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Abstract

As the world energy demand increases and the utilization of non-traditional fossil fuels
becomes more attractive, natural gas, from shale gas and in gaseous and liquefied forms,
becomes one of the most promising alternative fuels nowadays. The natural gas offers lower fuel
production and transportation costs, a lower carbon content, a higher combustion efficiency and
a greater applicability to most of existing power plants and combustion engines. Challenges
exist, especially in improving its ignition characteristics and to further reduce its greenhouse gas

and particulate matter emissions.

To overcome these restraints, hydrogen addition, catalyst modification and fuel lean
combustion have been investigated recently. In this thesis, the ignition and emission properties of
methane and its mixtures with hydrogen additive are first studied in the mini-channel reactor.
Numerical investigations have been performed using the CHEMKIN PRO software for pure
methane and the mixtures of methane and hydrogen in non-catalytic and catalytic combustion.
These effects of the hydrogen fractions, Pt-catalyst, wall temperature and inlet conditions on the
ignition delay and NO formation are investigated. Available gas phase kinetics and

heterogeneous surface reaction mechanisms in the literature are implemented and analyzed.

As the second part of this thesis, natural gas combustion on a counter-flow burner is
investigated experimentally and numerically, with a focus on NO formation. The NO profiles,
measured by the FT-IR spectroscopy, are compared with model results from CHEMIKIN and
with the GRI-Mech 3.0 mechanism. The formation mechanism of NO and effects of the different

fuel/oxidizer ratios on the NO formation are investigated.
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Chapter 1

Introduction

1.1 Motivation

Coal and petroleum fuel have been used widely as an un-replaceable energy resource in
human being’s history. A number of issues associated with their uses are well known
including the energy security and environmental impacts, such as producing carbon
monoxide (CO), carbon dioxide (CO,), nitrogen oxides (NOy), sulfur oxide (SOx) and
particulate matters. Thus, cleaner energy resources have been sought, with options of
developing environmental-friendly system and using cleaner fuel sources. There are several

fuels viewed as alternative energy sources for this purpose, such as methane, hydrogen and

biofuels[1].

Natural gas mainly consists of methane (above 96%), which is one of the most promising
alternative fuels. It offers lower fuel cost, lower carbon content, higher efficiency and higher
applicability to most of existing power plants and combustion engines. However, its ignition
temperature is relatively high and the flame propagation rate is considerably slow[2-4].In

addition, the emissions from natural gas from industrial systems are still fairly high.

To improve the natural gas combustion efficiency and reduce emissions, numerous of
techniques have been developed. Among them, fuel lean operation, hydrogen addition and

catalysts addition have shown a good performance to overcome these limitations.

Fuel lean operation is widely used for industrial combustion processes. It can significantly
reduce the pollutant emissions, especially NOy. However, NOy formation is still dependent
on the fuel/oxidizer ratio under fuel lean operations. To investigate the effect of fuel/oxidizer

ratio, the study of natural gas combustion with different fuel/air ratios is necessary.

Compared with methane, hydrogen, on the other hand, is viewed as an important
alternative fuel for the future as its combustion products are nearly environmentally

friendly[5]. Hydrogen combustion exhibits a low ignition temperature and a high flame
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propagation rate. However, most hydrogen is still obtained from fossil fuels and the use of
hydrogen indirectly links to using fossil fuels. Another issue for using hydrogen is how to
deliver and store hydrogen. Because hydrogen has a fast diffusion rate and a great
flammability, which makes it easy to explode[6]. A combination of methane and hydrogen
has a possibility to overcome some limitations of the individual gases. The recently proposed
power-to-fuel energy management scheme utilizes electricity to produce hydrogen which is
then injected into the natural gas pipeline[7]. It is therefore interesting to investigate an
alternative way to use these two fuels together by adding a certain amount of hydrogen into

natural gas.

Considering to more effectively reduce the NOy emission and improve methane
combustion performance, introducing catalysts into combustion system can be an solution.
The most commonly used catalysts include the Platinum (Pt) catalyst for combustion reactors.
This technology can reduce emissions and improve the combustion process by providing a
low activation energy and a low reaction temperature[8-11]. It has become interesting to
investigate the effects of catalysts on combustion of methane and hydrogen mixtures the
formation levels of NOy from these mixtures. Moreover, analysis of the catalytic mechanism

is important to provide guidance for the future technology development.

1.2 Objectives

The overall objective in this work is to study the effects of hydrogen and catalyst on
combustion characteristics and emissions of natural gas (methane). For this purpose, the

experimental and numerical studies on natural gas combustion are conducted.

1. To study the effects of hydrogen and Pt-catalyst on the ignition delay, intermediate
species concentration, and NOy emission through simulating the methane combustion

process in a flow reactor with the CHEMKIN software.

2. To develop experimental procedures for characterizing methane combustion on a
counter-flow burner and to develop a nitric oxide (NO) emission measurement

technique using FTIR.



3. To quantify the fuel/oxidizer ratio effects on the NO production from methane
combustion on the counter-flow burner and to investigate the NO formation pathway
by modeling the same flame. These steps are necessary for the next-step study about
the effects of hydrogen and catalysts addition on combustion properties and NOx

formation from the counter-flow burner.



Chapter 2

Literature Review

Natural gas, which mainly consists of methane, is an abundant petroleum product. It is
considered to be cleaner than other fossil fuels due to its low nitrogen and sulfur containing.

The gas emissions of different fuels are shown in Figure 2-1[12][13].

Natural gas is a gas mixture consisting mainly of methane (CHs4), some higher alkanes and
less percentage of carbon dioxide and nitrogen. The typical components of natural gas can be

shown as Table 2-1[14, 15].

Table 2-1 General components of natural gas

Component Range (mol %)
Methane (CHy) 83.0-97.0
Ethane (C,Hg) 1.5-7.0
Propane (C;Hjg) 0.1-1.5
Butane (C4H)o) 0.02-0.6
Pentane (CsH;») <0.08

Hexanes plus (Cet) <0.06
Nitrogen (N) 0.2-5.5
Carbon dioxide (CO,) 0.1-1.0

Oxygen (0y) 0.01-0.1

Hydrogen (H») <0.02




2.1 Gas emissions of natural gas combustion

Methane is the main component of natural gas,mainly used in energy generation by
burning as a fuel. It is the simplest alkane. It is colorless, odorless and flammable. Methane
molecule has four C-H bonds and only one carbon atom. Thus, the production of CO,, which
is viewed to be one of greenhouse gas, per unit of produced energy is the lowest by natural
gascombustion[9]. In the complete combustion of methane, the products should be ideally
only carbon dioxide and water. The complete methane combustion can be showed as the

overall reaction by the equation[16]:
CH4 + 202 g COZ + 2H20, AHZ98K = —802. 7K]/m0[ (2'1)

But in most cases, pollutant components are produced during incomplete combustion
process or high temperature operations. The main pollutant products of methane combustion

are carbon monoxide, nitrogen oxides and soot.

120
100
80
60 = Natural gas
m Oil
40 m Coal

20

Co2 NOx SOx

Figure 2-1Gas emission comparisons of coal, oil and natural gas combustion (coal

emission is viewed as 100%)based on data from [12][13]



2.1.1 CO emission

Carbon monoxideis produced by incomplete combustion. It is one of the most harmful air
pollutants. It is very toxic and harmful to people’s health. When people inhaled carbon
monoxide, it can react with the blood’s hemoglobin to produce carboxyhemoglobin (COHD)
which is very stable. The COHb is produced in red blood cells and hinders delivery of
oxygen to the body[17].

During hydrocarbon combustion process, CO is the major intermediate before CO,
formation. In general, the hydrocarbons would be oxidized to CO first, and then CO; is

formed through further oxidation.
CH, + 0, = xCO + gﬂzo (2-2)

2C0 + 0, = CO, (2-3)

The CO emission from natural gas combustion in diesel engine was studied by Abdelaal
and Hegab[18]. The CO levels were obtained for different operating modes. CO emissions of
conventional diesel mode are lower than those from dual-fuel mode; in addition, the CO
emissions can be reduced slightly with the application of exhaust gas recirculation (EGR).
Wang et al.[19] studied the homogeneous combustion of fuel ultra-lean methane/air
mixtures. The CO and CO, formation pathway was carefully studied. The results indicated
that most of methane is oxidized to CO first and CO is further oxidized to CO,. However,

they also found a little methane was directly oxidized to CO, at low temperatures.

2.1.2 Particulate matter emission

Particulate Matter (PM) is one of the most important pollutants produced during
combustion process. They are typically solid particles or liquid droplets with small
diameters[20].Particles generated from combustion process have gained lots of interest due to
their direct negative effects on human’s health and environments. PM includes smoke, ash,
dust and soot, in general. In recent years, soot formation has attracted more attentions by

researchers as it is one of the major PM sources.
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Soot is small carbon particles produced in the process of incomplete combustion of
hydrocarbons. There are several mechanisms of soot formation, including polyacetylenes,
ionic species and polycyclic aromatic hydrocarbons (PAH) as the key precursors of soot
formation. Among them, PAH as precursor is most acceptable mechanism until now. There

are several steps in this mechanism[20, 21]:

a) The fuel molecules are broken down to smaller hydrocarbon molecules and free radicals

(such as CH, C,H; and C,H3, etc) via pyrolysis or oxidation reactions.

b) The aromatic rings are formed by the generated small hydrocarbon molecules and free
radicals. The typical formed ring molecules are 6-membered aromatic ring (benzene and
phenyl) or 5-membered aromatic ring (cyclopentadienyl or cyclopentatriene). This step is

usually viewed as rate determining step.

Acetylane Winyl radical 1, 3 Butadienyl radical Vinylacetylena Vinylacetylens radical
H - H H gl H tH(-H) H H
+H +CH, =
~ s 2z ~ 4 — ~
H—C=C—H 3—* C=C- -_— Cc=C _._"'_ c=C - c=cCc
i e hS g RS A
H H = —H} H C
s ! 8 S
CH; C,Hy c c
" H ~ CH
. H 3 H
CH: GqH,
ALT | ALT
RTE \& ATE
A =z B o +CH,
Phenyl radical
H H
\ 7 H ~ g
o Pheanylacetylens Ce=( c=cC
s v ~ s ~
O Qe = e e =
c- C
+H(—H,) +CH, (—H) c=c s N
s s H H
H H
Cyclic CgH; Linear G .H.-
ALT
+CH, RTE
C
Allane Methylacetylens
CH,=C=CH, HC=C-CH,
R CgHy CH
<G . 34
O, ==
. —_—
SG=C,
H H

Figure 2-2 General mechanism for soot formation[22]



c) After small aromatic rings are formed, they will grow into larger aromatic rings which

are PAH by C,H; addition and H, abstraction.

d) The soot particles (diameter<lnm) are formed by coagulate the PAHs. Then, larger

particles are generated by continuous coagulation and growth reaction on the surface.

e) The soot particles are further oxidized by O, or other oxidizers to form the final sort

emissions from the combustion process.

Marinov et al. [23]studied the chemical kinetic paths for soot formation of the methane
opposed flow diffusion flame. In their study, the numerical model was compared with
experimental measurements and showed reasonable agreement for the large hydrocarbon
aliphatic compounds, aromatics, two-ring PAHs, and three-ring PAHs. However, the
numerical prediction of the four-ring PAHs doesn’t consistent with experimental
measurement. Their work also indicated that there are multipathways leading to aromatic and
PAH formation according to the flame (premixed or diffusion) and hydrocarbon type. The
soot formation from methane/air diffusion flame was investigated by Sivathanu and
Gore[24]. Their model showed that the oxidation of soot by OH radicals dominates the soot
emission from the flame; the local radiative heat gain or loss influences the rates of soot

nucleation, formation and oxidation significantly.

2.1.3 NO emission

Nitrogen oxides, described by NOy, are considered to be very important air pollutants. NOx
include nitric oxide (NO) and nitrogen dioxide (NO,). They can lead to acid rain, fog mist as
well as damage ozone layer and harm the breathing system of human and animals.
Combustion with the presence of oxygen and nitrogen at high temperature can lead to NOx
production. Nitric oxide NO is formed initially in homogeneous combustion. Then, NO can
continually react with oxygen to form nitrogen dioxide NO,.In combustion process, nitrous
oxide (N2O) can be produced and it is another source of NO formation and considered as an

important greenhouse gas because of its stability.



There are mainly three pathways for NOx formation [9, 25]: thermal NOy, prompt NOy and
fuel NOx.

a) Thermal NOx is produced by the reaction of nitrogen and oxygen in the air under high
temperatures. The principle reactions producing thermal NOy are shown as Equation 2-1 to 2-
3. The reactions are reversible and the mechanism is from Zeldovich[26]. Thermal NOy is
usually formed at the temperature higher than 1600°C. The production increases significantly
with increasing residence time and it is strongly affected by flame temperature. Higher flame

temperature leads to more thermal NOy production.

N;+0=NO+N (2-4)
N+0,=NO+0 (2-5)
N+OH=NO+H (2-6)

b) Prompt NOy is formed by fast coupling of nitrogen in the air with radicals (C, CH and
CH; et al.) formed at the flame front. The produced nitrogen species, such as NH, HCN,
H,CN and CN, can be oxidized to NO. Prompt NOy is mainly produced at fuel rich
conditions and at moderate temperatures. In general, the prompt NOy production in fuel lean

combustion is very little.

c¢) Fuel NOy is formed by the oxidation of nitrogen compounds present in the fuel. The
nitrogen compounds in the fuel release free radicals and ultimately form N, or NOduring
combustion process. Fuel NOy production requires nitrogen-bearing fuels, such as coal and
oil. There are almost no nitrogen compounds in natural gas, so fuel NOy is rarely generated in

natural gas combustion process.

There is little fuel NO and prompt NO produced during natural gas combustion under fuel
lean conditions. Because natural gas mainly consists of methane and there is little nitrogen
containing in the natural gas. Thus, thermal NO is the dominant path of NOy production in

most natural gas combustion devices.



The NOy formation was numerically studied by Loffler et al[27]. In this study, a simplified
model for thermal NO formation was developed by CFD calculations. The NO model,
including thermal NO route, N;O/NO and NNH route, was evaluated under a wide range of
conditions. The variation of temperature showed that NO formation is primary from thermal
mechanism with high temperature (>1600°C). Barlow et al. investigated the NO formation in
laminar opposed flow partially premixed methane/air flames [28]. The major species,
including Ny, O,, CHy4, CO,, CO, H,0O, OH and NO were measured by using non-intrusive
techniques of Raman scattering and laser-induced fluorescence and compared with numerical
modeling of reduced GRI-Mech 2.11[29] and 3.0[30] and detailed Miller mechanisms[31].
Three different fuel side equivalence ratios ¢(1.8, 2.17 and 3.17) were employed. GRI-Mech
2.11 predicted reasonable results with measured NO from lean and near stoichiometric
conditions, but it under-predicted the NO levels from fuel rich conditions. GRI-Mech 3.0
gave reasonable prediction for ¢=1.8 flames, but over-predicted ¢=2.17 or 3.17 flames.

While, Miller mechanism only gave consistent results with ¢= 3.17 flames.

2.2 Emission reduction techniques

Due to the increasing demand of energy from combustion process, large amount of
pollutants are produced. To control the emissions generated from combustion process, a lot

of technologies have been developed and studied in recent years.

2.2.1 Fuel to oxidizer ratio

Fuel/oxidizer ratio is one of the key parameters in the combustion process. It can affect the
combustion performance and all the generated emissions. Fuel-lean operation is used to
control the emissions, especially NOy formation. In general, under fuel-lean operation can
reduce NO, a lot, but sometimes it can increase CO emissions and make the combustion

process unstable.

Kesgin[32] investigated the excess air ratio effects on the natural gas combustion
emissions. In the study, the excess air ratio varied from 1.55 to 2. The CO and hydrocarbon

emissions were reduced while the excess air ratio increasing. NO formation was reduced as a
10



result of lower flame temperature. In addition, the fuel economy was improved by lean

operation.

Kapaku[33] studied the effects of fuel/air ratio on the emissions by employing
CHEMKIN’s partial stirred reactor model with GRI-Mech3.0 mechanism. His work
indicated that the NOy emissions are strongly affected by the fuel/air ratios. The maximum
values of NOy were gained near the stoichiometric conditions; the minimum values of NOy
were gained under fuel lean conditions. And under fuel lean conditions, the NOy levels would

be reduced as increasing excess air ratios.

2.2.2 Hydrogen addition to methane combustion

Hydrogen is highly flammable and easy to burn. However, it is hard to store and deliver.
Therefore, it is not a good idea to burn pure hydrogen as a fuel, but it is a good additive to
improve the combustion of hydrocarbons due to its low ignition energy, high reactivity, high
diffusivity and high flame propagation rate[34-36]. The recently proposed power-to-fuel
energy management scheme utilizes electricity to produce hydrogen which is then injected
into the natural gas pipeline [7]. For the safety and economic reasons, the maximum molar

fraction of hydrogen was suggested to be less than 15% in the mixture[37].

Adding hydrogen to natural gas combustion was confirmed to promote ignition process
and propagation rate, which subsequently decrease the combustion period and reduce the HC,
CO and CO, emissions, compared with pure natural gas combustion. The effects on the NOx
emission of adding hydrogen to natural gas combustion have been evaluated in different
engines under various operation conditions. It is found that when producing the same engine
output power the NOx level increased with hydrogen addition[4, 5, 34, 35]. While, others
found that hydrogen addition can contribute to NOy reduction at the same flame
velocities[36]. In engine studies, the NOx emission resulting from hydrogen addition can be

reduced by controlling the exhaust gas recirculation[38, 39].

Ma et al. studied the combustion properties of hydrogen enriched naturals gas in

engines[40]. They found that the lean limit of natural gas combustion in the engine was
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extended by hydrogen addition. And the thermal efficiency of natural gas engine can be
improved by adding hydrogen into combustion system. Combustion of hydrogen and natural
gas blends in spark ignition engine was also studied[1, 4, 34]. Natural gas combustion was
enhanced with hydrogen addition. By adding hydrogen into natural gas, the CO and HC
emissions decreased a lot while NOy emissions increased significantly. Researchers also
conducted experiments on hydrogen and methane combustion in shock tube reactors[41].

Results showed that hydrogen addition has the effect on reducing ignition delay time.

Cimino et al. [42] analyzed the effects of H,, CO and C;Hg on the methane catalytic
combustion over LaMnO3; monolith. All the three gases can promote methane ignition. H;
and Cs;Hg enhanced CH4 gas phase oxidation and CO can promote CHs heterogeneous
reactions at low temperature thanks to its high reactivity. Zhao et al. [36] studied hydrogen
enriched methane combustion in a quartz reactor. Their work showed that hydrogen can
decrease ignition temperature and burn off temperature of methane and the ignition
temperature can be decreased up to 180°C when H,/CH4 was 2.5. Deutschmann et al. [8]
studied the catalytic combustion of hydrogen and methane mixtures on monolith platinum.
Their experiments showed that the main effect of hydrogen is to provide heat to reach
methane’s ignition temperature. Their modeling work studied the kinetic effect of hydrogen
addition by employing only surface mechanisms and indicated that hydrogen can consume

the oxygen on the platinum surface which inhibits methane adsorption and oxidation.

2.2.3 Exhaust gas recirculation (EGR)

Exhaust gas recirculation (EGR) is a technique developed for engines aimed to reduce
pollutant emissions from combustion process. During the process, a portion of the exhaust
gas from the engine is re-circulated back to the engine cylinders. Now, this technique is used

widely for most engines to meet emissions standards.

The study presented by Abdelaal and Hegab investigate the combustion performance and
emissions conditions from natural gas combustion in the diesel engine with EGA[3]. A single

cylinder direct injection diesel engine was modified to dual-fuel mode. Natural gas mixed
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with small amount diesel fuel was filled into the engine with different portions of EGR (5%,
10% and 20%). The results showed that EGR delayed the combustion ignition and reduced
the pressure rise rate. For emissions, EGR can reduce the NOy emissions significantly but

reduce the HC and CO emissions only slightly.

The natural gas combustion performance and emissions from spark-ignition and
compression-ignition engine was investigated[43]. It implied that high levels of NOy
emissions can be reduced with EGR operation, especially at high loads conditions for spark-
ignition engines. For compression-ignition engines, uncooled EGR can speed up the
combustion and improve combustion efficiency; it can also reduce HC, CO and NOy at low

to medium loads.

2.2.4 Catalytic combustion

Combustion process with catalysts addition is usually called catalytic combustion. In
general, catalyst is used in small amounts relative to reactants and can modify or increase the
rate of a reaction without being consumed in the process. It works to lower the reaction
activation energy by providing an alternative pathway. Combustion is the process of burning,
accompanied by the production of heat and light. Catalytic combustion normally refers a
process which uses catalysts to improve desired oxidation reactions of fuel combustion to

improve combustion efficiency and/or reduce the formation of undesired products[44, 45].

There are two main important advantages of catalytic combustion over homogeneous
combustion of natural gas. Catalytic combustion of natural gas can occur at lower
temperatures compared to homogeneous combustion of natural gas. The lower combustion
temperature can lead to lower heat loss, less NOy emissions; it is easier to control combustion
systems with lower combustion temperature. Because of the obvious advantages, the interest
of catalytic combustion technology has been increased significantly in recent years[10, 46-
48]. Researchers are trying to use catalysts to improve methane combustion in power

generation systems, reducing gas emissions and producing other products [9, 49, 50].
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Figure 2-3 Scheme of simplified methane catalytic combustion process[45]

The effects of Pt and Pd based catalysts on hydrogen and methane combustion have been
studied recently[8, 51]. During the studies, the fuel conversion, CO, CO, and NOy emissions
were analyzed. It was found the fuel conversions were improved and gas emissions were
reduced by using the catalyst. Appel et al. [52] presented experimental and numerical study
on the platinum catalyzed combustion in micro-channels of hydrogen and methane. They
analyzed the coupling between homogeneous and catalytic mechanisms at various pressures
and found the heterogeneous mechanisms have limited effects on homogeneous ignition.
Schwiedernoch et al. [53] studied ignition process of methane catalytic combustion in
catalytic monolith coated with Pt. It indicated that the ignition will occur at the outer
channels and the heat generated will heat up the whole catalyst monolith. Then, ignition

happened in the inner channels.
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2.2.4.1 Catalytic combustion process
A simplified catalytic combustion process of methane is shown in Figure 2-3[54]. In the

catalytic combustion process, there are several steps[45] in general:

a) Adsorption process. During this step, the reactants conduct mass transfer process from

the homogeneous phase to the surface of catalyst and then diffuse into the catalyst pores.

b) Surface reactions. The reactant species have a series of chemical reactions with catalysts

and each other on the surface of catalysts

c) Desorption process. The generated products desorb from the catalyst surface. The

desorbed species will go into the homogeneous phase and continue reactions.
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Figure 2-4 Conversion of methane in catalytic combustion vs. temperature[55]

Catalytic combustion produces a considerable amount of thermal energy with reactions
going on and the temperature of reactants mixture would increase fast due to the large
amount of released heat at the beginning of combustion. The rate of surface reaction respect

to temperature is shown in Figure 2-4[55]. During A-B section, it is low temperature period
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which lead to kinetics controlled reactions. With temperature increasing in B and C period,
mass transfer is the dominant controlling factor for the reaction system due to the fast
increasing reaction rate. Moving to C and D section, the homogeneous gas phase reaction

becomes significant as well as the effects of mass and heat transfer.

2.2.4.2 Catalysts for methane combustion system

Various types of catalysts are designed for combustion systems. There are several main
categories of catalysts in methane combustion process: noble metals, transition metal oxides

and organic metal compounds.

In general, there are several necessary characteristics for a catalyst to be suitable for

commercial applications[56]:

a) High selectivity for the desired products in order to reduce the cost for products

separation.

b) High activity, which required low catalyst amount per unit of products to minimize the

cost of catalysts.
¢) Low price.

d) High mechanical strength, excellent heat transfer properties, thermal stability, and high

attrition resistant.
Noble metals

Noble metals are used to improve methane catalytic combustion process. It is generally
viewed that the activity of noble metals is higher than other catalysts[57]. Pt and Pd are the
most commonly studied and used catalysts in combustion applications. The main advantage
is that noble metals have higher catalytic site activity and better resistance of sulfur poisoning
[58].However, noble metals are much more expensive than other oxides; the higher price is

the most significant limitation of noble metal catalysts.

Pd-based catalyst is one of the most common used catalysts for methane combustion [9,

58, 59]. Compared to PtO,, PdO can be easily transformed at a temperature lower than
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1100K and remain stable. Thus, the activity of PdO is better than that of Pt, due to better
stability of PdO. Using PdO can lead to higher conversions especially on the fuel lean
conditions. In Salaun’s study[60], in the case of the Pd catalyst for the reactant gas mixture of
CH4, CO, NO with trace of H, and CO,, the reaction started at 250°C, ignition occurred at
325°C, and complete conversion of methane was reached at 400°C. These values for Pt
catalyst were 450°C, 675°C and 900°C, respectively[60]. However, Pt catalysts show better
ability of resistance to the poisons, such as water and sulfur, and they hardly sinter at low
temperatures[61-63]. In a word, Pd catalysts are more active;while Pt catalysts are more
stable and the pathway of Pt catalysts is much simpler than Pdcatalysts which undergo
complex phase transformations due to temperature changes [64]. In addition, under some
certain conditions Pt catalysts are proved to be more efficient. Kinetic studies showed that for
deep oxidation of low alkanes (C1-C4) over Pd and Pt catalysts, Pt catalysts showed better
performance[64]. It is also showed that Pt catalysts are more efficient that Pd for high
conversions of methane combustion in the cases of stoichiometric or rich mixtures[65]. And
it is thought that Pt catalysts are more important than Pd catalysts for the emissions control of

natural fuels.
Metal oxides

Metal oxides are much cheaper compared to noble metals. Thus, applications of metal
oxides are more desirable from the economic point[66-68]. However, their catalytic activity
is lower. Perovskite metal oxides are the most commonly investigated and used among
various types of metal oxides[69]. Perovskites are mixed metal oxides with face center cubic
structure; they have many applications in the fields of transistors, fuel cells and
superconductive materials. The general formula for these types of catalysts is ABO3. A is the
rare earth element which is mostly responsible for the stability of structure and B is a
transition metal which is mostly responsible for the catalytic activity. A has a dodecahedral
coordination and B has a six-fold coordination. Among all the perovskites, LaMnO3 (B can

also be Co, Fe and Ni) is considered to show good performance for methane combustion[70].
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Organic metal compounds

The behavior of metals in flame system has been of interest for a long time. Recently, high
temperature metal chemistry was used in the areas of nanoparticle synthesis, pollutant
control, emission control and NOy reduction techniques[71-76]. It is found that metal
containing compounds can be used in flame inhibition and emissions control fields. Among
all the metal compounds, iron pentacarbonyl(Fe(CO)s)showed great performance on

controlling methane-air flames[69, 77, 78].

In most studies, Fe(CO)s is used as flame inhibitors in methane combustion system. The
effect of Fe(CO)s on ignition was studied in flames of hydrocarbon mixtures[69]. It is found
that Fe(CO)s had no obvious effect on ignition temperature. While, in shock-tube studies of
methane combustion process, it is found that by adding Fe(CO)s (500, 1000, 2000 uL/L) the
ignition time decreased compared to without the additive, which indicated that adding metal
additive had a promotion effect on ignition delay[77]. The CO combustion system with
Fe(CO)s tests showed that Fe(CO)s can significantly accelerate the CO consumption, which
can promote CO emission reduction[75]. In addition, the effects of Fe(CO)s on burning
velocity has been studied. It was showed that Fe(CO)s had a strong effect on reducing the
burning velocity of hydrocarbon/air flames in nozzle burners, which can greatly affect the
gas emissions. It was found the burning velocity reduced 25% by adding 100uL/L Fe(CO)s

into methane-air flames at atmospheric pressure [69, 79].

Due to the effects on the flame velocities and emission control, Fe(CO)s has been of

interest in recent combustion studies. But the mechanism and kinetics are still not clear.

2.2.4.3 Mechanism of methane catalytic combustion system

Reaction mechanisms can describe the complete combustion of different fuels at different
conditions. There has been a lot of research on the gas-phase and surface-phase reaction

mechanism and kinetics of methane combustion system[80-82].
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Homogeneous mechanism

For the gas phase reaction mechanism, which is homogeneous pathway, the global reaction

of fuel reacted with oxidizer can be expressed by Equation 1,
Fuel + Oxidizer = Products (2-7)

The global reaction can be broken down into the elementary reactions to understand the

chemistry for the combustion process, as equations shown.

A+B -C+D (2-8)
A->BA-B+C (2-9)
A+B+M >C+M (2-10)

In the equation, A and B are reactants; C and D are products; and M is an unreactive third-
body in radical-radical reactions required to add or carry away the energy of the reaction. The

elementary reaction rate can be expressed as Equation 5, 6 and 7.

= ~kulAl[B] (2-11)
= ~kunilA] (2-12)
A = —keer[A][B][M] (2-13)

In the equations, the reactants in brackets [] are the concentration and k is the rate
coefficient.

From each elementary, the reaction mechanism can be expressed by Arrhenius equation:
k(T) = AT"exp(— %) (2-14)

k(T): the rate coefficient;

A: pre-exponential factor (mol, cm™,s);

T: temperature (C);
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n: temperature coefficient;
E.: activation energy (kcal/mol);
R: gas constant.

Reactions may proceed in both a forward and reverse direction. For this reason, the
reaction should have a corresponding rate coefficient for the forward and reverse reaction, k¢
and k.. The equilibrium constant relates the forward and reverse rate coefficients and can be

expressed as Equation 2-13.

E

f
A [—
e g, (2-15)

E
A,exp (—R—;) ky

There are a lot of research on the homogeneous mechanism of methane combustion: GRI-
Mech series mechanism (including GRI-Mech 1.2[83], GRI-Mech 2.11[29] and GRI-
Mech3.0[30]); Miller-Bowman mechanism[31]; Lutz mechanism[84]; Smooke-Giovangigli
mechanism[85]; UBC mechanism[86], etc. Among them, the GRI mechanisms are widely
used. The most updated version is GRI-Mech 3.0 mechanism which includes 325 elementary
chemical reactions and 53 species. It includes all important reactions for natural gas ignition,
flame propagation and NO formation. The GRI-Mech 3.0mechanism has been validated for a

wide range of combustion conditions [87-89].
Heterogeneous mechanism

The heterogeneous pathway has been mentioned in the former section, including
adsorption, surface reaction and desorption processes. The general surface reactions can be

expressed as the equations[25, 90]:
Agas + Baas = product (2-16)
Agds + Bgqs — product (2-17)

The reaction rates can also be calculated from Equation 2-12 and 2-13.
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Based on the experimental and numerical study, various surface reaction mechanisms are
developed on various catalysts. For methane combustion on platinum, an improved multi-
step surface reaction mechanism is developed by Deutschmann[8].There are other
mechanism schemes of methane combustion on Pt developed by other researchers, such as
Chou et al.[91]. In both of their mechanism, it includes the adsorption of O, and CH4 and
intermediates including CO, H, and OH on the active sites, surface reaction and desorption of

CO; and H,0.
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Figure 2-5 The process of CHEMKIN modeling[92]
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2.3 CHEMKIN modeling

Until now, there are a lot of softwares developed for combustion modeling and kinetics
study. CHEMKIN[93] is designed for modeling various chemical reacting flow
configurations and combustion conditions. The gas phase kinetics, surface phase kinetics,
equilibrium and transport properties can be defined in the CHEMKIN software to construct

models.

CHEMKIN can solve various types of problems, including calculation of adiabatic flame
temperatures, equilibrium concentrations for gas mixtures, reactor kinetics, flame speed,
species mole fractions and temperature profiles, etc. Using CHEMKIN, it is flexible in
choosing the involved species and reactions in analyzing mechanisms. The input files must

be written in a typical standardized format specified by CHEMKIN.
The process to develop a CHEMKIN application is shown in Figure 2-5[92].

a) To solve a problem using CHEMKIN, the beginning step is to create an input file which
specifies the involved elements and species. The input file should include the thermodynamic
data, which includes the curve fit coefficient for calculation of enthalpy and specific heats, as
well as the transport data. The details about the chemical reactions and the Arrhenius

parameters are also necessary.

b) Creating the make files is the next step. The makes files play a role on linking the
libraries of CHEMKIN and then an executable file is form. After that it returns back to
comprise of core libraries and convert the text input file into a binary file. After the formation
of binary file and the initialization, it is necessary to create another make file which links the

application codes, serving specific purposes, to the core libraries.
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Chapter 3
Simulation of Hydrogen Enriched Natural Gas Combustion in a

Channel Reactor

3.1 Introduction

In this chapter, the hydrogen enriched natural gas combustion in a channel reactor would
be numerically studied. Through the simulation results, the hydrogen and catalysts effects on
natural gas combustion would be analyzed as well as other parameters, such as temperature

and flow rate.
3.2 Numerical Setup

3.2.1 Problem description

The considered rectangular channel is shown in Figure 3-1. It consists of two parallel Pt-
coated walls that are h= 7 mm apart and L= 40 cm long. A pre-heated fuel/air mixture
composed of CHy4, Hy, O,, and N; enters the channel from the left end at a temperature T,,=
500 K and a uniform velocity u,=2 m/s. The temperature of the walls, Ty, and the pressure

throughout the channel, p, are taken to be uniform and set to be 1200 K and 1 atm,

respectively.
L=40cm
B T
\ : o
; / Pt-coated wall, y = h/2 / )
! T, -
y

i ualr' "rm __,..-‘——_———————-——___’-;;7 -
= > ,,ff""f Symmetry plane, y =0 " g
f t, (J-‘;’p______________.-—r"’“
&) + g o T . ’
s 5 Pt-coated wall, y = -h/2
“:_. oS, — T,

Figure 3-1 Scheme of reactor geometry
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Four fuel/air mixtures are investigated. The compositions are provided in Table 3-1. The
fuel in mixture 1 is pure CH4, whereas mixtures 2-4 contain increasing levels of H, additives.
The mole fractions of CH4 and H; in these mixtures are adjusted such that the mole fractions
O, and N, mole remain unchanged from mixture 1. By virtue of symmetry, the computational

domain consists of the upper half of the channel.

Table 3-1 Fuel and air compositions in molar fractions

case H, CH,4 0, N, Hy/Fuel®  Fuel/Air”
1 0.00 0.048 0.2 0.752 0.00 0.05
2 0.0024 0.0456 0.2 0.752 0.05 0.05
3 0.0048 0.0432 0.2 0.752 0.10 0.05
4 0.0072 0.0408 0.2 0.752 0.15 0.05

%® These ratios are calculated by volume

3.2.2 Governing equations

The planar channel shear-layer flow reactor model of CHEMKIN[94] is employed to
perform the calculations. The model applies the Von Mises transformation to express the
boundary-layer equations in terms of the streamwise (axial) coordinate x and the normalized

stream function &, which is defined as:
y
g=2 (3-1)
‘m: local total mass flux;

y: stream function.
¥ = [) pudy (3-2)
p: density;

u: velocity;
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y: cross-stream (transverse) coordinate.
Momentum equation

The momentum conservation equation reads:

du_pu(pdin _dm)u  dP_ pud (o i
U m(fdx dx)af+dx_nizaf(pu”af) (3-3)

m,:mass flux at the centerline;
p: pressure;

W viscosity.

Energy equation

aT pucp( dm dmc) aT _
PUCH o ™ T fdx dx /) 98

aT

pu a0
0

m?2 ax

(pul Z—D - 2;21 W Wih; — %Z:ﬁl YiViyCri (3-4)
T: temperature;

cp: specific heat;

A: thermal conductivity;

Wi: molecular weight;

hy.enthalpy of species k;

Cpk: specific heat of species k.

The effect of radiative heat transfer is neglected in Eq. (3-4) based on the findings of

Mazumder and Grimm [95].

Gas Phase species equation

aY, pu/ dm dm,aY, . pu od
kP . = W, — == (py, v
PUax m( dx dx) o “E Ty af(” Viy)

k=1,..,K, (3-5)
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Y.mass fraction;
. net chemical reaction rate;
Wi: molecular weight;
Viy: diffusion velocity of species k;
K,: number of the gas-phase species.
Surface species coverage equation
The steady-state surface species coverage equation is given by:
$em =0,k = Kl(n,m), ..., K. (n,m) — 1;n = N (m), ..., N}(m)
m=1,...M (3-6)
sk.m: molar production rate of the k™ surface species due to surface reactions on material m;
Ny(m): number of surface phases on the m™ material;
K(n,m): number of surface species for surface phase number n on the m™ material;
The superscripts “”” and “I” denote first and last, respectively.

Equation 3-6 is solved subject to the requirement

k=K (n,
R NOES] (3-7)

Zi(n): site fraction or site coverage of species k on site n.

The surface molar concentration of species k is obtained from

T
or(n)

[Xi] = Zx(n) (3-8)

I'y: surface site density, assumed to be constant and set to 2.72% 1079m01/cm2;
ox(n): number of sites that species k occupies;

M;: total number of surface species.
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Total mass flux

The total mass flux, m, is calculated through the solution of the equation

din  dm, = dm, dni, dmi,,
—_— = _ = pV y = —pv 3-9
dx dx dx ' dx p |y=0’ dx p |y=h/2 (3-9)

m.: mass fluxes at the centerline;
my,: mass fluxes at the wall (upper boundary).

The transverse velocity component v is evaluated from:

1 K, .
v = P nM1=1 Zkfl SkmWiam (3-10)

an: surface area fraction of the m'™ material on the wall.
Pressure

The pressure is computed using the ideal gas equation of state
RT
p=" (3-11)

R: ideal gas constant;

-1

Kg Yy /Wk] : mean molecular weight.

W= k=1

Diffusion velocity
Assuming mixture-averaged transport properties, the diffusion velocity is obtained from

_ _ DimpudX, _ Dj pudT

V.. =
ky X 98 pYy Tin 3¢

(3-12)

Xy:molefractionof species k;

Dim: mixture diffusion coefficientof species k;
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DI': thermal diffusion coefficient of species k.
Transport properties

The coefficients Dy, are evaluated using:

K aXj, —— Ky 9Xj, _
Dim = (X;2; WDy, a_;)(wzijla_; ! (3-13)
j*k j*k

Dy j: multi-component diffusion coefficient matrix.

The coefficients D{ are computed by solving a system of equations involving the
coefficientsDj. , Xk, and the thermodynamic and molecular properties of the species. Further
details are available in[94]. The mixture-averaged thermal conductivity and viscosity are

calculated from:

1. K K, x;\"1
A= 5IN Xiki + (2,5, 55) ] (3-14)
K Xtk
p= o _Xuu 3-15
k=1 Z}’_":gl Xjbj ( )
11
1 Wi—1/2 (ﬂ_k>2 (ﬂ)‘* 2 )
= 1+ 1+ 3-16
cl)k] \/5( Wi) [ uj 7 ] ( )

Ax:thermal conductivity of species k;
Lk: viscosity of species k.

The details concerning the evaluation of these two quantities can be found[94].

3.2.3 Boundary conditions

Constant-velocity boundary conditions are set at the inlet and the species mole fractions of
the fuel/air mixture are specified following Table 3-1. Constant-temperature and no-slip
boundary conditions are employed at the upper wall. The surface species boundary
conditions in CHEMKIN are set by balancing the convective and diffusive mass fluxes of the

gas-phase species by the production rates of gas-phase species due to surface reactions:
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pY (v + V) =N WianSim k=1,...K (3-17)

3.2.4 Numerical details

The governing equations in CHEMKIN are discretized using the finite difference method.
All first and second derivatives are approximated by central differences. The employed mesh
consists of 400 uniformly-distributed grid points in the axial direction and 200 unevenly-

spaced points in the transverse direction.

The grid density in the latter direction is highest near the wall to resolve the details of the
boundary layer and decreases progressively towards the center line. Several tests were
performed to ensure that the selected resolution guarantees grid independent results.
CHEMKIN employs the differential/algebraic equation solver DASSL [96] for the solution
of the system of equations. The absolute and relative solver tolerances are set to 10> and

1076, respectively.

3.2.5 Chemical kinetics

Unless indicated, the calculations employ the gas-phase chemical kinetics mechanism
GRI-Mech 3.0 [30] in conjunction with the heterogeneous surface reaction mechanism of
Deutschmann et al. [8]. GRI-Mech3.0 is optimized for the combustion of CH4 and natural
gas over a wide range of operating conditions. It consists of 325 elementary chemical
reactions involving 53 species including NOy chemistry. The mechanism of Deutschmann et
al. drives the kinetics of Hj-assisted catalytic combustion of CH4 on Pt. It includes 24
reactions and 11 surface species, namely H(S), O(S), OH(S), H,O(S), C(S), CO(S), COx(S),
CHj3(S), CHx(S), CH(S), and Pt(S).
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3.3 Results and discussion

3.3.1 Effect of H2 additives

The effect of H, additives on the combustion of CHj is investigated. Two sets of
calculations are performed for every mixture in Table 3-1. The first set does not involve a
catalyst at the wall, whereas Pt-catalyst is included in the second. As such, the first set serves

as a benchmark against which the impact of catalytic reactions on combustion is evaluated.

3.3.1.1 Non-catalytic combustion

Figure 3-2shows the profiles of the mean axial temperature obtained from the non-catalytic
calculations. As the H, content in the fuel is increased, the temperature profiles reach their
peaks closer to the inlet, indicating shorter preheating distances and ignition delays during
the transient period preceding the ignited steady-state. Further, increasing the levels of H;
leads to lower ignition temperatures. The peak temperature decreases from 1900 to 1450 K
when the H, content is increased from 0 (mixture 1) to 15% (mixture 4). The trends observed
in Figure 3-2are attributed to the lower ignition temperature of H, compared to CHa.
Accordingly, increasing the H, content in the fuel leads to faster ignition as the heat released
by the H; oxidation reactions promotes the ignition of CH4. Upon ignition, the thermal fluxes
out of the ignition zone lead to the upstream propagation of burnt products species towards
the unburnt (cold) fuel/air mixture incoming from the inlet. Since ignition takes place closer

to the inlet with increasing H, content, a wider section of the channel becomes reacted.

Beside the temperature, the history of OH evolution is often employed as a numerical tool
for the determination of the location and time of ignition in transient simulations due to its
luminous properties. The analysis of the trends of the mean OH mole fractions trends, which
are displayed in Figure 3-3, remains useful for the understanding of the ignited steady-state.
As the H, content is increased, OH exhibits a sudden increase closer to the inlet of the
channel at the same axial locations where the temperature peaks abruptly upon mixture
preheating in Figure 3-3. This trend confirms the conclusions drawn from the latter figure in
regards to the effect of H2 on the length of preheating distances and ignition delays. The
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magnitudes of the OH peaks depend on the H,-to-fuel ratios and the reaction temperature.

For high ratios, the reaction temperature is lower, and therefore, the peaks are smaller. It is

worth noting that that two OH peaks manifest in mixtures 3 (10% H) and 4 (15% H>)

compared to one peak in mixtures 1 (0% H») and 2 (5% H»). Increased H, levels in the fuel

result in two instances of ignition. Due to its lower ignition temperature, H, ignites first

leading to the first OH peak. The heat release associated with this ignition event triggers the

ignition of CHy4, which results in the second OH peak. The occurrence of two ignition events

explains the finite slope ahead of the peaks of the temperature profiles of mixtures 3 and 4 in

Figure 3-2. In these two mixtures, the initial temperature increase occurring after preheating

is sharp. Then the temperature continues to increase but at slower rate. On the other hand, the

slope of the temperature in mixtures 1 and 2 is nearly infinite due to the occurrence of single

ignition event.
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Figure 3-4 shows the axial variation of the mean NOx mole fractions. As the H, content is
increased, NOy levels decrease due to the decrease in to the lower mean axial temperatures
(Figure 3-2). In all 5 mixtures, NOy emerges when the mixture ignites. The formation of NOy
is temperature dependent. It takes place through thermal pathway at high temperatures and
through prompt pathway at lower temperatures. Figure 3-4 reveals that NOy is predominantly
produced via the former pathway since the mean temperature is sufficiently high. Therefore,

the trends of the NOy profiles align with those of the temperature.

3.3.1.2 Catalytic combustion

Apart from the inclusion of Pt-catalyst at the wall, the operating conditions Ty, Ty, um and
P in the following set of calculations are unchanged from the previous set. The aim is to
determine the effect of catalysis on the combustion of the same mixtures investigated in the
previous section. Figure 3-5 displays the variation of the mean axial temperature. Increasing
the H; content in the fuel enhances the preheating of the mixture and results in a decrease in
the peak temperature. In contrast to the non-catalytic realizations (Figure 3-2), the
temperature in all mixtures does not exhibit an abrupt increase, which indicates that the
ignited steady-state does not involve any ignition events. The trends of the temperature
profiles in Figure 3-5 suggest the structure of a propagating premixed flame. The temperature
increases gradually from the inlet then peaks in the Reaction Zone (RZ) around two-thirds of
the channel length before decaying slowly in the post flame zone as the burnt mixture
approaches the outlet. The decay of the temperature in downstream locations is attributed to
the fact that Tyis lower than the temperatures attained in the RZ. Therefore, the H-assisted
catalytic combustion of CH, enhances the stability of burning in the channel, consistent with
the findings of Zhang et al. [97]. Compared to the non-catalytic cases, the axial locations of
the peaks in all mixtures do not show appreciable differences. Further, although the
magnitudes of the peaks dampen with increasing H, content, the overall mean channel
temperature is significantly lower in all mixtures, and H, seems to have a less important but

non-negligible effect on heat release.
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Compared to the non-catalytic case, the mean axial OH profiles in the catalytic realization
shown in Figure 3-6 achieve their maxima in the RZ and their peak values are one order of
magnitude lower. The absence of spikes from the profiles indicates that the ignited steady-
state does not involve ignition events, which confirms the conclusion drawn previously from

temperature profile.
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Figure 3-7 Effect of H, additives in the presence of Pt catalyst: mean axial NO mole

fraction

Figure 3-7 displays the mean axial NOx profiles. NOx emissions decrease with increasing
H, content by virtue of the lower reaction temperature. Compared to the non-catalytic results
presented earlier in Figure 3-4, the levels of NOy in all mixtures are several orders of
magnitude lower. This reduction is attributed to the lower reaction temperatures (compare
Figure 3-5 to Figure 3-2). Table 3-2 provides the predicted mean NOy mole fractions at the
channel outlet for all mixtures in the non-catalytic and catalytic realizations. In both cases,
NOy levels decay with increasing H2 content. When H2 is added to the fuel, less CHy

becomes available for reaction. Therefore, lower NO, emissions are obtained at the outlet
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since the oxidation of CHy4 is the primary NOx contributor. It is clear for all mixtures that
surface reactions lead to significantly lower NOy levels. The formation NOyx in the non-
catalytic calculations was deemed to occur mainly through thermal pathways at high
temperatures. Here, however, the substantially lower emission levels at reduced reaction

temperatures suggest that NOy forms through prompt pathway.

Table 3-2 Predicted mean NOy mole fractions (ppm) at the channel outlet in the non-

catalytic and catalytic reactions

Mixture 1 2 3 4
Without Pt 28.3 11.2 3.0 1.3
With Pt 0.009 0.007 0.006 0.005

The stream wise surface coverage values of selected surface species are plotted in Figure
3-8. Only the results of mixtures 1 (0% H») and 4 (15% H;) are shown. In both mixtures, the
surface coverage of O(S) and Pt(S) are substantially higher than the surface coverage of the
remaining surface species. Therefore, the catalytic surface is mainly covered by Pt(S) and
O(S), which is the case in fuel-lean combustion. The adsorption of oxygen is more likely to
occur at lower temperatures due to its higher sticking coefficient on the Pt surface. The
coverage of O(S) is primarily controlled by the temperature distribution in the channel due to
the dependence of its adsorption rate on the temperature. The O(S) coverage reaches its
lowest level where the temperature is the highest (x= 27 cm). The coverage of H(S) is mainly
controlled by the near-wall concentration of H, and the adsorption rate of H2 is at the first
order with respect to Pt. Therefore, the coverage of H(S) varies from mixture to mixture
4since the two mixtures differ in their initial H, content. However, since the change in PT(S)
coverage is minimal, the adsorption rate of H, does not change significantly. As such, the
levels of H(S) in the two cases show marginal differences. The surface coverage of CO(S)
and CO2(S) decays sharply beyond the RZ, indicating that carbon species on the catalytic

surface are reduced by continuous surface reactions with the gas phase species.
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Figure 3-8 Effect of H, additives in the presence of Pt catalyst: streamwise surface
coverage for mixtures 1 (0%H,) and 4 (15% H,).

3.3.2 Effect of operating conditions

In the previous section, it was shown that H, additives have a significant effect on the
catalytic and non-catalytic combustion of CHy4. In addition to the composition of the fuel/air
mixture, other operating conditions, such as T, and Ty, can influence the combustion process.

In this section, the impact of these two parameters is investigated by varying them
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independently. Calculations are performed for mixture 4 (15%H,) in the presence of Pt-

catalyst.

3.3.2.1 Impact of fuel/air mixture temperature

Three fuel/air mixture temperatures are considered, namely T,,= 400, 500, and 600 K. Ty, is
held constant at 1200 K. The mean axial OH mole fractions are shown in Figure 3-9. As
expected, when Tm is increased the preheating distance decreases and the RZ shifts to
upstream locations. The higher OH levels in the RZ are attributed to the increased mean axial

temperature.
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Figure 3-9 Effect of fuel temperature: mean axial OH mole fraction

The streamwise surface coverage of selected surface species is displayed in Figure 3-10 for
Tm= 400 and 600 K. As in the previous section, the catalytic surface using both mixture
temperatures is mostly covered by Pt(S) and O(S). The variations of the coverage of H(S)
and H,O(S) are small throughout the channel. The differences in the coverage of CO(S) and
CO; (S) are negligible in the preheat zone and become more substantial beyond the RZ.
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When T,,= 600 K, The lower levels of these two surface species downstream of the RZ are

attributed to the higher mean temperature and gaseous CO and CO; values.
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Figure 3-10 Effect of fuel temperature: streamwise surface coverage for T, = 400 K
and 600 K. All calculation employ T,y = 1200 K

3.3.2.2 Impact of wall temperature

Since Ty, is maintained constant throughout this work, the investigation of the effect of this
parameter on the behavior of the fuel/air mixture is essential. Three wall temperatures are
examined, Ty= 1000, 1200, and 1400 K, whereas T, is kept constant at 500 K. When Ty=
1000 K, the mixture remains nearly inert, with little signs of reactions. This can be clearly

seen from the negligible yet increasing mean OH mole fractions in Figure 3-11.

As Ty, is increased the mixture reacts. However, the dynamics of reaction depend on the
magnitude of Ty,. When T,= 1200 K, no ignition events are observed in steady-state, as

described in section 3.3.1.2. By increasing Ty, further to 1400 K, two ignition events occur
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upstream of the entrance of the channel. This can be seen from sudden increase in OH
aroundx~2.5 cm, which corresponds to the ignition of Hy, and from the peak located at x~8
cm, which is associated with the ignition of CHy4. Therefore, large Ty, has a destabilizing
effect on catalytic combustion. The observed variability in the responses of the mixture

indicates that the extent of stability offered by catalytic surface reactions is prone to Ty,.
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Figure 3-11 Effect of wall temperature: mean axial OH mole fraction

Figure 3-12 displays the streamwise surface coverage of selected surface species for Ty=
1000 and 1400K. Only the results of mixtures 1 (0% H,) and 4 (15% H,) are shown. In both
mixtures, the surface coverage of O(S) and Pt(S) are substantially higher than other surface
species. Thus, the catalytic surface is mainly covered by O(S) and Pt(S), as mentioned
before. The coverage of H(S) and H,O(S) are small all along the channel. But when surface
temperature increased, the surface coverage of H(S) would increase a lot, which is caused by
the higher Pt(S) coverage. HO(S) coverage showed a decrease trend, which results in a
higher H,O content in the gas phase. The difference in the coverage of CO(S) and CO,(S) are

obvious. When T,=1000K, there is no ignition occurred, CO(S) and CO,(S) coverage
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changes little throughout the whole channel. When Ty=1400K, the gas ignited very fast and
the CO(S) and CO2(S) coverage dropped immediately to the gas phase.
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Figure 3-12 Effect of wall temperature: streamwise surface coverage for T,,= 1000 K
and 1400 K. All calculation employ T, = 500 K

3.3.3 Assessment of gas-phase and surface reaction mechanism

Gas-phase and surface reaction mechanisms play a key role in the numerical modeling of
reacting flows. To investigate this aspect further, calculations are performed using a number
of kinetic schemes. In the following, the composition of mixture 4 (15% H;) at 500 K is

employed at the inlet and the wall temperature is set to 1200 K.

3.3.3.1 Gas-phase mechanism

The considered gas-phase mechanisms are summarized in Table 3-3. GRI-Mech 2.11,
GRI-Mech 3.0, and the Miller-Bowman mechanism have comparable numbers of species,
with the second being the most detailed in terms of reactions. GRI-Mech 2.11 and GRI-Mech

3.0 cover up to C-2 and C-3 chemistry, respectively, whereas the Miller-Bowman mechanism
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includes heavier species, namely C4H, and C4H;. In addition to these two species, the
relatively less detailed mechanism of Lutz et al. accounts for CsH,, CsHs, and C¢H,. The
Smooke-Giovangigli mechanism is the least detailed of all schemes, covering only C-1
chemistry. Deutschmann’s mechanism is employed throughout this section for the treatment

of surface chemistry.

Table 3-3 Gas-phase and surface kinetic mechanisms

Gas-phase chemistry

Mechanism Species Reactions Ref
GRI-Mech 3.0 53 325 Smith et al.
GRI-Mech 2.11 49 277 Bowman et al.
Miller-Bowman 52 250 Miller and Bowman
Lutz 37 154 Lutz et al.
Smooke-Goivangigli 16 25 Smoke and Giovangigli

Surface chemistry

Mechanism Species Reactions Ref.
Deutschmann 11 24 Deutschmann et al.
Chou 10 23 Chou et al.

The results obtained using the five gas-phase mechanisms are displayed as following. It is
clear that the different kinetic schemes yield substantially different results. As shown in
Figure 3-13, when GRI-Mech 3.0 is employed, the mixture exhibits fast preheating and the
location of the RZ is farthest from the outlet. The Lutz and Miller-Bowman mechanisms
yield virtually identical temperature profiles up to the middle of channel then deviate from

one another beyond this point. A RZ develops earlier using the former mechanism, whereas
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the mixture continues to preheat using the latter, leading to the development of a RZ farther
downstream. When GRI-Mech 2.11 is used, the mixture exhibits nearly inert heating along
the channel length and a narrow RZ forms ahead of the outlet. A similar trend is obtained
using the Smooke-Giovangigli mechanism; however, preheating occurs at a slower rate and a

significantly narrower RZ starts to develop near the outlet of the channel.
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Figure 3-13 Impact of gas phase chemical Kinetics on mixture 4 (15%H;): mean axial

temperature

For each mechanism, the mean axial OH mole fractions shown in Figure 3-14 increase
slowly in the preheat zone and peak at the axial locations where the RZ develops before
decaying towards the outlet. The OH peak resulting from the usage of Lutz mechanism is
relatively larger inmagnitude compared to the peaks obtained using GRI-Mech 2.11 and 3.0
and the Miller-Bowman mechanism. This result is associated with the release of H radicals
accompanying the formation of CsH,, CsHs, and C¢H; from the reaction between C4H, with
the radicals CH, CH,, and C,H, respectively. In turn, the increased level of H promotes the
formation of OH directly via a number of chain-propagating reactions, and indirectly through
the formation of H, by means of a number of chain-terminating reactions.
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The mean axial profiles of NOy are shown in Figure 3-15. Since the Lutz and Smooke-
Giovangigli mechanisms do not account for NOy chemistry, only the profiles obtained using
GRI-Mech 2.11 and 3.0 and the Miller-Bowman mechanism are plotted. As discussed in
previous sections, the formation of NOy is strongly dependent on the temperature. It was

previously established using GRI-Mech 3.0 that the overall mean axial temperature decreases
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throughout the channel in the presence of Pt-catalyst and as a consequence, NOx formation
occurs mainly through prompt pathways. This conclusion remains unchanged for GRI-Mech
2.11 the Miller-Bowman mechanism. Since preheating is slower when these two mechanisms
are employed, the resulting NOy levels are lower compared to those obtained using GRI-

Mech 3.0.

The effects gas-phase kinetics on surface coverage is illustrated in Figure 3-16. The same
trends previously described in section 3.3.1.2where GRI-Mech 3.0 is employed are observed
here. For all mechanisms, the catalytic surface is mainly covered by Pt(S) and O(S) and the
variations of the coverage of H(S) and H>O(S) are small. Also consistent with previous
findings, the differences in the coverage of CO(S) and COx(S) prevail beyond the reaction
zones where the temperature is high and gaseous CO and CO; are abundant. Therefore, gas-
phase kinetics mainly affects the coverage of CO(S) and CO2(S). In the absence of
experimental measurements, it is difficult to judge which of the gas-phase mechanisms is the

most accurate for the considered simulation conditions.

3.3.3.2 Surface mechanism

To further investigate the role of surface chemistry, the performance of the mechanism of
Chou et al. is compared previous results obtained using the Deutschmann mechanism. The
Chou mechanism involves the same number of surface species and one less reaction. As in
the previous section, the composition of mixture 4 is considered with T, and Ty, set to 500

and 1200 K, respectively. The gas-phase kinetics is modeled using GRI-Mech 3.0.

Figure 3-17 displays the mean axial temperature. The trends in both cases are very similar
except that preheating occurs at slightly faster rate and the RZ locate further upstream from
the outlet when the Chou mechanism is employed. Negligible differences are obtained at
downstream axial locations. Since all simulation parameters including gas-phase chemistry
are unchanged, the differences observed in Figure 3-17 must originate from the surface
chemistry. The Chou mechanism mainly differs from the Deutschmann mechanism by the

inclusion of an additional reaction accounting for the adsorption of CH4 in the presence of
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O(S) (labeled A3 in Chou’s work and referred to as such in the current work) and exclusion
of CO,(S). This adsorption reaction is responsible for the initiation of ignition on surfaces
where the coverage of O(S) is high. Since there is no CO(S) species in Chou mechanism, the
CO; releasing process is not a limit step anymore, which will enhance the whole reaction rate.
Accordingly, the differences obtained in Figure 3-17 stem from the adsorption reaction A3.
During the transient state preceding steady-state, faster ignition is achieved by means of
reaction A3. As a result, the steady-state RZ forms at an upstream location in comparison to

the Deutschmann mechanism.
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Figure 3-17 Impact of surface chemical kinetics on mixture 4 (15%H,): mean axial
temperature

The mean axial OH mole fractions shown in Figure 3-18 correspond with the temperature
profiles shown in Figure 3-17. The OH peak resulting from Chou mechanism is larger
compared to the peak obtained using Deutschmann mechanism. As mentioned above, the
additional CH4 adsorption reaction enhances the ignition process and it itself produce OH

species. Both of the two effects can results in a higher OH value.
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Figure 3-19 demonstrates the mean axial profiles of NOy. There are no NOy species
included in the two surface mechanisms, so the NOy formation is through the gas-phase
reactions. As discussed before, temperature is the main factor influencing NOy formation.
Therefore, the NOyvalues from Chou mechanism are higher than Deutschmann mechanism

due to higher reaction temperature.
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Figure 3-20 Impact of surface chemical kinetics on mixture 4 (15%H2): streamwise
surface coverage. All calculation are performed using GRI-Mech 3.0 with T,, = 1200 K
and T, =500 K
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The effects of surface mechanisms on surface coverage are shown in Figure 3-20. As
employed different surface kinetics, the surface species coverages change a lot. For the two
cases, Pt(S) and O(S) are still dominant species on the catalytic surface. However, in
Deutschmann mechanism, Pt(S) and O(S) coverage change little throughout the channel; in
Chou mechanism, Pt(S) coverage is decreasing all along the channel and O(S) coverage is
increasing all the way. In Chou mechanism, O(S) coverage is much higher than Pt(S) at the
end the channel. With the existence of A3, higher level of O(S) will not limit CH4 adsorption,
which results in stronger effects of surface mechanism on the whole reaction system. The
species of H(S), OH(S), CO(S) and H20(S) decreased along the channel in the preheating
zone and then relatively sharply dropped during RZ.

3.4 Summary

In this chapter, the effects of hydrogen addition and Pt-catalysts on natural gas combustion
in a channel reactor are numerically studied. Four gas mixtures are employed in the catalytic
and non-catalytic combustion. The influencing factors, including mixture temperature and

wall temperature, and different gas and surface mechanisms are investigated.

Hydrogen addition can promote CH4 ignition significantly and reduce NO formation in the
non-catalytic combustion; however, the effects of hydrogen addition to the catalytic
combustion are not obvious. Pt-catalyst reduce both the reaction temperature and NO
formation a lot. Both higher wall temperature and inlet flow temperature can promote
ignition occurring. By employing different mechanism, the obtained ignition and species
conditions are very different. However, to determine which mechanism suitable for the actual

condition is still remained to be confirmed with experiments.
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Chapter 4
Experimental and Numerical Investigation of Natural Gas

Combustion on the Counter-Flow Burner

4.1 Introduction

In many combustion studies, the flame must be stable and well-characterized. To get these
flames, the counter flow configuration is one of the best methods, by providing simple and
stable flame structures. In this chapter, natural gas combustion on the counter flow burner

would be investigated in both experimental and numerical methods.

4.2 Experimental setup

The reaction and sampling system was designed and constructed for the methane
combustion experiments. The system includes a counter-flow diffusion flame burner, gas
supply system, and gas sampling system and gas analyzing device. Figure 4-1 presents a

diagram of the system. More details are available in the reference [98].

4.2.1 Counter-flow diffusion flame burner

The counter-flow diffusion flame burner system consists of two opposed burners, which
are apart from each other at a distance of 2cm, shown in Figure 4-2. Both of burners contain
porous sintered bronze matrix, which can be divided into the inner and outer coaxial
cylinders with the diameters of 6.04cm and 7.34mm, respectively. The fuel and oxidizer
flows into the reaction zone to form the flame sheet directly from the inner annulus. The
protecting gas such as nitrogen or argon can flow through the outer annulus and minimize the
disturbance from the surrounding to the flame. In addition, at the center of the bottom burner,
there is another port (1/8 inch) which is designed for the addition of catalysts or other

additives.
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52



Figure 4-2Structure of counter-flow burner

4.2.2 Gas supply system

In this study, methane mixed with nitrogen is used as fuel, which is fueled from the bottom
burner. Air and oxygen is used as oxidizer, which is fueled from the top burner. All the flow

rates of the four gases were controlled by mass flow controllers (1% error).
The flow rates are based on the previous study, listed as Table 4-1.

Table 4-1 Flow conditions in the experiments

Fuel Oxidizer
Methane Nitrogen Oxygen Air
Flow rate (L/min) 1.395 13 3.448 10.242
Mole fraction 0.097 0.903 0.409 0.591
Velocity 8.37 7.96
Reynold's number 360 342
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To Study different fuel/oxidizer ratios effects on the NO production, two additional
methane flow rates (1.8 and 2.2 L/min) are employed. In these two cases, the strain rates,
which can be calculated as Equation 4-1, are kept consistent with the first case, 16.7s"; the
flow rates of oxidizer (oxygen and air) are kept the same condition as Table 4-1 lists. N, flow

rates are adjusted to balance the strain rates.

_ o |Utuell [Uoxidizer |y Poxidizer
a=2Unal g ! (4-1)
L [Utuelly/Pfuel

a: strain rate of the fuel side (s™);
L: vertical distance of the two burner;
|Ugyer|: stream velocity of the fuel at the fuel boundary(cm/s);

|Uoxidgizer|: stream velocity of the oxidizer at the oxidizer boundary (cm/s);

/Pruer: density of fuel flow (g/cm’);

Poxidizer: density of oxidizer flow (g/cm’);

4.2.3 Gas sampling system

From previous study, some gas species including CHs, N,, O2, CO, C,H,, C;H4 and C,;Hs
were measured and analyzed by Gas Chromatography (GC)[98]. However, there is another
important gas species nitric oxide (NO) which cannot be analyzed by using GC due to the
detection limitation. Thus, Fourier transform infrared spectroscopy (FTIR) is introduced into

the gas sampling system to analyze NO and CHj4 species.

4.2.3.1 Gas sampling procedures

In this study, the Thermo Scientific Nicolet 6700 FTIR connected with a TGA-Interface, as
Figure 4-3showed, is used to measure NO and CH,4. It mainly consists of a laser, an infrared
source, an interferometer, a detector, a series of mirrors and TGA-Interface with a gas cell

inside. The gas cell had a path length of 100mm and a volume of 23mL. The sampling
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system is shown in Figure 4-1. In order to minimize the effects of water on the NO peaks, a

water removal device is employed before gas going into FTIR gas cell.

Figure 4-3Thermo Scientific Nicolet 6700 FTIR connected with a TGA-Interface

In the sampling process, a microprobe is inserted into the reaction zone; the gas sample is
sucked into the gas line by a vacuum pump which is connected at the outlet of FTIR. In this
process, the gas sample would flow through the gas cell at a vacuum pressure of -1psi. For
each gas sample, to ensure enough gas samples in the gas cell, the sampling time for each
position should be over 20mins. After obtaining stable gas sample, the spectrums are

collected for each position.

4.2.3.2 Fourier transform infrared spectroscopy (FTIR)

Infrared spectrometers[99] have been widely used in a variety of applications including
quantitative analysis of complex mixtures, biomedical and biological spectroscopy and
investigation of interfacial phenomena, etc. To analyze the components and concentration of
gas products from the combustion system, a gas sample should be subjected to infrared
radiation at a multitude of frequencies to determine the frequencies at which the sample
absorbs infrared radiation and the intensities of adsorption and the components and
concentrations can be identified through analyzing the development of the adsorption

frequency curve.
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Figure 4-5 FTIR working theory

Figure 4-4 above showed the schematic of FTIR. FTIR consists of an infrared source, a

laser, mirrors, an interferometer, sample cell, detector and the software. When gas passed
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through the gas cell into the detector, the light would be absorbed or transmitted. Then, the
signal is deconstructed by the software using the Fourier transform and an infrared spectrum

is generated.

Figure 4-5 showed the operation of a Michelson interferometer. It consists of a fixed
mirror, a movable mirror and a beam splitter which is based on potassium bromide (KBr) in
our FTIR. The beam of radiation from the source is split to two: one is partially transmitted
to the movable mirror and the other one partially reflected to the fixed mirror. The beams
then return to the beam splitter where they interfere with each other. Thus, part of the beam
intensity is directed to the sample cell and the rest returns to the source. The intensity of each
beam depends on the difference in their path. The spectral information is obtained by the
variation in the intensity of the beams reaching the detector as a function of path difference.
The resulting signal is called an interferogram and contains all of the infrared frequencies
present in the beam. After the beam exits the interferometer, it is deflected by a sample

mirror prior to its entry into the sample cell.

The beam of infrared radiation is partially absorbed and transmitted when passing through
the sample cell. The adsorption of radiation is a gain in energy association with quantum
transition from one energy state to another. All the molecules can vibrate at their
characteristic frequencies. When the molecules vibrate, they can absorb infrared radiation if
the vibration produces a change in the dipole moment. However, some molecules cannot
have an inherent dipole moment. For example, nitrogen molecule has no dipole moment as a
result of the equal separation of charge in the molecule. The bond is stretched as vibrating,
but the molecule has no dipole moment due to the separation of charge, which indicates that
it cannot absorb infrared radiation. The noble gases (helium, argon) and diatomic molecules
consisting of two identical atoms (oxygen, nitrogen and hydrogen) cannot absorb radiation,
as explained. However, some molecules, like carbon dioxide, can absorb radiation without
dipole moment in the beginning. This may be caused by the dipole change from the

generation of the dipole moment during the vibration.
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After the detector get the beam, the detector will use a sensor to process the infrared
radiation and produce an electrical signal as a result. The interferogram is generated using the
detector, as it records the infrared radiation that it receives over time. However, it can be
affected by the instrument and atmospheric conditions. So it is necessary to collect one
background interferogram without samples and one interferogram with samples. The
difference of the two interferograms indicates the infrared radiation absorbed by the sample.
And then the software can conduct a Fourier transformation on each interferogram, yielding

energy curves which show the radiation reaching the detector as a function of frequency.

Equation 4-2 showed the relationship between transmission and the energy curves. And

equation 4-3 showed the percent transmittance and absorbance relationship.

SampleEnergyCurve

Transmission(% Transmittance) = %X 100% (4-2)

BackgroundEnergyCurve

[% Transmittance]

A= —log10 100

(4-3)

Using FTIR, the components in the sample and concentrations can be determined by
comparing the unknown spectrum with the known spectrum standards.To get the quantitative
analysis of samples, there are variety methods for FTIR, such as Beer’s law, classical least
squares and partial least squares, etc[100]. In this study, the CLS analysis method was
employed. The gas model includes NO and CHa.

The classical least squares (CLS) method assumed that the absorption is a sum of the
absorption contributions of each of the components in the sample at a particular wave

number. The relationship between absorbance and concentration is showed in the equation.
A(wy) = a,(w)bc, + a,(w;))bc, + a,(w)bc, + -+ E(w;) (4-4)
A(w;):total absorbance at wave number w; ,
E: the residual error from linear-squares regression;

X,y and z: components in the sample.
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By using CLS analysis, a larger number of standard spectrums are required. It can handle
component absorptions that extend beyond a single peak and overlap considerably. However,
CLS cannot handle impurities. In the CLS method, the absorption at a particular wave
number is a sum of the absorption contributions of each of the components, so the equation is
invalid when one or more components are not incorporated in the calibration model. Thus, all
components in the sample must be included in the calibration model, which can make

calibration difficult due to the large number of gas components in the sample.

In the calibration process, gas mixtures with different concentrations of CH4 and NO were
sent into the FTIR system directly from gas cylinders by using mass flow controller to
control the flow rate for each gas. For all the calibration process, the gas cell temperature was
set to be 200°C and the gas cell was purified with nitrogen. During the spectrum collecting
process, the gas flow into the gas cell continuously at a certain flow rate with known
concentration. OMNIC [101]was used to collect the sample spectrums for each standard. A
total number of 30spectrums were collected for the calibration (CHy4 range: 1%-15%; NO
range: 10ppm-300ppm). TQ analyst was used to analyze all the calibration standards and
develop the calibration model. After the calibration curves obtained, the quantitative analysis
of each gas sample can be conducted by import gas sample spectrums to the TQ analyst

model and get gas components information.

4.3 Numerical setup

CHEMKIN-Pro is employed to study the non-catalytic and catalytic natural gas

combustion process on the counter flow burner numerically.

4.3.1 Numerical model description

The geometry of the counter flow burner in the numerical setup is showed in Figure 4-6.It
consists of two separated burners with the gap of 2 cm. The diameter of the burners is 6¢cm,
which is to say r = 3cm. As indicated in the figure, the oxidizer, including air and oxygen,
flows into the burner from the top side with a total velocity u,=7.94 cm/s; the fuel, including

methane and nitrogen; flows into the burner from the bottom side with a total velocity of
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u=8.35 cm/s. The detailed composition is shown in the Table. The calculated overall

equivalence ratio is 0.5.

Oxidizer

Fuel

Figure 4-6 Configuration of flame model in numerical calculation

Table 4-2 Composition of fuel/air flows

Oxidizer Fuel
02% N2% flow rate (cm/s) CH4% N2% flow rate (cm/s)
0.409 0.591 7.94 0.097 0.903 8.35

4.3.2 Governing equation

The opposed flow flame model[94] of CHEMKIN is used to simulate the counter flow
flame. The opposed flow flame simulator is derived from the model originally developed by
Kee, et al.[102]. The axisymmetric coordinates was employed. The species diffusion

velocities were computed using the mixture-average diffusivity including the thermal
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diffusion coefficient. The plateau profiles for initial conditions were employed and maximum

temperature for the initial profile was set to be 2200K.
At steady state, conservation of mass is defined as:

a(pu) i@(pv;f"_z _ )
Tt =10 (4-5)

u: axial velocity components;
ve: radial velocity components;
p:the mass density.

It is found that v¢/£ and other variables are the functions of x only. Two functions are

defined as:
G(x) = @ (4-6)
_ _pu i
Fx) = 2 (4-7)

And then the equation can be reduced to

dF(x)

G(x) - dx

(4-8)
For the axial velocity u, since F and G are functions of x only, so are p, u, T and Yj.

The perpendicular momentum equation is satisfied by the eigenvalue

__1 9 _ -
=z constant (4-9)

The perpendicular momentum equation is

H—(n—1)%(%“)+"7f2+£[u£(§)]=o (4-10)

Energy and species conservation are

dar  1.d (,dT
(2%

u_—__
p dx cpdx dx

ar | 1 L1y
) +Z X epY Vi o+ = i by + — Qrag = 0(4-11)
P X Ccp cp
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whereQ, 44 is the heat loss due to gas and particle radiation.

dayy, d

puE + dx (kaVk) — (kak =0 k= 1,.., K (4_12)

where the diffusion velocities are given by the mixture-averaged formulation.

1 dx;, DI 1dr
V, =—— ———k ___ 4-1
k Xk km dx pYr T dx ( 3)
_ 1-Y,
Diom = 1k (4-14)

Dym »®ji and DI are the mixture-average, binary and thermal diffusion coefficients,

respectively.

The boundary conditions for the fuel and oxidizer streams at the nozzles are

x=0:F = %; G =0;T =Tg; puY, + pY,V, = (pu¥,)r (4-15)

x=LF= g’;j‘l") ;G =0;T =Ty; puY, + pY,V, = (pu¥y,), (4-16)

4.3.3 Chemical Kinetics

In the simulation, GRI-Mech 3.0 schemes are employed for the gas phase mechanism.
GRI-Mech3.0 schemes include 53 species and 325 reactions. The species transport properties
are calculated from CHEMKIN database. Gas phase reaction rates were evaluated using

CHEMKIN.

4.4 Results and Discussion

In this section, the modeling results are compared with experimental results in methane
combustion process on the counter flow. Various gas species are studied, including CHa, O»,

Nz, CO, Csz, C2H4, C2H6 and NO.
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4.4.1 Species analysis along vertical direction

Figure 4-7 showed methane profile along with the vertical distance of the two separated
burners. When approaching flame, methane starts to react and the amount of methane
decreases. After reaching the flame plane, methane concentration is reduced sharply and
almost completely reacted after going through the flame. The modeling results predict almost

the same profile of methane and showed good agreement with data from experiments.

| | = CH4 Experiment|

0101 = — .— CH4 GRI-3.0
0.08

c \

S 0.061 5

B \

© \

‘o 0.04

o

=

\

\

-\
0.024 )\
0.00- s .

T T T T T
0 2 4 6 8 10 12 14 16 18 20
Height (mm)

Figure 4-7 Experimental and numerical profile of CH, (zero point at x axis indicates

the beginning of the bottom burner)
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Figure 4-8 Experimental and numerical profile of N, and O,

As O, and N, are the main components in the air, they are abundant in the whole reaction
zone. The profiles of them were plotted below to study the oxidizer conditions. The
experimental data are from the previous study [103]. The GRI-Mech 3.0 mechanism predicts
similar results of N, and O, compared to experimental data. Throughout the reaction zone,

the modeling data still showed great agreement with experimental results.

As CO is one of the main pollutant gas and incomplete combustion products. The
production condition of CO is measured in the experiments and also in the numerical study.
The profile of CO is plotted in Figure 4-10. As indicated in the figure, the concentration of
CO reached to its maximum value (near 0.016) at the flame zone from experiments[103]. The
predicted profiles from numerical study also had the peak values at the same location
(h=8.8mm). However, the GRI-Mech 3.0 mechanism under-predicted the CO level compared
with the experimental data. In the modeling process, the ideal reactions are assumed. While,
in the real experiments, the reactants may not reacts completely as the transport and heat

transfer conditions are not perfect.
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The hydrocarbons are another main pollutant produced in the combustion process. In this
study, three C2 hydrocarbons (C,H,, C;H4 and C,Hp) are analyzed. Figures from 4-10 to 4-12
illustrate the hydrocarbon emissions. All the three hydrocarbons started to be generated from
the fuel side and gradually increased. The peak values located at the flame zone and sharply
decreased to almost zero after the flame zone at the oxidizer side. The peak values for C,H,,
C,Hs and C,Hg are around 600ppm, 740ppm and 550ppm, respectively [103]. In the
modeling process, GRI-Mech 3.0 gives similar generation trends but under-predicts all the

three hydrocarbons emissions.

NO profile is plotted in Figure 4-13. As shown, similar with other emission species profiles,
NO production starts in the middle part of the reaction zone and reach to its maximum value
(32ppm) at h=9.7mm. The distance where NO maximum value presented is slightly higher
than other emissions peak positions. NO formation in methane combustion system is mainly
through thermal pathway. Thus, the maximum value of NO should be at the maximum
temperature position, which is in the flame zone. While, other emissions, such as CO, C,H,,

C,H, and C,Hg, usually present more in the fuel rich zone (fuel side).
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Figure 4-13 Experimental and numerical profile of NO
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4.4.2 Species analysis along horizontal direction

The flame condition is assumed to be constant along the same horizontal level ideally.

However, in real experiments, many factors, such as heat transfer and effects from

surroundings, can affect the present flame conditions. Thus, reviewing the gas profiles along

the horizontal direction is important. Figure 4-14 and Figure 4-15 are showing the gas

profiles of CHs and NO from the first flow condition, respectively. The gas samples are

collected at the height of 8mm, where the NO level is relatively high.
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Figure 4-14 CHA4 profile in the horizontal direction (zero point in x-axis indicates the

central vertical axis)
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Figure 4-15 NO profile in the horizontal direction (zero point in x-axis indicates the

central vertical axis)

As Figure 4-14 shown, CH4 concentration increased slightly as the sample position moved
to the edge of the burner. This result corresponds to the heat transfer conditions. As
temperature at the edge is lower than that at the center, less CHy is reacted. While, the NO
profile shows different trend, which have a slightly decreased when moving to the edge. NO
is one of the product when high combustion temperature generated. When moving to the
edge, NO level decreased due to the decreasing temperature. However, overall, the species

level of CH4 and NO are not affected by the horizontal sampling position a lot.

4.4.3 Effect of fuel/oxidizer ratio on NO production

To study the effects of different fuel levels on the NO production, three flow conditions are
evaluated. The CHy flow rates are 1.4 L/min, 1.8 L/min and 2.2 L/min. In the experiments,
the oxidizer (oxygen and air) flow conditions are kept constant. N, flow is adjusted to

balance the flow rate and a constant strain rate is kept for the three conditions.
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During the experiments, the color of the flame becomes darker when increasing CHy flow

rate. In other words, more stable flame is obtained as CHy4 increasing.

The measured NO profile is shown in Figure 4-16. The maximum NO production
increased from 32ppm to 180ppm (around 5 times) when CH,4 flow rate increases from 1.4 to
2.2 (less than 2 times). NO is mainly produced from thermal mechanism in this system. More
NO is generated when temperature is higher. When increasing fuel concentration, more heat
is generated and flame temperature goes up significantly. In any cases, the maximum NO

concentration is located at the flame sheet where the temperature is the highest.

Based on this analysis, to control the NO emission, the fuel/oxidizer ratio is important.
Theoretically, the less concentration of CHa, the less NO is formed. However, considering

the stability of the flame, there should be a limit for reducing the fuel concentration.
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Figure 4-16 NO profiles from different fuel and oxidizer ratios (zero point in x-axis is

at the surface of bottom burner)
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4.4.4 Uncertainty analysis

The error present in the experiments and the discrepancies between the experiment and

model prediction may be caused by several sources of error.

4.4.4.1 Experimental analysis

The errors present in the experimental results may be caused by both the system

uncertainties and the experimental operations.

In the experimental system, the mass flow controller, FTIR and pressure gauge can cause
some errors. The error caused by FTIR is considered to be less than 5%, according to the
calibration results. For the mass flow controllers, the errors are 1% of the experimental
readings and 2% of the full scales, respectively. For the pressure gauge, the errors are 1% of

the experimental readings and 0.5% of the full scales.

The experimental setup, operation and gas sampling method can also lead to the
experimental uncertainties. The two burners of the counter-flow burner system are separated
at a distance of 20mm, ideally, whereas the actually distance is a little smaller caused by the
manufacture tolerance. During the sampling process, the reactants may still remain reacting
for a short time which can cause some error. When measuring the sampling position, a
caliper is employed to get the position information manually, which can introduce part of the
errors. In addition, when quantifying the experimental spectrum using FTIR, ideal gas law is
used to adjust the pressure difference between the calibration and experiments. The error can
be present during the converting process. Last, the reaction system of counter-flow burner is
an open system exposed to the surrounding experiment. The surrounding air flux caused by
operator and fumehood will affect the structure of flame, which will cause uncertainties in

the experimental measurements.
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4.4.4.2 Modeling uncertainties

Errors in the present model may result from the reaction mechanism, uncertainties from
reaction rate constants, thermochemical data, transport properties and geometry difference

between numerical model and actual instrument.

GRI-Mech 3.0 schemes includes 53 species and 325 elementary reactions. It is designed to
model natural gas combustion. During the modeling process, all the reaction parameters and
heat and mass transfer conditions are assumed to be ideally present. However, in the actual
experimental process, there are a lot of factors that can affect the reaction results, such as

surroundings temperature and air flux, etc.

As mentioned in the burner geometry description, there is a central port (diameter: 1/8 inch)
at the bottom burner. In this study, there is no catalyst and additives insert, which means no
gas flow from the central port. However, in the numerical model, there is no central port
defined. The geometry difference can cause the disagreement between numerical model and

experiments.

4.5 Summary

The characteristics of natural gas combustion on the counter-flow flame burner are
numerically and experimentally investigated. The gas species profiles from experiments are
compared with model results. The effects of three different fuel concentrations on NO

production are evaluated.

Overall, the numerical predictions are consistent with experimental results, that means the
model can be used to predict the gas species of natural gas combustion: the model can predict
the major gas species accurately; however, the numerical model under-predicts the emission
levels. The comparison of NO production from different fuel levels indicates that higher fuel
level will generate more NO product due to higher flame temperature under fuel lean

conditions.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

D)

1))

The hydrogen enriched natural gas combustion in the channel reactor is numerically
studied via CHEMKIN. The effects of hydrogen addition, Pt-catalyst, temperature and

different gas and surface mechanisms on the ignition and NO formation are evaluated.

The planar channel shear-layer flow reactor model of CHEMKIN is used with GRI-Mech
3.0 scheme as gas phase mechanism and Deutschmann scheme as surface mechanism.
Four different flow conditions including various H, concentrations are used in both the
catalytic and non-catalytic combustion process. During the numerical study, the
temperature and OH species are used to evaluate the ignition condition. NO profiles are
plotted for different conditions. In addition, effects of wall temperature and inlet flow
temperature are studied. Several different gas mechanisms and surface mechanisms are

employed in order to study the ignition and species difference.

The modeling results show that hydrogen can promote CHy ignition significantly and
reduce NO formation in the non-catalytic combustion. With Pt-catalyst present, the
effects of hydrogen are not obvious due to lower reaction temperature. Pt-catalyst can
reduce both the reaction temperature and NO production a lot. Through the temperature
study, both higher wall temperature and inlet flow temperature can promote ignition
occurring. Several different gas and surface mechanism are employed. By employing
different mechanism, the obtained ignition and species conditions are very different.
However, to determine which mechanism suitable for the actual condition is still

remained to be confirmedwith experiments.

The characteristics of natural gas combustion on the counter-flow flame burner are
numerically and experimentally investigated. The gas species profiles from experiments
are compared with model results. The effects of three different fuel concentrations on NO

production are evaluated.
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In the experimental system, the combustion occurred on the counter-flow flame burner
and FTIR is used to measure CHy and NO concentration. In the numerical study, an
opposed flame model from CHEMKIN is employed. Some experimental data of other gas
species (N,, O,, CO, C,H,, C,Hy and C,Hg) from previous work are used to evaluate the

numerical model.

Overall, the numerical results are consistent with experimental results, that means the
model can be used to predict the gas species of the natural gas combustion. The model
can predict the major gas species accurately. However, the numerical model under-
predicts the emission levels. A comparison of NO production from different fuel levels is
conducted, which implies that higher fuel level will generate more NO product due to

higher flame temperature under fuel lean conditions.

5.2 Recommendations

Some recommendations are suggested to improve the quality of results discussed in this

study and future work.

I) In the counter-flow flame experiments, the calibration of FTIR is limited to 2 species in
this study. If more gas components can be added into the calibration model, more

accurate results can be obtained.

II) The numerical model of the counter-flow burner in CHEMKIN doesn’t include the
central port on the bottom burner present in actual experiments. Maybe some other

software, such as FLUENT, can be employed to include more detailed model.

IIT) The flame temperature is not obtained in this study. Temperature is a very import factor
for NO study, since NO formation is directly related to flame temperature. In the future
experiments, a temperature measuring device can be considered for the experimental

system.

IV) The natural gas combustion in the channel reactor is only studied numerically. In some

degree, it is hard to evaluate the model performance and the different mechanisms
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without experimental data.The experimental work is expected to be conducted in order to

validate the modeling work.
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