8] using the adiabatic com@&on/expansion assumption with the
initial temperature ), initial pressure (), and the measured compressed pressue as

known parameters.

5.2.2 High-pressure shock tube

IDTs for neat methaneAAr and NQ diluted mixtures were measured in the NUI Gaiviggh-
pressure shock tube (HPST) at high temperatures {10660 K) and pressures of 1.5 and 3.0
MPa as the IDTs are typically less than 3 ms at these conditions. Details of this shock tube and
the methodology used to measure the IDTs were publishedopsly [19,20] The IDT is

defined as the time interval between the arrival of reflected shock wave at thealeadd the
maximum rate of pressure rise due to heat reldaseg ignition. Prior to ignition, the rate of
pressure rise behind the reflected shock wave was less than 2%/ms, therefore confirming the
limited nonideal effects of the HPST facility on the IDT measurements. For all of the IDT
measurements an uncenty of £20% is assigned according to a previous s{u@y using the

same facility.

5.2.3 Mixture preparation

The gases used in the current work are; (39.5% purity), NQ diluted in Ar (99.99% purity)

(2% NQG/98% Ar), NO diluted in Ar (99.99% purity) (4% NO6% Ar), and NO (99.5%
purity) which were supplied by Air Liquide. The dilution gases,(N99.96% purity), Ar (>
99.98% purity), and ©(> 99.5% purity) were supplied by BOC Ireland. The A&»/No/Ar

mi xtures were prepared foll owi n gesshresimorotoreds |

using four MKS pressure transducers (2, 10, 100, and 500 kPa). -feactive mixture was
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prepared in another tank by replacing th N2 so that these pressure/time histories could be
used in our simulations to account for facilityesfts, including heat losses. Tabld shows the
experimental conditions considered in this study. A separaterifQing tank was connected to
the line for NQ addition where the desired NONO, NG; and NO) species was allowed to mix

with the CH/O2/(N2/Ar) mixture for 5i 10 min before filling the reaction chamber.

Table 5-1. Experimental conditions studied for NOx sensitization on methane autmnition.

Exp. | CHa 02 N2 Ar NO2z(ppm) | N20 (ppm) | Initial NO (ppm) | G | pc/MPa Tc/K
Rapidcompression machine experiments

1 | 6.0 | 240 | 150 | 55.0 i ! i 05| 1.5,3.0 | 923i 1064
2 10 | 20 i 70.0 i i i 1.0| 1530 | 926i 1102
3 | 150 | 150 | ! 70.0 i i i 2.0| 1530 | ggsi 1067
4 | 594 | 23.76| 14.85| 55.43 200 i i 05| 1530 | 9121056
5 | 59 | 2352| 14.40| 55.56 400 i i 05| 1530 | 9191037
6 | 989 | 198 | T |7028] 200 i i 10| 1530 | 9351053

9.79 | 1959| ' | 70.56 400 i i 1.0| 1530 | 93711016
8 |1485|1485| T | 70.28 200 i i 2.0| 1530 | 901i 1058
9 | 147|147 | T | 7056 400 i i 2.0| 1530 | 904i 1061
10 | 989 | 198 | [ |7026 i 400 i 1.0| 1530 | 926i 1105
11 | 975 | 195 | [ | 7065 i 1000 i 1.0| 3.0 939i 1067
12 | 5.97 | 23.88| 14.93| 55.2 i i 200 05| 1530 | 926i 1036
14 | 5.94 | 23.76| 14.85 | 55.41 f [ 400 05| 1530 | 912 1056
15 | 10 | 20 i 70.0 i i 507 1000 10| 30 900i 1050
16 | 14.93| 1493| i | 70.13 i i 200 2.0| 1530 | 920i 1037
17 | 1485 1485| i | 70.26 i i 400 2.0| 1530 | go1i 1043

High-pressure shock tube experiments

18 | 10 | 20 | 700 | i i i i 1.0 | 1.5.3.0 | 1050i 1650
19 | 9.89 | 19.8 | 69.3 | 0.98 200 i i 1.0| 153.0 | 1050i 1650

Separate tests with different mixing times ranging froih25 min for the same mixture showed
that IDTs are within the experimental uncertainties to ensure homogeneous mixing.BSgure
of appendix Bprovides a comparison of IDT measurements faiirband 12 mixing time for a

stoichiometric CH/O2/N2/Ar mixture with 200 ppm NQ added. The IDTs are within 20% of
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each other, therefore confirming homogeneous mixing within 6 min. However, for NO addition,

a mixing time of 5 10 min in the presence of;@an lead to the conversion of a considerable
fraction of NO toNO., thus affecting the degree of sensitizati@everal literature studies
investigated the conversion of NO to Ni@ the presence of oxygen or the reverse process via
the termolecular reaction 2N® O, z 2NO; [21i 24]. In addition,a study by Herzler and
Naumann25] also reported the challenge of using NO for skhinde/RCM experiments due to

the rapid oxidation of NOTherefore, the final NO/N®mixture compositions for the NO
dilution cases were obtained througtd Gimulations of possible reaction in the mixing tank over
the period of time that NO was all owed 2t 0o mi
composition used for our calculations have been provided in Babld-urther details of the

calculations are providad appendix B

Table 5-2. Final NO/NO; mixture composition used in our NO sensitized methane calculations.

Initial NO (ppm) Final NO2 (ppm) Final NO (ppm) a

50 15 35 1.0
100 31 69 1.0
200 97 103 1.0
400 265 135 1.0
1000 846 154 1.0
200 115 85 0.5
400 299 101 0.5
200 91 109 2.0
400 253 147 2.0

5.3 Chemical kinetic modeling

NUIGMechl.2 is used to simulate the data measured in this study. This model has been
hierarchically developed and validated for a comprehensive array of fuels rangingdffo@y C
hydrocarbong26i 30] including binary/ternary blend81,32] and natural gas mixturg¢33,34]
comprising an extensive series of work for these fuels. The hydrocarbon model has been
integrated with anupdated N@ submechanism which is based on the recently published
mechanism by Glarborg et dB5] and the hydrogen/syngdd$Ox chemistry adopted from
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Zhang et al[36]. Further updates to the NGubmechanism havbeen made based on critical
assessment of recent measurements orlbigh calculations of rate parameters available in the
literature. Abinitio calculations for gaphase thermochemistry performed by Bugler ef3l]

for over 60 nitrogenous compounds are included in the current mechanism owing to their
accuracy and internal consistency.céllision limit violation check was also performedthe

temperature range 60500 Kusing a wekbased applicatiohttps://combustiontools.linl.gov

developed byKillingsworth et al.[38], and the report, showing that no reactions involved in
CH4/NOx kinetics seriously violate the colia limits, is provided asupplementarynaterial
(NUIGMechl1.2_REPORT.txtpf the online version of the paperThe reverse reaction of
CsHeOOH z C3Hs + HO, exceeds the unimolecular rate constant limit (1 ¥)1y a factor of

1.6 but only attemperatures about above ~2400K, which is outside of typical combustion
temperatures of interest. The reverse rates of 4 bimolecular reactions exceeded the bimolecular
collision rate limit by a factor of 1.3 to 2.2. However, this is a very clean repoat feaction
mechanism where literature mechanisms often report many violations, and the limits are violated
by a larger amount.

Recently, Chen et a[39] studied the unimolecular reaction of the HONO/HNstem and
provided rates for the HON® HNO- isomerization and HONO decgosition reactions. Their
calculated values of temperatusnd pressurdependent rate constants for the HOAIGINO-
reaction are found to be approximately four orders of magnitude lower than the values
recommended by Glarborg et §#5]. Chen et al[39] also calculated pressudependent rate
constants for HN@Z NO+"l H, a key ¢ haonsumaption,fwbich wa$ KNdD present

in any of the previous mechanisii®35]. A chemically consistent rate constant recommended

by Li et al [40] for NO,+ Z NO+ O, was adopted in the current mechanism. Furthermore,
nitromethane (CENO») is identified as one of the kagtermediates in the CINOx system,

therefore choices of rate parameters fors®E; relevant reactions and their impact on ,;NO
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sensitization are discussed below. In addition, the enthalpy of formatibhogk) for CHsNO>

was updated t®17.80 kcalmol'* which is within 0.8 kcaimol'! of the Bugler et al. calculation

(i 18.61 kcal mdl) [37] and within 0.06 kcaiol * of value recommended in the ATcT database
(i117.86 kcal ml') [41]. The merged mechanism, including the updated Wi@emistry is
referred to as NUIGMech1.2 and is providedsapplementarynaterialof the online version of

the paper

Two hydrocarbon/N@ mechanisms recently developed at DTU by Glarborg 48%].and by

the POLIMI group[42,43] are also considered here. We éawerged the DTU mechanism
describing G i Cs chemistry[44] with their NO: submechanism[35] which we refer to as
DTU_Mech. The second mechanism, Song_Mech, is derived fromsNOkHmodel published

by Song et al. [9] in their investigation of the NO/N&&nsitization effects on methane oxidation

at atmospheric pressure. This detailed mechanism, is primarily based on the POLIMI model
[42,43] The RCM IDT simulations were performed using CHEMK®b [45] including
volume/time histories to account for facility effects, see Secbdhl. The shockube
simul ations were performed wusing the TheHomog
logarithmic sensitivity coefficientS) is defined as in Heption(5-1), where IDT andA represent
ignition delay time and prexponential factor, respectively. The subscripts + lamdpresent
values corresponding to positive and negative perturbatibis respectively. The sensitivity
coefficients were calculated using the direct sensitivity analysis approach developed by

Gururajan and Egolfopould46].

w 1 To0Y00"Y
I 16 jb

5.4 Results and discussion

(5-1)

The test conditions for the RCM/ST studies were chosen to provide benchmark IDT
measurements for NMMN-O/NO doped methane/oxidizer mixtures highlighting the sensitization

effects as a function of temperature, pressure, dldtion levels and equivalence ratio. thms
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section, results on the effect of l@ddition on methane IDTs have been provided followed by

the studies with D and NO dilution.

5.4.1 Effect of NO2 on ignition delay time

5.4.1.1Low to intermediate temperatures (600G 1000 K)

IDT measurements for neat @B./Ar mixtures were performed at 1.5 and 3.0 MPdifer0.5,
1.0 and 2.0 mixtures in O6airo6 which serve
were followed by similar mixtures but diluted with 200 and 400 ppm.N@ures5-1(a)T (c)
show thathe presence of small amounts of N@the mixture (~200 ppm) greatly enhances its
reactivity for all equivalence ratios. At= 1.0, Tc = 1000 K andpc = 1.5 MPa, an addition of
200 ppm NQleads to a decrease in IDT from ~ 60 ms to 17 ms (> factor of 3).

Increasing the N@dilution level to 400 ppm only reduces the IDT by an additional -9 éns,
showing that the effect of N@s not linear. This dependence of sensitization on the level ef NO
dilution is observed for all equivalence ratios as shown inrEsg5-1(a)i (c). Furthermore, it
should be noted that, within the temperature range considered, the effect dillNion on the
percentage change in IDT becomes stronger with incredsingt pc = 3.0 MPa, the addition of
NO2 has almost no effect on predicted IDTs at low temperatifes @50 K), Figure 5-2.
Calculations using onlyNUIGMechl1.2 are shown for the neat methane cases for clarity.
Comparison of predictions using the other mled5,47] are providedn appendix Band are
found to be within the experimental uncertainty2(3%6) of the measurements for neat methane
cases butshow discrepancies for the M@ensitized cases. As the pressure increases, the
reactivity enhancing effect of NQn IDT is noticeable, but it is significantly lower than that
observed at 1.5 MPa. For example, for five 1.0 case afc = 1000 K, an addibn of 400 ppm
NO:2 reduces the IDT by ~ 60 ms (a factor of five) relative to the neat methane case at 1.5 MPa,
but it only reduces it by 11 ms (a factor of 2.5) at 3.0 MPa. This reduced impact @NDT

at higher pressures is analyzed using output fiiGMech1.2 simulations as discussed below.
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Numerical simulations using NUIGMech1.2 (solid lines) show the predictions to be in very good
agreement with the measurements for the Nitdited cases for all equivalence ratios (F&s5-

1 and5-2). Both DTU_mech and Song_mech capture the impact of @ildtion on ignition
successfully for the intermediate temperatuies@ 1000 K) ; however, t he
of discrepancy with e measurements at lower temperaturés { 960 K). The former
mechanism ovepredicts the IDTs by more than a factor of two for most equivalence ratios at
1.5 and 3.0 MPa. On the contrary, Song_Mech is observed to-predbct the IDTs especially

at higrer pressures. Overall, NUIGMechl.2 is observed to show the best agreement with the
experimental measurements across the entire temperature range. A comparison of the mean
deviations of predictions from IDT measurements of various mechanisms is provigection

54.4.

Figure 5-3 shows a sensitivity analysis to IDT for a £Bb/N2/NO2 mixture at 1000 K and
pressures 1.5 and 33N0:z )@R:4+NOTRlEhastre highest negativel H
sensitivity in promoting reactivity, followed by tleverimportant chaifo r anc hi ng+ r eac
022 O+ TH ( R2) . T hadl b+ cit H+d@: (+)HR3) shows a strong positive
sensitivity towards IDT as it leads to the formation of nitromethane and competes with R1
hindering the formation akeactive CHl and NO speci es.

H + 02 (+M) <=> HO2 (+M)

CH3 + HO2 <=> CH4 + 02

CH3NO2 (+M) <=> CH3 + NO2 (+M)

2 CH3 (+M) <=> C2H6 (+M)

HCO + 02 <=> CO + HO2

CH4 + H <=> CH3 + H2

2 HO2 <=> H202 + 02

CH20 + H <=> H2 + HCO

CH3 + CH302 <=> 2 CH30

CH302 + NO <=> CH30 + NO2

CH4 + HO2 <=> CH3 + H202

HO2 + NO <=> NO2 + OH

H202 (+M) <=> 2 OH (+M)

CH4 + NO2 <=> CH3 + HONO

CH3 + HO2 <=> CH30 + OH

CH20 + HO2 <=> H202 + HCO 1.5 MPa
H+ 02 <=>0 + OH

CH3 + NO2 <=> CH30 + NO 3.0 MPa

-0.3 0.0 0.3

Figure 5-3. IDT sensitivity analysis for CH4#/O2/Ar mixture with 200 ppm NO; at (i = 1.0,and 1000
K between 1.5MPa and 3.0 MPa.
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Figure 5-4. Pressure dependent rate constants for C#O2(+M) z (i Hz+NO2 (+M).
Matsugi and Shiing48] performed aknitio calculations of theCHsNO, (+M) z i H + NO

(+M) reaction, providing pressudependent rate constants which are found to be in good
agreement with the measurements by Zaslonko ¢4@l.and Matsugi and Shiina [48] at>
1000 K and accurately captures the pressure dependence as skayunab-4(a). Moreover, at
lower temperatures the calculations by Matsugi and SH&& agree with experimental
measurements better than the rates used in the Glarborg et al. med3&hpiand in a reent
mechanism published by Weng et f80] (see Figure 5-4(b)). The relatively higher rates
constants for reaction R3 in the DTU_mecH at 850 K contributes to the undprediction in

the reactivity of the methane/NQystems at 1000 K as observed inufgp 5-2 and 5-3.
Therefore, in the current model, the calculations by Matsugi and SABh&ave been adopted

f or R3.3+NOpa CHi'H+ NO, the rate constants from Glarborg et[a5] have been
adopted and are within the uncertainty limits of experimental measurements available in the

literature at both high and low temperaturieg(re5-5).
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Figure55.Rat e c ons tzaMOzs CHs'b+#NO.G H

The improvement in mechanism predictions with the implementation of updates have been
illustrated inappendix B As discussed earlier, for all the mechanisms considered in this study,
the influence of N@dilution on IDT decreases at higher pressures in the tountermediate
temperature r ange z+N®iznCH +tINB ¢R1)risettse @rimary ohantieH
promoting ignition for mixtures with N©addition, we have compared the normalized flux for

0 H radicals with other competing channels at pressures ranging frans @.51Pa,Figure5-6.

l't is observed that, at | ower pr es saradieats., R1
However,as he pressure increases from 0.5 tae 5.0
radical s reacting wgt 6 (tMp2 eCELUI (AM)) leading tpean (0
correspondi n gsradicals reactng with N@in R1.HVe consider this to beeh
reason for the reduced impact of N@ddition in promoting reactivity at higher pressures.
Additional validations of the mechanism against speciation measurements and ignition data

available in the literaturf®,10] are providedn appendix B
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CH3+NO2<=>CH30+NO

2CH3(+M)<=>C2H6(+M)

CH20+CH3<=>HCO+CH4

CH3+HO2<=>CH30+0OH

CH3+02<=>CH20+0H
0.5 MPa

1.5 MPa

CH3+02(+M)<=>CH302(+M) 3.0 MPa

CH3+HO2<=>CH4+02 5.0 MPa

0.0 01 0.2 03

Normalized CH, consumption

Figure 56. Nor mal i zed <cont r izboasumpton fort CHmOa/Ar anixturei (Hi = 0.5
with 200 ppm NQ; addition at 950 K and20% fuel consumptionfor 0.5, 1.5, 3.0 and 4.0 MPa.

5.4.1.2Chemistry validation at high temperatures

Figure 5-7 canpares NUIGMech1.2 predictions with the shidgke measurements taken here
(Figures. 5-7(a) and (b)) together with those by Mathieu et[4F] (Figures. 5-7(c) and (d))
recorded at highet e mper at ur e O( 1Z5® KJeah fandrstoi¢hioreetric
methane/air mixtures diluted with NO The model shows good agreement with the
measurements. Additional model validations with the fheghperdure IDT measurements by
Mathieu et al[47] and Zhang et a[51] are providedn appendix B The IDT measurements at
Ta 1250 K ar eures. B7{a) ant @)dwith cross Fnarks as they showignition
pressure rise. In shock tube IDT measurements, therdr@e common behaviors of ignition
observed in the recorded pressure/time traces that can explain-igeifpo@ phenomena. The
first ignition behavior is a strong pressure rise observed due to the ignition of the fuel/air
mixture, also known as normalnigion, and found to exhibit constant pressure throughout the

ignition event as shown RigureBS1(b).
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Figure 5-7. Comparison of model predicted IDTs (lines) with experiments (symbols) for CHin air
mixtures with and without NO, addition; (a) 1.5 MPa,(i = 1.0 (this work); and (b) 3.0 MPa,li = 1.0
(this work) and for; (c) G = 0.5[47]; and (d) (i = 1.0[47].

The second ignition behavior represents aigingion which is defined as a gradual increase in
pressure before the main ignition, shortening the overall IDT as showsdure BS1(c). The
behavior of pragnition and normal ignition with a strong pressuise has also been observed
and reported in our previous published wiRi 54] as well as in this study.

The third ignition behavior is characterized by a constant rate of pressurdp/dg $tarting

from the first pressurpeak due to the reflected shock until ignition occurs, and this can be
accounted for in simulations by implementing the knalgfut of the particular measurement as
documented irFigure 3 of Zhang et al[52] using the same facility as that employedthis

work. Discussions of shock tube IDT measurateeand their prégnition behavior have been
reported previously55i 58] and these studies explain how IDT acquisition methods can lead to

misleading evaluations and validations of chemical kinetic mechanisms. It is important that the
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pressure/time traces be scrutinized for each experiment to distinguiehlngnition from pre

ignition events.

5.4.2 Effect of N2O on ignition delay times

5.4.2.1Low to intermediate temperature regime

The effect of NO on IDTs was investigated for G#r/O2 mixtures atii = 1.0 with 0 and 400
ppm NO added. The measurements without and Wit indicate that it does not have any
noticeable impact on the IDTs in the lowo intermediate temperature rangégure 5-8.
Additional tests with 1000 ppm A dilution conducted apc = 3.0 MPaalso showed a
negligible effect on IDTsSimulations using NUIGMech1.2 also show a similar effect gd N
dilution on the predictions as seen in the experimdrtis. predictions are in good agreement

with experimental measuremenkdure5-8).

CH,+N,0, =1.0in 70% Dilute
1000

® Oppm 1.5 MPa

O 400 ppm 1.5 MPa

® Oppm 3.0 MPa

A 400 ppm 3.0 MPa

O 1000 ppm 3.0 MPa ?
------ 400 ppm, 1.5 MPa
------ 400 ppm, 3.0 MPa @E
=+~ 1000 ppm, 3.0 MPa &

=

o

o
T

Ignition delay time / ms

=
o
T

0.90 0.95 1.00 1.05 1.10
1000K /T

Figure 5-8. Comparison of measured IDTs (symbols) and predictions (lines) for CHAr/O»
mixtures doped with 0 ppm, 400 ppm and 1000 ppm D at (i = 1.0,pc = 1.5 and 3.0 MPa.

5.4.2.2High temperature regime

Figures5-9(a) and(b) compare model predictions to the ST IDT measurements reported by
Mathieu et al[47] for N2O diluted methane IDT measurements at higherperatures (1250

TcO 2100 K). NUIGMech1l.2 mechani ®Omuciessfullyg &itl e t

low to intermediate pressures (0.1.1 MPa), even for mixtures with high levels afONdilution
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(~3500 ppm) at higher pressures (~2.6 MPa). Nbt both the model predictions and

measurements show thai®laddition on IDT is negligible at lowio intermediatéemperatures,
but at higher temperaturess® promotes reactivity. This is primarily due to the high energy

barrier for the dissociation ¢tie NO molecule, producing Nand ignitiorpromoting O atoms.

[m] [N,0]=0 ppm
@ [N,0] = 16.6% of [CH,] u pc =1.3atm
g BIAk [NZ:]|=71).:%;0f [CHyl ,A " | pC =11.3atm B
ack symbols : 1.3 atm
~ 103 q Rred symbols : 11 atm V/ /A §103 E
O] Blue symbols : 27 atm
£ “ g
) . 8
D104 | ]
© . ©10°4
c oA S
9 A =
b= * Solid lines : Simulations 0 ppm N,O c
c ) > !nes rmu ° fons pem 2 > Solid symbol/Solid lines : f =1, [N,O] = 16.6% [CH,]
E‘) Dash lines : Simulations 831 ppm N,O 4
101 E (a) Dash-dot lines : Simulations 3539 ppm N,0O (b) Open symbol/Dash lines : f=2 [NZO] = 16'6%[CH4]
T T T T T T T 101
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.8C 0.50 0.55 0.60 0.65
1000 K/IT 1000 K/T

Figure 5-9. Comparison of IDT measurements (symbols) [51] and modedredictions (lines) for
CH4/O4/Ar mixtures with N 2O addition at; (a) G = 0.5, and (b) G = 1.0 and 2.0.

Since, at lowto intermediatdéemperatures, thed) dissociation reaction is slower than the base
hydrocarbon chemistry and the effect ofNon IDTs isvery limited. Comparisons of model
predictions with other ST IDT measurements for4BHO/O, mixtures at ~2.8 atm reported by

Mevel et al. [5] also show very good agreement and are prowdgzpendix B

5.4.3 Effect of NO on ignition delay time

Figure 5-10 slows the impact of NO addition on IDT measurements for a stoichiometric
CHa4/O2/Ar mixture atpc = 3.0 MPa andc = 900i 1025 K with NO dilution levels ranging from

07 1000 ppm. The simulations were performed by estimating the compositionrafxtuge by
performing a simulation to determine how much NO is oxidized to N®ing the time of
mixing of the (CH/O2/Ar)/NO blend at the specifi€ andp conditions, as discussed in Section
5.2.3. Figure5-11 shows the impact of NO on fdelan (i = 0.5, Figure5-11(a), and fuetich

(G = 2.0),Figure5-11(b), CH/O2/N2/Ar mixtures. It is observed that similar to the Néases,
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mixture reactivity increases with higher NO levels. NUIGMechl.2 is able to capture the trends

very well across the range of tparature and pressure studied.

It is interesting to note iRigure5-10 that an addition of 50 ppm NO tends to inhibit reactivity at
930 K, but promotes reactivity dt> 950 K, thus, exhibiting a crossser point at 950 K. A
similar trendis observed fothe 200 ppm NO dilution case, with the cras®r temperature at
~930 K. To understand this nomonotonous behaviour, reaction flux and sensitivity analyses

were performed for the CGHAr/O2 mixtures with 0, 50, 400 ppm NO addition at 3.0 MPa and

=800 K
m 0PPM ¢
e 50 PPM
LO0F v 200 PPM
£ & 400 PPM
- 1000 PPM
(&
E
3
g 10}
-
c
=

0.95 1.00 1.05 1.10
1000K /T

Figure 5-10. Comparison of IDT measurements gymbolg and NUIGMechl.2 model predictions
(solid lineg) for CH4/O2/Ar mixtures with different levels of NO addition (07 1000 ppm) atd = 1.0

and pc = 3.0 MPa. The legends refer to initial mole fraction of NO added to the mixture. Light
bands represent the uncertainty in predictions due to uncertainty in NO/N@composition.

m OPPM %, = O0PPM
100k ® 200 PPM i / % © 200 PPM i
A 400 PPM ,4' A 400 PPM /é
o % A @ 100 )
E (a) ¥4 £
© P
E €
7 %
g 1of g
c = 10
2 o
< E :
= j=05 =) b
i A A : , A .
I 1 Solid symbols : 1.5 MPa i Solid symbols : 1.5 MPa
Half-open symbols : 3.0 MPa Half-open symbols : 3.0 MPa
1 1 1 1 1 1 1 1
0.95 1.00 1.05 1.10 0.90 0.95 1.00 1.05 1.10 1.15
1000K /T 1000K /T

Figure 5-11. Comparison of IDT measurements gymbolg and NUIGMechl.2 model predictions
(lines) for CH4/O2/Ar mixtures with different levels of NO addition (07 400 ppm) at (a) (i = 0.5
and (b) 4 = 2.0 andpc = 1.5 MPa (solid lines), 3.0 MPa (dasHot lines). The legends refer to the
initial mole fraction of NO added to the mixture. Light bands represent the uncertainty in
predictions due to uncertainty in NO/NQ, compaosition.
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Figure5-12(a) compares the reaction flux channels for 0 ppm (black), 50 ppm (red) and 400
ppm (blue) NO addition at 20% fuel consumption. It is observed that more than 90% of the fuel
isconsumedviatht om abstract i onsradigals dnH theprenmdeurc i bnyg i Ha
¥ at oms z2raanddi cH’l s . Appr oxismatdelay s3 P odfueceder
producing CH'l  +20 thile ~27% react with ®producing CH’l 2 radicals. Approximately

16 % osfradidaldproduce CH/ i a t he g+&l&¢ tCHie @, aiidHL6% of them re

combine to produce £le. A large fraction of CHl2 radicals is converted to GH ei t her
through the CHl12+ @HCH:'I +CHs'l or  vizh+i h¥ CHGOIHY CHs'l +"I H

reaction channels. The subsequent thermal dissociation reactOh(€M) Z CH.O ++ (+M)

is the major source of + p abdms i nadicalsebll theseh e n
relatively highpressure (3.0 MPa) conditions. The reaction flux diagram shows that the presence
of 400 ppm NQ (265 ppm NGQ/135 ppm NO) in the mixture leads to an additional 13% of the
flux 4YoCGHsliH onversion pheceedigr§Ooin CHItHuNOh t
whi |l e t he f | su selfregomiainatidn hreactioh Heduces to 13% from 16%.
Approximately 89% of the NO produced in the system rapidly reacts with reidicals to
regenerate NDand an “TH radical it lwh ma tadicalsh ®mnthetotber r e a
hand, the addition of 50 ppm N asdiowsl s wiea y
+ NO2 2z CH3'l + NO reaction due to the relatively low concentration ofxNpecies in the

mixture.

Figure 512(b) compares theoncentration profiles of key intermediate species as a function of
time for the three cases. We observe that almost all of the NO is oxidized:tthitd@gh the

reaction NOFH bz NO2+"IH wi t hin the first 20%/0mk),at he t
also seen in the ROP plot, please see lower part of Fighi2¢h. Once the NOconcentration

reaches a t BHNOgHMPpzI CHzNO1 (V@ reattidn becomes competitive leading
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to the conversion of 95% of the NQ species to the relatively stable €¥D> molecule prior to

ignition.
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Figure 5-12. (a) Flux analysis and (b) temporal species concentrations and ROP plots for
stoichiometric CH4/O2/Ar mixtures ignition with 0 ppm (black), 50 ppm (red) and 400 ppm (blue)
NOx addition at 3.0 MPa and 800 K. The flux analysis is performed at 20% fuel consumption.
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conversion ze&N®hIEIMH W aCHslt HNO/ "I HOGh CH'l (+M) 2

CH O+~ ( +M) or y4#QG(+MEeCHAH+M)Zz CHO+"TH reaction ch
Therefore, a largemccumulation of CkD is observed for the 400 ppm NO case compared to the

50 ppm NO addition case in the initial stage. As the NO concentrations decrease with time, the

r at e »oohsuniption drops leading to a rise in the;HOncentrations as seen in &ig 5-
12(b). a radécalseabstidtt hydrogen atoms from :OHproducing HO> which then
dissociates producinjvo’l H r a d i c afdadical,a® aopposed to the NOH 'Lz NG

ITH angtHRY ©OHO0Y ITH+ITH reacti onson&lhH crha dpircead u cpee
radical. This transition to chaioranching leads to a significant rise in reactivity and overcomes
the inhibitisANO:(eM)E eCNG, (+M)fleadinglto a faster ignition for 400

ppm NO additim. For the 50 ppm NO case, since the rate of production e®CHa n d areH I

low in the initial phasewing to the low concentration of NO, the rate of the clmanching

process (CED + »3#HIGi GH0,, f ol | oweM= by HIOO + Mralhd th
+1H, +O=CO;+0 and HO2 (+M) Y “I H+"l H(+M)) is not sufficient to overcome the
inhibiting effects of NO additionFigure 5-12(b), thereby resulting in a slower ignition
compared to the neat methane case.

Sensitivity analyses performed for the three mixtuFégure 5-13, also identify the reaction
CHsNO, (+M) z (i H+ NO; (+M) as being the key raf@miting step for both 50 ppm and 400

ppm NO addition cases. It also shows that the reactiopOGHH "Lz H (i Or H20; is a
sensitive ignitom r omot i ng reaction for all mi Xt wres,
+ NO2 Zz CHz'l + NO reaction has a large sensitivity only for the addition of higher
concentrations of NO, since it significantly contributes totten v e r s kYo @Hz'lo ff olrH t h e

400 ppm case compared to the 50 ppm dagere5-12(a).
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CH3NO2 (+M) <=> CH3 + NO2 (+M)
2 HO2 <=>H202 + 02

H + 02 (+M) <=> HO2 (+M)

2 CH302 =>2 CH30 + 02

CH302 + HO2 <=> CH302H + 02
CH20 + CH302 <=> CH302H + HCO
CH302 + CH4 <=> CH3 + CH302H
CH4 + HO2 <=> CH3 + H202

CH20 + CH302 <=> CH302H + HCO
CH4 + OH <=> CH3 + H20

CH20 + NO2 <=> HCO + HONO
CH20 + HO2 <=> H202 + HCO

CH4 + NO2 <=> CH3 + HONO

H202 (+M) <=> 2 OH (+M)

CH3 + NO2 <=> CH30 + NO

0 ppm NO

50 ppm NO

400 ppm NO

-0.3 0.0 0.3

Figure 5-13. IDT sensitivity analysis for CH4/OJ/Ar mixtures with O (black), 50 (red) and 400 ppm
(blue) NO addition at 3.0 MPa, 800 K andi = 1.0.

It is interesting to note that iRigure5-2, the 200 ppm N@addition case also exhibits a small
inhibition effect at lower temperatures at 3.0 MPa, withiee400 ppm N@case tends to promote
ignition. Figureb-14(a) compares constant volume IDT calculations=aB8.0 MPa andc = 850

K for stoichiometric CH/air mixture with and without N& It shows that an addition of 50 ppm

NO. leads to slowest ignition with 27% longer IDT, whereas 400 ppm &fdlition case

exhibits a 14% faster IDT relative to the 0 ppm case. This trend is qualitatively similar to the
trends observed for N@ddition cases. Figures-13 (b, and c) compare the ra®ntration

profiles of key species and rate of reactions as a function of time to understand this trend. The O
ppm case shows a delayed rise inoHOncentration compared to the N@oped cases, which

leads to the formation of #@; either by the selfecanb i nat i on rrE&Z HiOpn, H'
O2orviaCHO+H"pbZ HCO+H0O,, and then dissociates to p
|l atter pathway effecti ve lkndical whctis chairsbrahchimyinl H r
nature ultimately leading to igion, as discussed earlier. Inthe N&d di t i on @ases,
formation occurs earlier because the reactioa €NMO.z CHz'l + NO advances the production

of CHl and the subsequeCH| (+M)zs GHO+H&M). TheH atomma ct i o
produced then rapidly react withoG or mi ng adilcal s . Once enoug
concentration is avail abN@t“liHh rtelaeti adi @alo mp
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t heziHhlt o “TH radical s 2whTHe ocecngpatendsaid defatgé oNrO H

transition to selrecombination reaction and the &M+ H>3HCO+HO. reaction in the initial

reaction period.
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Figure 5-14. (a) Effect of NO, addition on methane IDT calculations using NUIGMech1.2 ati =1.0,

and 3.0 MPg (b) temporal concentration profiles of NG, Hahd CH.O; and ( ¢ ) ROP, of H
radicals via key reactions for 0 (black), 50 (red), 200 (blue) and 400 (green) ppm N@ddition

cases.

As time progresses, t hetNOIU+M)znCHNOx(#M) corestimesr g r ¢
NOza n d 3 réaditals forming a stable GNO,. With the depletin of NO/NG, the NO+H “b

Zz NO2+'ITH reaction sl ows dowHH"amdO:t+®candtChH@+n s i t i
H "k z HCO+H20, reactions takes place, ultimately leading to ignition. At lower levels of NO

addition, since the producttH&a NOSMA+THHap Hot
113



Chapter 5

(+M) Zz "I H+"I H(+M) to overcome the inhibiting impact of GNO, it leads to overall lager

IDTs. Whereas at higher levels of N@d di t i on, although st+tiN® i nhi
(+*M)Z CHNO2( +M) is still significan#H"bZtNOg+t'lHat e ¢
is significantly high in the initial stage, to rapidly consume fual-at om abstract i o
producing sufficient amount of GB a n d raditdls in the pool, which ultimately leads to a
quicker transition to the chain branching process@H + ;HITHCO >GY H1TH + "l H,
thus promoting ignition.

FigureBS8 ofappendix Bshows a comparison of the effect of NO andxid@dition on methane

IDTs, which show their similarity, with the results being within the uncertainty error of the
experiments (~20%). This has also been investigated by performing constant vohutati@ns

of five NO/NG; fractions, ranging from 100% NO, through 75/25, 50/50, 25/75 and 100% NO
concentrations for 200, 400, 1000 ppm,Ndfdutions presented iRigureBS9, which shows that

all of the predicted IDTs for all mixtures with varying NO/D€&ncentrations lie within 15% of

one another.

CH,, 705in 70% Dilute, 1.5 MPa CH, 305in70%Dilute, 30MPa . ©
m 0 PPM
® 200 PPM .,

g 100F A 400 PPM i p » 100

- p S

o -
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Figure 5-15. Comparison of NO and NG addition on methane IDT (symbols: experiments, lines:
NUIGMechl.2, at (a) G =0.5,pc = 1.5 MPg and (b) (i =0.5,pc = 3.0 MPa.

To distinguishthe influence of the RCM facility effect on the reactivity of the mixtureswith
NO/NO, Figure 5-15 show comparigns of the addition of 200 ppm and 400 ppm of NO and
NO2 on methanelDTs at 1.5 and 3.0 MPaat (i = 0.5. The closedsymbolsand openedsymbols

representhe experimentatlatafor NO andNO; blendedmixtures,respectively The solid lines
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representhe currentmodel predictionsfor the NO blendedmethanemixturescalculatedusing
the equilibrium concentration®f the NO and NO: reactantsat their respectivenput operating
conditions.The dotted lines are obtainedby utilizing the samenon-reactivevolume profiles of
methane/NOmixtures and considering the conversionof all NO into NO2 in the IDTs
simulations. Finally, the dashedlines representthe model predictions of IDTs for the
methane/N@ mixtures. It can be seenthat the differencesin the reactivities betweenthe
methane/NCand methane/N®@ blendsare dueto the combinedoutcomesof the facility effects
and their correspondingNOx chemistry. Moreover, the simulationsshow that all resuls are

within theuncertaintyerrorof their respectiveexperiment$20%).

5.4.4 Mean error analysis

100
90

NUIGMech 1.2
80 \ Song_mech
70 [l DTU_NOX

60 Mevel_mech

50 7 § Mathieu_mech
.

Error function value

30

20
10
0

Rapid Compression Machine Shock Tube

Figure 5-16. Comparison of average deviations of different mechanisms from experimental
measurements for CH/O2/N2/Ar mixtures with and without NO/NO »/N.O addition.

In Figure 5-16 a quantitative comparison of the model performance against the RCM (150
datapoints/30 datasets) and ST IDT measurements (783 datapoints/96 datasets) performed in this
study in addition to those in the literature is conducted followhegapproach of Olmteal. [59]

where an overall error function value is calculated using equabejsand b-3) below.
P © 0 (5-2)
:

(5-3)
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where,d 1 T . N andN; represent the total number of datasets and the number of data

points in a particular dataset, respectively.represents thg" IDT measurement af" dataset,
and , ® represents its standard deviation that includes experimental uncertainty and

statistical error. Further details of the approach discussed byOlm et al. [59]. The
comparisons irFigure 16 show that the NUIGMéd..2 tends to perform better against the IDT
measurements especially in the RCM range of conditions. For shock tube experiments which
typically comprise of high temperature ignition data, the performance of the mechanisms is quite

similar.

5.5 Conclusions

In this work, the autaegnition behavior of CHand CH-doped with NGQ, N2.O and NO has been
investigated in the lowto intermediate temperature range of 9100 K atpc = 1.5 and 3.0

MPa using a rapid compression machine facility. The tests conditions are particularly relevant to
practical combustors and thus provide benchmark measurements for ignition behavior as a
function of temperature, pressure, N@ilution levels and equivalence ratio. Experimental
measurements were simulated using an updated hydrocarbon mechanism merged with a NO
submechanism, NUIGMech1l.2 together with two recently published mechanisms developed at
DTU [37, 45] (DTU_Mech) and Milano [9] (Song_Me). Experiments showed that the addition

of 200 ppm NQreduces IDTs by a factor of threeTat~ 1000 K ancpc = 1.5 MPa. The impact

of NO2 on the change in IDT becomes stronger with increasing temperature. Further addition of
NO:2 to the mixture does noesult in a significant increase in reactivity, indicating that its effect

is nonlinear. At higher pressures, the addition of \Nfhows an increase in reactivity, however

the impact was much lower compared to the 1.5 MPa cases. This is attributethtwethge in

i mportance of met hyl radi cal r € radicakb with thé i o n

react 4+0@ 2 {CHs'I +NO at higher pressures. The predictions using DTU_Mech under
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estimate the effect of NGsensitization on IDT in the lowto intermediate temperature range,
while Song_Mech is in closer agreement with the measurements but is consistently faster than
the experimental data at lower temperatures. The adoption of the recent calculations by Matsugi
and Shiina [:430ND: (HMpZ CH:NCe (+M) Heaction together with newly
calculated rates for HONO/HN@hemistry by Chen et al. [40], adopted in NUIGMech1.2 and
thermodynamic properties of GNO. according to ATcT database, show a significant
improvement in the predictions of the exppnental measurements in the lotw intermediate
temperature range. The performance of this mechanism was further validated using other
available literature data including ST IDT and JSR speciation measurements with satisfactory
agreement observed.

Expeimental and modeling studies of @H6 ai r 6 d i2Q i corcentrationg ulp to NO0O

ppm show that BD sensitization has no noticeable impact on IDTs in the tovintermediate
temperature range (60QL 0 0 0 K) . However , 1800 KhNUgENechl mper a:
able to successfully capture the enhancement Xy &hd is also consistent with other literature
measurements.

Experimental and modeling studies show Hmeonotonous trends in NO sensitization effects at
lower levels of NO addition. This @imarily attributed to competition between the rate limiting

ef f ectzsN®EM) I BHNO, (+M) and the impact of NO addition on the transition to

the chain branching process of &+ H LY Hi G H0,Y TH+TH | eading to
NUIGMechl.2 satisfactorily captures the M®O/NO sensitization effects on asignition in

the low to high temperature regimes over a wide range of pressures.
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Abstract

This study reports nevgnition delay time (IDT) mesurements okthane (@Hs)/air mixtures
with NOx (nitric oxide (NO), nitrogen dioxide (N and nitrous oxide (MD)) addition in the
range ' 1000 ppm at stoichiometric fuel to aiif)(ratios, at compressed temperaturgs Of
85171 1390 K, and atcompressed pressurepc) of 2071 30 bar. In addition, new IDT
measurements of three highly dilutegHgNO> mixtures atli = 0.5, Tc =8051 1038 K, andoc =
2071 30 bar are also studied. These new experimental data, together with data already available in
the literature are used to validate NUIGMechl.2 with an updated NOsmseabanism.
Although the addition of 200 ppm of NO or N@ ethane shows a minimal promoting effect,
the addition of 1000 ppm significantly promotes the reactivity of ethane. Thiarsiynof the
effect of the addition of both NO and M@ddition is due to the fast conversion of NO intoo2NO
in the presence of molecular oxygétowever, the 1000 ppm NO doped ethane mixtures exhibit
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~20% faster reactivity compared to the Nflended mixturesThe addition of 1000 ppm of 2D

exhibits no effect on ethane oxidation at the conditions studied. The NUIGMech1.2 predictions
can reproduce the sensitisation effect of NOx on ethane with good agreement over a wide range
of pressure, tengrature, equivalence ratio, and percentage dilution. Sensitivity and flux
analyses of gHs/NOx are performed to highlight the key reactions controlling ignition over the
different temperature regimes studied. The analyses show that there is a compettiteenlihe
react i+dN@sz RT+ NO andNOA(+M) Zz RNO; (+M). This governs NOx
sensitization on &He ignition.

Keywords: Ethane/NOx; Nitrogen oxides; Ignition delay times; Rapid compression machine;

Shock tube; Chemical kinetics mechanism.

6.1 Introduct ion

Exhaust gas recirculation (EGR) plays a major role in reducing nitrogen oxides (NOx) emission
levels by reducing the combustion temperature of internal combustion engines and gas turbines
[11 3]. As the presence of NOx in the combustion product is unavoidable under such operating
conditions, therefore understanding the effect of NOx onduielation is necessary to achieve

the highest possible efficiency of EGR applications in the design and operation of advanced
combustors.

A fuel s combustion characteri sti cignitometc.h as
play a vital role inthe design of optimized combustors. Laboratory scale combustion reactors
such as combustion vessels;g&tred reactors, flow reactors (laminar and turbulent flow), rapid
compression machines (RCMs), and shock tubes (STs) are used to measure combustion
characteristics at conditions relevant to practical combustor operation. Thereafter, the data
measured in the laboratory is commonly used to validate detailed chemical mechanisms over a

wide range of conditions.
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Ethane is not only an important componenmnatural gas (NGJ4,5] but it is also a pivotal
intermediate formed in the combustion of higher hydrocarbon fuels. Thereforeiousistudies

have investigated the combustion characteristics of ethane at combustor relevant cdfditions

10]. As NOx species are present in EGR, numerous studies explored hydrocarbon (HC)/NOXx
interactions[11i 16] which show prompting17i 26] and inhibiting [27i 30] effecs on HC
reactivity depending on the concentration of NOx present and the relevant temperature regime
studied. Therefore, understanding NOXx interactions with ethane in theildarmediate and
high-temperature regimes will help in the development ofdnahical chemical mechanisms of
hydrocarbon/NOXx systems.

In respect of the £He/NOx interaction chemistry, most literature studies have reported
experiments with highly diluted mixtures which show a significant promoting effect on ethane
autoignition even with 200 ppm NQ@added23,25,26,3134]. The study by Gersen et §19] is

the only one that reported the interactions betweepd&N®d et hane for fuel /6
showed that there is a minimal reduction on ethane IDTs by adding 270 ppnHN@ever,

they did not perform nereactive experiments, so that facility effects cannot be well accounted
for in simulating their exp@&nents.

The main goal of the current study is to investigate the impact of NOx (N@,a@ NO) on

the auteignition of ethane at combustors relevant conditions. Therefore, new IDTs
measurements are reported using an RCM and a HPST for stoichiomelgiblGx (NO, NQ,
andNO) mi xtures dil uted i xpaddiianivaryng faom 0 d00d ppre r e n t
atpc = 201 30 bar andic=8511 1390 K. In addition to these new IDT measurements which are
carried out wusi ng Odghly dildted £Bls/NOMmexturesxaii d0.5z2Te+ , t h
8057 1038 K, andpc =207 30 bar were also studied. A chemical kinetic model is developed and

validated against the current experimental data along with available literature data. Sensitivity
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and reaction pathway analyses are performed to highlight the most important reaction and

pathway for ethane oxidation with NOx addition.

6.2 Experiments

IDTs experiments were conducted using both red RCMragiatpressure shock tub@PST)
facilities at NUI Galway, a brief description for both facilities and the experiment procedure are

provided below.
6.2.1 Rapid compression machine

The RCM has a twin creviced piston designi35] to ensure the gas temperature after
compression is more homogened@86]. As the geometric compression ratio of the RCM is
fixed, in order to span a range of compressed gas temperatures, the initial temp@&jaisire (
varied from 303 403 K. This variation inl; is controlled using a heating systemplemented

on the walls of the cylinder and reaction chamber together with five thermocouples installed on
the outer body of the cylinder to accurately conolA Kistler 6045B pressure transducer,
installed in the reaction chamber wall, is connectea Kistler charge amplifier in conjunction

with an oscilloscope to record pressure/time histories as shown in Fig. 1. The IDT is defined as
the interval between the time between the first peak pressure at thecamdpsession (EOC) to

the second globalgak pressure due to the ignition event as shown in FigapDue to the

weak pressure signal for the highly dilute ethane/NOnditions, aphotomultiplier (PMT)
equipped with a CH* filter (CWL: 430 nm + 10 FWHM; Thorlabhs)used together with the

pressure trace to measure the IDT for the dilute mixtdres ignition event is reported at the

z

maximum gradient pressure- or in CH after compression as shown in Figl@®).

The equilibrium program Gage[37], is used to calculate Tc by providing the mixture
composition,Tj, initial pressure ), and the measuregc as inputs, assuming an adiabatic
compression/expansion. These data are availabkppendix C Each experimental point is
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repeated at least once (sometimes twice) to confirm the reproducibility of the meastired 1D

wi t hlow. O

6.2.2 High pressure shock tube

The HPST comprises a 90 long stainlessteel tube with a uniform crosection of 63.5nm

inner diameter. It is divided into three sections; a driver sectiam),(& driven section (5.78),

and a doublaliaphrgm chamber (0.2ih) which separates the driver and driven sections. Two
presscored aluminium diaphragms are used, with the scoring depth varied depending on the
target bursting pressure which enables improved control of the -sfeoek Helium is used as

the driver gas and a fraction of nitrogen is used for tailoring. Six axially positioned PCB113B24
pressure transducers mounted in the walls of the tube at different location near to the endwall are
used to measure the shock velochgnocy. A Kistler 603B pressure transducer mounted in the
endwall is used to measure the IDT, defined as the time interval between the pressure rise due to
the shockwave arrival at the endwall and the ignition event as shown in F&. 16 the
equilibrium pragram Gaseqd37]t he fArefl ected shockd modul e,

chemistry, $ used to calculate the reflected shock pressjeaid temperaturer€) using the

initial pressurety), the initial temperaturerlf), andVsnockand are albppendix C

T 45 -
110 } CoHg,/j =1.0,30bar, 926 K C,H, /260 PPMNO,, j = 0.5, 30 bar, 969K
L 40 i E
00F Reactive trace_1 Reactive p~t
. e 1 | A W I SRR Non-Reactive p-t
90  — Reactive trace_2 35— cH* :
0 | Non-Reactive ! [=18.27ms
R T dp/dt 30 5 :
K5 70 ---- Simulation_NUIGMech1.2 I e S '
s .. B T
8 8 5
o 60 d £1.0ms, 4.3% T
3 ! i\
=] L S 20
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o a0f EOC 8 15
x a
30 F —— .
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Figure 6-1. RCM pressure-time histories for ethane oxidation at 30 bar; (a)i=1.0i n ¢6aad (b) 0 ;
G = 0.5 at 91% dilution.
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Figure 6-2. HPST pressuretime histories for ethane oxidation shows the ignition event.

6.2.3 Mixture preparation

The purity of the fuels used is based on the supplier and are as follows: ethane (99.5%), 4% NO
diluted in argon, 2% Ngdiluted in argon, and 99%2® weresupplied by Air Liquide and were

used without further purification. Nitrogen (> 99.96%), argon (> 99.98%), and oxygen (>
99.5%) gases were supplied by BOC Ireland.

The ethane/&@NO2/(N2/Ar) mixtures were prepared based on the partial pressure of each
compament starting from the lowest partial pressure using four MKS pressure transducers (20,
100, 1000, and 5000 mbar) with accuracies 6596 of the reading installed in the manifold
lines. Thereafter, each mixture was allowed to homogenise via gaseogsodifior at least 12

h. Different fractions of Mand Ar were used as the diluent in order to cover the wide range of
compressed temperaturdsor the experiments with NO added to ethane, due to the fast
conversion of NO to N®in the presence of £438], the CoHe/O2/N2/Ar mixture was prepared
separately and a 1l0mixing tank was connected to the manifold in order to prepare the final
CoHe/O2/N2/Ar/NO mixture. This method was used to minimise the mixing time of NO wih O

to be within 5min beforeperforming the IDT experiments so as to limit the conversion of NO
into NOG.. 0-D simulations were carried out for theHs/O./N2/Ar/NO mixtures to obtain the

final NO/NO, mixture composition used in simulating ouwHg/NO experiments as summarized
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in Table6-1. Also, a set of nomeactive experiments were performed wheeew@s replaced
with N2 in the nonreactive mixture to account for facility effects (heat losses, etc.) in the RCM
experiments. Tablé-1 shows the mixture composition and the experimemiditmns of the
current studyThe high diluted ethane/NOnixtures were studied previously by Deng ef{2b]

at 30 bar and are repeated here together with new results at 20 bar.

Table 6-1. Experimental conditions and mixtures compositions.

Ethane/NQzatj = 1. 0 in O6aird
i 0,
Initial NO 2 (ppm) Cj/':e (gfrs) 332 NDZ"”e”t ﬁr p (bar) T(K) Facility | Ref.
0 5.60 i 19.4 | 75.00 i 20 9471 1390 ST [10]
0 5.60 i 194 | 22,50 | 52.50 20 8911 954 RCM [10]
0 5.66 T 19.82 | 74.52 T 20, 30 1006i 1382 ST pw’
0 5.66 i 19.82 | 14.90 | 59.62 20, 30 8851 970 RCM pw
200 5.61 200 19.62 | 73.77 | 0.98 20, 30 944i 1351 ST pw
200 5.61 200 19.62 | 14.76 | 59.99 20, 30 873i 988 RCM pw
1000 5.38 1000 18.83 | 70.79 | 4.90 20, 30 10041 1368 ST pw
1000 5.38 1000 18.83 | 14.16 | 61.53 20, 30 8551 989 RCM pw
Ethane/NOatj= 1. 0 in O6aird
Initial NO (ppm) CaoHe NO/NO, 02 N2 Ar pc (bar) Tc (K) Facility Ref.
200 5.64 135/65 | 19.72 | 14.83 | 59.80 30 8691 973 RCM pw
1000 5.52 | 280/720 | 19.32 | 14.53 | 60.53 30 8517 958 RCM pw
Ethane/NOatj= 1.0 in oOairéo
Initial N 20 (ppm) CoHe N20 Oz N2 Ar pc (bar) Tc (K) Facility Ref.
1000 5.66 1000 19.82 | 1491 | 59.51 20, 30 9007 995 RCM pw
Ethane/NQGzatj = 0.5 diluted
Initial NO 2 (ppm) C2Hs NO:2 Oz N2 Ar pc (bar) Tc (K) Facility Ref.
260 1.01 260 7.05 54.38 | 37.53 20, 30 9087 1038 RCM pw
2704 1.05 2704 7.31 78.12 | 13.25 20, 30 81671 960 RCM pw
5163 1.00 5163 6.98 | 66.20 | 25.30 20, 30 8057 961 RCM pw
pw': present work

6.3 Chemical kinetic model

NUIGMechl.2 is used to simulate the current data together with the available literature data.
This detailed mechanism has been hierarchically developed and validated for a comprehensive
array of fuels ranging from O C; hydrocarbongd10,39 42] including binary/ternary blends
[43,44] and natural gas mixturgg5,46], conprising an extensive series of studies on these
fuels. The hydrocarbon model has been integrated with an updatesliN@echanism which is

based on the recently published mechanism by Glarborg Bt7@land the hydrogen/syngas
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NOx chemistry adopted from Zhang et @8]. The CH/NOx submechanism is adopted based

on a recent study on N@ensitization of Cklignition and oxidatiorj49]. Further updates to the
C2/NOx submechanism are based on a critical assessment of recent measurementsesehigh
calculations of rate parameters available in the literature and are discussed in the following
sections. Alnitio calculations for gaphase thermochemistry performed by Bugler ef5l]

for over 60 nitrogenous compounds are included in the current mechamisrg to their

relatively high accuracy and internal consistency.

6.4 Results and discussion

The results of the IDTs for the mixtures listedin Ta®le ar e provided here.
in the figures refers to the oxidizer mixture containingduentin the ratio of 1:3.76 and the
equivalence ratio is calculated based on the fuel&fo, neglecting the oxygen present in the
NOx species. The initial conditionsnd the IDT dataare provided in appendix @nd the
pressure/time histories for use in thglations are provided asipplementarynaterialof the

online version of the papeln this section, the results of the effect of adding NGD and NO

to ethane oxidizer mixtures on IDT measurements are provided. The RCM and HPST IDT
simulations are performedsing CHEMKINPro [62]. To account for facility effects (the
compression process and heat loss after compression) within the RCM, simulations are
performed using @ume/time histories recorded for nogactive mixtures. The homogeneous
closed volume reactor module is used to simulate the ST IDTs using the experimental conditions

listed inappendix QTs, ps, and mixtures compositions).
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6.4.1 Effect of NO2 on Ethane IDT

CzHG, 20 bar,j =1.0in air' C,H,, 30 bar,j =1.0in 'air'
RCM RCM
n 0 0PPM NO, Biagmohammadi [10] O 0PPMNO,
£ 1024 & oppmno, o 1004 O 200pPuNO,
- O 200 PPMNO, = A 1000 PPM NO,
Q A 1000 PPM NO, - ST
e ST o W 0PPMNO,
par] 10" W 0PPMNO, € 10'{ ® 200PPMNO,
> ® 200 PPM NO, = A 1000 PPMNO,
© A 1000 PPM NO % Pre-Ignition
© ;| Preignition T 10°J ® oPPMNO,
T 107 @orrm NO, S @ 200PPMNO,
g ; 200 PPM NO, c #1000 PPM NO,
= 1000 PPM NO, o
4+ . — 1
= 1| = 10 4
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k=2 =)
Solid lines: Current model » Solid lines: Current model
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(@) 1000K / T (b) 1000K /T

Figure 6-3. Ignition delay times measurements of @¢/NO: (symbols) and NUIGMech1.2 model
prediction (lines) at( = 1.0 at (a) 20 bar, and (b) 30 bar.

Figure 6-3 shows the current RCM and HPST IDTs measurements for a stoichiomgtgiaiC
mixtures at 20 bar, Fig-3(a), and 30 bar, Fig-3(b), in the temperature range of 856390 K

at three levels of N®addition (0, 200, 1000 ppm). Moreover, the lines represent the IDTs
predictions calculated using NUIGMech1.2. Fig6+2 shows that the onset ignition temperature
decreases with increasing hl@oncentration. For the 200 ppm MN®lended GHe/air mixture

IDTs are within 20% of the pure ethane IDTs which is within the uncertainty limit of our
measurements. However, with the addition of 1000 ppmtN®IDTs data become significantly
more reactive by factor of ~2.5 at low temperatures (B3@00 K) comparedot the pure
C2He/air mixture. This factor gradually decreases with increasing temperature, reaching ~1.23 at
high temperatures (1430 K) showing the 1tinearity of NQ effect in different temperature
regimes. The simulations using NUIGMech1.2 show verydggreement with the experimental
measurements across the temperature range at the two pressures and the three leyels of NO
addition examined in this study.

To explore the controlling chemistry responsible for the increase in reactivity of the NO
blendedC;He/air mixtures, the rate of destruction ofHs as function of time is shown in Fig- 6

4(c) for pure GHe/air mixtures and &He/NO2/air blend mixtures aic = 950 K andpc = 30 bar
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condition. Moreover, Figs.-8(a) and 64(b) present the sensitivity @anROP analyses of
CoHe/air mixtures blended with 0, 200, and 1000 ppm2MOTc = 950 K andpc = 30 bar. As

shown in Fig. 64(c), for the pure @He/air mixtures and the £Ele/NO/air mixtures fuel
reactivity is governed by the-llt om abstraa@atdiceml sy pHd®ducHs)ng et
and hydrogen peroxide ¢8.). H-O- further dissociates into hydroxyl radicals, viaQd (+M)

z TH + “ITH (+M) which significantl y-4p)showsot e s
that in the case of l6/NO- mixtures, in the early stage of ignitionzHg is primarily consumed

by H-atom abstracton by NG o r mi ng H édradicalsywhichibecomes important for
enhancing the reactivity of the N®lended mixtures, Figs-4(a). In NUIGMechl1.2 we have
adoptedhe rate coefficients for theoBe + NO; reaction from the higievel theoretical study of

Chai and Goldsmith[63] using the compound method with CCSD{H)2a/cepVTZ-
f12//B2PLYPD3/cepVTZ level of theory. The HONO so produced subsequently decomposes
generating NO and ‘TH radicals that also has
seen in the sensitivitgnalysis, Fig. €(a), by initiating the Fatom abstraction reaction, through
C:Hs+ "I H Hs+ HO. The ROP analysis shows that at 950 #1€is mostly consumed by

H-at om abstr act i:odcalbfgrmifighthyh radicalsHdt all of tlieHe/NO-/air

mixtures When NQ is added to th€,He/air mixtures, a greater fraction oblds is consumed

byTH radicals rel ati vreadiocdlhsat Thea sfuonrerda thiyo r'H”
radicals in the early stage of ignition througkHs + NO,z  iHs + HONO and subsequently

vi a HONB+ NO is responsible for the increasedsHec onsumpt i on by “IH
the CoHe/NO2 blend mixturesFrom Fig 64(b) it can be seen that 76% and 19.7% of the fuel
undergoes Fat om ab st r act i.ocadicdpyodudingii-Hs nadicals] Whereas, for

the 1000 ppm N@doped GHe/air mixtures the percentagentribution toCoHes consumption by

1T H radicals increases t oat7Om 1&ob satnrda cdita® nf by

decreases to 13%.
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2 HO2 <=> H202 + 02
CH3NO2 (+M) <=> CH3 + NO2 (+M)
C2H5NO2 (+M) <=> C2H5 + NO2 (+M)
C2H502 <=> C2H4 + HO2

C2H5 + 02 <=> C2H4 + HO2 I O ppm
C2HS5 + HO2 <=> C2H4 + H202 XYY 200 ppm

HCO + 02 <=> CO + HO2

H + 02 (+M) <=> HO2 (+M)
H+02<=>0+0H

C2H502 + CH20 <=> C2H502H + HCO
C2H6 + CH302 <=> C2H5 + CH302H
C2H4 + OH <=> C2H3 + H20

CH20 + HO2 <=> H202 + HCO

C2H5 + HO2 <=> C2H50 + OH
C2H502 + C2H6 <=> C2H5 + C2H502H
CH3CHO + H <=> C2H50

CH20 + NO2 <=> HCO + HONO
C2H502 + NO <=> C2H50 + NO2

NO + OH <=> HONO

CH3 + NO2 <=> CH30 + NO

C2H6 + NO2 <=> C2H5 + HONO

C2H5 + NO2 <=> C2H50 + NO

H202 (+M) <=> 2 OH (+M)

C2H6 + HO2 <=> C2H5 + H202

(@)

U773 1000 ppm

-06 -05 -04 -03 -0.2 -01 00 01 0.2

Sensitivity coefficients

C,H,
0 ppm NO 76.05%
200 ppm NO, 76.77% +OH
1000 ppm NO, 79:10%
19.74% 11 o
18.18% THO2
0.00% 13.90% 0.00%
v +NO. 0.01%
L lieaw-NO. 0043 *NO2
C,H;0 == N0 ¢, Hy C,H;NO,
T170, O, HONO
17% _OH 36.63% -
. 3.52% & 35.66% 0.00%
-H 56.25% 0.01%
+025433% 0.04%
1.13% 48.30%
2. 3.00% N
6.39%) | 5.60% Y 19.27%
15.06% ) HO, :;ggé-l{
CH;CHO . C,H50, > C,H, —— C,H;01-2
3 CH CH,0 23
4 3 - 52.2% +HO,
+NO, [+HO, +OH 49.6% -
0.00%] 9 499, - 5.64% 075y, TOH +OH
0.00%| 'gs00 /-0, seave \ 9:9% 39.27% | 22.45%
3.29%| 0.94% /1.03% 4'4«'“ 28.8% 36.38% | 22.17%
_HONO s sx::/ 26.93% | 19.38%
3.88% C,H,
CH,CO :
PC,H,0H :

E Y

0.72%

(b) 1.30% v
4.92% Cco 28.8%
C,H/NO,,j = 1.0in "air', 950 K,30 bar
0.00 =
T —
Csz
o Solid line: 0 ppm NO,
«,w Dashed line: 1000 ppm NOz
‘E -0.02
2 =—=CH+OH<=>C H_+H,0
g — C,H+HO,<=>C H+H,0,
£ % ——CHtNO,<=>CH +HONO
c —
O -0.04 4. : C,H +H<=>C H +H,
‘3 b
s H
et Y
L]
s [
Y
Q. 4 5
= 0.06 ]
@ 3 ]
- ¥
0 o s w0 s w0 7w w0 N
Y
Y
08t " *+—7+—F
(C) 1000 2000 3000 4000 5000 6000 7000 8000
Time/ms

Figure 6-4. (a) Brute-force sensitivity (b) flux analyses at 10% of fuel consumption of £1e¢/NO-
mixtures, and (c) Rate of consumption ofC,He¢ at early stage of ignition for pure GHes and
C2He/NOzblends at(i = 1.0, 950 K, and 30 bar.
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Most of theli2Hs radicals add to ©forming ethylperoxy (gHs'l ») radicals, which subsequently

undergoes &oncerted elimination reaction2ds’l2 z  £14 + H."In the case of th&lO;

blended CoHe/ a i r mi xtur es new r e agHt beoome avdilable.nfe | s

relatively high concentration of ethoxy4dsl )y adi cal s 1 s f or mexdis+t hr ou

NO.z 5T + NO, promot i N@ blanded miktures.nA relativelyt Imall
concentration of nitroethane 4@sNOy) is also produced by the addition BD2t 0 2Hsij via

G2Hs + NO2 ( + M) 2HsNOg(+M) which exhibits a positive sensitivity towartBT due to its

compet i tiHosNOwi tfis1 G+ NO, i nhi bi t6-#4(b).gn theewrent i v i t

mechani sm t he rHst&O¢ o M3 CHsND, $+M)fisoadoptéd by analogy
wi t h  §+hND, ((+HM) CHENO: (+M) reaction calculated by Matsugi and Shi[6&]. It
should be noted t hattNOt(hev) CHENOe (+M) bas beeraimctease f
by 100% compared with that calculated by Matsugi and SHia®& to obtain better gdiction
accuracy with the measured | DTs datxdds+N®he
z f£51 + NO is adopt e+dNOL y M n &l oGeHyoih Glarkipng et al.
[49].

In Fig. 6-4(b) it is observed that when N@ added to the £Ee¢/air mixtures relatively large

concentrations o€2Hs'l radicals are produced during the ignition process. Th&C r adi c al

produced can either decompose to form @acet a

radicals. The acetaldehyde so produced is consumed hyJ&OHatom abstraction reaction

r

C

yielding HONO and acetyl radicals (Ckli O) whi ch dec o mpradcas ahdo r mi |

carbon monoxide (CO), through @HO ( + M) 3+£0 (M). Figures-4(b) shows that the

NO2 blendedCzHe/air mixtures generate a significant amountiof radicals in the oxidation

process.sradesal 8Hare mainly coadumatssh Wi aad

z 0GB + “IH satn dddi HC:H O When NQ is present in the reactant mixtures

some of d4rddieals é@lsb react with NQo produce methoxy radicals (GH) b y+ G H
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NO2Z GCH + NO which promotes react i ¢ladicglsareMor e
consumed vVvia 3t N®( +8RCHINOD(HM) \Whith competes with thehain
branching;+NRztCHMn+ GNO, inhibiting reactivi:t
analysis, Fig.6-4 ( a ) . The met hoxy radical s produced
formaldehyde, viaCEll ( + M) .0z +CH ( + M)blendedCpHy/aiMin®tures produce

| arge amounts of A+ a tHy/arsnixtaresnAccndiegdo Figged(bithee pur
formation of N atoms account s CHeair mixtuges, @bléo o f
1000 ppm of N@ blendedC;He/air mixtures contbute~13. 9% of the tot al
atoms via CHl ( + M) & +CHN . A | arge frac4fioornmiaomfg Hl
radicals which can setkact to generate K. or abstract a hydrogen atom from the parent fuel
CzHep r o d u gHi radizalsi

Figure 6:5(a) presents comparisons of NUIGMech1.2 predictions with the IDT measurements of
Deng et al[25] for seven GHe/NO2/air mixtures ati =0.5 andpc =30 bar at 91% dilution. The

model can reproduce most of the experimental data within a 20%ebweept for the 2700 ppm

and 5160ppm NGOG blended mixtures, where the mechanism wmtedicts the reactivity by

more than 40%.

ey C,H,, 30 bar, ] = 0.5 diluted in 91% Ar 55 CyHg 2700 PPMNO,,/ =05, 30 bar
%) < 2700 PPM NO, ‘ 50 816 K current study
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2y 20 3 b s
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Figure 6-5. (a) Comparison of experimental measurements (symbols) and NUIGMechl.2
predictions (lines) from both the current study and Deng et al[25] (symbols) at(i = 0.5,pc = 30 bar,
and 071 5163 ppmNO,; and (b) Comparison of pressuretime histories from current study and
Deng et al.[25] at 91% dilution conditions.
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Figure 6-6. Comparison of experimental measurements (symbols) and NUIGMech1.2 predictions
(lines) from both the current study and Deng et al[25] (symbols) atli = 0.5,pc = 30 bar; (a) 260
ppm NO3; (b) 2704 ppm NQ; and (c) 5163 ppmNO., all at 91% dilution conditions.

Therefore, to confirm the repeatability of the measurements the experiments under the two
extreme data conditions are reproduced for the 2700 ppm angpa608lQ blended mixtures

where the mechanism is not able to capture the reported meastsdnom Deng et a[25].
Furthermore, to compare the measurements, the experiments were also repeated for the 260 ppm
NO:2 blended GHes/NO-/air mixture case at the same condition studied by Deng et al. [25].
Figure6-6 shows comparisons of the current ID€&asurements at the three Nadldition levels

(260, 2700, and 516tpm) with the Deng et gk5] data at 30 bar and with the new 20 bar data.
Although the new IDTs are longer than those measured by Deng et al., the mechanism is able to
predict the new data at the two compressed pressures. Bi§(ogillustrates the comparison of
pressure/time histees recorded fronwo RCMs which were used at NUIG and by Deng et al.

[25]. It indicates that the facility effects in the RCM at NUIG are larger than those in the Deng et
al. [25] RCM facility, making our IDT longer than those recorded by Deng §3l. Figues
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CS10 toCS15 show the performance of NUIGMechl.2 for the available RCM and ST IDT data
available in the literature for AINO> mixtures at different equivalence ratio, pressarel
temperatureg25,26,33,34,51] The comparisons show good agreement, with the predictions
being within an uncertainty limit of ~22% for the RCM and ~18% for the ST experiments. As
both the NUIGMech1.2 and Deng et @6] models are able to predict the IDTs measurements
for 0i 1228 ppm NQ addition experiments from Deng et §R5] and compare well with the
experiments we repeated the 260, 2700, and 5163 ppsradlidition data, suggesting that the
previous 2700 ppm and 5163 ppm Nadition data reported by Deng et [@5] may not be

entirely reliatte.

6.4.2 Effect of NO on ethane IDT

10° 10°
- o T .
RCM C,H,/NO,30bar,j =1.0in "air RCM C,H, / NOx, 30 bar,j =1.0in ‘air
B 0PPMNO B 0 PPM NOx o
%) ® 200 PPM NO (135 NO + 65 NO,) » ® 200 PPM NO (135 NO + 65 NO,)
IS A 1000 PPM NO (280 NO + 720 NO,) e A 1000 PPM NO (280 NO + 720 NO,) 4
~
S 10°9 B 1024 © 200PPMNO,
1= IS A 1000 PPM NO,
= =
> >
= i
[©] et [}
he] 104 « * Solid lines:simulated NO © 104 Solid lines:simulated NO
g 200 PPM: 135 NO + 65 NO, g 200 PPM: 135 NO + 65 NO,
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o Dashed lines: simulated NO c Dashed lines: simulated NO
(o)) 0% converted to NO, o 2
L ) ) L 200 PPM NO
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Figure 6-7. Comparison of experimental measurements (symbols) and NUIGMechl.2 model
predictions (solid lines) for various GHe/NO/NO- mixtures at (i = 1.0 andpc = 30 bar.

Figure6-7(a) shows the current RCM IDTs measurements for stoichiomefidg/ar mixtures

with the addition of 0, 200 and 1000 ppm NO at 30 bar pressure and in the temperature range of
8511 973 K. The results show that the addition of 200 and 1000 ppm NGHgaB mixtures
increases the reactivity by approximately 26% and 65%, respectivelygl®-F(a) the lines
represent the model predictions using NUIGMechl.2 with the solid lines are simulated
considering the equilibrium concentration of NO toNOnversion as the reactant mixtures; the

dashed lines are simulations considering 100% NO btendéh the CHe/air mixtures (no

138



Chapter 6

conversion of NO to Ng), and the dotted lines are simulations considering 100%hbMDded

to the GHe/air mixtures (complete conversion of NO to NOAIl of the simulations are

performed using the same input files whware formulated using the measuredH&ZNO non

reactive pressure time histories. The model predictions, considerifigpah&O/NO; reactant

mixturesobtained from th&®-D simulations as reported in Talflel, are in good agreement with

the experimental dataThe model predictions in Fig-7(a) for the 100% NO and 100% NO

blend cases indicate that the prompting effect of NO ge/@ir mixtures is approximately 20%

larger than that with N§) indicating that the reactivity of the NO dopedxtares is higher than

for the NQ doped ones. Figuré-7(b) confirms that the NO doped mixtures exhibit

approximately 20% higher reactivities compared to mixtures with the samblai@ling level.

To identify the dominant reactions controlling the oxidated GHes/NO/NOy/air mixtures, Fig.

6-8 compares bruttorce sensitivity analyses of,8s/1000 ppm NOx mixtures d@t = 1.0 in air

atpc = 30 bar andlc = 850 K. Furthermore, to examine the higher promoting effect of the NO

blended mixtures compared to the Nflended ones, the ROP analyses of important species as a

function of time in Fig. @ is illustrated for the addition of 1000 ppm each of NO and %O

CoHe/air mixtures apc = 30 bar and’c = 850 K.

Figure 6-8.
850 K.
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CH30 (+M) <=> CH20 + H (+M)
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Figure 6-9. ROP analysis comparing the effect of 1000 ppm NO and 1000 ppm MNeaddition on the
oxidation of CoHe/air mixtures at (i = 1.0 in air, 30 bar and 850 K.

Figure 69 shows that both the rate of production and rate of destruction of the primary reactions
responsible for the formation of important species are increased when NO is present compared to
NO>. Figure 69(a) provides the RO of C:Hs with respect to time for the 1000 ppm NO and

1000 ppm NQ@addition cases. At the early stage of ignitioratdm abstraction by H r adi c al
CoHs + "I H oBs+ B0 is the dominant consumption pathway foiHEand the rate of
progress of this reaction is higher for the NO blended mixtures leading to the faster ignition of
the fuel compared to the N®lended mixtures. This is primarily due to the availability of larger
concentration offH r adi cal s i NO blerded mixtarese Theimportaiit eesactions
responsi ble for the for mat 9nlitiodbseried that fordhec a | s
1000 ppm NO blended mixtures since large amount of NO is present in the system, it increases

'H r adi canlvia theoreaatiantNO +H 2 NGITH in the early st
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The major reactions related to the formation df.Hadicals are shown in Fig-®c). It can be
observed thatl +2( © M) H’lz (+M) is responsible for the significant rise irflklradcals

for the 1000 ppm NO blendedixtures compared to the N®lended ones.

Finally, Fig.6-9(d) shows that with the addition of NO instead of2N®the GHe/air mixtures,

the rate of formation of the dissociation reactionsCH ( + M) & +CHN ( + M) i
significantly producing | arger concentrat.
concentrations ofH’l, radicals viai +2 ( @ M) H’l2 (+M), andhence generating higher
concentrations offH r adi cal s> % i BO-rNN® high Htimately enhances the
reactivity for the NO blende@>He/air mixtures by promptly initiating the {dtom abstraction
reactionCoHs + | H oBs+ H2O. This can be confirmed by the increase in sensitivity
coefficient of the CHl ( + M) & +CHJ ( theM)00O fpnr NO blended mixtures

compared to 1000 ppm N®lended mixtures, Fig-8.

6.4.3 Effect of N2O on Ethane IDT

3

10
C,H,/N,020bar,j =1.0in air" .
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Figure 6-10. Comparison of RCM IDT measurements for GH¢/1000 ppm NO (symbols) and
NUIGMech1.2 IDT predictions (solid lines) at(i = 1.0, andpc = 20 and 30 bar condition.

Figure 6-10 shows the IDT measurements for stoichiometrigig@ir mixtures in the
temperature range 90A.000 K and 20 30 bar pressureoaditions with and without addition of
1000 ppm NO. It indicates that PO addition has no effect on2Ke/air oxidation at the

conditions studied. NUIGMech1.2 also predicts that there is no effect of additiofOafoNhe
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CoHe/air mixtures. This is duéo the high energy barrier for the decomposition reactig® N
( + M) 2# O (M) at the low temperature conditions. Figa#&0 shows that the predictions

are in satisfactory agreement with the experimental measurements.

6.5 Mean error analysis

Figures CS2 CS9 of appendix Cshow a comparison of the current RCM and ST IDTs
measurements compared to availabENOx literature models, includingpeng et al.[26],
DTU_NOx [47], Mevel et al.[23], Song et al[61], and Zhang et a[48]. Although Figures
S2(a) S7(a) show that the Deng et §6] modd can predict the current 8¢/ NOx data
reasonably well, it is not able to capture the recently publishegNCH [51] IDT data. Figures

6-11 and6-12 present the comparisons of £IMO. and CH/NO IDTs measurements compared

to the current model predictions using NUIGMechl.2 together with the model published by
Deng et al[26]. The resultsshow that Deng et al. modf26] overpredicts the IDTs for the

CH4/NO2 and CH/NO mixtures.

CHy/NO,, £ 1.0in 70% dilution, 15 bar CH4/NO,, £ 1.0in 70% dilution, Sp'bar
m 0 PPM :
» m 0 PPM ” B
S ® 200 PPM NO, E ® 200 PPM NO, g
©100F & 400 PPM NO 2 100} 4 400 PPM NO,
IS 2 E
® )
° |, E K
< c
2 10} 2 10t
£ =
> >
(a) Solid lines: Current model (b) Solid lines: Current model
Dashed line: Deng et al. (2021) \ Dashed line: Deng et al. (2021)
o.'90 0.95 1.60 1.65 0.95 1.00 1.05 1.10
1000 K /T 1000K /T

Figure 6-11. Comparison of RCM IDT measurements for CH/NO, mixtures [49] with the model
predictions using NUIGMech1.2 and Deng et al26] at (i = 1.0, and (a) pc = 15 and (b) pc = 30
bar.
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1000 - — 1000,
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Figure 6-12. Comparison of RCM IDT measurements for CH/NO mixtures at (i = 1.0, and pc = 30
bar [49], with; (a) NUIGMech1.2 IDT prediction; and (b) Deng et al[26] model prediction.

Figures CS2(W)CS7(b) inappendix Cshow that DTU_NOX47] model ovespredicts the IDTs

for the RCM experiments especially for high ppm NOx addition levels. Furthermore, Figs.
CS2(c) CS7(c) indicate that the Mevel et 23] model undeipredicts the IDTs for the
fuel/ 6aird conditi on sprebios the IDT datatab the 90% dil&ion5 a
conditions by a factor of 4.0 for the 516B8m level of NQ addition. From Figs. CS2(ES7(d)

it is observed that Song et #.1] model undeipredicts the RCM IDT measurements by more

than an order of magnitude at low temperatures. Moreover, Figs. CS3{&g) show that

Zhang et al[48] model comsistently ovetpredicts the IDTs measured at low temperatures by a

factor of ~2.7.

Figure6-13 shows a quantitative comparison of the performances of the current model against
the five available @NOx models in thditerature[23,26,47,48,61]areillustrated following the
approach of the recently published £ROx paper[49]. The comparison was performed using

the IDTs measured in the current study together with those from the literature, both from RCM
(322 datapoints/31 datasets) and ST (572 datapoints/72 datasets) facilities. The error analysis has
beenconducted following the method descridedOIm et al.[65] and the overall error function

value is calculated using equatiolsl) and 6-2) below,
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p () (0V)
o = . (6-1)
v w W
o 2 o (6-2)
0
where,® 1 T&d . N andNi represent the total number of datasets and the number of data

points in a particular dataset, respectively.represents thg" IDT measurement af" dataset,
and , © represents its standard deviation that includes experimental uncertainty and

statistical error.

Figure 6-13 shows a @mparison of the average deviations of the different models from the
current and various literature ST (solid bars) and RCM (dabhes) IDT measurements for
C2He/NOx mixtures It is observed that all models predict high temperature IDTs within a 10%
error in the ST measurement regime with the lowest errors using NUIGMech1.2 and the Deng et
al. [26] model Moreover, both the current modmhd the model published by Deng et f6]

perform better thathe models fronMevel et al.[23], Zhang et al[48], DTU_NOx [47], and

Song et al[61] for the low and intermediate temperature RCM IDT predictions.

40
Bl sT 7
x4 |ZARCM 7

30 7

25
20

154

Absolute Error Function Value

Figure 6-13. Comparison of average deviations of different models from current and literature ST
and RCM IDTs experimental measurements for GHe/NOx mixtures.
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6.6 Effect of NOx on ethylene andacetylene oxidation

In our effort to develop a comprehensive hydrocarbon/NOx mechanism, NUIGMechl.2 has
been developed hierarchically by integrating the C> hydrocarbon and the NOXx interaction
chemistries. In addition to ethane, NUIGMech1.2 is also assessed against ethylene and acetylene
oxidation data available in the literatul@agaut et al[56,58] investigated the effect of NO
addition to GH4 at atmospheric pressure in a-g#rred reactor in the temperature range 700

1300 K. It was found that the addition of NO promote#i{bxidationdue to the formation of a

large concentraton of H r adi cal sl i WG N @& Figure 6114 compares the

current model predictions with the speciation measurement®dgaut et al.[56,58] for

C2H4/NO mixtures atli = 0.1, 1.0 and 1.5 the temperature range of 700300 K at 1 atm
pressure. The results show reasonable agreementdetiae present model and experimentally

measured species mole fraction profiles.

Deng et al[53] recently reported IDT measurements eH@ZO/NO2/Ar mixtures with varying
levels of NQ concentrations relative to the fuel. The experiments showed that the impact of NO
is significant at lower temperatures and gradually decreases with incréasipgrature. The
inclusion of the pr #Hs+sNOs(e+ M)e pgieNOg(€M) by anagyc t i o |
wi t hs+ &G ( + M) #ENOQ+M) and HOGH4NO:; dissociation reactions based on the
calculations by Deng et gb3] are responsible for the ability of NUIGMechl1.2 to capture the
NOx sensitization trends on>B4 oxidation as shown in Fig. CS1& appendix C. The rate
const ami+ NOA r+ M) 2HzNOg(+M) used in NUIGmech1.2 has been decreased by
15% compar edsHN®(t+hve t 2NQaqrH) iokttain better agreement with the
jet-stirred reactor data from Dagaut et[86,58] While the performance of NUIGMechl1.2 has
improved, it and the Deng et al. mechanism still guedict the reactivity of the fuel rich

CoH4/NOx/air mixtures at higher temperatures (Fig. CS15).
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Figure 6-14. Comparisons of NUIGMech1.2 model predictions verses JSR measureme[#6,58] of
C2H4/NO mixtures for; ()= 1. 0

U

There have been very few studies on the interactiontd @ith NOx added. Only one study by
Marshall et al.[54] reported the interaction of82/O. and NOx in a flow reactor in the

intermediate temperature range of 60®00 K at 60 bar pressure. Figuéel5 shows a
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comparisons of NUIGMech1.2 predictions of the flow reactor speciation dataMamshall et

al. [54] for the oxidation of @H2/500 ppm NQ mixtures. Although, NUIGMech1.2 capture the
NO:2 sensitizaibn trends on gH» oxidation it shows faster consumption ofHz compared to the
measurementsvhen 500 ppm of N@is present in the mixture at all equivalence ratio
conditions Comparison of NUIGMechl1.2 predictions ofHG oxidation are provided in Fig.

S24 inappendix Gand it show reasonable agreement the measurements.
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Figure 6-15. Comparisons of NUIGMech1.2 model predictins verses FR measuremen{54][56,58]
for C,H2/ 500 ppm NQ mixtures at 50 bar.

While the NOx sensitization impact ok oxidation is well captured by NUIGMech1.2
across a wide rangd temperature and pressures conditions, there is still scope to improve the
NOx/C2Hs and NQ/C2H: interaction reactions such ds+t NO2z RI+N O a ntdNO2 (H+M)

z RNO; (+M). Future studies targeting more experimental measurements aimsticab
calculations focused on Nfnsaturated hydrocarbons >t and CH») interactions is

necessary in this regard.

6.7 Conclusions

This study reports new IDTs measurements feaH&INOx mixtures at combustor relevant
conditions. These measurements were performaéay uhle NUI Galway RCM and HPST

facilities. ThelDTs measurements inclu@@Hs/NO, GHe/NO2, and GHes/N2O at stoichiometric
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air mixtures with NOx blends varying from 0 to 1000 ppmTer= 8511 1390 K andpc = 2071

30 bar. Moreover, new IDTheasurements for highly dilutechis/NO/air mixtures with 260,

2700, and 5160 ppm blends of N@t (i = 0.5, Tc = 8051 1038 K, andpc = 2071 30 bar
conditions were also investigated. NUIGMech1.2 was validated using these IDT data together
with available iterature data, using an updated NOx-shbmistry model. The results indicate a
minimal promoting effect with the addition of 200 ppm NO or JNO ethane/air mixtures.
However, the addition of 1000 ppm of either NO ora\¢@nificantly promotes the reacity of
ethane/air mixtures. Moreover, there is no significant change in reactivity observed ythén N
present in the reactant mixtures. NUIGMech1.2 predicts the sensitisation effect of NOx addition
to ethane and methane and is in better agreement xg#rimental measurements compared to
other available literature models over a wide range of pressures, temperatures, equivalence
ratios, and dilutions. Sensitivity and flux analyses gfléINOx were performed to highlight the

key reactions controlling ighon over the different temperature regimes studiedrther
experimental measurements andir@bo calculations studies are necessary to investigate the
NOx/unsaturated hydrocarbons interaction reactions over a wide range of temperature and

pressure conditions.
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Chapter 7

Abstract

A comprehensive experimental and kinetic modelling study of the ignition delay(iig
characteristics of some bin&bjlends of Gi C, gaseous hydrocarbons such as methane/ethylene,
methane/ethane, and ethane/ethylene were performed over a wide range of composition
(90%/10%, 70%/30%, 50%/50%), temperature (+2000 K), pressure (+#0 bar),
equivalence ratio (~0i2.0), and dilution (~7890%). An extensive literature review was
conducted, and available data were extracted to create a comprehensive database for our
simulations. Based on existing literature data, an experimental matsbdeggned using the
Taguchi approach ¢). in order to identify and complete the experimental matrix required to
generate a comprehensive experimental IDT set necessary for the validation of a chemical
kinetic model. The required higland lowtemperaturdDTs were collected using low/high
pressure shock tubes and rapid compression machines, respectively. The predictions of
NUIGMechl.0 are examined versus all of the available experimental data, including those taken
in the current study using the IDT simutss and a correlation technique. Moreover, the
individual effect of the studied parameters, including mixture composition, pressure, equivalence
ratio, and dilution on IDT is investigated over the studied temperature range. Correlations that
were developd based on NUIGMechl1.0 are presented for each specific blended fuel over the
conditions studied. These correlations show an acceptable performance versus the experimental

data.
Keywords:methane, ethane, ethylene, shock tube, RCM, ignition delay time

7.1 Introduction

Explaining the pyrolysis and/or oxidation processes of heavy and complex hydrocarbon fuels
depends on the development of higlelity chemical mechanisms. In this regard, understanding

the pyrolysis and/or oxidation processes of small §2) hydrocarbons are important because of
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their crucial role in kinetic behavior at the end chain of the pyrolysis and/or oxidation processes
of larger hydrocarbons. Therefore, developing a Hidélity chemical mechanism that can
precisely explain the pylgsis and/or oxidation processes of small hydrocarbons is very
desirable in terms of explaining conditions relevant to industrial burners, gas turbines, and
internal combustion engines. Ignition delay time (IDT) is a criterion extensively used to validate
chemical mechanisms, and it is often used for comparing various chemical mechanisms and
developing new ones. To do so, a comprehensive IDT database is required as a prerequisite so
that mechanisms can be tested and validated. Therefore, an extensiverditezaiew was
performed, and available IDTs for binafiyel mixtures of methane/ethylefi, methane/ethane

[27 11], and ethane/ethylene were extracted and stored, as shown in Fibuitecan be seen

that, although there is sufficient IDT data in the literature for methane/ethane (alkane)
mixtures, there is no comprehensive data for alkane/alkene mixtures including methane/ethylene
and ethane/ethylene over a wide range of pressuesnperatures, equivalence ratios, and
dilution (squares in Figuré&-1). Therefore, new experimental tests were defined for targeted
binary-fuel mixtures (alkane/alkene) +2@ Nz + Ar (spheres in Figur@-1) to encapsulate a

wide range of temperaturergssure, equivalence ratio, alkane raied dilution.

It is believed that conducting the required experiments under the compressed pressure range of
~17 40 bar and also the compressed temperature range of 28WDK from fuellean to fuel

rich conditionsand at different levels of dilution, and with different alkene concentrations may
disclose data which could not be interpreted from the available literature. Thus, we aim to
present a comprehensive chemical mechanism that can precisely reproduce timestaler

IDTs of various binanfuel Cii C> mixtures over a wide range of operating conditions. In the
present study, th€aguchi (Design of Experiments) method was applied to optimize the number

of required experiments.
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Figure 7-1. Extracted data from the studied literature (squares); new experimental tests defined in

the current study (spheres); Bluespheres/squares: fuelean mixtures; Black-spheres/squares:
stoichiometric mixtures; Red-spheres/squares: fuetich mixtures.

7.2 Design of experiments and experimental approach

The experiments were designed using afaguchi matri{12] for four parameters of ethylene
concentration, pressure, equivalence ramj dilution. This approach is analogous to previous
work by Baigmohammadi et aJ13], and details can be found there. In this current study,

alkanes (methane anthane) are the abundant components, so that the presence of the alkene

(ethylene) in a mixture is defined ag: 2

5 p 1t hivhich is varied from

10i 50%. Also,the diluents (M and Ar) concemttions are varied from 75% to 90% of the
reactive mixtures. Three equivalence ratio%, .0, and 2.0, and three compressed mixture
pressurespg, pc), hamely 1, 20, and 40 were selected to cover the proposed cubes presented in
Figures7-1(a) and (c). Besides, the compressed temperalgyel€) range was varied from

~800 2000 K based on the defined cases and the viability of the applied instruments in

measuring IDTs with acceptable accuracy.
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Mixture IDTs of the defined mixtures and conditions presented in Talllevere measured

using low/highpressure shock tubes (L/HPST) and rapid compression machines (RCMs) all at
NUI Galway in the low and hightemperature regimes, respectively. However, some- low
temperature IDTs (RCM; P8C3,4,8 in Tallel) were measured in collaboration with the
PhysiceChemical Fundamentals of Combustion (PCFC) group of RWTH Aachen University to
increase the fidelity of the datate and to ensure that they are facility independent. The physical
performance of the facilities are well known and have been extensively discussed previously
[10,11,14 19]. However, a summary of the facility characteristosl exemplary pressure traces

are providedn gppendix D(Sections B6).

As seen in Figur&-1(b), sufficient available IDT data exists in the literature for methane/ethane
mixtures precluding the need for more experiments. As presented in 7Faple unque code

has been assigned to each experiment. It should be noted that the presented data in this paper is :
part of a larger project (3 of 12; phases (P): 5, 6, and 8) so that, for better handling of the data,
we have been using a common description fer dpplied mixtures and conditions throughout
the papers. I n this regard, APxo0 refers to
met hane/ et hanebo, and APS8: ethane/ ethyl enebo,
studied conditios, which change from 1 to 9 in accordance with changes in fuel composition,

pressure, equivalence ratio, and dilution.

7.2.1 Setup and procedure

The current study is categorized into six different stages; 1. an extensive literature review; 2:
database developme 3: simulating the available literature data using NUIGMechl.0; 4:

defining new experimental tests using an L9 Taguchi matrix; 5: conducting the RCM and
L/HPST experiments; 6: modelling the new experimental results with NUIGMech1.0. To make

the study mee concise, comprehensive Supplementary material files are provided in support of
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the data presented in the main manuscript. The supplementary files includeaotve RCM
traces, the original spreadsheets of the experimental tests, L/HPST oscillosusgsarte
presented othe online version of the papemnd the combined figures of reactive, fieactive,

and simulation pressure tracese shown in appendix .DFurthermore, all of the general
information related to the applied gases (fuel/oxygen/anifoogen), the applied facilitieare
presented in appendix,Cand data acquisition systems to collect the IDTs are provided as

supplementarynaterialof the online version of the paper

Table 7-1. Test conditions defined in the current study

Mixture composition (mole fraction)
No | Code CHa CzoHa CzHe (07] Nz+Ar u T®) p (bar) Ref.
1 P5CL 0.02083 | 0.02083 0 0.2083 0.75+0.0 0.5 | 11672024 1
2 P52 0.02143 | 0.02143 0 0.1071 0.85 1.0 923 1546 20
3 P5C3 0.0222 0.0222 0 0.0555 0.90 20 869 1745 40 This study:
4 P5C4 | 0.06303 0.02273 0 0.17424 0.75 1.0 845 1465 40 NUIG ST andRCM
5 P55 0.0488 0.0209 0 0.0802 0.75+0.10 2.0 | 14712022 1
6 P5C5 0.0125 0.0054 0 0.082 0.90 0.5 9951783 20
7 P5C7 | 0.10976 0.0122 0 0.12805 0.75 2.0 947 1840 20
8 P5C8 | 0.02596 | 0.00288 0 0.12115 0.85 0.5 92111738 40
9 P5C9 0.029 0.0032 0 0.0677 0.75+0.15 1.0 | 15702082 1
10 | P6C1 0.0015 0 0.0015 0.0017 0.0+0.98 0.5 | 12481571 1.46
11 | P6C2 0.0067 0 0.0067 0.0367 0.0+0.95 1.0 | 11901377 32.02
12 P6C3 0.0316 0 0.0316 0.0868 0.0+0.85 2.0 | 1094 1366 15.44 Aul et al.[9]
13 P6C4 0.0091 0 0.0273 0.1136 0.0+0.85 1.0 | 11661266 31.42
14 | P6C5 0.0514 0 0.0171 0.0814 0.0+0.85 2.0 | 11431513 29.03
0.5 | 1091 1437 22.26 Petersen et a5]
1 P .022 .012 .201 .7574+0.
5 6C6 | 0.0228 0 0.0123 0.2015 0.7574+0.0 0.6 848 883 9.62 Beerer and McDonelB]
16 P6C7 0.0419 0 0.0047 0.2003 0.7531+0.0 0.5 | 11551532 22.71 Petersen et al5]
0.0801 0 0.0089 0.1913 0.7197+0.0 91111221 Huang and Bushig]
17 P6C8 1.0 40
0.0766 0 0.0085 0.1830 0.3+0.432 909 1038 Gersen et 7]
18 P6C9 0.0012 0 0.0036 0.0152 0.0+0.98 1.0 | 13241700 1.36 Aul et al.[9]
19 P8C1 0 0.0167 0.0167 0.2167 0.75+0.0 0.5 | 11531862 1 This study:
20 | P8C2 0 0.01765 | 0.01765 0.11471 0.85 1.0 901 1452 20 NUIG ST and RCM
This study:
21 | P8C3 0 0.0190 0.0190 0.0619 0.90 2.0 892 1540 40 NUIG (ST) & RWTH Aachen
(RCM)
11061411 | 40 mf;g‘%z
22 P8C4 0 0.01724 | 0.04023 0.19253 0.75 1.0 -
902 971 30 This study:
RWTH Aachen (RCM)
23 | P8C5 0 0.0168 0.0392 0.0939 0.75+0.10 2.0 | 12521870 1 Thisstudy:
24 P8C6 0 0.0039 0.0091 0.087 0.90 0.5 958A 1503 20 NUIG ST and RCM
25 | P8C7 0 0.0092 0.0826 0.1583 0.75 2.0 892 1520 20
This study:
26 P8C8 0 0.0019 0.0171 0.1310 0.85 0.5 933 1446 40 NUIG (ST) & RWTH Aachen
(RCM)
27 | Psco 0 0.0022 | 0.0202 0.0775 0.75+0.15 | 1.0 | 12501930 | 1 This study:
’ ’ ’ ’ ' ’ NUIG (ST)
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7.2.2 Uncertainty analysis

To increase the fidelity of the results, a comprehensive uncertainty analysis was conducted
using the data taken in both our L/HPST and RCM and is briefly discussed here. The uncertainty
analysis was developed based on studies conducted by Peters¢20tamld Weber et a[21].

In this regard, the average uncertainties in the compressed mixture tempefainess) and
measured IDTs in STs and RCM are summarized in T&#e Details of this analysis are

providedin agppendixD (Section 7).

Table 7-2. Average uncertainties for compressed mixture temperatureTc or Ts) and measured
IDTs.

Facility Ay, (K) A (%)
NUIGT L/HPST + 30/20 25
NUIGT RCM +10
+20
PCFQ RCM[11] +5

According to the literaturd20,22,23]and also the conditions studied here, values of + 30/20 K
(L/HPST), £ 515 K (RCM), and = 25% (L/HPST@nd 20% (RCM) are estimated as the average
uncertainties for both the end of compression temperaflde gnd the measured IDTs,

respectively.

7.3 Computational modelling

Simulations were conducted using NUIGMech1.0 to simulate the experimental targets. This is a
modified version of NUIGMechO0.pL3] for higher hydrocarbons up tes@nd aromatics. In this
regard, the experimental data were simulated using a Python script based on the CARZERA
library (ST simulations) and also CHEMKIRro 18.2[25] software (RCM simulations). As
already comprehensively discussed in the litergi2@e?23], although the simulations in the ST
operating regimes are performed using the constant volume reactor model, the RCM simulations

are performed using the effective volume approach by imposing a heat loss boumdi#rgrco
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on the calculations due to facility effects, including heat losses, during compression and in the

postcompression zone of the reaction chanjhé&r14,26]

7.4 Results and discussions

All experimental results related to the studied conditions in Taldlewhether taken from the
literature or from the present study, are presented in the following figures in accordance to the
applied fuels (methane/ethylene, methane/ethane, and ethane/ethylene) and the wide range of

operating conditions examined.

7.4.1 General performance of the NUIGmechanism and the correlations
versus experimental data

The performance of NUIGMechl1.0 versus all experimental available IDT data is shown in
Figures(7-2) 1 (7-4). The symbols refer to the experimental data; however, the square symbols
with a cross throug them demonstrate experimental data affected byigpigon or facility
effects. The solid black line refers to NUIGMech1.0 predictiand the dashed lines refers to

the correlation predictions which will be discussed in detail in Section 7.4.3.

Figures(7-2) 1 (7-4) show that NUIGMechl1.0 predicts the methane/ethylene, methane/ethane,
and ethane/ethylene binaiyel blend IDT measurements very well over the wide range of
conditions studied( 0.52.0, T: ~830 2100 K, p: 1i40 bar, 9 different compositisn and

dilution: 75 90%). However, there is a deviation between the simulations and experimental data

in Figures7-3(h) and7-4(d). Figure7-4(d) illustrates that the experimental data are affected by
the facilityds boundarange®I080iKtatp 040 bar. These tatae t e
suffer from préignition events that occur behind the reflected shock in the NHRST. This
pre-ignition was observed even on cleaning the shock tube after each experiment. The same
phenomenon occurred for the sammixture at 40 bar in the letemperature regime in the

PCFQ RCM. In both cases, piignition appeared as a gradual increase in pressure before the
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main ignition, shortening the overall IDT. In the case of the RCM, some deposits have been
observed on theeactor endwall, which may induce the {qgaition. However, these deposits
were only present for the 40 bar experiments so that they and relateghipoms were
suppressed by reducing the compressed pressure to 30 bar. Similarly, it might be iné&rred t
the experimental data presented in Figiw®h) (FigureDS34) may suffer from a kind of gre
ignition (specifically in[7] due to the very short reported IDTs of < 3 ms) in the inteliateto-

low temperature regime {8] and at 10001050 K in[7]. Comparing the conditions presented in
Figures7-3(h) and7-4(d), it is interesting to note that ethane is the common fuel component in
the mixtures, and the common conditions are 40 bar and 75% dilution. Therefore, it may be
concluded that this undesirable effect stems from the presence of ethane in the blends at 40 bar
and at fuel/air conditions (~7¥I5% dilution). Although it is known thathylene and ethane are
more reactive fuels compared to methane, the individual effect and portion of each studied
parameter on the reactivity of the mixtures cannot be understood directly from Hig@)es

(7-4) as too many parameters, elgnary fuel combination, pressure, equivalence ratio, and
dilution, are all changing at once. Thus, the individual and combined effects of the studied
parameters on IDTs of the studied methane/ethylene and ethane/ethylene mixtures are
considered below.

Furthermore, comprehensive comparisons of IDT, laminar burning velocities (LBVs), and
speciation plots shown imppendix D (Figures DS26 38 in Section 9) demonstrate that
NUIGMech1.0 can not only accurately predict the experimental IDTs studied, but itscan a
reasonably anticipate experimental LBVs and speciation data taken from the literature in

comparison to the available chemical mechanisms (T28lEL).
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7.4.2 Individual effect of the studied parameters on IDT

The general performance BUIGMech1.0and its ficelity in predicting the IDTs ofhevarious

C1i Cz binary fuel mixtures ovethewide range of conditions studiéds beemlemonstrated. In
this section, the effects on IDTs of the studied parameteitseomixtures are discussed in detail,
whereas the foauwill be on the description of the individual parameters. To investigate the
effect of each individual parameter on I0fe P5C1 and P8CIi(= 0.5, pc = 1 bar, dilution=
75%) conditions are chosen as the base cases for each -foielargombination
(methandethylene and etharethylene). For example, in studying the effect of equivalence ratio
on ethylene IDT, we only perturb the equivalence ratio to 1.0 and 2t ir5/8C1 cases, SO
that the other parametemmainunchangedNamely, by perturbing the equivalence rafrom
1.0to 2.0, the new cases are definedias (.0, pc = 1 bar, dilution= 75%) and { = 2.0,pc = 1

bar, dilution= 75%), respectively. The same procedure is followedtherother parameters.
Therefore, the effect of each parameter on IliDTthe temperatug range (802100 K) is

calculated as follows:

) $14Go et (7-1)
Where fixo0o, and 0900, arrees phiesc,t i8voe layn.d |fla2gertham a b o
unity indicatea decrease in reactivity, while valussnaller than unity show aimcreasein
reactivity in comparison to the base cas&be individual effectof each parameter on
methanéethylene ad ethanéethylene IDTs are presented in FigikB. For better visualization,
the yaxis in Figure7-5 i s s c ab ed o i''hA dé@ld & gefers to a factor of two
decrease, no change, and a factor of two increase in IDT ratio, respedtivelyeenthat the
individual effect of each parameter on IDT chesgualitatively and quantitatively ovehe
temperatureange studiedn this re@rd, the individual effect of the studied parameters such as

the binary blend composition, pressure, equivalence ratio, and dilution oprHlictionsof

methanéethylene and etharethylere mixtures are discussed in detalil.
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2.08% CoHa4, 20.83% O, (G = 0.5) in 75% N at pc = 1 bar, P5C1; (b) 2.143% CH, 2.143% GHa,
10.71% O, (G = 1.0) in 75% N, 10% Ar, pc = 20 bar, P5C2; (c) 2.22% CH, 2.22% GHas, 5.55% O,
(G =2.0) in 75% N, 15% Ar, pc = 40 bar, P5C3; (d) 5.303% CH, 2.273% GHai, 17.424% Q, (( =
1.0) in 75% N, pc = 40 bar, P5C4; (e) 4.88% CH, 2.09% CGHa, 8.02% O, (i = 2.0) in 75% N, 10%
Ar, pc = 1 bar, P5CS5; (f) 1.25% CH,, 0.54% GHa, 8.2% O, ((i = 0.5) in 75% N, 15% Ar at pc = 20
bar, P5C6; (g) 10.976% CH, 1.22% GHi, 12.805% Q, (li = 2.0) in 75% N, pc = 20 bar, P5C7; (h)
2.596% CHs, 0.288% GH4, 12.115% Q (G = 0.5) in 75% N, 10% Ar at pc = 40 bar, P5CS; (i) 2.9%

CH4, 0.32% GHi4, 6.77% O, (( =
NUIGMech1.0, dastedi line: derived correlations (Section 7.4.3)).
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Figure 7-3. Available experimental and simulated data ofmethandethanegds | DT v@) ues

0.13% CHa, 0.15% C2Hs, 1.%% O, (G = 05) in 98% Ar, pc = 1.46 bar P6C1; (b) 0.67% CH., 067%
C2Hs, 3.67% O, (G = 1.0) in 95% Ar, pc = 32.02bar, P6C2; (c) 3.16% CH, 3.18/% C:He, 8.68% O,
(G =20) in 85% Ar, pc = 15.44bar, P6C3 (d) 0.91% CHs, 2.73% GHs, 11.36% &, (( = 1.0) and
85% Ar, pc = 31.42 bar P6C4; (e) 5.14% CH;, 1.706 CzHe, 8.1846 O, (i = 20) in 85% Ar, pc =
29.03bar, P6CS5; (f) 2.28% CHa, 1.23% C2Hg, 20.1%%6 O, (G = 0.5[5] and 0.6[8]) in 75.7846 N2, pc
= 22.26bar [5] and 9.62 bar[8], P5C6 (g) 4.19% CHa, 0.4®%6 C:zHe, 20.036 O, (1 =0.5) in 75.3%%
N2, pc = 22.71 bar, P5C7; (h) 8.01% [3]/7.66% [7] CH4, 0.89% [3]/ 0.85% [7] CzHs, 19.13%6
[3]/18.3% [7] Oz, (G = 1.0) in 71.97% N [3]/30% N2+43.26 Ar [7], pc = 40 bar, P6C8; (i) 0.12%
CHa, 0.36% C2He¢, 1.526 O, (G = 1.0)and 98% Ar, pc = 1.36bar, P6C9. (solidi line: NUIGMech1.0,
dashi line: derived correlations (Section 7.4.3)).
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Figure 7-4. Experimental and simulation data for ethane/ethylene oxidation at: (a) 1.67% #Ele,
1.67% CHa, 21.67% & (G = 0.5), 75% N, pc = 1 bar, P8C1,; (b) 1.765% GHs, 1.765% GHa,
11.471% O (G = 1.0), 75% N, 10% Ar, pc = 20bar, P8C2; (c) 1.9% GHe, 1.9% CHa, 6.19% O; (U
= 2.0), 75% N, 15% Ar, pc = 40bar, P8C3; (d) 4.023% GHe, 1.724% GHa4, 19.253% Q (G = 1.0),
75% Na, pc = 40bar, P8C4; (e) 3.92% GHe, 1.68% GHa, 9.39% O, ((i = 2.0), 75% N, 10% Ar, pc =
1 bar, P8CS5; (f) 0.91% C;He, 0.39% GHa4, 8.7% O, (G = 0.5), 75% N, 15% Ar, pc = 20bar, P8CE6;
(9) 8.26% GHs, 0.92% GHa, 15.83% O (U = 2.0), 75% N, pc = 20 bar, P8C7; (h) 1.71% GHs,
0.19% GCHg4, 13.10% O (G = 0.5), 75% N, 10% Ar, pc = 40 bar, P8CS; (i) 2.02% C;Hs, 0.22%
CoHa, 7.75% G, (G = 1.0), 75% N, 15% Ar, pc = 1 bar, P8CAQ (solidi line: NUIGMech1.0, dashiline:
derived correlations (Section 7.4.3)).

7.4.2.1.1Effect of binary blend compositions

As seen in Figur@-5(a), decreasinghe ethylene concentration in the methane and the ethane
blends have a significant se@aussian distribution on decreasing reactivespeciallyin the
intermediate temperature regime (~1200 8pecifically, ekcreasinghe ethylene conagration

in themethanéethylene blengbrogressivelyfrom 50% to 30% anéinally to 10% suppresses the

168



Chapter 7

average mixture reactivityy approximatehyd20% and 990%, respectively, whdecreasing the
ethylene concentration in theethanéethylene blendonly sypresses the reactivity by
approximately11% and 22%, respectively. This clearly shows that metimmeuch more
sensitive to ethylenblendingthan ethane. Moreover, Figuré-5(a) showsthat although the
reduction in ethylene concentration hasless negtive effect onthe reactivity of the
methanget hyl ene mi xtures attemperage( @ O9A® 7R) K)t fae
ethylene concentration on the reactivitytioé ethanéethylene mixture is minor over tremtire
temperature rangeln this way, one can see in Figuig5(a) that decreasing ethylene
concentration has no significant effect on the reactivity of ethane/ethylene mixtures at
temperatures higher than 1670 K (10067 0.6). To understand this more fully, sensitivity
analysesto IDT, including both brutéorce and direct sensitivity analysgad7] (Figure 7-6)
followed by flux analyses (not shown here for brevity) were conducted at 1200 K (0.833) where
the effectof ethylene addition is most prominent. In the bifaiee and the direct sensitivity

analyses, the sensitivity coefficient (S) is calculated as:

3

— (7-2)

8
As shown above, the rate constant for each reaction is increased/decreased by a factor of two,
and | DTs ar € (cakc ehb sdeddhsed) sabpediively. A positive sensitivity
coefficient indicates inhibition of reactivity, while a negatcoefficient indicates a promotion in
reactivity. Figure7-6 indicates that adding ethylene to methane makes the chemistry more
complex in terms of the number of i mportant
IDT in comparison to additioto ethane.
Figure7-6 shows that increasing methane concentration in the methane/ethylene blend promotes

the chait er mi nati ong+r éfde M) o EMY Hasrrd Ha H CiH O,

Simultaneously, increasing the methane concentration promwereactions: CH+ “IH Z
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(iHs + H20, CH; +

competition with the reactions:2B4 +

0O, 7

¥

zz3+ 0 HHgs+ (mz

I H oMz + B0, GHg +

CsHl +

¥

THz+GH CB

7,CHDH A,

+ “IH

oHi +

(28HO + O, which all dramatically suppress the bleretsctivity at 1200 K. Thus,

i n

increasing ethylene concentration in the fuel blend promotes reactivity by inhibiting methyl

r adi caarkactipn$ but instead promotes reactions of vinyl radicals, which are more reactive

than methyl radicals. As seen in Rigd-6 ,

i ncreasing t

he

et hane

co

the ethane/ethylene blend at 1200 K has no significant effect on the ten most prominent

reactions, so that this increment promotes O, ( + M)

and z% HHZ

CsHl +

‘laHQ ai n st

2 (+NB,’H +

t he

TH +

HZ

suppr essi dn+t Opif

TH,

t

he

i HCHO + O. Thus, the decrease in reactivity of the ethane/ethylene fuel blend with increasing

ethane concentration (Figuré-5(a)), mainly stems from competition among the chain

propagatinge a ¢ t i Hs0 2 (4E4 +

chain

molecules from the radical pool.

2°4
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Figure 7-5. Individual effects of the studied parameters on metharlethylene and ethandethylene
IDTs: (a) effect of blending composition; (b) effect of dilution level; (c) effect of equivalence ratio;
and (d) effect of pressure.
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Figure 7-6. Sensitivity analysis of IDT corresponding to the temperature of 1200 K (0.833) in Figure
7-5(a).

7.4.2.1.2Effect of dilution

The effect on the reactivity of increasing dilution the methanéethylene and etharethylene
mixtures is demonstrated in Figures(b). It is seen thaincreasingdilution from 75%to 85%
and therB0% inthe methanéethylene mixtures decreases reactilayyapproximately65% and

115%, respectively. However, this effect on the ethegthglene mixture is not monotonic.
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Surprisingly, it is sen in Figurer-5(b) that increasinghe dilution level inthe ethanéethylene
mixture, not only suppressthe negative effect of dilution on reactivity within the temperature
range of 10001250 K butenhanceseactivty by ~10%at 1100 K (0.909)In this regard, three

new experimental datasets within the target temperature rangd {P00Q0K), under 1 bar, 50%
CoHs + 50% GHa, (i = 0.5, and dilution levels (Ar) of 75%, 85%, and 90% conditions were
performed. However, some of thesasured IDTs (>4 ms) are located at the upper working
limit of NUIG-LPST. As mentioned, although some of the IDTs are relatively long for available
LPST in C-NUIG, most of them have been taken under tailoring conditions with almost plateau
pressure prides behind the reflected shoattp/dt~ 0) during the induction time before ignition.
However, those data with significaghp/dtbehind the reflected shock had already been removed
from the graph for increasing the data reliability demonstrated in FigdreAs seen in Figure

7-7, although NUIGMechl1.0 could somehow capture the behaviour and the IDT trends by
increasing the dilution level from 75% to 90%, it fails to reproduce the experimental IDTs
beyond the dilution level of 75% so that the predictiohsdNUIGMech1.0 are consistently
shorter than the experimental measurements over the temperature range Biyud@dparing

the effect of dilution orthe reactivities ofthe methanéethylene and etharethyleneblends
shown in Figure7-8, it is inferred that this behaviour stems from the effect of dilution (third
body)and t he compexd+tii(otnV) b £4 (wieM)n Afn+dO, 1 £y +

H"bi n ¢ o n sismadicalg Oniithe one hand, increasing the dilution level intensifies the
rever se radsarelt(i+dM) oHsf(+Miwhich produces more reactive atoms. On

the other hand, increasing the dilution level decreases the oxygen concentration in the radical
pool, which sup pHsersOsz s Ei+h eH. Kise,agura7-8 shows that
increasing the dilution level inhibits the reaction ofCd ( + M) z "TH + T"ITH (+
simultaneousd+y Hilr CHet lH+ K+ M) z(HM),Bndd + H'I

z "I H +ApdrtHrom the intermediate temperatuegime it is seen in lgure 7-5(b) thatthe
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effect on the reactivity of increasing the dilution level is much less pronouncebein

ethanéethylene mixtures comparedttee methanéethylenemixtures.

P.:lbar/j : 50% &k, 50% GH,, IDT criteria: Li’:

max

B Exp. LPST: 75% Ar
0017 wm Exp. LPST: 85% Ar
B Exp. LPST: 90% Ar [}
" —— Sim. 90% i
S —— Sim. 85%
£ —— Sim. 75%
I ‘
2 ‘
< 1E-31 !
© !
c ‘
© }
5 i |
1E-4 T T T T T T T T T
0.76 0.80 0.84 0.88 0.92
1000K /T

Figure 7-7. Experimental and simulation data for ethane/ethylene oxidation concerning Figure-
5(b). The magenta dashline refers to the turning point temperature (0.909) in Figure7-5(b).

7.4.2.1.3Effect of equivalenceratio

The effect of increasing equivalence ratio from 0.5 to 1.0 and 2.0 on the reactiitg of
methame/ethylene and etharethylene mixtures is depicted in Figuve5(c). Increasing the
equivalence ratio has a complex effect on the reactivity of the mixtwersthe temperatures
studie. |l ncreasing the equivalence ratio has
reactivityin thetemperatureange800' 1200 K which is followed by a mild effect in increasing
mixture reactivityatt e mper at ur e sis $en In2Fiydr&-5¢c) that, although the
reactivity of ethanethyleneblends is less sensitive to an increasing equivalence vetio
temperature compad to methangthylene mixtures, it showa higher sensitivityin the

temperaturerange 10501200 K. The maximum gradient in decreasing the reactivitythaf

ethanéethylene mixtures——— Is about 0.73 and 1.36 %/K (at 1100atequivalence

ratios of 1.0 and 2.€espectivelyjn the temperature ran@®0 1200 K, while the vales forthe
methanéethylene mixturesre about 0.4 and 0.82 %at 1000 K)at equivalence ratios of 1.0

and 2.0, respectively.
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T=1100 K
CH4 + OH <=> CH3 + H20
C2H4 + H (+M) <=> C2H5 (+M)
H + O2 (+M) <=> HO2 (+M) Pzz777777)
C2H3 + 02 <=> CH20 + HCO | rsssss)
CH4 + H <=>CH3 + H2 777772

C2H5 + 02 <=> C2H4 + HO2
C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
C2H5 + HO2 <=> C2H50 + OH
C2H6 + HO2 <=> C2H5 + H202
H202 (+M) <=> 2 OH (+M)
CH3 + HO2 <=> CH30 + OH
C2H3 + 02 <=> CH2CHO + O
C2H4 + OH <=> C2H3 + H20
H+ 02<=>0 + OHz

v/ P5C1-75%
Il P3C1-75%
-1.2 -08 -04 00 04 0.8

CH4 + OH <=> CH3 + H20

H + 02 (+M) <=> HO2 (+M)
CH4 + H <=> CH3 + H2
C2H3 + 02 <=> CH20 + HCO
C2H5 + 02 <=> C2H4 + HO2
C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
H202 (+M) <=> 2 OH (+M)
C2H4 + H (+M) <=> C2H5 (+M)
C2H4 + O <=> CH2CHO + H
C2H3 + 02 <=> CH2CHO + O

CH3 + HO2 <=> CH30 + OH ]
C2H4 + OH <=> C2H3 + H20 N7} P5C1-85%
H+02<=>0+0H Z Il P8C1-85%
-16 -12 -08 -04 0.0 0.4 0.8
CH4 + OH <=> CH3 + H20
H + 02 (+M) <=> HO2 (+M)
CH4 + H <=> CH3 + H2
C2H5 + 02 <=> C2H4 + HO2
C2H3 + 02 <=> CH20 + HCO
C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
H + HO2 <=>2 OH
C2H4 + H (+M) <=> C2H5 (+M)
C2H4 + O <=> CH2CHO + H
CH3 + HO2 <=> CH30 + OH
C2H3 + 02 <=> CH2CHO + O
C2H4 + OH <=> C2H3 + H20
H+02<=>0+O0H g

| 7777) P5C1-90%
Il PSC1-90%
15 -10 05 00 05 1.0

Sensitivity coefficent

Figure 7-8. Sensitivity analysis of IDT corresponding to the temperature 1100 K (0.91) in Figurg
5(b).

The reactivity ofthe fuel-rich mixtures is much more affected by changes in temperature,
especiallyin the 800 1200 K temperature range. In this regard, Figur@sandDS40 show that
increasing the equivalence ratio in the methane/ethylene blends at 1200 K intensifeea H
abstraction from Ckand GH4sbyN~at oms i nstead of “IH r aydtencal s.
less reactive (Figur®$41). However, increasing the equivalence ratio promotes the chain
branching sHea Otz oinBHO f+ Olcompared to the more reactive chain
branching reaction ££14 + ¥  Z,CHDH +, so that as seen in Figus41 this promotion

reduces the blend reactivity. Also, Figuk® shows that increasing the equivalence ratio to 2.0
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promotes the reverse reaction aHe+ z  £s+ & iH competition with GHs + ¥ #H

+CHO ane@ HIOH 2z .COH + .

Similar to the methane/ethylene blend, it is shown in Figlw@sandD342 that increasing the
equivalence ratio of the ethane/ethylene blend from 0.5 to 2.0 at 1200 K changesttm H
abstraction patt €& atoms $orthatrthis 3htt rkesahe blend léss redctive at

1200 K. In fact, decreasing oxygen concentration by increasing equivalence ratio and also
competition between #£ls and GHas in consumingy at oms and “ITH radical :
2Hs a n d.H4 Biadicals affect blend reactivity due the higher reactivity of vinyl radicals

compared to ethyl radicals in the blends studied.

7.4.2.1.4Effect of pressure

The effect of pressure on the reactivitytbé methanéethylene and etharethyleneblendsis
demonstrated in Figurg5(d). One can see that increasing pressure ineséasreactivity ofall
mixtures. In this regard, @dan beseen in Figur@-5(d) thatincreasing theressurdrom 1 to 40

bar has a Gaussian distribution effect oreactivity with temperature, in that it decreases
reactivity in the temperature range 105650 K, while its effect on the reactivity is almost
constantaT O 1540T& Iahxm0 K for the etAOné&RLOt Kylfeom
methane/ethylene blendsloreover, Figure 7-5(d) shows that although the positive effect of
increasing pressuréor the methanethylere blends aiT O 1200 K i sforthé gher
ethanéethylenemixtures this trend is reverseat T 01200 K.At 1200 K, the minimum effect of

the Gagsian distribution on increasing the reactivity of the methane/ethylene mixtures is about
48% at 20 bar and 66% at 40 bar, while the values for the ethane/ethylene mixtures at 20 and 40

bar are 42% and 62%, respectively.

175



Chapter 7

CH4 + OH <=> CH3 + H20 T=1200K 1 o
CH4 + H <=> CH3 + H2 7777777777772

C2H4 + O <=> CH3 + HCO —

H + 02 (+M) <=> HO2 (+M) e

C2H5 + 02 <=> C2H4 + HO2
C2H6 + H <=> C2H5 + H2

2 CH3 <=>C2H5 +H

C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
CH3 + HO2 <=> CH30 + OH
C2H4 + H (+M) <=> C2H5 (+M)

CH2CHO <=> CH2CO + H
C2H4 + O <=> CH2 + CH20
C2H3 + 02 <=> CH2CHO + O
C2H4 + O <=> CH2CHO + H
C2H4 + OH <=> C2H3 + H20 v /7 P5C1-0.5

H+02<=>0+OH s [l PSC1-05
-20 -16 -1.2 -08 -04 00 04 0.8

CH4 + H <=> CH3 + H2 7777777777777 77
CH4 + OH <=> CH3 + H20 777777777777
C2H3 + 02 <=> CH20 + HCO V777

C2H5 + 02 <=> C2H4 + HO2
C2H4 + O <=> CH3 + HCO
C2H6 + H <=> C2H5 + H2

2 CH3 <=>C2H5+H

C2H6 + OH <=> C2H5 + H20
H + HO2 <=>2 OH

C2H4 + H (+M) <=> C2H5 (+M)
C2H4 + O <=> CH2CHO + H
CH3 + HO2 <=> CH30 + OH

C2H3 + 02 <=> CH2CHO + O
C2H4 + OH <=> C2H3 + H20 z 7} P5C1-1.0

H+ 02 <=> 0 + Ot Sosmmmmmmmmmmmmmsmes) I PEC1-1.0

-1.2 -0.8 -0.4 0.0 0.4

CH4 + H <=> CH3 + H2 7777777 77777777777)
CH4 + OH <=> CH3 + H20 77777777777 7777)
C2H3 + 02 =>CH20 +CO +H v777777)
C2H3 + 02 <=> CH20 + HCO vzzz77)

C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
2CH3 <=>C2H5 +H

H202 (+M) <=> 2 OH (+M)
C2H4 + H (+M) <=> C2H5 (+M)
C3H6 + H <=> C2H4 + CH3
C2H4 + H <=> C2H3 + H2

CH3 + HO2 <=> CH30 + OH
C2H3 + 02 <=> CH2CHO + O

7 :
C2H4 + OH <=> C2H3 + H20 | 12/ P5C1-2.0
H+02<=>0+OH g - P8C1-2.0
-1.2 -0.8 -0.4 0.0 0.4 0.8

Sensitivity coefficent

Figure 7-9. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figui®
5(c).

In addition, Figure7-5(d) shows that although the effect of pressure on the reactivity of the
methanéethylene mixtures is more sensitive to temperature in comparison to the ethane/ethylene
mixtures, this effect shows a very high sensitivity to temperature for the ethane/ethylene
mixtures in the temperature range 108800 K. Increasing the temperature die
ethane/ethylene mixture from 1050 K to 1220 K decreases the reactivity by approximately 48%,

whi |l e further Il ncreasing t he temperatur e t

176



Chapter 7

Furthermore, it is demonstrated in Figur&(d) that the reactivity ofthane/ethylene mixtures is

more sensitive to pressure rise compared to the methane/ethylene mixtures. However, they show
almost the same sensitivity and dependency at-thighmper at ur es (O- 16606
temperatures ( T6(d)Pas6 shashat foF boghutme emethane/ethylene and
ethane/ethylene mixtures, increasing pressure has the most prominent effect on reactivity in the
temperature range 1100330 K.

Sensitivity and flux analyses (Figurésl0, DS43 andDS44) reveal that increasing the ggare

of the methane/ethylene and the ethane/ethylene blends from 1 to 40 bar at 1200 K, intensifies
H-atom abstraction from G4 CHe, and GHa by "I H a mdicalddéhd simultaneously
inhibits abstraction by atoms. These may stem from the promotions in importance of the
reactionsiN + O ( + M) 2 (+M)’Band HRO2 ( +M) 2z “ITH + “TH (+M) wi
pressure. One can see in Figures0 andE44 that these féects are more pronounced in the
ethane/ethylene blend, and thus the blend shows a higher sensitivity to the effects at 1200 K. As
seen in Figurer-10, increasing the pressure at 1200 K suppresses Aig C ¥ #H +

CH:O/ (sH H iie@ctions, and in pactilar the important chain branching reactiotc+ O

z  (:8HO ++. Moreover, Figure3-10 andDS44 demonstrate that increasing the pressure of

the ethane/ethylene blend at 1200 K suppresses the reverse chain branchingirgdgtion

( + M) oHs (+E1) and simultaneously promotes the chain propagating reactigds € H "l

Z 4Hs + H:O2 and GHs + H'E  iHs + H202 All of these effects make the
methane/ethylene, and the ethane/ethylene blends less reactive compared to the base case:

(P5C1 and P8C1).
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CH4 + OH <=> CH3 + H20 T=1200 K

CH4 + H <=> CH3 + H2
C2H4 + O <=> CH3 + HCO

H + 02 (+M) <=> HO2 (+M)
C2H5 + 02 <=> C2H4 + HO2
C2H6 + H <=> C2H5 + H2

2 CH3 <=> C2H5 + H

C2H6 + H <=> C2H5 + H2
C2H6 + OH <=> C2H5 + H20
CH3 + HO2 <=> CH30 + OH
C2H4 + H (+M) <=> C2H5 (+M)
CH2CHO <=> CH2CO + H
C2H4 + O <=> CH2 + CH20
C2H3 + 02 <=> CH2CHO + O
C2H4 + O <=> CH2CHO + H

C2H4 + OH <=> C2H3 + H20 o Y P5C1-1 bar

H+ 02 <=> 0O + OH

-20 -16 -1.2 -0.8

CH4 + OH <=> CH3 + H20 %
H + 02 (+M) <=> HO2 (+M)
C2H3 + 02 => CH20 + CO + H
CH3 + HO2 <=> CH4 + 02
C2H6 + OH <=> C2HS5 + H20
C2H5 + 02 <=> C2H4 + HO2
C2H4 + H (+M) <=> C2H5 (+M)
C2H6 + HO2 <=> C2HS5 + H202
C2H4 + HO2 <=> C2H3 + H202
H202 (+M) <=> 2 OH (+M)
CH3 + HO2 <=> CH30 + OH
C2H3 + 02 <=> CH2CHO + O
C2H4 + OH <=> C2H3 + H20
H+ 02 <=> 0 + OH

-0.6 -0.4 -0.2 0.0 0.2 0.4

CH4 + OH <=> CH3 + H20 )
H + 02 (+M) <=> HO2 (+M) |z
C2H3 + 02 => CH20 + CO + H e
CH3 + HO2 <=> CH4 + 02
C2H6 + OH <=> C2H5 + H20 —
2 HO2 <=> H202 + 02 f—
C2H6 + HO2 <=> C2H5 + H202 —

C2H4 + HO2 <=> C2H3 + H202
H202 (+M) <=> 2 OH (+M)
CH3 + HO2 <=> CH30 + OH
C2H3 + 02 <=> CH2CHO + O 2
H+ 02 <=>0 + OH P5C1-40 bar

C2H4 + OH <=> C2H3 + H20 gz rrrrrrr ) I P3C1-40 bar
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Sensitivity coefficent

Figure 7-10. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figure
7-5(d).

7.4.3 Correlations and their performances

Having reliable global expressions that can properly explain the reactivity of different mixtures
under different physiehemical conditions is demanding. Global correlations can significantly
decrease the computational time of +ae/scale combustion systems and CFD simulations.
Hence, in this section, several correlations are derived based on the constant volume ssmulation
of NUIGMechl1.0 [13], which we have shown can reasonably predict IDTs for
methane/ethylene, methane/ethane, and ethane/ethylene mixtures over a wide range of binary
blended fuel conditions. The applied procedure for deriving the correlations has already been
discussed by the authdfs3]. The validity ranges of the correlatioas e :pO1 50 atTn, 80
O 2000 KjO 03..205 O5% O dilution O 95%, and F
70/30% which stems from the targets of the current study. Thus, the following simple correlation

style is used to mathematically explaie tielationship for the conditions studied:
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U pTAZD &0AhI &O0AK1 /1 SUCKIET OAT @-3
where the concentrations (mol ¥nof fuels, oxygen, and diluent are calculated based on the
ideal gas law in accordance with the partial pressure of each species in the mixture at a specific
temperatureTables(7-3) i (7-5) show thatthe correlations are evaluated by sliiding the
numerically studied conditions into two regimes; a) low, intermediate, and high temperatures;
and b) high and lowpressure, corresponding to the different chemistry controlling ignition over
these conditions. However, based on our correlation procedurstdoévolume adiabatic
simulations), the derived correlations for the {t®mperature regime are not able to capture the
experimental IDTs where nedeal effects (mostly heat loss effects) are prominent. Therefore,
the performance of the correlations sakiated only in the intermediate-high temperature
regime. In this regard, Origin 8.5 softwdi28] is used to derive the correlation parameters
included in Eq. 1-3). The coefficients of the extracted correlations for methane/ethylene,
methane/ethane, and ethane/ethylene, including standard errors and validity ranges over the
studied conditions, are presented in Talpfe3) i (7-5).
The performance of the derivedreelations versus the available experimental IDT data in the
literature (methane/ethane) and the netalken data of the present study (methane/ethylene and
ethane/ethylene) was already shown in Figire2) i (7-4). In these figures, the red dashed
lines refer to the derived correlations. However, the red dashed line is replaced by a blue line if
one parameter (e.g., pressure or dilution) is outside the range of correlation. It is seen in Figure
7-2 that the correlation formula can duplicate the experiale|DT data trend of the
methane/ethylene mixtures over a wide range of conditions. The correlation coefficients for the
methane/ethylene mixtures are presented in Tal3leAlthough, as seen in Figurg2(a), (e),
and (i), correlating the simulatiorsults using the format presented in EG3) is inaccurate
with significant uncertainties due to the highly Aorear behavior of the methane/ethylene

mixtures at pressures in the rangd.3 atm. As already shown in the sensitivity analysis plots,
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the hghly nonlinearity of IDTs within 115 bar range almost stems from high sensitivity of the
IDTstoN + O ( + M) 2(+M)andN + Oz ¥ + “TH which change ¢
pressure over the range investigated. In this regard, the avérhge ( ) and standard

G ) deviation of the methane/ethylene correlations from the experimental data (only
shock tube data) over the studied temperature range is presented irvable

Here, it should be noted that highly nlamear behavior othe oxidation chemistry of the studied
binary blended fuels over certain ranges of the studied conditions may cause that the simple
form of the correlation presented in Eq@-3) fails to accurately predict experimental IDTs,
especially in the range 20 atm. In fact, high sensitivity of IDT to some ridinear dependency

of vital reactions and also changing the vital reactions over certain ranges of fuel concentration,
temperature, and pressure make the chemically predicted IDTs more scattered in tinens of
defined parameters in EF-8), so that the derived regressions would be less accurate depending
on the scattering level of the calculated IDTs by the parent high fidelity chemical mechanism.
Such deviations could be somehow understood by looking?at?Rand importantly high
standard errors of the derived coefficients for the parameters ir7B(. Therefore, as seen in

the relevant table for methane + ethylene blends, it was not possible to derive a proper simple
shape correlation for IDTs ithe pressure range of 15 atm. For compensating the issue, the
authors tried to divide the correlation zones into several regions in accordance with temperature,
pressure, and equivalence ratios and bundle the same pose regions into one categoryé¢o get mo
accurate correlations. Moreover, as mentioned above, in some regions related to low
temperatures in which the experimental IDTs measured using RCM, again, some discrepancies
between the correlation and the model predictions could be seen. These d@esepi@am from

the fact that the correlations are derived based on constant volume adiabatic calculations, while
the experiments suffer from nedealities such as heat loss, which substantially can affect the

measured IDT. However, these nidealities @an be robustly treated in the RCM simulations of
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the parent chemical model by imposing a volume history profile. Thus, the red dashed lines for
IDTs above 10 ms often show under prediction, which can be explained by the heat loss effect
that occurs in th(RCM experiments, which are not taken into account in the correlations.
Furthermore, the IDT criterion is another parameter that may affect the performance of the
correlations versus the parent chemical mechanism. The correlations have been derived based on
IDTs calculated by the maximum gradient in pressure history, while some experimental IDTs
and their respective simulation data (specially < 10 bar) were determined using different
definitions such as the maximum gradient in"@HOH history.

Figure 7-3 shows that the simple derived correlations which are reported in Tabler the
methane/ethane mixtures can reasonably reproduce the experimental IDTs and their trends, even
for those outside of the range of the correlation (Figdr8&a) and (i); diltion level > 95%).

Thus, the average and standard deviation of the methane/ethane correlations from the
experimental data (only shock tube data) over the temperature range studied are provided in
Table 7-7. It is seen that the average deviation betweercahelations and the experimental

data over the studied conditions in the higimperature regime is approximately 35%.

The performance of the derived correlations in predicting the IDTs of the ethane/ethylene
mixtures is shown in Figuré-4. The coefficents of the correlations are presented in Takbe

at both low and high temperatures. By comparing the experimental data and the correlations in
Figure7-4, it is apparent that the derived correlations can acceptably predict the measured IDTs
with an accuacy comparable to NUIGMech1.0. In this regard, it is observed in TaBléhat

the average deviation between the correlations and the experimental data over the studied
conditions in the highemperature regime is approximately 40%.

Furthermore, by incesing the compressed pressure to 20 and 40 bar, it is seen in FlgRiles

(7-4) that all of the correlations can acceptably predict experimental IDTs even in the

intermediateto-low temperature regime. This stems from the fact that the-gnggsure
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chamistry does not significantly change within thei 36 bar (3.33 times) window in deriving

the correlations, while this effect is dramatically sensitive to changes in pressure in theirange 1
15 bar (15 times). This fact is somehow demonstrated in Figlite Although the correlations

were derived overib0 atm, according to the pressure effect discussed above, the correlation
could satisfactorily predict the experimental IDTs (within £40%) over 125 bar, low temperature,
and relatively short IDT regimes inh&re the heat loss effect would be minor in RCM facilities.
This finding could be interesting in terms of mimicking gas engine operating pressure, which is
almost above 40 bar. Furthermore, it is interesting to note that the performance of the simple
corrdations in reproducing the experimental IDTs is better than NUIGMechl1.0 at some
conditions (e.g., higllemperature regime > 1400 K) such as in Figurggh), 7-3(b), 7-4(f) and

7-4(h).

Table 7-3. Evaluated coefficients for correlation of the simulatedIDTs for methane + ethylene
mixtures.

0. 260 2.0 — fatm
75 O Dilutior T IK Y IK

A -8.335 + 0.021 -9.901 + 0.0236
B 15676.25 + 36.39 18356.2 + 63.216

C [methane] -0.214 + 0.0018 1.047 £ 0.0053

D [ethylene] -0.598 + 0.0019 -1.1196 + 0.0054
E -0.1362 + 0.0023 -1.2955 + 0.0046
F 0.0746 + 0.004 0.684 + 0.0069
R? 0.991 0.976
& 2.54E04 3.05E10

Table 7-4. Evaluated
mixtures.

coefficients for correlation of the simulatedIDTs for methane + ethane

0.260 2.0 i /atm - /atm | - Jatm
75 O Diluti 1 IK A IK
A -9.783+ 0.0151 -9.101+ 0.033 -9.949+ 0.0264
B 19718.49% 26.840 19258.65% 97.04 19458.945 72.877
C [methane] -0.1653+ 9.26E04 1.439+ 0.008 0.7469+ 0.0042
D [ethane] -0.4759: 0.001 -0.2413+ 0.009 -0.717+ 0.0045
E -0.067+ 0.0012 -2.111+ 0.0107 -1.129+ 0.0044
F -0.1378+ 0.002 0.33861 0.0054 0.4771+ 0.007
R? 0.998 0.974 0.973
& 3.74E04 4.32E09 2.34E10
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Table 7-5. Evaluated coefficients for correlation of the simulatedIDTs for ethane + ethylene

mixtures.
0. 2 6@ m .0 — fatm — iy fatm | — /atm
75 O Diluti 1 IK I b IK

A -9.827+ 0.0261 -8.6581+ 0.0209 -12.118+ 0.0298
B 19125.037 46.261 15455.624+ 62.281 23088.771+ 86.772

C [ethylene] -0.466+ 0.0017 -0.0348+ 0.004 -0.2374+ 0.0027

D [ethane] -0.2555+ 0.0018 0.4395+ 0.0044 0.0316+ 0.0029

E -0.0496+ 0.0021 -1.2105+ 0.0057 -0.4924+ 0.0034
F -0.08497+ 0.0037 0.2072+ 0.0045 0.41+ 0.0056
R? 0.992 0.977 0.976
G2 5.19E04 1.12E10 1.19E11

Table 7-6. Performance of the methane/ethylene correlations versus the experimental data shown in

Figure 2.
Experimental data set Fio pme {00) Ai. pge )

P5C1 47.5 22.1
P5C2 28.3 7.5
P5C3 29.0 15.0
P5C4 33.8 22.8
P5C5 38.4 5.9
P5C6 26.0 17.0
P5C7 9.9 9.6
P5C8 19.8 9.1
P5C9 131.0 56.4

Table 7-7. Performance of the methane/ethane correlations versus the experimental data shown in

Figure 3.

Experimental data set $i. ppeI0) AL. pge (20)

P6C1 34.1 15.5
P6C2 2.1 0.8
P6C3 18.5 7.1
P6C4 49.1 47.2
P6C5 40.8 36.3
P6C6 30.7 10.1
P6C7 68.1 8.3
P6C8 24.5 26.0
P6C9 45.3 3.8

Table 7-8. Performance of the ethane/ethylene correlations versus the experimental data shown in
Figure 4.

Experimental data set Fio pme {00) Ai. pge )
P8C1 39.5 11.8
P8C2 28.8 34
P8C3 80.6 92.9
P8C4 36.5 37.3
P8C5 36.8 4.0
P8C6 24.9 33.9
P8C7 24.7 11.9
P8C8 74.6 92.5
P8C9 9.9 11.8
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P.:125barj :  04.13% €k}, 0.62% GH,, 19.99% Q, 75.21% Diluent, IDT criteria?j—f
6x10” - me
» 3 0O Exp. RCM: Ramalingam et al 2017
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Figure 7-11. Performance of the derived correlation under an overpressure (> 50 bar) condition
[11].

7.5 Conclusions

To create a comprehensive IDT database, a detail experimental and simulation study of the IDT
characteristics of binary blended:iC, alkane/alkene fuels including methane/ethylene,
methane/ethane, and ethane/ethylene combinations over a wide range of temperature, pressure,
equivalence ratio, binary combination, and dilution was performed. An extensive literature
review was conductednd available data, especially for methane/ethane blends were extracted
to be used in the simulations. The experimental tests were designed using the Taguchi matrix
(Lo). Nine data sets including 160 data points for methane + ethyseng, (20 and 40 baj:

0.5, 1.0, and 2.0; dilution: 75, 85, and 90%) and nine data sets including 140 data points for
ethane + ethyleng¢: 1, 20, and 40 baig: 0.5, 1.0, and 2.0; dilution: 75, 85, and 90%) were
recorded using L/HPST and RCM facilities atlUIG and PCFERWTH Aachen University.

The experimental data presented here provides a new insight into the oxidation of alkane/alkene
blended fuel mixtures. These findings are technologically important in terms of safety and the

design of new lowemission and sizefficient combustion systems.
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The individual effects of the studied parameters (alkane ratio, dilution, equivalence ratio, and
dilution) on the IDTs have been considered in detail. The results showed that most paxdoneters
not have anonotonic effect omixture reactivity overthe entiretemperature range (802100

K), in that the reactivity of mixtures certain temperature rangean bevery sengive to the
studied parameters, while this sen#y can be low over other temperature ranges.
Interestingly, it was shown that increasitige alkanes concentration in the alkane + alkene
blends at 1 barj: 0.5 and dilution of 75% has a Gaussian distribution with temperature around
1200 K. However, increasing the pressure or dilution percent has a minimum effect on the
blendsreactivity at 1200 K and 1100 K, respectively.

Furthermore, the performances of NUIGMech1.0, in addition to several derived correlations for
the blended fuels, were evaluated using all of the available and measured experimental IDT data.
The results showethat NUIGMech1.0 could acceptably predict the measured IDTs. Moreover,
the results showed that the derived correlations baséJé@Mech1.0for the studied blended

fuel mixtures ould satisfactorily reproduce the experimental IDT data within the studiege.

This anbe a very versatile rulef-thumb toolto use inpredicting the IDT characteristics of the

fuel blends studied
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Abstract

In this work, the ignition delay time characteristics of ICCs binary blends of gaseous
hydrocarbons including ethylene/propane and ethane/propane are studied over a wide range of
temperatees (7501 2000 K), pressures (L 135 bar), equivalence ratiod € 0.57 2.0) and
dilutions (757 90%). A matrix of experimental conditions is generated using the Taguchi (L9)
approach to cover the range of conditions for the validation of a chemiedickmodel. The
experimental ignition delay time data are recorded using dmd highpressure shock tubes and

two rapid compression machines (RCM) to include all the designed conditions. These novel
experiments provide a direct validation of the chemidattic model, NUIGMech1.1, and its
performance is characterized via statistical analysis, with the agreement between experiments
and model being within ~ 26.4% over all of the conditions studied, which is comparable with a
general absolute uncertaintytbe applied facilities (~ 20%). Sensitivity and flux analyses allow

for the key reactions controlling the ignition behavior of the blends to be identified. Subsequent
analyses are performed to identify those reactions which are important for the pure fuel
components and for the blended fuels, and synergistic/antagonistic blending effects are therefore
identified over the wide range of conditions. The overall performance of NUIGMech1.1 and the

correlations generated are in good agreement with the expesirdatd.

Keywords: Ethane, ethylene, propane, shiutle, rapid compression machine, ignition delay

time, detailed kinetic model
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8.1 Introduction

According to the U.S. Energy Information Administration (EIA) report 2[X]9it is projected

that global energy consumption will increase by approximately 28% in 2050 compared to 2018
levels, with fossil fuels providing around 77% of the total energy demand. Liquid fuels, natural
gas, and coal are the most important sources ashailgfossil fuels. Liquid fuels, such as
gasoline, diesel, etc. are predicted to represent around 33% of energy consumption, with natural
gas at close to 30%, coal near 18%, with the remaining 19% corresponding to nuclear,
hydropower, and renewable soes¢2].

The combustion of fossil fuels is the main sources of, Qx, and NQ emissions, among other
pollutants. In this regard, natural gas is considered preferable to other fossil fuels including
liquid fuels and coal as it is a cleaner energy source, having the highest hydrogen/carbon among
them.Widely used in the domaest transportation, and industrial sectors, liquefied natural gas
(LNG) is typically composed of methane (B200%) but can contain substantial amounts of
ethane, propane and butane, while liquified petroleum gas (LPG) includes mainly propane, and
butane.To reduce emissions, it is necessary to improve the efficiency of the combustion systems
for which a detailed understanding of the combustion chemistry is essential. The oxidation
kinetics of small hydrocarbons play an important role as the base of actyammm for
alternative fuels. For these reaspoti'e combustion community is interested in enhancing our
understanding of the chemistry controlling the oxidation of hydrocarbons to increase the
efficiency of engines and to reduce the emission of pollsitaoch as soot, NOx, UHCs
(unburned hydrocarbons), and greenhouse gases in general. Thus, the generation of reliable
chemical kinetic mechanisms is essential in achieving this. A hierardBi&l (bottomup)
strategy has proven to be a good way to develop reliable chemical kinetic mechanisms and

improve our understanding of the chemistry controlling pyrolysis and oxidation.
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Combustionproperties of fuels such as ignition delay time (IDT), speciation profiles, flame
speed, and others become invaluable for the optimization of combustors. Relevant experiments
and modeling studies for motioels and some blends, such as ethylene, ethadeprapane,

have been carried out with different methods and are available in the literafidl [7

Dagaut et al[1517] studied species profiles consumed and produced during the oxidation
ethylene, ethane, and propane in asjeted reactor (JSR) using fuel mixtures diluted with
nitrogen, at equivalence ratio8)(of 0.17 4.0, at pressuresanging from 1i 10 atm in the
temperature range 8001250 K. Their conclusions showed the importance of small molecule
submechanisms including GOCH;O, CHi, GH2, C:Ha, and GHe on the combustion of higher
hydrocarbons.

Lowry et al.[18] measured laminar premixed flame speeds of pure methane, ethane, propane,
and their binary blends with methane(iat0.77 1.3, in a constantolume cylindrical vessel, in

the pressure rangeil10 atm, at room temperature (298 K). It was highlighted the need to
extensively the synergistic effect of blends in comparison to pure fuels.

Baigmohammadet al.[5, 6] measured IDTs for pure ethylene, ethane, and propane, and binary
alkane/alkene blends in a shock tube (ST) and a rapid compression machine (RIG\) it

2.0, at pressures ranging from 2@0 atm in the temperature range of 80R000 K. Their
conclusions showed that the synergistic effect on the reactivity of the mixture is important not
only based on the fuel blends but in each variable considered during the combustion phenomena
such as pressure, temperature, dilution, etc. Tpeseous studieg5, 6, 15-17] also used
chemical kinetic mechanisms to predict the experimetdatd presented and identify the most

relevant chemical reactions controlling the oxidation of these fuels.

Despite the large amount of data for pure ethylene, ethane, and propés)ethere are

comparatively fewer studies of their blends, Tablke
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Table 8-1. IDTs for CoH4, C:He, CsHsg, and binary blends from the literature.

Facility Fuel pc/ atm Tc/ K Year Reference
ST/RCM CoHa 17 40 7731 2200 19991 2020 [5, 8, 19-22]
ST/RCM CaHe 17 40 830i 1862 19711 2020 [5,9, 2325
ST/RCM CsHs 17 40 6891 2615 1977 2013 [26-31]
ST/RCM CoH4/CoHe 17 40 8001 2000 2020 [6]

Firstly, the current study aims to address this by providing IDT data for bin#&ty@Hs and
C2He/C3Hsg blends over a wide range of temperatures, pressures, equivalence ratios, and dilutions
relevant to engine and gas turbine conditions. Secondly, it aims to validate a detailed chemical
kinetic model using novel experiments and literature data. Providgddia summary of the
experimental condition details and approaches taken for this study, followed by details of the
modeling work. The results and discussion section encompasses all the comparisons of the
model performance with the experimental data. ifoidkally, a comparison of the most
important reactions for the pure fuels and their binary blends are presented to determine the

kinetics controlling the reactivity of the blends.

8.2 Design of experiments and experimental approaches

All of the measured IDTeollected and presented in this study were obtained using two different
shock tubes (ST) and two rapid compression machines (RCMs). For those experiments carried
out at NUI Galway at pressures ranging from40 bar and intermediate-high-temperatures

(> 1000 K), low (LPST) (c=1 bar) and higtpressurefc 020 bar) shock tubes (HPSTs) were
applied. The IDT experiments corresponding to the relatively-pighsure (2@pc 040 bar)

and lowtemperature (<1000 K) regimes were taken using a tpiston RCM. Some
experiments at working pressures of 40 bar and greater were measured using-pissorgle

RCM at the Physic&hemical Fundamentals of Combustion (PGRYYTH [32, 33] Aachen
University to enhance the fidelity of the experimental IDTs. Details of these facilities and their

operating characteristics are available in the literdtyrg4, 35].
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For the IDT experiments performed at NUIG, ethane, ethylene, and propane gases with a purity
of 99.95% were supplied by Air liquid UK. BOC Ireland provided all other gases with purities of
99.99% for oxygen, mibgen, argon, and 99.96% for helium. At the PERTH Aachen
University, the alkane/alkene gases were supplied by Westfalen AG with a 99.95% purity. All
ot her gases were supplied by West f £9.9%06, AG a
nitr ®9%5n%,0 an ®9.96%g on O

To stochastically distribute the experimental IDTs, the experimental conditions for this study
were generated using the Tagu¢Bb] approach by applying anoLmatrix based on four
parameters of propane concentration, pressure, equivalence ratio, and dilution andealso th
different levels for each parameter studied. This approach has already been described by

Baigmohammadet al.[5, 6].

Red symbols: CH, + CH,
Blue symbols:C,H, + CH,

Figure 8-1. Experimental Taguchi [36] L9 matrix of conditions. For 90%/10%, 70%/30%, and
50%/50% ratios (a) red: binary C,H4/CsHs blends, blue: binary GHe/CsHs blends and (b)
pressure, equivalence ratio, and dilution parameters.

For the mixture conditions studied, the propane concentration in the fuel blends varies from 10
50%, atpressures ranging from 1@35bar, for G of 0.57 2.0 and at dilutions of 7590% (75%

N2 + 01 15% Ar). However, the ratio between the diluents were changed atelmperature
regime (RCM) depending on the desired compressed gas temperature. A syhoiss o

designed conditions is presentadure 81 in Table8-2.
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In the current study, most of the measured IDTs in the HPST and ROMS33, 37-42] are

defined as the time between compression and #eémum gradient in pressure-§ behind the

reflected shock. However, we define the ignition event as the maximum gradient ir-&H*

behind the reflected shock in the LPST measured by a photomultiplier and also when the test

mixture is highy diluted in the HPST.

Table 8-2. C;H4/CsHg and C;He/C3Hg mixture compositions in % mole volume in the current study.
Where keywords NUIG refers to ST/RCM facilities at G-NUIGalway, and PCFC refers to RCM
facility at PCFC-RWTH Aachen University, respectively.

No. | % C2He | % C2Ha | % CsHs | % O2 Dilution 4 | pc/bar Facility
1 0.000 1.40 1.400 | 22.20 75% N 0.5 1 NUIG
C2H4/C3Hs
50%/50% 2 0.000 1.50 1.500 | 12.00| 75% N+10% Ar | 1.0 20 NUIG
3 0.000 1.70 1.700 | 6.60 | 75% N+15% Ar | 2.0 40 NUIG/ PCFC
CoHa/CaHa 4 0.000 3.75 1.610 | 9.64 | 75% N+10% Ar | 2.0 1 NUIG
20%/30% 5 0.000 0.85 0.360 | 8.790| 75% N+15% Ar | 0.5 20 NUIG
6 0.000 3.80 1.600 | 19.60 75% N 1.0 40 NUIG
7 0.000 2.10 0.200 | 7.70 | 75% N+15% Ar | 1.0 1 NUIG
C2H4/C3Hs
90%/10% 8 0.000 8.60 1.000 | 15.40 75% N 2.0 20 NUIG
9 0.000 1.80 0.200 | 13.00| 75% N+10% Ar | 0.5 40 NUIG/ PCFC
CoHe/CaHe 10 | 1.300 0.00 1.300 | 22.40 75% N 0.5 1 NUIG
50%/50% 11 | 1.430 0.00 1.430 | 12.14| 75% N+10% Ar | 1.0 20 NUIG
12 | 1.600 0.00 1.600 | 6.80 75% N+15% Ar | 2.0 40 NUIG/ PCFC
CoHe/CaHa 13 | 3.530 0.00 1.510 | 9.96 | 75% N+10% Ar | 2.0 1 NUIG
20%/30% 14 | 0.790 0.00 0.340 | 8.87 75% N+15% Ar | 0.5 20 NUIG
15| 3.535 0.00 1.515 | 19.95 75% N 1.0 40 NUIG
16 | 1.940 0.00 0.220 | 7.84 | 75% N+15% Ar | 1.0 1 NUIG
17 | 8.000 0.00 0.900 | 16.10 75% N 2.0 20 NUIG
C2oHe/lCsHs | 18 | 1.600 0.00 0.200 | 13.20| 75% N+10% Ar | 0.5 40 NUIG/ PCFC
90%/10% | 19 | 1.860 0.00 0.210 | 7.53 | 45.2% N+45.2% Ar| 1.0 20 PCFC
20 | 2.520 0.00 0.280 | 20.40 76.8% N 0.5 120 PCFC
21 | 1.860 0.00 0.210 | 7.53 | 65.4% N+25% Ar | 1.0 135 PCFC

The corresponding uncertaintiegivolved in the measured IDTs are discussed by
Baigmohammadet al. [5, 6]. Based on the andaig, the uncertainties in compressed mixture

t emper attsuand sneaqureéd IDTs change for every individual experimental point
depending on the initial temperature, pressure, and/or mixture composition. In this regard, the
average uncertainties of tatempressed temperatures and the measured IDTs in-NBHBSTs

are estimated to be approximatel$@20 K and 5%, respectively. However, the compressed
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temperature uncertainty and the measured IDT variation in the NUIG and PCFC RCMs are

evaluated to babout £57 15 K and £20% over the entire range of conditions.

8.3 Computational modeling

In the current study, NUIGMechl.1 is used to simulate the experimental targets. This
mechanism comprises 2746 species and 11270 reactions, which is developed based on series of
recent experimentgl-6, 43-47] and theoretical studigg8-50]. These works are outcome of
continuous evolution of the detailed NUIGMech1.1 model which is extensively validated in the
prior studies for oxidation of {£C, hydrocarbons[5, 6], natural gas mixtureqd44],
propane/propene blendgl7], propyne[45], isobutene[51], as well as autgnition and
pyrolysis of G1 Cs alkenedq4, 46]. The current work is a part of simultaneous development of

the overall NUIGMecah1.1 mechanism. For the purpose of comparison, AramcoMgx2)3s0

also utilized to perform simulations against the IDT experimental data from this study.
Modifications of the most important reactiomsplicit to ethane, ethylene and propane chemistry

in NUI GMechl1l.1 havenot been menti[6ed 50, n de

and thus are discussed in this study.

The experimental results were simulated using Python scripts based on the Canfgg 2.4
library and the CHEMKINPro 18.2[54] software, Catera is suitable for automatization making
data manipulation faster; however, CheraRio is faster for simulations involving large
mechanisms and thus is more suitable for simulations when a full mechanism is required. As
mentioned above, the definitioh T is taken as the maximum gradient of pressure or radical
concentration with respect to time for the ST simulations. In the RCM simulations, facility
effects are included using the volutme profiles derived from nereactive experimental

pressurdime traces in which s replaced by bin the mixturg55, 56].
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The global model uncertaintigsya pandl ma p gare calculated based on the differences between
experimental data and mechanism simulated data using the Mean Absolute Deviations (MAD),
and the Mean Absolute Percentage Error (MAPE), equaBidnand8-2 respectively. However,

to analyze the data witlin individual error, the Relative Percentage Error (RREBgwas used
(equation8-3) to generate the histograms presented in this work. The mathematical expressions

used are the following:

Tatls g SO0/YR "O0¥S (8-1)
o OO/Yr OO
| — z 8-2
Tarto T OOTY L, pTITT (8-2)
‘00¢Yr "OOSY L,
“w [rp——— z 8'3
t9 OO (8-3)

wheren is the total number of experimental measurements. Further details about the statistical

analysis are provideappendix E

To identify the reactions controlling IDTs, brtt@ce sensitivity analyses were performed at the
experimental conditions presentgdthis study. The sensitivity coefficient (§57]) is defined
as:

Oet Tt ‘Oct Tt
0FQFQ O8I

The sensitivity coefficienSc al cul ated wusing the brute forc
with the preexponential factor in the Arrhenius equations for each reaction perturbed in the
sensitivity analysisThe sensitivity coefficient can be negative or positive, where a negative
value refers to a reaction promoting reactivity (decreasing IDT), while a positive value refers to

a reaction inhibiting reactivity (increasing IDT). Furthermore, rate of production (ROP) analyses
was carried out to track the consumption of the blendstheadproduction of intermediate

species.
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The global correlation discussion based on constant volume (CV) IDT simulations using
NUI GMech1l.1 is presented i n t h®&4b5) Bgetherevshs i on
general equations sorted by vario@snperature and pressure conditions. The aim of these
correlations is to provide an easy and quick way to determine the IDT behavior of the binary
fuels. It does not require any kind of software-pe¢ up, and the coefficients of interest can be
directly substituted in the equations provided in the respective section. A complete table of

coefficient values and further details is provige@ppendix E

8.4 Results and discussions

All of the experimental results for the ethane/propaneH{(CsHs) and ethylene/mpane
(CoH4/CsHg) blends are presented in Sectidh4.l together with simulations using
NUIGMechl.1 and AramcoMech3[82]. Henceforth, in all figures, the open symbols represent
experimental LPST and/or HPST data, and the solid symbols represent the expetonental
temperature RCM data. Sectior®4.2 7 8.44 present results for the effects of blend
composition, pressure, and equivalence ratio using NUIGMechl.1 and their codiesp

correlations. Finally, SectioB.4.5 discuss the correlation performance.

8.4.1 Ethylene/propane and ethane/propane blends

Figures8-2 and8-3 present experimental data and model predictions of IDTs over the range of

conditions studied for the binarylds/CsHg and GHe/C3Hg blends.

Figures8-2 and8-3 show that NUIGMechl.1 is in better agreement than AramcoMech3.0 with

the experimental data. Statistical analyses were conducted using the IDTs from the experiments,
and those calculated using both NUIGMecharid AramcoMech3.0. A total sample of 328

| DTs was used to determine the mean, standart
relative percentage error (RPE), and mean absolute percentage error (MABESs. Ei§10(a)

andES 1 0 ( b ) ES awtatibnhrefeiiring téthe Supplementary materiah gppendix E provide
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the RPE frequency distribution for NUIGMechl.1 and AramcoMech3.0 relative to the IDT
experiments. It can be inferred that the differences between NUIGMechl.1 and AramcoMech3.0
are a onsequence of the poor predictions of AramcoMech3.0 in thedowerature regime for

the GH4/C3Hg blends. Furthermore, the absolute values of MAPE calculated over the entire
dataset using NUIGMech1.1 were 26.4%, while that for AramcoMech3.0 is 31.9%ating

the greater accuracy of NUIGMechl.1. As it can accurately predict the IDT data measerred

a wide range of temperatures, pressures and equivalence ratios, CV simulations are performed
using NUIGMech1.1 to understand the effects of these opem@imgjtions on the IDTs of pure

fuels and their binary blends.
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Figure8-2Compari sons of experiment al ST (1) and RCM
NUIGMechl.1 (solid lines) and AramcoMech3.0 (dashed lines) fpria) a 50% GH4/50% CsHs

blend at 75% N (black symbols/lines), 75% N+ 10% Ar (red symbols/lines), and 75% N+ 15%

Ar (blue symbols/lines) (b) a 70% GH4/30% CsHs blend at 75% N, + 10% Ar (black
symbols/lines), 75% N+ 15% Ar (red symbols/lines), and 75% N (blue symbols/lines) and (c) a

90% C,H4/10% CsHg blend at 75% N+ 15% Ar (black symbols/lines), 75% N (red symbols/lines),

and 75% Ny + 10% Ar (blue symbols/lines).
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Figure83. Compari sons of experimental ST (1) and

NUIGMechl.1 (solid lines) and AramcoMech3.0 (dashed lines), fofa) a 50% C2H6/9% C3HS8
blend at 75% N2 (black symbols/lines), 75% Nz 10% Ar (red symbols/lines), and 75% N2+ 15%
Ar (blue symbols/lines) (b) a 70% C2H6/30% C3H8 blend at 75% N2+ 10% Ar (black
symbols/lines), 75% N2+ 15% Ar (red symbols/lines), and 75% N2 (blue symdls/lines) (c) a 90%
C2H6/10% C3H8 blend at 75% N2+ 15% Ar (black symbols/lines), 75% N2 (red symbols/lines),
and 75% N2+ 10% Ar (blue symbols/lines) and (d) a 90% C2H6/10% C3HS8 blend at 45.2% N2
45.2% Ar (magenta symbols/lines), 76.8% N2 (green symls/lines), and 65.4% N2+ 25% Ar
(orange symbols/lines).

8.4.2 Synergistic/antagonistic effect of blends
First, the ignition behavior of pure fuels is analyzed to deterrtiieeimportant reactivity
controlling reactions. IrFigure 8-4, the IDT predictions for £4/air, GHel/air, and CsHg/air

mixtures at fuelean conditions, gbc =40 bar andlc in the range 74D 1660 K are shown. A

lower temperaturesT¢ <1050 K), CsHs is the fastest fuel to ignite, however, the trend tends to

reverse at higher temperatures, arekftibits the slowest reactivity compared to both @4
and GHs mixtures. The reactivity of £H4is observed to be higher thanHs at alltemperatures

studied here.
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Figure 8-4. IDT predictions of pure fuels, 90% GH4/10% CsHg and 90% C:He¢/10% CsHs binary
blend in air. The corresponding derived correlation predictions are marked as dotted lireefor pure
fuels and dotteddashed for binary blends.

H H
CH; 2 H
C C 15.1% 2
(b) ch/ © N — N
HsC C:H CH; —» ¢ CHj
C2Hs 378 o
. . A 23.3%
OH | 301% | H OH H . 34.3%
52.5% 18.1% 15.2% CH; .
: 15.2% CH;
CHy H
Hzc
cHa ()2
24.9% . >\%i/
14.7%) ___CH.
49.1% . . e H,c/ 2
P :
CH H C/; \cm \J
Hzc¢ 2 H

Figure 8-5. Flux analyses of pure (a) @Ha, (b) C:He, and (c) GHsfuel ignition for Tc= 1430 K,p =
40 bar andd = 0.5, at the time of 15% fueconsumption.

To explore the controlling chemistry at hitgmperature conditions, ROP analyses fgti4air,
CoHe/air, andCsHg/air mixturesare illustrated irFigure8-5 atTc = 1430 K andoc =40 bar.The

ROP analyses are performed following an elemesagbon (C) balance. The percentage value
above the arrow refers to the percentage of the fuel proceeding through that pathevay.
reaction paths represent the promoting (red color) and inhibiting (blue color) channels of the
corresponding fuelsAt high temperatures, the reactivity of all fuels is governed by the
dominating chain branching reactign+ Oz ¥ "I H, which depends on the concentrations of

N atoms and @ In the case o€:H4/air ignition, at 1430 K, the fuel mainiyndergoedd-atom
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abstracti otipbgddldi mbisdadicalsy This fadical reacts with © generate
vinoxy r#£ZHiOdalt hfibdgh t he chabld+ndr @BHONIONg 1 e
Oxygen atoms further react with ethylene greatly promoting reactivity bgrgéng~N atoms

through two different channelsids + ¥  Z,CHDH-+ (18.1%) and @Hs+ ¥ Z,+ (G H
CH:O (16%) f olxk @M e dC:Obly+ il For the reaction of oxygen atoms with
ethylene the total rate constant and the branching fractions throaiglaribus product channels

( G+ HG OCH@ N, i+HCH:0, CHCO + Hp) are taken from the calculations by Li

et al.[58]. These are in good agreement available experimental data, as shéiyareB-6(a).
Figure8-6(b) compares the rate constants for the individual pathways associated withlike C

O systemAramcoMech3.0 used the rate constants@gls + ¥ pr o dsuc iHNIgO (aHh d
(i HCHO ++ based on the Baulch et §9 recommendationT he pat hway 29pr odu.
CH2O was not included in AramcoMech3.0, and its inclusion in NUIGMechigdifieantly
increases the predicted reactivity. The effattDT predictions of updating the rate constant for
CHa+ OY pr o douCHamir mixtures is shown irfFigure ES19 of appendicx E The

{ HCHO radical formed here further decomposes to prollatane andl atom,Figure8-5(a).

The formation ofsubstantial concentrations 8f atoms is responsible for the faster ignition of

CoHg/air mixtures at higher temperatures.

C,H, + O <=>Products
1074
A‘w "0
g O Leeetal (1996 ™ £ 1071 Lietal 2017) used in NUIGMech1.1
S 12 | 4 Paulson et al. (1995) S 5 —— CHg+HCO
£ 107 5 4 Knyazev et al. (1992) £ 10" v « =+ CH,CHO+H
- V¥ Horie et al. (1991) - = = CH,+CH-O
x A Fonderie et al. (1983) X~ 5 2712
® Klemm et al. (1990) v 10°q = CHyCO+H,
. Mahmud et al. (1987) AramcoMech3.0
" O Upadhyaya et al. (2000) 107 . —— CHg+HCO
10 = Nguyen et al. (2005) e
—— Lietal. (2017) used in NUIGMech1.1 () CHaCHO+H (b)
—— AramcoMech3.0 106 r r r r . . . .
L] L] L] L] L] L] L]
0.5 1.0 1.5 2.0 2.5 3.0 35 500 750 1000 1250 1500 1750 2000 2250 2500
1000K/ T T/K

Figure 8-6. Comparisons for experimental and theoretical determinations for (a) the total reaction
rate constant of GH, + O [58, 60-68] and (b) product pathways for the reaction GH4 + O.
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Ethylene is an important intermediate inHg oxidation. At 1430 K, @Hs consumption is
initiated by Hatom abstraction primarily ByH and~ f o r mi n g2H# radicgld. Thérdihas

been a wide variety of experimental investigations for these rate constants, as skagumen

ES13. NUIGMechl.1 has an updated rate constant fatokh abstractiod y I Hd dn adhe

fit recommended by Krasnoperov et [#9]. For Hatom abstractioby {, we have adopted the
theoretical calculations from Sivaramakrishnan ef7ll. .Hsradicals decompose promptly to

C2Hs and+ atoms, which undergo chain branching by reacting wighi® + O, 2 ¥ "I H,
promoting reactivity. Ho we v eHlsradicals reattdvizh®to K , ar
form CGHs through the Hatom abstractionr eact i on t hat -He madtplet e s
decomposition. The subsequent reaction pathways associated witBHheo@sumption flux

are governed by the higemperature chemistry of284, as discussed in the previous paragraph.

At higher t empeMsaOwr eflse o h, s wella® thesHatomiabstraction

by N from the fuel which competes with the major chain branching reagtierO, z ¥ “I H,

are responsible for the lower reactivity@Hes compared to &Ha.

Similar to ethane and ethylene, propane oxidation is mainly drivéfrtdof om ab st f act i
radicals andl atoms, generating r i ma sHy) anisnelic o n d a r ysH;pradicgisple to( i G
the importance of At om abstraction by ‘YTH from propane
measurements performelligure ES14. The rate constant adopted in this work is the best fit
from the more recent direct measurements by Sivaramakrishnar & alvho investigated the
branching fraction fothe abstraction of the secondaryHCbondin the tenperature range 927

1146 K, together with the measurement by Droege ¢73l.over the temperature range 298

900 K (FigureES14).At 1430 K, approximately 15% of thesls is consumed by unimolecular
decomposition producingiizHs and methyl radicals (iHs), Figure 8-5(c). Substantial
concentrations ofiHs radicals are also formed from tiescission ofn §H- radicals Methyl

radical s are c¢onsumteprodocg mathexy catligals through thehchaid “|
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branchi ng s¥ et tiisBb+ilH,iwkich promotes reactivity. The routerough the

chaint er mi nat i ngr rHéla Ci+iOpinhibitsd teactivity This competition between

chain branching and termination significantly influences IDT predictions #ts.CThe rate
constants for these reactions are taken from the theoretical calculations of Jasfg@Beaadl

Zhu et al.[74] respectively. The rate constants andthe anchi ng r atsto HAf t |
channelsagree well with the most recent experimental measemésrby Hong et a[.75] (Figure

ES15). The seif e ¢ 0 mb i n astradiaals praddicingigs further contributes to a reduction
3lrddieals pltinatelg n c e

in the reactivity of propane.

decreases the reactivity ofis compared to €Hs at hightemperature conditions.

2HO2 <=> H202 + 02
C2H502 <=> C2H4 + HO2
comeron<>cas+ o CHG
NC3H702 <=> C3H6 + HO2
0 0
o5 +07 <> Cora +hor ] 90%CoHE/10%C3Hg
C3H8 + OH <=> H20 + IC3HT
2HO2 <=> H202+ 02
CH20 + OH <=> HCO + H20

2HO2 <=>H202 + 02
02C2H40H <=> C2H30H + HO2

ncarroz<=>care + Hoz I C2H4
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0, 0,
CH20 + OH <=> HCO + H20 [ ]90%cpHA/10%Catg
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CH20 +HO2 <=>HCO + H2
C2H4 + HO2 <=> C2H402H
C2H4 + HO2 <=> C2H401-2 + OH
02C2H40H =>2 CH20 + OH
H202 (+M) <=> 2 OH (+M)

CH302 + HO2 <=> CH302H + 02
HCO + 02 <=>CO + HO2

NC3H702 <=> C3H600H1-3
C3H600H1-302 <=> C3KET13 + OH
C2H502 + CH20 <=> C2H502H + HCO
C2H502 + HO2 <=> C2H502H + 02
C3H8 + HO2 <=> IC3H7 + H202

C3H8 + HO2 <=> NC3H7 + H202
C2H502 + C2H6 <=> C2H5 + C2H502H
C3H8 + OH <=> NC3H7 + H20
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C3H8 + OH <=> NC3H7 + H2( 1
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Figure 8-7. Sensitivity analyses to IDT at 790 K40 atm, and (i = 0.5, for; (a) C;Hs4 and 90%
C2H4/10% C3Hes, in air; and (b) C:Hs and 90% CHe/10% CsHsgin air.

The effects on IDTs of the addition GkHg to GHa/air and GHe/air mixtures are presented in
Figure 84. The reactivities of the mixtures increase significantly forabéo GH4/10% GHs

and 90% GHe/10% GHs binary blends alower temperatures in the range 740000 K.The
addition of only 10% €Hg to the GH4/air and GHe/air mixturesshortens IDTs by factor of

2.8 and 2.0 respectively, at 790 Ko interpretthe influenceof CsHg addition on the ignition of

the CoHa/air and GHe/air mixtures sensitivity analyses were performed at 790 K, Figuie 8
Moreover, Figure 8 illustrates the flux analyses performed for these mixtures in the same

condition. The black color represents the flux for the |Gistds/air or GHe/air mixtures, and the
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red color represents the flux for theHgblended binary mixtures. The flux analysis presented in
Figure 88 shows thatdding propane in the mixture does not alter the reaction pathways of

ethylene and ethane chemistry and it askes insignificant changes to their flux values.
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Figure 8-8. Flux analyses for (a) pure GHa (black) and 90% CH4/10% CsHs (red); and (b) pure
C:He (black) and 90% GHe/10% CsHs (red) mixtures ignition for 790 K and at40 atm, and( =0.5.

At 790 K, for both pure €Hs and 90% GH4/10% GHs blend, ethylene is primarily consumed

by the addition of “TH radical to the doubl e
for arourd 70% of the overall €44 consumption. These add to molecular oxygen producing
hydroxyethylp e r o x y  r &£4H40Kl)a Which Subsequently decompose, producing two
formal dehyde mol ecul es and an JAredicalsatdeifanaer or
being the most favorable product channel promoting reactivity for ihie/&r mixture,Figure

88 (a). Bes i dedd,addibon to etylenei pwducing oxiran€H401-2) and”IH

radical also has a large promoting effect on the reactivitgtbfleneat low temperatures,

especially for fuekrich conditions.
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