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Combustors are designed to conform to certain requirements such as low
emissions and high efficiency to meet global efforts towards minimizing CO-
emissions. The preferred technology for achieving these objectives is oxy-
combustion of premixed flames. This technology's drawback is its narrow
operability window, which is due to weak flames and combustion instabilities.
To solve this limitation, burner technologies and hydrogen enrichment are
generally implemented to achieve a wide stability range. Unlike other burners,
the micromixer technology can suppress the early occurrence of flashback
and operate conveniently at high CO2-dilution requirements for zero-emission
power cycles. Thus, this study investigates experimentally and numerically
multi-hole burner stabilized combustors for oxy-combustion of hydrogen-

enriched premixed flames.

XXi



Firstly, the non-reacting flow and mixing characteristics inside a single tube of
a micromixer burner were numerically studied for potential zero-emission
premixed oxy-fuel combustion applications, such as gas turbines. The influence
of geometrical parameters on the mixing quality of an oxy-fuel reactant mixture
consisting of CHs4, O2, and CO> was investigated for design parameters: fuel
inlet diameter (from 0.2 to 1.0 mm), number of fuel holes (4 and 6), and tube
length (from 5D to 15D). The results showed that mixing quality is not directly
dependent on fuel hole size but the main flow ratio to jet flow momenta. Also,
micromixers can achieve high mixing quality feasible for premixed combustion
at a reasonable burner height.

Secondly, the study investigated experimentally the effects of Hz-enrichment
on premixed oxy-methane flames stabilized on a micromixer-like burner for
clean energy production in gas turbines. The stable combustion zone was
established over ranges of fuel hydrogen fraction (HF: 25-70%) and
equivalence ratio (¢: 0.1-1) at fixed oxidizer oxygen fraction (OF=30%) and
fixed jet velocity (5.2 m/s). Also, the effects of various operating parameters on
flame stability and macrostructures were studied. Results showed that the
extremely lean blowout limit of ¢ = 0.1 at HF = 70% and no flashback
occurrence at ¢ = 1 for HF range 25 — 70% is achievable with the model
micromixer-like burner.

Thirdly, a numerical study of combustion and emission characteristics of

turbulent premixed oxy-methane flames with hydrogen-enrichment (CHas-

podll



H2/O>-CO> flames) was conducted. Combustion chamber condition depicts that
of the corrugated premixed flame regime. The premixed turbulent flame was
modeled using the reaction progress variable flame front topology approach
with the Large Eddy Simulation (LES) technique. The numerical model was
validated with temperature data obtained from the premixed micromixer-like
burner combustor. The CO emission was significantly reduced with 10% (fuel

fraction) hydrogen enrichment but increased with further addition of hydrogen.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Recent rapid development in the global economy, technological advancement, and
the increasing human population has led to an enormous increase in energy demand.
Electricity demand is estimated to rise by more than 50% over two decades up to
2040 [1], indicating a continuous rise in energy production. Unfortunately, the
rising energy demand is accompanied by an increase in carbon dioxide (CO>)
emission (as shown in Figure 1.1) because energy production accounts for 72% of
total CO2 emission [2]. According to the International Energy Agency (IEA) report
on the world’s electricity production in 2017, 66.3% was sourced from fossil fuels
[3]. Also, fossil fuel energy source is projected to constitute four-fifth of the total
energy source by 2035 [4-6]. However, fossil-fuel combustion contributes to the
threat of global warming, as it is a primary source of CO, emission. Figure 1.2

shows that CO> constitutes 81% of the total greenhouse gases in 2018 [7].

Several industry regulatory standards and frameworks are set towards emission
controls to achieve low greenhouse gas emissions and mitigate global warming's
adverse effects [8]. Carbon capture technology has proven effective in reducing
CO:2 emissions from fossil-based fuels, and it is projected to cut global CO>

emissions by an average of 35% by 2050 [9].
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Figure 1.1 Total final consumption (TFC) by source, Electricity consumption,

CO2 emission, and Renewable share in final consumption (SDG 7.2); World

1990-2018 (Adapted from IEA [3]).




The other available practical way of reducing CO2 emission is the use of carbon-
free fueled energy technologies. Despite the considerable progress recorded in
recent years in the utilization of low-carbon energy sources like hydro, solar, wind,
geothermal, tidal, and nuclear energies, they widely fall short of meeting energy
consumption rates if solely relied upon. As shown in Figure 1.2, while the total
energy consumed has increased by 67% over the period 1990-2018, renewable
energy contributed averagely 17.5% over the same period. Hence, an extensive
study on carbon capture technology is still of utmost importance. It provides the
most feasible option of meeting energy demands while fulfilling the regulations on

greenhouse emissions.

Oxy-fuel combustion technology is the most promising carbon capture technology
compared to pre and post-carbon capture technologies. This merit is primarily due
to advantages such as online CO; capture [10], easy retrofitting to existing power
plants [11], and reduction in flue-gas treatment plant size [12]. The Oxy-fuel
combustion technology involves burning fuel in pure oxygen (O2), instead of air,
to produce CO> and water vapor (H20), where the COz is separated by condensing
the H.O as seen in Figure 1.3 showing the supercritical-CO, Allam cycle for power
production [13]. This methodology indirectly eliminates NOx production, which is

prevalent in conventional air-fuel combustion systems.
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Figure 1.3 Supercritical-CO2 Allam zero-emission cycle [Adapted from [13]]



Using pure oxygen, however, results in high flame temperatures, which is
detrimental to the hardware. To overcome this issue, part of the effluent CO: is
recirculated to dilute the O at the combustor inlet, termed flue-gas recirculation
(FGR). Oxy-fuel combustion is preferably operated near stoichiometry to ensure
effective utilization of O, [14] since its separation from the air is energy-consuming
and poses an economic penalty [15]. The introduction of CO; as diluent causes
unwanted flame instabilities and different combustion behavior compared with an
air combustion. These can be attributed to the significant difference between the
physical and chemical attributes of CO. and N2 [16]. Oxy-fuel combustors are
characterized by lower flame speeds [17], longer and weaker flames [18,19], and
narrower operability windows, induced by slower chemical Kinetics and flame
instability [20,21]. These are evident in all flame types, non-premixed [22],
premixed [23], and partially-premixed flames [24]. Hence, oxy-combustion
requires oxygen fraction (OF) in the oxidizer mixture (O2 plus COy) to be more
than the typical 21% of oxygen in the air to produce similar flame characteristics

and stability at the same stoichiometric ratio [21].

Lean premixed combustion is widely used in energy-conversion devices because of
its advantages, such as high efficiency and low pollutant emission over non-
premixed combustion. Such practical applications are found in spark-ignition
automotive engines, power generation gas turbines, supersonic aircraft reheat
systems, and glass manufacturing furnaces. Premixed combustion involves the

mixing of reactants before introduction into the combustor.



It requires high mixing quality [25] and velocity uniformity [26,27] to ensure
effective control of combustion stoichiometry, which promotes complete
combustion and reduces pollutants emissions. However, premixed flames are more
prone to instabilities, static stability limit on the lean side, which is associated with
flame blow off, and thermoacoustic instability on the rich side, which may lead to
flashback, structural vibration, noise, or damage. The stability ranges are usually
expanded using flame holders/stabilizers, such as bluff bodies [25] and perforated
plates [26]. Bluff-bodies and swirl vanes are primarily applied in turbulent
combustion systems, such as gas turbines. They achieve flame stabilization by
creating an internal recirculation zone of low local velocity inside the flame through

abrupt divergence of flow [27].

Nevertheless, the inferior stability of oxy-combustion may aggravate other
instabilities when operated in the premixed mode, as this mode is already naturally
prone to instabilities. Premixed oxy-combustion characteristics can be significantly
improved by hydrogen enrichment [28,29].Hydrogen addition typically affects
flame characteristics positively due to the better burning properties of hydrogen in
terms of faster reaction rate, higher laminar burning velocity, and higher diffusivity
[30]. Hydrogen, as pure fuel, is considered a clean energy source, as its combustion
product is only water vapor. The demand for hydrogen for oil refining usage,
ammonia production, and others has increased by over 300% from 1975 to 2018,

as shown in Figure 1.4.
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However, the growth in demand is accompanied by numerous CO2 emissions as a
significant portion of hydrogen produced is sourced from hydrocarbons (2% and
6% of global coal and natural gas, respectively) [31]. Also, hydrogen usage for
power generation is still limited by higher production costs, cumbersome storage
and transport, and safety issues with its high flammability. While low carbon
hydrocarbons such as methane (CH4) are widely used as sources of recent because
of low CO2 emission and low production cost compared to other fossil fuels and
hydrogen, respectively, CH4 flames are prone to blow off under lean conditions
[32]. Studies have shown that the proactive use of hydrogen as a fuel blend with
conventional fuels helps widen static flammability limits and diminish combustion
instability under both air and O2/CO; conditions[33,34] [35,36]. Also, the addition

of Hz reduces the emissions of CO2, NOx, and soot [33,37-39].

These advantages are mainly attributed to hydrogen properties such as lower
ignition temperature, higher diffusivity, higher burning velocity, and faster reaction
rates. Hydrogen enrichment can widen the combustor operability down to ultra-
lean conditions; however, the combustor should be flexible enough to handle
different enrichment levels to avoid flame flashback. With this requirement,
micromixer (MM) combustion technology seems to be an excellent choice with a
very low possibility for a flame flashback. In MM combustors, fuel is premixed
with the oxidizer at the micro-scale level inside a multi-hole combustor headend,
and subsequent burning produces several small flamelets, thereby reducing the

possibility of flame extinction.



Micromixer combustors have been implemented successfully in utility gas turbines
by different gas-turbine manufacturers, such as General Electric, Honeywell
Garrett, and Mitsubishi Hitachi Power Systems [40-42]. Other benefits of using
micromixers are compactness, easy scalability [43], and low NOx at lean conditions
[44]. While most industrial applications of micromixers are operated on H-air
combustion, it will be interesting to study the viability of operating hydrogen-
methane fuel blends with oxy-combustion technology in a micromixer gas turbine

combustor.

Achieving the goal of developing combustors with low pollutant emission, high
combustion efficiency, and stability over extended operating conditions lies with
understanding the fundamental mechanism of combustion dynamics and stability.
Experimental investigation offers the benefits of direct measurements of
temperatures, velocity, and exhaust gases using laser diagnostic equipment and gas

analyzers.

However, the repetition of experiments for parametric studies, especially design
modifications, is usually tedious and expensive. A relatively less demanding and
less costly alternative is the Computational Fluid Dynamics (CFD) method, widely
accepted in design processes, investigations of parameter variations, and scientific
research in combustion systems. Recent developments in CFD tools have
considerably narrowed the disparity between computational and experimental

results, reinforcing the confidence and assurance in CFD calculations.
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1.2 Research Objectives

The current research work is focused on experimental investigation and numerical
simulation of oxy-combustion characteristics of lean premixed hydrogen-enriched
methane flame in a small-scale gas turbine combustor using a novel multi-
hole/micromixer burner design. Validation of the numerical models was carried out
against experimental data obtained from the conducted experiments. The specific

objectives are:

1. To investigate cold flow (non-reacting) mixing of gases in a micro-mixing
burner using computational Fluid dynamic (CFD) modeling tools.

2. To experimentally investigate the stability and characteristics of premixed
hydrogen-enriched oxy-methane flame under varying operating conditions
of hydrogen fraction (HF), adiabatic flame temperature (AFT), and
equivalence ratio (¢).

3. To develop a computational Fluid dynamic (CFD) model to investigate the
combustion and emission characteristics of premixed Hz-enriched oxy-

methane flames.
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1.3 Dissertation Methodology

The objectives of this dissertation were achieved through the procedures outlined

below:

Numerical simulation of mixing quality and characteristics in a single tube of
the micromixer was performed using laminar, species transport model with
kinetic theory method of estimating mass diffusivity on ANSYS FLUENT 109.
The numerical model was validated with experimental results and was used to
conduct parametric studies on the effects of fuel hole size, tube length, and
number of fuel holes on mixing quality.

Experiments were conducted in a vertically oriented upward-fired micromixer-
fitted premixed combustor with power density range (3.5 — 20 MW/m?3bar) at
different equivalence ratios (0.1 - 1) and hydrogen fraction (0 — 70%) of CH4/H>
fuel mixture in CO2/O. environment at atmospheric condition. At every
hydrogen fraction (HF) (step of 5%), the equivalence ratio was swept in steps
of 0.05 to determine the both the flashback and blowout stability limits. Images
of some flames within the stable flame zone were captured and temperature
distributions along axial and radial directions were measured.

The stability map for the micromixer combustor was plotted on an equivalence

ratio vs hydrogen fraction axes and delineated by blowout and flashback limits.
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The stability map was superimposed on the numerically generated contours of
adiabatic flame temperature (AFT), power density (PD), headend pressure drop
(Ap) and Reaynolds number (Re) to investigate the effects of these parameters

on the stability limit.

e Numerical simulation of flame and emission characteristics of selected stable
flame points were conducted using ANSYS FLUENT 19. The numerical model
was validated with experimental results and was used to conduct parametric

studies of the effects of hydrogen enrichment on combustion characteristics.

1.4 Organization of Dissertation

This dissertation is made up of seven chapters.

Chapter 1 covers the concept of global warming as related to CO, emissions,
carbon capture technologies, combustion techniques and methods of flame

stabilization

Chapter 2 entails the literature review covering flame types, implementation of
oxycombustion technology, effects of hydrogen enrichments on combustion
process, flame stabilization with flameholders, computational models for premixed

combustion.

Chapter 3 describes the experimental set up for the micromixer-stabilized
oxycombustion, numerical models implemented in solving mixing and combustion

problems, uncertainty analysis in temperature and flow rates.

13



Chapter 4 focuses on the numerical solution of the mixing problem for reactants
of oxycombustion of methane in a single tube of the micromixer. The validation of

the model through comparison with experimental results is presented.

Chapter 5 shows the stability map, flame images and temperature measurements
of oxycombustion of hydrogen-enriched methane in a laboratory scale combustor

under atmospheric conditions.

Chapter 6 presents the CFD modeling of selected flame points in the stability zone
identified in the previous chapter. Grid independence of the cylindrical combustor
has been investigated and presented. Numerical results are compared with the
experimental results obtained. Effects of hydrogen enrichment on flame and

emission characteristics are presented.

Chapter 7 comprises of the conclusion which highlights the main findings of this

thesis and recommendations for future research.
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CHAPTER 2

LITERATURE REVIEW

2.1 Combustion Techniques

Generally, combustion techniques are classified by the manner of injecting
reactants into the combustion chamber. Hence, we have (i) a non-premixed
combustion technique that involves the separate introduction of reactants into the
combustor and produces diffusion flame. This technique is less cumbersome in
design (absence of premixing chamber), produces flame with wide stability limit,
but has a drawback of low efficiency (ii) premixed combustion technique in which
the reactants are mixed before injection into the combustor and produces a
premixed flame. This technique has high combustion efficiency and low NOXx
emission. Premixed flames are short and intense but highly susceptible to instability
at low equivalence ratio (iii) partially-premixed mode involves burning non-
uniformly mixed reactants that produce a flame with both diffusion and premixed

characteristics flames.

Fossil fuel usage is still attractive due to its abundance, high energy content, cheap
cost, and well-established combustion technology as found in power plants.
However, the main drawback of fossil fuel energy sources is that their burning is
linked to greenhouse gas emissions such as CO2, H»0, and others like CO and NOx,

which are drivers of adverse climatic changes.
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Fossil fuel combustion, therefore, has been one of the largest contributors to global
warming. Established technologies for carbon capture in the utilization of fossil

fuels for greenhouse (CO2) emission control, as shown in Figure 2.1, are;

(i) pre-combustion capture involves removal of carbon from the fuel before
combustion through processes such as steam reforming, shift reaction, and
CO2 separation,

(i) post-combustion capture entails removal of CO2 from combustion products
by absorption or adsorption using amine solvents or Metal-Organic
Frameworks respectively,

(iii)oxy-fuel combustion technology of burning fuel in oxygen.
Oxy-combustion of fuel is the most promising of the carbon capture/sequestration
techniques primarily because of advantages such as in-process CO. capture,
complete elimination of thermal NOx emission and low-cost incorporation into

existing combustion systems [10].

2.2 Oxy-fuel combustion

Oxy-fuel combustion involves burning fuel with pure oxygen, resulting in CO2 and
H20 as the main combustion products. This ensures the eradication or significant
reduction of oxides of nitrogen in the products based on small percentage of N that
may exist in the fuel. However, combustion with ordinary oxygen results in extreme

combustion temperatures that are harmful to combustor liners.
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Hence, a specified quantity of the gas is recycled to reduce the combustion
temperature while CO; is separated from the remaining flue gas by condensing H.O
[45]. The characteristics of oxy-fuel combustion differ significantly from
conventional air combustion due to disparity in the chemical kinetics and
thermophysical and radiative properties of the diluents (i.e., CO2 vs. N2) [21,46,47].
The considerable difference in mixture density, volumetric heat capacity, mass
diffusivity, absorption coefficient, and kinematic interactions have adverse effects
on flame characteristics (flame shape, flame speed, and flame stability), pressure
drop, radiative heat transfer, and chemical kinetic rate [21,48,49].

Carbon dioxide has a higher density and volumetric heat capacity at equal oxygen
fraction values and temperature than N2. The higher density affects the flame shape
and pressure drop, while the higher volumetric heat capacity lowers the
temperature, thereby reducing the flame speed and flame stability limit. The flame
speed is also affected by the slow diffusion rate of O in CO., reducing the burning
velocity. Summarily, replacing N2 with CO; in the oxidizer produces low flame
speed, longer and weaker flames [50,51]. As a result, an oxygen fraction greater
than 0.21 is required for oxy-combustion to produce matching flame properties as
air—combustion at equal equivalent ratios [21]. This was observed by Liu et al. [52]
for oxy-coal combustion in a down-fired furnace, where the OF had to be increased
from 21% to 30% to achieve a temperature profile comparable to that of air-

combustion.
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Andersson et al. [53] also reported unstable oxy-coal combustion for OF less than
25%. Song et al. [54] reported the need for OF of 36% in oxy-methane flames to
achieve a temperature profile comparable to that of air-methane flames. Rashwan
et al. [48] reported stable oxy-combustion within the OF range of 29-38% for
partially-premixed natural gas flames on perforated plate burners. Other studies
reported matching flame features for oxy-flames of 30% OF and air-flames

[15,55,56].

2.3 Hydrogen enrichment

Strict emission regulations and the ever-increasing energy demand have
necessitated using low-carbon fuels such as methane (CHa) or carbon-free fuels
such as hydrogen (Hz). Asides from producing lower amounts of CO,, CHs is
widely used fuel to power engines and turbines because of its low production cost.
However, CH,4 flames are more likely to blow out at very lean conditions due to the
low burning velocity and high ignition temperature [57]. Hz is synonymous to clean
combustion, but it is costly to produce. The economical use of H> is thus achieved
by blending it with less costly fuels such as CHas. Studies of CO.-diluted oxy-fuel
combustion show that CO. addition reduces laminar flame speed and slows
chemical kinetics [58,59]. Such adverse effects can be overcome through hydrogen
enrichment. Hence, hydrogen-enriched fuels are considered a viable alternative to

natural gases due to better combustion performance [60,61].
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Studies have shown that hydrogen addition increases the laminar flame speed (S.)
[34], the turbulent flame speed (St) [62], and the adiabatic flame temperature (Taq)
[63]. A linear correlation exists between the hydrogen fraction (HF) of the fuel
blend and the laminar flame speed [64,65]. Tang et al. [66] reported with the
increase of HF that the unstretched Sp increases, and the laminar flame thickness
reduces. The increased Si in hydrogen-enriched fuel combustion can be attributed
to the increased molecular diffusivity of hydrogen and enhanced rate of formation
of radicals (OH, H, O) [67] due to faster reaction rates and high laminar burning
velocity of hydrogen [68]. Zhang et al. [69] reported that hydrogen enrichment
causes a monotonic increase in St under lean combustion. Daniele et al. [70]
explained that St increases with hydrogen addition due to enhanced flame
wrinkling by small scales caused by a marginal increase in flame-front curvature.
Zhang et al. [69] studied the effects of Hz-enrichment and CO»-dilution on methane-
air flames and reported that St/S. increases/decreases with H>-enrichment/CO-

dilution, respectively.

Hawkes and Chen [71] performed a Direct numerical simulation (DNS) of lean
premixed methane-air flame using reduced chemical kinetics to study the effect of
hydrogen addition on flame stability. They measured flame stability through
turbulent flame speed and showed that hydrogen addition causes higher turbulent
burning velocity in coherence with an extended stability limit. The high burning
rate of hydrogen enhances chemical reaction, increases the reaction zone's

temperature, and reduces gas recirculation into the reaction zone [33].
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Hydrogen addition also influences flame behavior because of its high burning rate
[72]. Subash et al. [30] investigated the effects of varying hydrogen concentration,
0-50% by volume, on methane-air flames experimentally stabilized on a 4"
generation dry low emission (DLE) burner made of a three-concentric premixing
section. They reported that hydrogen enrichment at a constant global equivalence
ratio reduces total flame extension due to the higher laminar flame speed of
hydrogen. Guo et al. [73] reported enhanced flame anchoring with increased

hydrogen addition for a lean-premixed hydrogen-enriched methane-air flame.

Emadi et al. [74] studied the effects of hydrogen addition on the maximum flame
surface densities of lean premixed methane-air flame on a low swirl burner. They
reported increased flame surface densities due to increased flame wrinkling caused
by hydrogen enrichment. Similar results were reported by Hallter et al. [37] for a
bunsen burner. Hydrogen addition increases flame wrinkling and flame area due to
its preferential diffusive nature, which reduces the Lewis number by making mass
diffusion dominant in the transport equation. Cammarota et al. [75] showed the
significant effect of 10% molar concentration of hydrogen in fuel on the stability
of methane-air flame by increasing Markstein length, indicating the modification
of flame sensitivity and stretch rate the addition of hydrogen. Schefer et al. [76]
reported that hydrogen enrichment of a swirl stabilized lean premixed methane-air
flame increases OH concentration and strain resistance and modifies the flame

structure to be shorter and more robust.
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The results showed that hydrogen addition extends the lean flammability limit of
premixed methane-air flame due to the higher strain resistance before extinction
and higher concentration of OH, O, and H radicals. The extended lean flame
stability limit of hydrogen-enriched flame can be attributed to the high flame speed
of hydrogen [77]. For the effect of hydrogen enrichment on emissions, Schefer et
al. [76] reported a substantial decrease in CO emission and a negligible impact on
NO emission for lean premixed combustion of methane-air in a swirl combustor.
Adding hydrogen to lean and rich premixed methane-air flames resulted in
negligible and significant effects on NO emission, respectively [78]. Significant
reduction in CO emission due to hydrogen addition was reported for lean premixed
combustion of methane-air mixture for swirler fitted Colorless Distributed

Combustor (CDC) [79] and CDC reversed flow configuration as well [80].

The literature is rich with studies on the influence of hydrogen blending on the
stability of air flames in the lean zone, and the hydrogen fraction (HF) was
identified as the main factor. Very few studies have, however, investigated Ho-
enrichment in oxy-fuel combustion under premixed conditions. Abdelwahid et al.
[34] experimentally studied the effects of HF (0 — 90%), OF (0 — 50%), and inlet
bulk velocity (4.4, 5.2, and 6.0 m/s) on the static stability characteristics of
premixed H2-CH4 flames in a swirl combustor. Stability maps showing the stable
flame regions, delineated by blowout and flashback zones, were created within the
OF-HF space against the contours of mixture Reynolds number (Re), combustor

power density (PD), and adiabatic flame temperature (AFT).
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Results showed that stable flame was achieved in the range of HF of 0-90% and
OF of 16-44% and that Hz-addition limits the range of Re and OF for stable flame
operation. A similar study conducted by Imteyaz et al. [28], in which the stability
map was created within the HF-¢ space at fixed OF=30% for HF range of 0-75%,
showed that the most effective range of Hz-enrichment on flame stability is 20-
50%. Increasing HF was generally found to enhance the reaction kinetics in the
combustion zone, resulting in shorter and more compact flames. The flame stability
limits were found to be independent of AFT. Asif et al. [84] reported shorter and
more robust flame with hydrogen addition indicating enhanced chemical reaction
rates on the same combustor. A numerical and experimental investigation was
conducted by Nemitallah et al. [81] to study the effects of hydrogen fraction and
inlet velocity on the combustion characteristics of swirl-stabilized premixed
H2/CH4/0,/CO, flame at fixed oxygen fraction (OF) and at stoichiometric
condition. They reported high Damkdhler number values indicating that the
reaction rates mainly dominate the flame structure with negligible influence by
swirl-generated turbulence. It was also shown that hydrogen addition causes

enhanced heat release rate and wider operability limits.

2.4 Flame-holders/Burners

Premixed combustion is more efficient, in terms of lowered emissions rates, when
operated at lean conditions. However, premixed flames are more susceptible to
combustion instabilities in flame blow-off mode under this condition. Thus, making

flame stabilization a critical factor in the design of burners.
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Flame stabilization is achieved in most gas turbines by incorporating bluff bodies

such as swirl vanes and multi-holes in burner heads.

2.4.1 Swirlers

Swirl stabilized flames are widely utilized in technical and industrial applications
such as combustors for gas turbines. The flames can be sustained over a broad
operational range even at low equivalence ratios, which is of great importance in
lean premixed combustion systems. They offer a non-intrusive way of creating
disturbances in flow fields and flame temperature control to minimize thermal NOx
emissions [82]. Swirl vanes as shown in Figure 2.2a induce swirling on reactant
mixtures before introduction into the combustor. The swirl vanes impact centrifugal
force, which causes the flow to spread right from the combustor entrance and create
a low-pressure region at the combustor centerline [83], which eventually causes
vortex breakdown as the centrifugal force decays gradually downstream due to

viscous effects [84].

The swirled flow has two velocity components; axial and swirl. The swirling effect
reduces the magnitude of the axial velocity flow component, and this wanes the
strength by which flame is convected downstream, thereby enhancing flame
anchoring [85]. The swirl velocity component creates an inner (central)
recirculation zone (IRZ) and outer (corner) recirculation zone (ORZ) close to the
wall at the combustor inlet as shown in Figure 2.2b. The IRZ ensures flow
entrainment and mix of burnt and upstream fresh unburnt mixtures, which sustain

continuous and stable combustion [86].
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Figure 2.2 Diagrams of (a) swirl vanes [73,89] (b) typical flow field in a swirled
combustor [90].
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Although similar mixing occurs in the ORZ, flame stabilization is not supported by
the outer shear layer because of low heat release and significantly reduced reaction
as detected by OH" chemiluminescence measurements [87]. Also, flame
stabilization in the outer shear layer is limited by the combined effects of heat losses

and strain [88].

2.4.2 Micromixers/multi-hole/perforated plate burners

Recently, micromixers/multi-hole burners as shown in Figure 2.3 have found
applications in small-scale gas turbines and condensing boilers because of benefits
such as compactness, low pollutant emission, and well-distributed flames. Multi-
hole burners are more efficient in fuel economy and heat generation in lean
combustion mode due to how the flames are attached to the burner [91]. The burners
are solid bodies with patterned holes (either circular or rectangular), which anchor
a set of miniature conical or bell-shaped flames downstream. The geometry is
carefully designed to achieve operability and emission control with respect to the

number of holes and pitch distances [92].

The operating conditions, such as pressure difference across the plates and
equivalence ratio, are meticulously selected to avert flashback [93]. They produce
miniature flames, which are more stable than a single large flame. The micromixer
flame is characterized by several conical flames' collective effect, making the flame
dynamics different from a single conical flame [94]. The closeness of multiple

conical bases restricts the lateral motion of micromixer flames.
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Figure 2.3 Multi-hole or micromixer burners [96,97].
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The flames are connected and stabilized by U-shaped zones situated near the
stagnation point and characterized by combined heat loss and flame stretch [95].
Kedia and Ghoneim [95] reported that the stabilization point is reached when flame
displacement speed equals flow speed and flame displacement speed gradient

supersedes flow speed gradient.

One of the main advantages of using multi-hole burners is the low NOx emission.
Multi-hole burners induce shorter residence time on reactants to produce miniature
flames with low NOx emission [98]. Other parameters available for optimizing low
NOx are the control of reaction rate (adjusting combustor temperature and pressure)
and premixing [85]. However, they are associated with reduced turbine efficiency
and instability as drawbacks, respectively. Emission produced by perfectly-
premixed combustion of natural gas/air with a perforated plate burner under real-
time industrial gas turbine cycle operating conditions was experimentally and
numerically investigated by Elkady et al. [99]. They studied the effects of pressure
(6.8 — 16.3 atm) and combustion residence time (10 — 20 ms) on NOx production
and reported that increasing these parameters increases NOx emission at elevated
temperature. They suggested that the relationship P" = NOx emission has n as the

temperature-dependent variable.

Supplying uniformly mixed reactant mixture to multi-hole burners ensures low
NOx emissions at a low equivalence ratio [100]. A sub 10ppm NOx emission was
achieved in another study by an N»-diluted hydrogen multi-tube heavy-duty gas

turbine combustor under practical turbine conditions [43].
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AlAdawy et al. [101] experimentally studied the effect of turbulence on NOx
emission in lean perfectly premixed CHs-air combustion by varying the multi-hole
burner channel height to vary the turbulence level. They reported that turbulence

level has a negligible effect on overall NOx emission of the post-flame zone.

Multi-hole burners are inherently fueled flexible, as reported in the literature. Aside
from methane-air combustion cited above, some other studies also utilized high
carbon fuels (ethane-butane) and syngas. Edacheri Veetil et al. [102,103]
numerically studied the effects of operating parameters on stabilizing premixed
propane-air and premixed syngas flames, respectively, using perforated plates of
similar geometrical design. Also, Jatoliya et al. [104] studied the propane-air
mixture's premixed flame characteristic using a multi-hole matrix burner. Kim et
al. [105] experimentally and numerically investigated non-premixed flame
characteristics of LPG (98% propane) and pure oxygen mixture using a multi-jet
burner by studying the mixing characteristics using the scalar dissipation rate. York
et al. [43] designed and tested single and full can micromixer for air combustion of

carbon-free syngas (60% H2-40% N>) at actual turbine conditions.

Some studies on multi-hole burners revolve around the effects of geometric

designs, material properties, and operating conditions on premixed flame stability.

An analytical model for predicting temperature and flame standoff distance for

methane-air combustion on a perforated plate was proposed by [106].
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Kedia and Ghoneim [95] conducted a numerical investigation of flame stabilization
and blow-off of lean premixed CHgs-air flame anchored by a perforated plate. They
reported that blow-off, which is affected by heat loss, sets in when flame
displacement speed gradient equals flow speed gradient. Flame displacement speed
was said to be non-monotonically dependent on the mean inlet velocity of the
reactants. Decreasing the width of perforated burners reduces flame stability which
eventually leads to blow-off [107]. Altay et al. [108] reported that increasing
thermal conductivity reduces flame—wall heat transfer while hole-pitch defines the
flame base curvature. Also, increasing operating parameters such as the mean inlet
velocity and mixture equivalence ratio increases flame height and lift-off [102].
Lee & Hwang [44] observed that flame stability and blow-off depend on flow
distribution and equivalence ratio. As the equivalence ratio decreases, flame color
changes from green to yellow to blue (most stable flame), after which blow-off

occurs.

Dodo et al. [109] conducted a flame-stability and NOx-emission test on a prototype
MM-fitted low-NOx combustor for air-combustion of H-rich syngas (40-65%
hydrogen). They reported stable combustion with very low NOx emissions for the
fuel blends considered, thereby overcoming the challenge of flashback inherent in
premixed combustion of high H»z-content syngas with conventional low-NOXx

combustor technologies.
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Asai et al. [110] discovered that MM with a convex-shaped perforated plate could
suppress combustion oscillation to achieve stable combustion and stable sub-10-
ppm NOx emission for the air-combustion of H-rich syngas over a wide range of
H> content. Hollon et al. [93] developed and tested a full-scale MM injector for lean
premixed combustion of Ho-rich fuels with air as an oxidizer. Flashback-free stable
combustion was observed with extremely low NOx emission. Rodrigues and
Fernandes [111] conducted an experimental study to investigate the effects of hole
quantity, hole size, and inter-hole spacing of a perforated plate on premixed flame
stability for both methane-air and propane-air mixtures. Similar results were
obtained for both fuels. They reported that flame stability degrades with increasing
inter-hole spacing, while the hole size and number of holes have negligible effects
on stability. Zhou et al. [112] reported that hole size affects flame front propagation
and pressure oscillations of premixed Ho/air flames. Perforated plates with smaller
hole sizes are more effective in stabilizing combustion-induced oscillations,
according to Oh et al. [113]. Some methods of enhancing uniformly distributed
stable flames include incorporating baffle plates to adjoin the burner and creating
retention holes at the periphery of the plates [24]. Raghvan et al. [114]
experimentally investigated flame stability's dependence on retention holes of a
rectangular multi-hole burner utilizing methane as fuel. They observed that
inclusion of retention holes aided flame stability at low equivalence ratios. The

above studies were carried out with air as an oxidizer.

31



So far, few studies have explored the oxy-fuel combustion characteristics in
premixed multi-hole/micromixer burners. Rashwan et al. [115] conducted an
experimental investigation on oxy-combustion characteristics of perforated plate
stabilized CNG premixed flame to study the influence of oxygen fraction on
flammability limits and reported oxygen fraction of 29% as lower flammability
limit due to blow-off and 42% oxygen fraction as upper flammability limit due to
flashback. Ibrahim et al. [116] experimentally investigated the effects of HF, OF,
and equivalence ratio on the combustion characteristics of partially-premixed
H2/CNG/O2/CO- flame supported on a perforated plate burner. Hussain et al. [117]
carried out experiments to quantify the stability limits of a premixed oxy-
combustion gas turbine micromixer over ranges of HF and OF. They reported the
burner's ability to sustain stable flames down to OF=21% without hydrogen
enrichment and OF=13% at 65% HF. The focus of this work is to experimentally
and numerically investigate the combustor operability limits and combustion and
emission features of hydrogen-enriched oxy-methane flames in a premixed
micromixer-adapted model combustor for gas turbine clean combustion
applications. Aliyu et al. [118] experimentally studied the combustion
characteristics of lean-premixed CO2-diluted oxy-methane flames in a micromixer
supported gas turbine burner. They mapped the stability limits over equivalence
ratio - oxygen fraction (OF) space. They observed that the combustor stability limits
are strongly controlled by the adiabatic flame temperature (Tad), while the

combustor temperature distribution is strongly dependent on the equivalence ratio.
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2.5 Mixing

In many applications, fluid mixing is usually achieved through mixers, either
conventional industrial mixers or micromixers. Micromixers differ from the
conventional macro-scale types in the fact that they are smaller with more efficient
mixing. High quality and rapid mixing of fluids are essential in microfluidic
systems, applicable in devices like heat exchangers and micro-reactors, and
applications such as synthesis and analysis of organic chemicals. As the mixer's
size decreases, fluid patterns become more laminar, tending towards creeping flow
in extreme cases of micromixers with sizes in tens of microns. A steady laminar
flow is characterized by parallel streamlines, depicting the lack of radial convection
mixing and lack of spatial homogeneity. Therefore, mixing is governed by
molecular diffusion. Enhanced molecular diffusion and shorter mixing length can
be achieved through flow manipulation to profoundly increase the interphase
surface area between the fluids and reduce diffusion paths [119]. Several
mechanisms have been proposed to achieve enhanced mixing, of which chaotic
advection and split and rejoin are the most popular mechanisms.

Mixers are classified as active and passive mixers. The main principle behind these
mixers is to reduce the mixing path of molecules to enhance mixing. Active mixers
are primarily based on the chaotic advection mechanism and require external
energy, such as pressure perturbation [120] and periodic perturbation [121], to
divide the flow into tiny filaments to improve contacts between fluids and reduce

the mixing path. Their downsides are difficulty in fabrication and maintenance.
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These shortcomings are overcome in passive mixers, enhancing surface contacts
between fluids to reduce the mixing path without external energy. Some techniques
applied in the design of passive mixers are hydrodynamic focusing [122], multi-
lamination [123], T-shaped junction [124], splitting and rejoining [125], and bend-
induced stirring [126].

Fluid mixing is widely applied in numerous applications. For premixed combustion,
in which the reactants must be mixed before introduction into the combustor, the
mixing quality [127] and velocity uniformity [128,129] promote complete
combustion and reduce pollutants emissions. The nature of mixing concerning the
shortest gas mixture residence time significantly affects achieving extended
combustion range and high combustion efficiency in micro-combustors used for
powering micro-devices [130]. In some processes, the reaction rate is even limited
by mixing. Synthesizing gases such as the syngas fuel from natural gas, either by
partial oxidation or catalytic auto-thermal reforming, depends on mixing processes

in determining the reaction progress [131].

High mixedness can be attained with conventional macro-scale premixing chambers
but at the expense of extended length requirements, which are not suitable for small-
scale combustion applications. Some premixing techniques that are suitable for

small-scale combustion have been explored.
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In the study by AlAdawy et al. [101] on the effects of turbulence on NOx emissions
using perforated burners, a perfectly premixed methane-air mixture was achieved
by radially injecting methane through a 6.35-mm hole into a stream of preheated

air and passing the mixture through a coiled tube of length-to-diameter ratio of 280.

Another compact air-fuel mixer, which operates on entrainment of gases by fans
rotating at high speed to achieve thorough mixing at low-pressure drop, was
employed by Lee et al. [132] to supply premixed liquefied natural gas (LNG)-air to
a perforated burner. However, a short manifold was placed between the mixer and
the burner plate to straighten the flow. Micromixer burner usually operates in
premixed mode as a passive mixer, where the reactants are adequately mixed before
injecting them into the combustor. Premixing ensures the homogeneity of the
reactant mixture, limiting the occurrence of varying equivalence ratio, which is
more likely to occur in non-premixed combustion systems. Haj Ayed et al. [133]
studied the influence of burner geometry on flow and flame characteristics and NOx
emissions in an industrial gas turbine implementing dry-low-NOx (DLN)
hydrogen-air combustion with a prototype micromixer hydrogen combustor that
has 1600 tiny fuel injectors. Intense mixing was achieved in each injector by
perpendicular injection of hydrogen from a 0.3-mm diameter hole into crossflow of
air in a small chamber adjoining the burner head. A previous study by the same
group used a 1.0-mm hydrogen injector for a high-density burner to investigate

similar factors [134].
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Lee et al. [135] experimentally and numerically investigated radial and axial
micromixing of fuel and air and concluded that the micromixer technology could
reduce the emissions and flashback risk. Funke et al. [136] tested the effect of fuel-
to-air momentum-flux ratio on stabilizing Hz/air flames in a micromixer combustor.
They reported that this technology allows for secure and low-NOx combustion of

hydrogen in air.

2.6 Numerical combustion model

Turbulent combustion of gaseous fuels involves the interaction of complex physical
phenomena like turbulence, chemical reaction, and heat transfer, which are diverse
and possess a broad range of temporal and spatial scales [137,138]. While the
comprehensive modeling of each phenomenon is yet to be fully resolved,
combustion modeling is even more challenging due to complex interactions such
as turbulence-chemistry interaction, turbulence-temperature-density coupling,
chemical kinetics, and radiation effects [139]. For decades, the combination of
RANS and simple combustion models have been successfully applied to simulate
combustion problems, especially for stable flames in simple geometry. The time-
averaging approach is limited in capturing transient effects, adequately captured in
the large eddy simulation (LES) approach. The recent rapid upgrade in
computational power has made LES more common as a research tool for simulating
engineering problems. LES approach has been proven to be more accurate in

handling complex turbulent chemical reacting flows [140,141].
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Furthermore, LES is a reliable method for unsteady flows because it provides an
unsteady solution that can predict flame stability from unsteady behaviors like
vortex breakdown, predict pollutant emission from the mixing fields and define
operability of an engine from the transient characteristics of flames [141]. The LES
approach is a filtering technique that resolves and computes the large eddies
directly and models the small, turbulent scales. The large eddies are unsteady,
transport the bulk of turbulent kinetic energy and Reynold stresses in the flow, and
depends on the boundary and initial condition. In contrast, the small eddies are
mostly isotropic in nature, homogeneous in characteristics, dissipates turbulent
kinetic energy, and supplies little Reynolds stress to the flow [142,143]. In addition
to modeling unresolved scales, LES modeling of chemical reactive flows also
requires modeling small scales of chemical reaction and molecular mixing smaller
than the LES grid, i.e., reaction rates (rate controlling process) small-scale regime
[144]. Except for the linear eddy model, other LES combustion models are variants
of the earlier existing RANS-based models [145].

RANS and LES-based combustion models for numerical investigation of flame
characteristics are based on theoretical, experimental, and DNS studies. Several
combustion models have been developed for different flame types and applied to a
wide range of applications such as jet flame, swirl flames, IC engines, etc. The
premixed turbulent combustion model's primary challenge is developing an
adequate closure model for the mean reaction rates. This forms the basis for the

existence of various types of models.
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Although there is no distinct classification of combustion models for premixed
flames, they can be classified into either assumption-based and non-assumption-
based models.

Assumption-based combustion models: These models simplify the turbulence-
chemistry interaction or reaction rate closure with assumptions such as reaction
limited, mixing limited, and thin flame assumptions. They are easy to implement,
less computationally expensive, and proven to adequately quantify fundamental
quantities like flame temperature, flame length, etc. However, their application is
limited to specific premixed regimes. It is primarily inaccurate in predicting
pollutant emissions, complex fuel flame characteristics, pre-vaporized spray
combustion, stability limits, and real combustor conditions [141]. Examples of
these models are; chemical reactor model, mixing limited model, flamelet model
[146].

Non-assumption-based combustion models: the models solve each reacting scalar's
transport equations and captures the turbulence-chemistry interaction through the
simultaneous online solution of reaction kinetics and flow convection/diffusion.
They can predict local extinction, pollutant emission, reaction zone length, and
position. Although their application is not limited to any regime of the premixed
flame, they are computationally expensive to implement. Examples of these models
are; transport probability density function (T-PDF) model [147], conditional

moment closure (CMC) [148], eddy dissipation concept [149].
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2.6.1 Models for Premixed Combustion

There are various models for simulating premixed flames available on commercial
software. For cases where the finite rate chemical kinetics are important, reaction-
based models which involves solving transport equation for each specie involved
in the reaction such as;

Laminar finite rate model: this model ignores the turbulence fluctuations while the
reaction rates are modeled by Arrhenius kinetic expressions. The model is accurate
for laminar flames but not suitable for turbulent flames except supersonic flames
with slow turbulence-chemistry interaction and relatively slow chemistry.
Eddy-dissipation-concept model: detailed chemical kinetics are embedded in
turbulent flows. The model assumes reaction occurs in fine-scale turbulence
structures. It models the reaction rate source term in terms of length fraction of fine
scales, time scale, and fine-scale mass fraction. It is computationally expensive.
Composition PDF Transport model: highly non-linear reaction rate chemical
sources are closed without modeling, making it more accurate than others.

Other available models such as c-equation and G-equation are based on the flame
front tracking approach. The flame front serves as the combustion zone, which

separates the downstream burnt region from the upstream unburnt region.
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2.6.2 Flame-front tracking model - c-equation model

This model requires solving transport equations for a scalar variable c, termed
reaction progress, compared to solving transport equations for every reacting
species found in reaction-based models. The reaction progress ¢ is an accepted
variable for describing thermochemistry in premixed turbulent combustion. It
varies within the bounded values of 0-1, representing unburnt reactants to burnt
products, respectively. Defining thermochemistry in terms of ¢ only is suitable for
Lewis number close to 1 defined by low Mach number and adiabatic process. Flow
properties such as mass fraction, density, and temperature are computed from the
suitable definition of reaction progress which can be in terms of scaled mass

fraction of products, fuel mass fraction, or temperature is given as;

Y Yp-Y T-T, i
P =_—F"F . =_"0  respectively (2)

Ypoo YFeo—YFo Teo—To

Cc =

where Y, = product species, Yp,, = value Yp in the fully-burned or equilibrium
products, Y= instantaneous mass fraction of fuel, Yz, = mass fraction of fuel in the
fresh reactant, Yz, = value of Yz in the products, T, = limiting temperatures in the

reactants and T,, = limiting temperatures in the products.

Reaction progress defined in terms of temperature is not widely accepted because
of its limitation to Lewis number =1, making it invalid whenever the temperature
is affected by external factors like heat loss or acoustics. The condition for using
reaction progress c is that it must be bounded between 0 and 1, monotonic, and

capable of describing the thickness and location of flame structures.
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For turbulent flames, the combined effects of turbulence and thermal expansion
increase density fluctuation, which introduces additional term to transport equation
quantities. An accepted technique for avoiding additional density correlation terms
is the Favre density-weighted averaging. The averaging concept is similar to RANS
or LES as it filters length and time scales related to turbulence nature. For quantity
Q, the Favre decomposition is expressed as, Q = Q + Q  where the mean
component @, is defined as Q = pQ/p and the fluctuation component Q" behaves
as Q" # 0 but pQ” = 0.

2.6.3 Other Premixed Turbulent Flame Modelling

Defining closures for the reaction rates gives rise to various classes of models.
Similar reaction rate models are available on RANS and LES platforms. Simple
models are based on Eddy Break Up (EBU) approach [150], in which the mean
reaction rate is determined by turbulent mixing. The advantages of these models
are simplicity and less computational cost but, their shortcoming is insensitivity to
reaction chemistry. Dupoirieux et al. [151] conducted an experimental and
numerical study of premixed methane-air flame stabilization by hot gases
recirculation behind a rearward-facing step. The numerical simulation was carried
out with the RANS k-¢ turbulence model and EBU combustion model using
CHARME solver. Some models, such as the flame surface density model, are based
on flamelet concepts. The flamelet concept defines the flamelet as a sheet-like
reaction zone within the premixed flame, and it is highly resistant to disruption by

turbulent eddies.
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Hence, flamelet structure is prevalent in premixed combustion over a broad range
of turbulent velocity fluctuation magnitudes and turbulent eddy length scales.
Flamelets are robust reaction surfaces which are ensembles of thin, highly-stretched
reaction surfaces responsible for most combustion reaction in premixed turbulent
flames. The flamelet approach to modeling turbulent premixed flames cannot be
applied to all flame types. Its application is limited to premixed regimes with low
Karlovitz number (Ka = characteristic chemical time scale/Kolmogorov time scale)
cases of corrugated and wrinkled flamelet zones. Defining flame structures in
flames approaching flammability limits or extinction due to turbulent straining
effects becomes more difficult because of the weakening balance between reaction

and diffusion.

Resolving the flame front structure is no more fashionable, and modeling
unresolved terms such as turbulence fluctuations can be achieved by more general
approaches such as the Premixed Conditional Moment Closure (P/CMC) approach.
The model uses the reaction progress variable ¢ and specifies a term called scalar
dissipation (also known as micro-mixing or small-scale mixing) to represent small-
scale turbulence and characterize turbulent time scale. Reaction rates characterize
the chemistry time scale. The P/CMC approach models how a combustion process
is influenced by relative sizes of turbulence and chemistry time scales. One
advantage of the P/ICMC model is how to solve reacting flows with complex

chemistry and fluid dynamics at a moderate computational cost.
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Broben-diaz et al. [152] implemented Tabulated PCMC in CFD code on
OpenFOAM to incorporate thermochemistry in the flow dynamics in their
combustion study of fuel surrogate (n-dodecane) in a backward-facing step
combustor geometry. P/CMC model is solved along with a steady RANS flow
formulation with RNG k-¢ turbulence model. Despite the promising results
obtained with steady RANS, it is not suitable for predicting the transient nature of
flames classified as distributed or well-stirred due to their high turbulent nature

[146].

2.6.4 Presumed-PDF model

Most premixed combustion models assume that the fuel-oxidizer mixtures are
perfectly mixed based on the equivalence ratio before introducing the combustor.
For cases where this assumption does not hold, a form of premixed flame model
known as partially premixed combustion model is suitable for the combustion of
non-uniform reactant mixtures [153]. The model is a combination of reaction
progress variables and PDF concepts. The model determines reaction progress
variable ¢ by solving C-equation along with chemical equilibrium model using PDF
[21] and Zimont model to determine turbulent flame speed [18-20]. Quali et al. [82]
numerically investigated how low swirl stabilized premixed flames behavior such
as flow and thermal field, methane distribution, and thermal NOx are affected by
methane-air equivalence ratio using partially premixed combustion model coupled

with RANS Standard k-¢ turbulence model on ANSYS FLUENT 14.
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With the same CFD package, Sudarma et al. [154] implemented the partially
premixed combustion model in studying the effect of turbulence model on lean
premixed methane-air flame in a bluff body stabilized combustor. Their results
showed that the two turbulence models investigated (Standard k-¢ and Reynolds
Stress Model (RSM)) correctly predict combustion features (velocity, temperature,
and species distribution) in the recirculation region near the burner. Still, either
over-predicts or under-predicts the combustion features downstream the
recirculation zones. Although additional scalar variance and covariance transport
equations are solved, the presumed PDF model is more suited for turbulence
complex reaction mechanisms. It executes a multidimensional PDF for gas
temperature and species concentration for efficient computation time. A swirl-
stabilized methane-air partially premixed jet flame was simulated using the
presumed joint PDF model for temperature and RSM turbulence model for
turbulence closure [155]. The presumed PDF includes unresolved turbulent

structures in the modeling.

Based on the above literature review, the micromixing concept has been recently
developed and implemented successfully for stable lean-premixed ultra-low-
emission air-fuel combustion. However, the literature lacks similar studies on using
this concept to develop an efficient oxy-fuel micromixer/flame-holder for

implementation in zero-emission combustion applications.
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The current study thus aims to bridge this gap by proposing a micromixer design
that can function as both mixer and oxy-fuel flame-holder and is suitable for small-
scale premixed combustors and industrial ones. Part of this work's focus is
achieving a high degree of mixing by varying the geometrical and injection features
of a single tube of the micromixer. This entails numerical investigation of the
effects of fuel inlet diameter, mixing length, and number and circumferential
distribution of fuel inlets on the degree of mixing of oxy-fuel reactants, comprising
methane, oxygen, and carbon dioxide. The other part of this work investigates
experimentally and numerically the effect of Hz-enrichment on the blowout limit
of a model gas-turbine combustor stabilizing premixed oxy-methane flames on a
micromixer-like multi-hole burner. The micromixer design used in the first part of
the work (mixing quality study) is simplified into multi-hole burner and a mixing
plenum long enough to ensure perfect mixing of reactants at the inlet of the multi-
hole burner, hence the term micro-mixer-like multi-hole burner. All tests were
carried out at a fixed jet velocity of 5.2 m/s and fixed OF = 30% (by vol.), analogous
to the 21% of air-fuel combustion, as reviewed earlier. Combustor operability limits
were depicted in terms of stability maps and flame shapes. The stability maps were
obtained over ranges of ¢ (0.1-1) and HF (25-70%) to define the static stability
limits, while the flame shapes close to these limits were explored to explain the

flame extinction mechanism.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter describes the procedures followed in achieving the objectives of this

study. It is divided into three sections, namely:

e methodology for the experimental investigation of the effects of hydrogen on
micromixer stabilized premixed oxy-combustion methane flame's stability and
flame characteristics.

e numerical modeling of cold flow (no combustion) mixing in a micromixer
burner tube.

e numerical modeling of turbulent premixed H2/CH4/O2/CO, flame in a

micromixer fitted model combustor for gas turbine applications.

3.2 Experimental setup

3.2.1 Gas turbine model Combustor

The schematic diagram of the model combustor is shown in Fig. 3.1 shows
schematics of the test rig for the multi-hole combustor. The vertical test rig
comprises three main sections: mixing chamber, multi-hole burner, and combustor
chamber. The mixing chamber and the multi-hole burner are used to simplify real

micromixers and perform the mixing and flame holder functions, respectively.
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Figure 3.1 Schematics of premixed model gas turbine oxy-combustion set-up.
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This ensured a uniform equivalence ratio for all jets to neutralize the effect of jet-
to-jet variation in the equivalence ratio. Premixing of reactants and diluents occurs
in the cylindrical mixing chamber of height 1.07 m and diameter 50.8 mm,
extending from the rig base to the bottom (inlet) of the multi-hole burner. The CO,-
diluent and O2-oxidizer gases are supplied as cross-flow through wall-fitted 6.7 mm
diameter nozzles located at 35 mm height from the base. A premixed mixture of
hydrogen and methane is supplied to the mixing chamber through twelve 1mm
diameter holes at the tip of a 6.35 mm diameter centralized tube. The holes are
circumferentially arranged on three planes around the tube. The fuel mixture is

injected at the plane of oxidizer and diluent injection to enhance mixing.

Moreover, the height of the mixing chamber ensures the supply of a homogeneous
mixture to the combustor. Upstream the combustor is the multi-hole burner head
that serves as a bluff body to stabilize the flames. The multi-hole burner is
cylindrical stainless steel with dimensions 50.8mm-diameter and height 50.0mm,
consisting of 61 hexagonally patterned holes at 5.5mm pitch distance as depicted
in the plan view of Figure 3.2. The holes are designed to serve as flame arrestors in
the advent of flashback, which is the main problem of premixed flames. Each hole
has a varying cross-section consisting of 1.588 mm (1/16 in) diameter sub-hole of
height 8 mm and 3.175 mm (1/8 in) diameter main-hole of height 40 mm adjoining
the mixing chamber and combustor, respectively. The combustion chamber is
optically accessible made of 63.5 mm internal diameter, 6 mm thick, and 30cm long

quartz glass. The combustor exit is open to the atmosphere.
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3.2.2 Experimental facility

The combustion test rig is connected to the gas supply facility, as shown in Fig. 3.3.
The gases (CHa, Hz, O2, CO») are sourced from compressed gas cylinders. Each gas
line is fitted with valves and pressure regulators to control the flow and flow

rotameter to control mass flow rates.

The flow is controlled with vales and pressure regulators. All gases are metered
using Bronkhorst High-Tech and Aalborg Inc. mass flow controllers with an
uncertainty of +0.5% of full-scale. CH4 and H2 are premixed by passing both gases
through a T junction (choke) and the fuel mixer to create turbulence and enhance
homogeneous mixing of the fuel mixture before supplying to the combustion rig
through the fuel tube. Combustor and flame temperatures were taken using an R-
type thermocouple (Pt Rh-13% / Pt) with a maximum reading of 1500 °C inserted
from the combustor's top. The thermocouple is connected to the data logger and
computer for data acquisition at one end and fixed to a transverse mechanism that
ensures probe movement in axial and radial directions in the combustor. Each of its
wires is enclosed in a ceramic tube as a shield from high flame temperatures.
Temperature data are corrected for radiation heat transfer to the surroundings using
the equation of Brohez et al. [156]. Selected flame images were captured with a 50
frames/sec digital camera set at 5.6 f-stops, 1/60 shutter speed, and 3200 1SO
sensitivity to study the effects of various parameters such as adiabatic flame
temperature, equivalence ratio, and pressure difference across the burner head on

the flame macrostructure.
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Figure 3.3 Schematics of the experimental test rig of premixed gas turbine model

combustor for this study.
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3.2.3 Operating conditions

Experiments were conducted to determine the stability for equivalence ratio
ranging 0.1 - 1 and different hydrogen concentration in the fuel mixture (HF)
ranging from 25% H> (75% CHg4) to 70% H. (30% CHa) at constant mixture oxygen

concentration in the oxidizer/diluent mixture (OF) of 30% (70% CO,).

All flames in this study had a fixed jet velocity v=5.2 m/s to maintain similar flow
conditions and turbulence intensities for all isothermal flow fields. Keeping the
inlet velocity constant also neutralizes its effect on flame stability, as the inlet
velocity was proven to be a more relevant parameter controlling flame stability than

inlet Reynolds number [157,158].

To maintain the jet velocity constant, the flow rates of CH4, Hz, O2, and CO, were
calculated for each flame at its HF and ¢. The equivalence ratio is varied in steps
of 0.5, while the HF is varied in steps of 5%. Stability limits were determined by
varying equivalence ratios between 0.1 -1 at every 5% step of HF until a blow-out
occurs or strong acoustic noise is experienced to locate the static stability limit or
dynamic stability limit. Then, the flame shape and size are captured with the high-
speed camera for studying the flame macrostructure. All gases are supplied at 25°C,

and experiments are conducted at 1 atm.

The stoichiometric combustion equation of hydrogen-enriched oxy-methane

combustion is expressed as:

52



1
CH, +vH, + (2+7) [02 (— _ 1) coz] (31)
OF
[1 + (—— 1) 2 +§)] CO, + (2 +Y)H,0
Where y = [HF / (1 — HF)].
For OF = 30%, the non-stoichiometric equation can be expressed as:
1 % 7 (3.2)
CH, +yH, + 5(2 + E) {02 + §c02}

[1+— (2+1 ]co2 + (24 Y)H,0

+ (%—1)(2+%)02

Equation 3.2 was analyzed thermodynamically to estimate the combustion

products' AFT for a given combination of HF and ¢.

This estimation is based on the negligible effect of CO2 dissociation and the
complete combustion of the fuel. This assumption is based on the comparison of
estimated peak stoichiometric combustion of the fuel mixture at temperature of
2000 K and onset of CO> dissociation at temperature of 2400 K [159]. Such
assumptions should result in an insignificant error (~100 K) in calculating the AFT
[160-162]. All flames in this study were non-preheated, i.e., the inlet temperature

was 300 K.

The power density (PD) of the reactor, which quantifies the amount of energy

stored in a given system in MW/m3/bar, is determined from:
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mcy, X CVey, + my, X CVy, (3.3)

~ Combustor volume x Combustor pressure
Where m represents mass flow rate, and CV represents standard tabulated calorific

PD

value for simplicity.

The Reynolds number (Re) of the CH4/H2/O2/CO2 mixture, calculated based on

each hole of the multi-hole burner, is defined as:

— V Pmix Dh (3-4)

Hmix

Where v is the jet velocity (5.2 m/s) and Dy,is the hole diameter (3.175 mm).
The mixture density p,,i, is defined as;

P 35
Pmix =mZYiMi (3:5)

The mixture viscosity p,;, was determined from [163] as;

o Y yitiy/M; (3.6)
Mmix 5 ui\/ﬁi

Where y represents mole fraction, M represents molar mass, and i represents each

mixture component.
The pressure drops across burner headend, Ap, is approximated as:

1 3.7
Ap = E pmiXV2 ( )
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3.3 Computational modeling and formulations for cold flow (tube
mixing)

3.3.1 CFD modeling

Two numerical approaches to studying gas mixing have been reported in the
literature. The first approach is the well-known method of solving continuity and
Navier-Stokes equation for the mixture and mass conservation equation for k-
1species, where K is the total number of species. The second approach, known as
the two-fluid model, implemented by Zahmatkesh et al. [164] to parallel mixing
flow is based on the gas kinetic theory model. It requires solving macroscopic
balance equations (continuity, momentum, and energy) for each specific
component of the mixture and equation sets (continuity, momentum, and energy)
for the mixture average. This eliminates the use of diffusion coefficients for
describing the diffusion processes. The first approach was implemented in this
study to investigate mixing in a single tube of a micromixer burner fed with CHa,
Oz, and CO..

The computational domain of the micromixer tube is shown in Fig.3.4. It has a
diameter (D) of 3.2 mm and evenly spaced fuel-injection holes at a height equal to
one tube diameter (3.2 mm) from the base. CHa fuel is supplied through the holes
as jet flow, while the main flow inside the micromixer tube is a mixture of O, and
CO: flowing from bottom to top. A 3-D model of the tube domain was created and
discretized using ANSYS DesignModeler and Meshing, respectively, and

FLUENT 19.2 was used as the Computational Fluid Dynamics (CFD) solver.

55



D=3.2mm
S — T
outlet
e
vall
32mm
CH;
f]:_ /fi;:llet
| &
3.2mm
_Y___
(8]} I COs
inlet

Figure 3.4 Schematic diagram of flow domain.
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Laminar flow solution was implemented based on the values of Reynolds number
calculated at three different locations: i) at fuel inlet, Rer = 42.45, ii) at oxidizer
inlet, Re, = 952.9, and iii) at tube mid-length, Rep = 1078.1.
The gravitational force was also considered due to the vertical orientation. Based
on these assumptions, the following general governing equations comprising mass,
momentum, and species transport were solved:
e Continuity:

—(pu) =0 39
e momentum

doy;  dp (3.9)
(pul ) = ox ox P8

The stress tensor can be expressed in terms of strain as:

aul ou; 2 Odu (3.10)
oii = |1 — = 6j;
v ax axl 35 0x

e Species transport

(3.11)

d d
E(puiyk) = —glk + Ry

Where, u is the molecular viscosity, I is the unit tensor, Y, is the species mass

fraction, and fk is the diffusion flux of species k. According to Fick’s law, diffusion
flux is directly proportional to species concentration gradient:
oYy (3.12)
= —pDy o —
Jx PDkm 2%,
Where, Dy ., is the mass diffusion coefficient of specie k in the mixture.
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Out of the various available methods for calculating Dy ,,, the multicomponent
method that entails defining diffusion coefficient using kinetic theory was adopted
as it is the most suitable for diffusion-dominated laminar flows involving ideal gas
mixtures.

It involves specifying the Lennard-Jones parameters for each specie, which will be
used to compute the binary diffusion coefficient D;; using the Chapman-Enskog
formula [165] in equation (3.13), then, the Dy, is related to Dy ,,, through the relation

by Wilke [166] in equation (3.14) as follows:

[T3( 1,1 )]1/2 (3.13)
ka Mwl
Dkl = 0.00188 - 2 -
PabsOki{lp

1 — Xy (3.14)

Dkm = =——————
om 3 1#i(X1/Dia)
Where, Dy, is the mass diffusion coefficient of specie k in specie I, T is the

temperature, M,, is the molecular weight of species, p,;s is the absolute pressure,
oy 1S the Lennard-Jones characteristic length, £2, is the diffusion collision integral,
and X, is the mole fraction of specie k. The parameter, 2, is a function of

T*, which is related to the Lennard-Jones energy parameter, (e/kg);; by T* =

T
(e/kB)ij’
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3.4 Numerical modeling of the model gas turbine combustor

As one of the objectives of this work, three-dimensional numerical modeling of the
micromixer-like combustor was carried out to investigate oxy-combustion
characteristics for varying hydrogen concentrations. Large-Eddy Simulation (LES)
of the turbulent premixed flame was carried out using the commercial software
ANSYS-Fluent 19.2. Three-dimensional conservation equations for mass,
momentum, species, and energy were solved simultaneously to predict the flow
field, flame features, and emission characteristics of premixed Hz/CH4/O2/CO>

flames.

The set of governing equations comprising continuity, momentum, progress
variable, mixture fraction, and enthalpy equations can be generally expressed in the

form [167,168]:

9 9 9 5D (3.15)
500 +5-(ou) = aT(i[F%T(J + Se

Where @ corresponds to any scalar variable, u; represents the velocity in j

direction, I, denotes the diffusion coefficient, and S, is the source term.

3.4.1 Turbulence model
The flow turbulence is solved using the LES model, which resolves the large eddies
and models the small (sub-grid) ones. It involves applying a filtering process to

filter out the small eddies. A low-pass filtering operator was applied as:

2640 = [ 66,0 20— 1,0 (3.16)
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Where G denotes the filter function that determines the large-scale eddies, and the
equation is integrated over the whole domain. The Favre-averaged filtered forms of

the continuity and Navier-Stokes equations are:

e Continuity equation

ap o __ (3.17)
Fr a_xi(pui) =0
e Momentum equation
o dc; 0p _ 0Tj; (3.18)
5 (PO + = (pul )= ——a—pgi—a—xi

Where g;; represents the stress tensor due to molecular viscosity; o;; is defined
as:

au1 ou; 2 0y (3.19)
oii = |1 _J ——U=— S::
L ax axl 37 0%

Where 7;; denotes the subgrld -scale stress, which is expressed as:

Tjj = PU,U; — PU;T; (3.20)
The filtered 7;; consists of two parts that are modeled differently. The isotropic part

was combined with the filtered static pressure term, while the deviator part of the

filtered 7;; was modeled in terms of turbulent viscosity in the form:

Where . is the turbulent viscosity and S;; is the strain tensor rate.

The Wall-Adapting Local Eddy-viscosity (WALE) model, used to model the

turbulent viscosity, is expressed as:
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d\3/2
(sdsd (3.22)

5/2 5/4
(845y) "~ + (SSy

Where the expressions for Ls and S are given as:

2
S

He = pL

LS = min(Kd C V1/3) (3.23)

3.24
(gljgjl) - 1]gkk ( )

Where g;; = a , K represents the Von Karman constant, C,, represents the WALE
constant, d represents the distance to the nearest wall, and V represents the volume

of the computational cell.

3.4.2 Combustion model

Combustion was modeled with the thin flamelet model. It is a partially premixed
option in ANSYS FLUENT, which can be modified for premixed flame by setting
the inlet mixture fraction to a constant value (fuel-to-mixture ratio) to indicate that
the inlet mixture is a combustible mixture and the mixture fraction variance is 0 by
virtue of constant equivalence ratio. The model is a flame front topology approach
assuming that the flame is made of an infinitely thin flame front in between unburnt
and burnt mixtures. The flame front is indicated by the reaction progress variable,
which assumes a value between 0 (unburnt mixture) and 1 (burnt mixture). The
effect of turbulence on the flame brush is assumed to be purely kinematic, i.e.,
limited to wrinkling. Zimont turbulence flame speed model was used to close the
mean reaction rate term. The chemistry, species concentration, and integrations
were computed with non-chemical equilibrium-assumed shape 3-PDF based on the

inlet mixture composition.
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The solution procedure involves solving Favre-averaged filtered transport
equations for reaction progress variable ¢ and mixture fraction fand enthalpy is

given as;
e Reaction progress variable equation:

o 0 (mooE\ (3.25)
a_xi(p”ic) B (Sct axi) + pSe

J
a(ﬂc) + ox,

Where Sc, is the turbulent Schmidt number and pS. is the favre-averaged reaction
progress source term. The source term is expressed in terms of turbulent flame

speed S, as;

pSc = Pu St|Ve| (3.26)
And the Zimont model for S, in terms of laminar flame speed S, is;

S, = A1?3/4SL1/2a‘1/4lt1/4 (3.27)

Where A= 0.52, u'= C,A|S|, I,= C,A, a is the thermal diffusivity.

The mean reaction progress variable indicates the flame brush by assuming a value
between 0 (unburnt mixture) and 1 (burnt mixture). The progress variable is defined
in terms of mass fraction of species as:

. < LY ) (3.28)

ZinzlYi,ad
Where Y; denotes mass fraction of product species i, and the subscript ‘ad’

represents the species after complete combustion.
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e Mixture fraction equation:

ﬂ(—f) " i(—ﬁ.f) _9 (i ﬁ)a_? 829
ot P T Gy WP T 5\ \se T se ax
The mixture fraction is expressed as:

Squ - Yox + Yox,O (330)

f=

Squ,l - Yox,O
Where s is the oxygen to fuel ratio, Yr, and Yox are the fuel and oxidizer mass

fraction, respectively, while 0 is the oxidizer inlet stream and 1 indicates fuel inlet
stream. For premixed combustion where there is no separate inlet stream for

oxidizer, the above equation can be re-written as;

_SYpy — Yox (3.31)
Squ,l
e Enthalpy equation:
d (%) + d (pi:h) = d k N pe\ 0h (3.32)
Jt P 0x; pritt) = ox;\ \¢p Pr;)0x;

Under thin flame assumption, the thermochemical scalars such as specie fractions,
density, and temperature are uniquely related to the probability density function

(PDF) of f and ¢ by:

! 1 3.33
7 = Ef ou(D p(Df + (1—E)f 0u (D p(Hdf (3:33)

Where subscripts ‘b’ and ‘u’ represent burnt and unburnt mixtures, respectively. A

3D look-up table is created with the inclusion of enthalpy.
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3.4.3 Radiation model

Radiative heat transfer was modeled with the radiative transport equation (RTE), which
was solved using the discrete ordinate (DO) model. The DO model is suitable for oxy-fuel
combustion since it is applicable over a wide optical thickness range [157]. The RTE was

calculated once every five energy iteration. A field equation of the RTE in direction § is;

V-(@3)s) + (a + o )I(F,3) (3.34)
4 4Tt
2 O-T O-S > > > > 12
= an*— + — I(r,3) @(5,s") d2
T 4t J,

The weighted-sum-of-gray-gases (WSGG) model was used to compute the gas
mixture's absorption coefficient, as it has been applied over a wide range of
operating conditions [169,170]. The total emissivity over path length L was

estimated with the equation;

i=1 (3.35)
e= ) a(DI1 - ™M

i=0
Where a, ; represents the emissivity weighting factors for the grey gas i, which are
temperature-dependent. k; represents the absorption coefficient, and P represents

the sum of partial pressures of absorbing gases. The temperature-dependent form

of a.; is solved as;

j , 3.36
dgj = 1-— bsji,jT]_l ( )
j=1
Where b, ; ; represents the polynomial coefficients for emissivity.
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3.5 Uncertainty Analysis

Uncertainty analysis is carried out on the measurements to ascertain the credibility
of experimental results and account for the errors that could arise through
instrument selection, instrument calibration and environment. In this study, the
uncertainty analysis was carried out with the steps outlined by Holman et al. [164].

The aggregate uncertainty in any specified measurement can be deduced from:

1 (3.37)
S = (Ssensor2 + SDAS2 + Scalibz)z

Where S is the total uncertainty in a measured quantity, and Sc.nsors Spas» Scalip are the
uncertainties in the sensor reading, data acquisition system and calibration process
respectively. The uncertainties in temperature measurements and gas flow rates are
presented in Table 3.1. The sets of experiments were conducted twice to check for

reproducibility of results.

Table 3.1 Uncertainty in measured quantities.

Exhaust
Quantity
temperature Gas flow rate
Uncertainty,
% +0.5 (°C) +2
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CHAPTER 4
NUMERICAL STUDY OF MIXING IN A SINGLE
TUBE OF THE MICROMIXER BURNER

The study examines numerically the non-reacting flow and mixing characteristics
inside a single tube of a micromixer burner for potential zero-emission premixed
oxy-fuel combustion applications, such as gas turbines. The aim is to investigate
how the geometrical parameters can affect the mixing quality in an oxy-fuel
reactant mixture consisting of CH4, Oz, and CO>. The ranges of design parameters
are fuel inlet diameter Ds (from 0.2 to 1.0 mm), number of fuel holes n, (4 and 6),
and tube length L, (from 5D to 15D). The range of tube length studied is limited to
50 mm which is the maximum length of practical micromixers found in the

literature [41].

4.1 Boundary Conditions

The mass flow rates were specified at the oxidizer, and fuel inlets at a common
temperature of 298 K. Species mole fractions were also specified at the oxidizer
inlet, while pressure outlet condition was specified at the tube outlet. No-slip and
adiabatic boundary conditions were assigned at the wall. Steady-state laminar
mixing flow was simulated with laminar viscous and species transport models using
a pressure-based segregated solver. The pressure field was obtained using the Semi-
Implicit Method for Pressure Linked Equations (SIMPLE) algorithm for pressure-

velocity coupling.
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Gradient for discretizing the convection and diffusion terms was evaluated with the
least square cell-based method to suit the mesh's hybrid nature. The second-order
upwind scheme handled spatial discretization of convection terms. Also, the density
and pressure terms were discretized using the second-order upwind and standard
scheme, respectively. The convergence criterion for all equations was that the level

of summation of all residuals approaches the value of 10,

4.2 Grid Independency study

The three-dimensional computational domain was discretized using a combination
of tetrahedral and hexagonal elements. Tet-elements were applied close to the wall
around the CHj4 inlets and up to a height of twice the tube diameter (2D) from the
main flow inlet, while the downstream section was meshed with hex-elements as
shown in Fig. 4.1. Mesh control was implemented to achieve efficient discretization
and minimum convergence time. Finer meshes were applied at the CH4 inlet faces
as shown in Fig. 4.1. A grid-independence study was carried out with grid sizes of
341426, 477874, 679710, and 1109285 with Df = 0.3 mm to select the grid size that
has negligible influence on computational solutions as well as shortest convergence
time using the CH4 mass fraction at tube centerline, as shown in Figure 4.2a. To
save computational time, while maintaining high accuracy, the 679710-cell grid
size was adopted in this work. Also, Figure 4.2b shows the dependence of fuel inlet
size on number of grids for Df = 0.6, 0.4, 0.3, and 0.2 mm by comparing the radial
profile of CH4 mass fraction at tube length L = 32 mm. This confirms that the 679K

mesh size chosen for this study is suitable for all fuel inlet sizes considered.
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Figure 4.1 Mesh of computational domain and fuel inlet face.
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Figure 4.2 Grid-independence study considering (a) different mesh sizes 341426,

477874, 679710, and 1109285 with Df = 0.3 mm, (b) different mesh sizes

477874, 679710, and 1109285 with Df = 0.6, 0.4, 0.3 and 0.2 mm.
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4.3 Model validation

A set of experiments was carried out to validate the computational model. The
experimental set-up consists of a cylindrical mixing plenum of 50.4-mm diameter
and 1.0-m length. It has one axial gas inlet at the base plus two radial inlets 180°
apart 35 mm above the base. This plenum is an up-scaled version of the micromixer
tube with a cross-jet flow mixing process to mimic the present study's simulated
mixing process. CO2, Oy, and air gases were used to prepare six different gas
mixtures, as listed in Table 4.1. Mixtures A, B, C, and F comprise CO and air only,
while mixtures D and E consist of fixed CO2 composition, enrichment oxygen
(EnO»), and air. Each mixture's oxygen concentration was measured using an
electrochemical gas analyzer, sampling inside the plenum at 10 mm below the
outlet plane, and the measured plane-average values are plotted against the inlet O
concentration as shown in Figure 4.3. All tests were carried out at a constant
mixture velocity of 1.0 m/s for iso-kinetic sampling. Numerically, three different
diffusion coefficient models were considered to determine the most suitable model
for gas mixing. These three models are a constant dilute approximation (CDA),
dilute approximation (DA), and kinetic theory (KT) [171]. As shown in Fig.4, there
are negligible differences between the predictions of the three models. However,
the KT model is best suitable for ideal gases; accordingly, in this study, Kinetic

theory model was implemented.
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Table 4.1 Compositions and flow rates of different gas mixtures used in the

model-validation experiment.

N2% (air- CO2 EnO; Air
Mixtures CO0;% 0:% based) SLPM SLPM  SLPM
A 10% 19% 71% 12.16 0 108.95
B 25% 16% 58% 3040 0 9079
C 40% 13% 47% 48.64 0 72.63
D 40% 17% 43% 48.64 6.47 66.20
E 40% 21% 30% 48 64 1293 5877
F 50% 11% 30% 60.80 0 58.77
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Figure 4.3 Numerical model validation.
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4.4 Parameter for evaluating mixing quality

Several methods have been used in the literature to quantify the degree of mixing.
One standard method is determining the mixing quality from the contour plots of
fluid and flow properties. Fang and Bakhiter [172] assessed the mixing quality of
two gases by considering the symmetric pattern of contour plots of density at the
channel centerline. Mansour et al. [173] determined the fuel-air mixture's mixing
homogeneity through the contour plots of mixture fraction and its gradient. This
method is, however, susceptible to visual error because symmetry is sight biased
[174]. Another method is to define statistical parameters in terms of flow
composition, such as mass fraction or mole fraction. The statistical parameters are
usually in the form of mean deviation, standard deviation, or probability density
function (pdf). Some of the most common methods to evaluate the mixing quality

are defined below.
e Mean deviation

Gobby et al. [175] evaluated the quality of a two-gas mixing process in a T-shaped
micromixer using each species' deviation from the equilibrium composition since
complete mixing is attained when equilibrium composition is achieved. A deviation
value of + 0.01 was used, and the relation was expressed in terms of mass fraction

as:

Yoq(K) = 0.01Yeq (k) < Y(K 2) < Yeq(K) + 0.01Yq(K) (4.1)
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Where, Y, (k) is the mass fraction of the equilibrium composition of specie k,

Y (k, z) is the mass fraction of specie k at any location z in the domain.

. Composition deviation coefficient ({)

Le-Hassan [174] studied the mixing progress in a similar T-shaped micromixer and
defined the composition deviation coefficient, C. It is expressed as follows and is
expected to decrease asymptotically to zero along the channel centerline:

_ max|Y(i,2) — Yoq ()| (4.2)
- Yoq ()

. Uniformity index (U)

Zhang et al. [128] defined a Uniformity index, U, to quantify mixing quality as

follows:

Y, (4.3)

N —\ 2
1 ¢, —0
U=1- —z _
NL\ B
1=
Where @ represents any variable such as velocity, mass fraction, or temperature.
The term, @;, represents i cell value, @ represents the mean value, and N represents

the total number of cells. A uniformity index value of 1.0 means complete

uniformity.
o Mixing index (I

Zhang et al. [176] investigated the mixing quality of a binary mixture using the

mixing index, I,,, which is calculated as:
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X - 1)? (4.4)
™ ONY.(1-7) B
Where, Y; is the mass fraction of i'" component of the mixture, Y is the average
mass fraction of i component of the mixture in a plane, and N is the number of

cells on a plane. The range of values for I,,, is between 0.0 and 1.0, signifying

complete mixing and no mixing (full segregation), respectively.

4.5 Results and discussion

The CFD simulation results investigating the mixing quality inside the micromixer
tube will be analyzed here in terms of the CH4 mass fraction because it has the least
mass flow rate, i.e., evaluating mixing with the smallest mass fraction gives better
accuracy. The CHs mass fraction is expressed as follows:

M, (4.5)
TilCH4 + moz + mcoz

XcH, =

Also, a dimensionless number is employed to characterize the flow process in the
tube. The Schmidt number is a dimensionless number suitable for characterizing
fluid flow defined mainly by the momentum and mass transfer processes. It is
defined as the ratio of the transfer rate of molecular diffusion to transfer rate of

mass diffusion, as:

= _# (4.6)
pDk,m
Where, % represents the kinematic viscosity and Dy, ,,, represents the mass diffusion

Sc

coefficient.
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The Schmidt number portrays a clear picture of the dominant process in mixing. Sc
> 1 implies mixing is governed by momentum diffusion, Sc = 1 implies mixing is
controlled by both momentum and mass diffusion, while Sc < 1 shows mixing is

dominated mainly by mass diffusivity.

4.5.1 Effect of fuel inlet tube diameter (Df) on mixing quality

The size of fuel inlet diameter (D) was varied as 1.0 mm, 0.6 mm, 0.4 mm, 0.3
mm, and 0.2 mm, to investigate its effect on mixing while keeping the other tube
dimensions constant. The flow rates of all gases were kept constant while
examining the effect of Dr. Four fuel inlets were considered, which are equally

spaced circumferentially (90° apart). A fixed fuel mass flow rate, m; =

7.3771 x 10~ kg /s per inlet was introduced. Figure 4.4 shows the profiles of CHa
mass fraction at the micromixer tube outlet for all Dr values considered. It can be
observed that as Ds decreases, the difference between the peak and crest values
decreases (approximately 620% and 15% for Df = 1.0 mm and 0.3 mm,
respectively), which indicates better mixing at lower Ds.

The large difference between the peak and crest values observed for larger D may
be attributed to the high difference between the oxidizer inlet velocity and fuel inlet
velocity. The latter decreases with increasing fuel inlet area. Therefore, the CH4
specie cannot effectively penetrate and mix hydro-dynamically with the main
oxidizer stream near the jet cross-flow; thereby, the fuel flow is restricted to the

wall region.
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Figure 4.4 Variation of CH4 mass fraction at micromixer tube outlet for different
fuel inlet diameters: 1.0, 0.6, 0.4, 0.3, and 0.2 mm for a tube length of 32 mm,

considering four fuel inlets.

This is clearly illustrated in Figure 4.5, showing the velocity vector plots colored
with CH4 mass fraction near the fuel inlets for Df's different values. Furthermore,
the tube length is not long enough to enable adequate molecular diffusion before
the mixture reaches the outlet. This may explain the peak values observed near the
wall at the outlet. On the other hand, as Ds decreases, the fuel jet velocity increases,
causing more effective hydrodynamic mixing close to the fuel-injection points,
which compliments the molecular diffusion process further downstream, resulting

in better mixing, as the velocity vectors for Dr = 0.3 mm indicate in Figure 4.5.
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Figure 4.5 Velocity vectors colored with CH4 mass fraction plotted on centerline

0.6, and 0.3 mm considering four fuel inlets.

plane for fuel inlet diameter: 1.0
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Hence, there is a lower concentration of CH4 near the tube wall, and the profile
skewness is smaller, which implies better mixing. Interestingly, although the Ds =
0.2 mm case produced a CH4 mass fraction profile with the least difference between
the peak and crest values, the profile is not axisymmetric, which will be explained
later.

The CH4 Schmidt number (Sccha) profiles at the outlet are shown in Figure 4.6 for
the different Dr values. The average outlet Sccravalue for all Dr values is 0.575
(<1), indicating that mass diffusivity has more influence on mixing near the outlet
region. Moreover, the profiles are similar to those of CH4 mass fraction presented
in Fig.5, which supports the observation that the mixing process near the outlet is
majorly influenced by mass diffusivity.

Among the considered Dt values, the smaller diameters, 0.2 mm and 0.4 mm,
showed better mixing, which indicates that the optimum fuel diameter for the
examined tube length of 32 mm falls between these two sizes. Accordingly, the
mixing uniformity for Df = 0.25, 0.30, 0.35, and 0.40 mm was investigated, and the
results are displayed in Figure 4.7 in terms of CH4 mass fraction profiles at the
outlet section. The CHy profiles for Df = 0.25 — 0.35 mm are closest to the mean
ideal mixing profile. Thus, it is expected to have the optimum Dy, for the 32-mm

micromixer tube with four fuel inlet holes, in the range of 0.3 mm + 0.05 mm.
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Figure 4.6 Variation of CH4 Schmidt number at micromixer tube outlet for
different fuel inlet diameters: 1, 0.6, 0.4, 0.3, and 0.2 mm for a tube length of 32

mm, considering four fuel inlets.
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Figure 4.7 Variation of CH4 mass fraction at outlet of the micromixer tube
for different fuel inlet diameters: 0.4, 0.35, 0.3, 0.25, and 0.2 mm for a

tube length of 32 mm, considering four fuel inlets.
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Mixing quality for Df < 0.4 mm was further assessed by computing the mean
deviation at L = 10D inside the micromixer tube. This quantifies mixing quality in
terms of uniformity by setting a minimum deviation (as expressed in Equation
(4.1)) of specie composition from its equilibrium composition in the mixture. A
10% deviation value has been adopted, and the contour plots on plane L = 10D are
shown in Figure 4.8. The contours display the portion of the circular plane with
CHa concentration within the specified deviation only. It is observed that the
contours of the small diameter nozzles (Ds = 0.2 — 0.35) with corresponding higher
velocity inlet have asymmetry deviation pattern. This signifies an increasing
influence of unsteady effects due to convection or inertia on mixing in addition to

mass diffusion effects that are prevalent bear the outlet.

It can be deduced that the tube with Df = 0.25mm produced the best mixing quality,
judging by the largest contoured area and least contoured variation. Thus,
supporting the inference made earlier from the outlet radial profiles of CH4 mass
fraction. This also implies that mixing quality is not a direct function of inlet fuel

hole size, as Ds = 0.25 mm produced better mixing than D = 0.2 mm.

Figure 4.9 shows the variation of mixing quality with Dsat L = 10D. Here, mixing
quality is expressed in terms of the Uniformity Index (U) and mixing index (Im),
which are statistical parameters defined in terms of CH4 mass fraction, as defined
in Equations (4.3) and (4.4), respectively. Both parameters quantify mixing with

the uniformity of constituents.
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Figure 4.8 Contour plots of mean deviation of CH4 mass fraction at L = 10D
inside the micromixer tube for different fuel inlet diameters: 0.5, 0.4, 0.35, 0.3,

0.25, and 0.2 mm, considering four fuel inlets.
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Figure 4.9 Uniformity Index and Mixing Index calculated at L =10D inside the

micromixer tube for Df = 0.2 - 1 mm, considering four fuel inlets.
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However, U varies from 0.0 to 1.0, while Im varies from 1.0 to 0.0, from complete
segregation to complete uniformity. The trend is similar for both parameters, as
they show that mixture uniformity improves with decreasing fuel hole size, and this
can again be attributed to the higher jet velocity produced by the smaller jet sizes
(since the mass flow rate per inlet is constant), which enhances the interaction of
the jet flow with the main stream. A mixing quality greater than 90% was achieved
in the range of Df = 0.2 - 0.35 mm. Moreover, both parameters predict Dr = 0.25
mm as the hole size with the best mixing quality at L = 10D, thereby corroborating

the results obtained earlier based on the mean deviation parameter.

4.5.2 Effect of tube length (L) on mixing quality

The effect of micromixer tube length (L) on mixing quality was studied by varying
L (32, 40, and 48 mm) at fixed fuel inlet diameter, Ds = 0.25 mm. From the CH4
mass fraction profile results at the tube outlet, shown in Figure 4.10, it can be
inferred that increasing L improves mixing quality, judging by the closeness of the
profiles to the mean x_CHys profile. This is because a longer tube length creates
more space for more molecular diffusion to take place. Figure 4.11 examines the
transition from mass to molecular diffusion along the micromixer tube. The figure
illustrates the contour plots of 10% mean deviation of CH4 mass fraction for Df <
0.4 mmat L =16 mm (5D), 32 mm (10D), 40 mm (12.5D), and 48 mm (15D). The
contours show the axial variation in mixing due to varying interaction between the

main flow and fuel jet flow for the various fuel hole sizes considered.
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Figure 4.10 Variation of CH4 mass fraction at the micromixer outlet for tube

lengths 32, 40, and 48 mm at constant Dr = 0.25 mm, considering four fuel inlets.
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Figure 4.11 Contour plots of mean deviation of CH4 mass fraction at

lengths L = 5D, 10D, 12.5D and 15D for different fuel inlet diameters Ds =

0.2, 0.25, 0.3 and 0.35 mm, considering four fuel inlets.
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At L = 5D, the mixing process is at an early stage, and the species are barely
distributed across the plane, as shown by the scanty contour plots. Improved
distribution of species can be seen in contours at L = 10D. Unlike the contour
patterns at L = 5D, those at L = 10D are like the ones at 12.5D and 15D. This
indicates diffusion-controlled mixing from L =10D upwards instead of momentum-
dominated mixing near L = 5D. At L =15D, the mixture is most uniform for all the
fuel hole sizes, showing mixing quality improvement with tube length. Also, the
fuel inlet with Df = 0.25 mm shows the best mixing quality with minimum variation,
judging by the least contour numbers at L = 15D, which agrees with the findings of

Figure 4.8 and Figure 4.9.

The composition deviation coefficient () was calculated at the tube centerline to
show the mixing progress of CH4 species. It is expected to decrease asymptotically
to 0.0 along the length of the tube. Figure 4.12 shows the composition deviation
coefficient of CH4 for the tube with four fuel holes of inlet diameters (0.2 mm - 1
mm). The mixing progress curves for all the fuel diameters represented in the figure
are characterized by a zero-gradient portion at { = 1.0 (initial non-mixing condition)
and a negative gradient curve approaching { = 0.0 (complete mixing condition).
The size of the zero gradient portion signifies the rate at which CHa specie reaches
the tube center. Also, the magnitude/steepness of the negative gradient afterward

indicates the mixing rate.
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Figure 4.12 Tube centerline CH4 composition deviation coefficient for different

fuel inlet diameters D = 0.2 — 1 mm up to L = 15D, considering four fuel inlets.
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Based on these facts, faster main flow penetration and greater mixing rate occur
with decreasing fuel inlet diameter due to the increased jet velocity since the fuel

mass flow rate is kept constant for all cases.

Little difference in mixing profile and rate is observed for Df > 0.4 mm, whereas
Df < 0.4 mm' fuel holes show higher mixing rates and distinct mixing profiles. Note
the points of inflection at { = 0 followed by a secondary peak, as observed for Ds =
0.25, 0.3, 0.35, and 0.4 mm. Downstream these points, the mixing pattern can be
said to steadily improve towards the tube outlet, as indicated by the less steep
profiles. The inflection points indicate axial locations where the CH4 mass fraction
equals its equilibrium value, resulting from the displacement of the main oxidizer
flow due to the high jet flux/penetration strength produced by the smaller fuel
diameters Ds < 0.4 mm. The outlier is the profile of Ds = 0.2, with a sharp drop in {
below 1 just before the point of CH4 injection at L = 1D, followed by a steep rise
to peak {, before the curve behaves as expected at L ~ 2D, as seen in Figure 4.12.
This anomaly is attributed to a recirculation region created by the collision of fuel
jet flows at the tube center below the CHjs injection points (L < 1D). This is

explained in more detail in the next figure.

Figure 4.13 illustrates the three-dimensional side and plan views of absolute
helicity vortex for Df = 0.2 - 0.4 mm, showing the magnitude of the interaction
between the oxidizer main flow and fuel jet flows. Absolute helicity vortex
quantifies vortex structures created by fluid-fluid and fluid wall interactions [171];

this represents the fluid-fluid interaction.
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Figure 4.13 Three-dimensional absolute helicity vortex for different fuel inlet
diameters Ds = 0.2, 0.25, 0.3 and 0.4 mm, considering four fuel inlets.
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The plan view of helicity for D = 0.2 mm indicates fluid interaction at the tube
center, absent in other cases. This interaction happens in the form of a recirculation
zone, which explains the anomaly in Figure 4.12 and justifies the lack of

axisymmetry of the 0.2-mm profiles in Figure 4.4 and Figure 4.7.

It is also observed from the side views in Figure 4.13 that D = 0.25 mm has the
tallest helicity structures indicating longer fluid-fluid interaction and sufficient
unsteady effects, which are responsible for the case producing the best mixing
uniformity. Unsteady effects due to convection or inertia play an important role on
mixing quality. The magnitude of the unsteady effects depends on the size of fuel
inlets. Still, the sufficient magnitude to produce the best mixing quality relies on
the relative size of fuel inlets to the main inlet. The helicity structure size decreases
with increasing fuel hole size, explaining why mixing quality is worse at larger fuel
hole diameters. Generally, the mixing process can be described as thus; the
upstream region near the fuel-injection holes is the high-vortex region, where
momentum change represented by steeper slopes drive mixing, and the region
further downstream towards the tube outlet is the low-vortex region dominated by
molecular diffusive mixing. For all fuel inlet diameters considered, mixing
improved with mixing tube length L. Based on a { = 1% criterion, the optimum fuel
inlet diameter is Df = 0.25 mm, as observed at L = 15D in Figure 4.12 for the

examined micromixer tube with four fuel inlets.
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4.5.3 Effect of number of fuel holes on mixing quality

In addition to the previously discussed four-hole arrangement, a six-hole one was
also analyzed with six equally spaced fuel holes (60° apart) at the height of 3.2mm
(one tube diameter) from the main flow inlet to study the effect of the number of
fuel jets on mixing quality. Figure 4.14 shows a plot of centerline deviation
coefficient () with respect to tube length, considering the four- and six-hole
arrangements. For similar hole sizes, the plot shows that the 4-hole arrangement
has a higher mixing rate (curve gradient). This is because, at the same Dr and total
fuel mass flow rate, the flow rate per hole is greater for the case of 4 holes, resulting
in higher fuel jet velocity, which causes more penetration and interaction with the
main flow. Unlike in the 4-hole arrangement at Ds = 0.2, 0.25, and 0.3 mm, the
profiles of the 6-hole micromixer tube have no inflection points along the

centerline, indicating a lack of equilibrium composition points.

Based on the value of  at the outlet, the optimum D+ for the 6-hole tube is 0.2 mm
with £ = 16 %, while that of the 4-fuel hole tube is 0.25 mm with { = 1.2 %. Figure
4.15 shows the comparison of mixing quality between number of fuel holes of 4
and 6 for Dt range of 0.2 — 0.4 mm using Uniformity Index parameter. This
corroborates the results shown in Figure 4.14 and shows that for Dy = 0.25 mm, 4
fuel hole-tube produced better mixing quality while Dy < 0.25mm 6 fuel hole-

tube yielded better mixing quality.
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Based on parameters such as Uniformity Index (Ua) and Deviation coefficient ({),
it can be concluded that 4 fuel holes is recommended for Dy = 0.25 mm while 6
fuel holes is recommended for Dy < 0.25 mm to achieve optimum mixing with this

micomixer-tube design.
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Figure 4.14 CH4 composition deviation coefficient for different fuel inlet

diameters Dt = 0.2 — 0.4 mm for the micromixer tubes of four and six holes.
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Figure 4.15 Uniformity Index for different fuel inlet diameters Df = 0.2 —

0.4 mm for the micromixer tubes of four and six holes.
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CHAPTER 5

EXPERIMENTAL INVESTIGATION OF COMBUSTION

CHARACTERISTICS IN A PREMIXED MICROMIXER

COMBUSTOR

5.1 Introduction

This chapter presents the results and discussion of the experimental investigation
of premixed oxy-combustion of hydrogen-enriched methane under atmospheric
conditions in a multi-hole burner mimicking gas-turbine micromixers. The
experiments were conducted at a fixed oxygen fraction (OF) of 30% by volume in
the O./CO> oxidizer since this OF produces similar flame characteristics to air
combustion. The hydrogen fraction (HF) in the fuel mixture was varied within the
range of 25-70%. The equivalence ratio (¢) was varied from 0.1 to 1.0 at each target
value of HF to determine the blowout limit. A stability map showing the region
where the stable flame is achievable is defined in terms of the stoichiometric and
blowout limits and plotted within the HF-¢ space. To gain more insight into the
flame extinction mechanism, flame shapes were imaged and compared over a range
of HF. Furthermore, flame shapes were captured at constant adiabatic flame
temperature (AFT = 2200K) to study the influence of chemical kinetics rates on

flame shapes.
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5.2 Combustor stability maps

The stable operating zone of the micromixer-like multi-hole burner holding
premixed Hy-CH4/O2/CO, flames was mapped over ranges of fuel hydrogen
fraction (HF=25-70%) and equivalence ratio (¢=0.1-1.0) by identifying the static
stability limits as shown in Fig. 5.1. These limits were investigated at fixed

OF=30% and jet velocity of 5.2 m/s.

The lower flammability (blowout) limit was identified by decreasing the
equivalence ratio at each HF until the flame blew out. No upper flammability
(flashback) limit was encountered because of the flame arrestors built in the multi-
hole burner. The stable combustion zone is delineated by the stoichiometric limit
at the top and the blowout limit at the bottom, while the blowout zone falls below
the blowout limit. The stability map was superimposed on numerically generated
contours of different operability parameters, such as adiabatic flame temperature
(AFT), combustor power density (PD), Reynolds number (Re), and pressure drop

across burner headend (Ap), to investigate their correlation with the stability limits.

Figure 5.2 shows the stability map plotted against the contours of constant AFT.

Multiple observations can be made:

e Blowout occurs at leaner equivalence ratios with hydrogen addition. This is
attributed to the enhanced chemical kinetics and higher flame speed with

hydrogen enrichment, as reviewed earlier.
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Figure 5.1 Stability map of micromixer gas combustor mapped over equivalence

ratio (¢) and hydrogen fraction (HF).
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Figure 5.2 Flame stability map at fixed jet velocity of 5.2 m/s and oxygen fraction

of 30% superimposed on contours of constant adiabatic flame temperature.
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The flame base speed reduces to a critical value where its axial component is
overtaken by the unburnt mixture velocity, resulting in flame blowout [95].
Invariably, the blowout limit is greatly dependent on flame speed and
Damkohler number [177]. Hydrogen enrichment has a minuscule effect on
AFT, as seen in Figure 5.2, so the observed enhancement in blowout with
hydrogen addition is not related to an increase in flame temperature; on the
contrary, blowout occurs at lower AFT with hydrogen addition. The positive
effect of hydrogen is attributed to the fact that it saturates the reaction zone with
OH, O, and H radicals, which boosts the reaction rates and burning velocity, as
reviewed earlier.

In terms of AFT, blowout shifts from ~1430 K at 0% HF to ~770 K at 70% HF.
The fact that an oxy-fuel combustor can remain lit down to ~800 K (~530 °C
or ~990 °F) is a remarkable pioneering finding that has never been attained in
past studies, which highlights the strong positive effect of hydrogen enrichment
on the stability of oxy-fuel flames. Even without hydrogen enrichment, the
combustor remains lit down to ~1450 K (~1180 °C or ~2150 °F), which is
comparable to lean-premixed air-flames in gas turbines and significantly better
than most reported limits in past swirl-based oxy-fuel studies, as reviewed
earlier. This highlights the effective flame stabilization of micromixer

technology and makes it the technology of choice for oxy-fuel combustors.
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The fact that AFT is almost insensitive to HF at constant equivalence ratios
facilitates great operational flexibility in adjusting the HF to sustain flame
stability without affecting the gas-turbine-cycle peak temperature or impacting
the turbine health. A similar relationship was reported for low swirl-stabilized
premixed H-CH4/O2/CO, flames [178]. The stability map plot against the
contours of constant power density (PD, MW/m?/bar) is depicted in Figure 5.3.
The PD represented within the stable combustion zone covers the lower
operating power range of industrial gas turbines, which have typical ratings of
3.5-20 MW/m?bar [179]. It can be observed that PD increases with increasing
equivalence ratio because PD is directly proportional to the mass flow rates of
CHg and H, see Equation 3, and both flow rates increase with equivalence ratio.
Remarkably, hydrogen enrichment has almost no effect on PD, which leads to
two important findings:

The lack of correlation between PD and HF again facilitates great operational
flexibility in adjusting the HF to sustain flame stability without affecting the
cycle power input or the turbine health.

The combustor remains lit down to a PD of 1.8 MW/m?/bar at 70% HF, which
is significantly lower than the typical minimum of industrial gas turbines. This
offers the operational freedom not to flame out some premixers at engine part
loads, but to keep them lit at low power density and sustained by hydrogen

addition.
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Avoiding premixer flameout at part loads and relight at higher loads is
beneficial in avoiding the instabilities associating relight due to acoustic

interference and/or flame-to-flame interaction.
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Figure 5.3 Flame stability map at fixed jet velocity of 5.2 m/s and oxygen fraction

of 30% superimposed on contours of constant power density.

103



To investigate the relationship between the blowout limit and mixture Reynolds
number (Re), the stability map was replotted against the contours of constant Re,
as shown in Figure 5.4. The Re map extends over the range 1300-1600, with
maximum Re at minimum HF and ¢, and vice versa. It can thus be deduced that

excessively high Reynolds numbers characterize the blowout zone.

Interestingly, the Re map is a strong reflection of the pmix map, because pmix varies
from 16.0 to 16.5 pPa-s, i.e., by 3% only. Hydrogen enrichment might not affect
AFT or PD, but it surely affects pmix, because hydrogen is significantly less dense

than methane.

The flow parameters directly affected by hydrogen addition are thus pmix and Re.
Increasing Re increases flow turbulence, which should boost the burning velocity
and thus flame stability. However, decreasing HF and ¢ (in the direction of higher

Re) reduces the burning velocity.

This infers that the contours of constant burning velocity are close to those of
constant Re, especially within the blowout region, which explains why blowout
nearly occurs at constant Re. The blowout limit is mainly a function of Damkohler
number, Da [28,177,178]. Since the flow time scale can be assumed constant
because of the fixed jet velocity, then a constant reaction time scale (and thus
burning velocity) results in constant Da. This confirms that the burning velocity is

nearly constant along the blowout limit.
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Figure 5.4 Flame stability map at fixed jet velocity of 5.2 m/s and oxygen fraction

of 30% superimposed on contours of constant mixture Reynolds number.

105



To zoom in on the effect of Re, and to de-convolute the effects of pmix and pmix,
Figure 5.5 depicts the stability map plotted against the contours of constant pressure
drop across burner headend (Ap), which is directly proportional to pmix at constant
jet velocity, according to Equation 7. It can be seen that the blowout limit coincides
with a contour of Ap, which infers that pmix IS the primary parameter within the Re,
as analyzed earlier. pmix is analyzed in Figure 5.5 in the form of Ap because the
latter has a unique importance in the operation of lean-premixed air-fuel gas
turbines. The compressor discharges air at a given pressure and temperature, so air

density is typically constant at combustor inlet.

The Ap across combustor headend is thus a direct measure of jet velocity and,
consequently, air mass flow rate through the headend. Since the rate of airflow

reflects engine load, Ap is monitored as a direct indicator of load.

5.3 Flame macrostructure

Flame shapes at specific points within the stable combustion zone were imaged to
help understand and analyze the effects of different parameters on flame
macrostructure. Figure 5.6 shows the locations of these selected flames within the
Ap stability map. Flames 1-3 examine the effect of HF at constant $=0.912, while

flames 4-6 investigate the effect of ¢ at constant HF=50%.
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Figure 5.5 Flame stability map at fixed jet velocity of 5.2 m/s and oxygen fraction

of 30% superimposed on contours of constant pressure drop across burner

headend.
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Figure 5.6 Flames selected for imaging shown on Ap map.
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Flame macrostructure close to the blowout limit is studied in flames 7-9. The
correlation (if any) between AFT and flame shape is tested in flames 1, 10, and 11
at AFT=2200 K. Finally, since the blowout limit coincided with a constant Ap
contour, flames 1, 12, and 13 were selected to have a common Ap=19.6 Pa to check

for any potential correlation between Ap and flame shape.

The effect of hydrogen enrichment on flame structure at constant $=0.912 is shown
in Figure 5.7. The flamelets in the primary reaction zone become shorter and more
robust, while the flame plume (secondary reaction zone) becomes brighter and

more intense as the HF increases.

This is attributed to the improved chemical kinetics and increased turbulent flame
speed. Recall from the analysis of Figure 5.2 that HF has a marginal effect on AFT,
where <100 K change in AFT is recorded for 70% hydrogen enrichment at constant
¢. Thus, the observed changes in flame shape with hydrogen enrichment in Figure
5.7 are induced primarily by enhanced reaction kinetics and not by higher flame
temperature. It can also be observed from Figure 5.7 that the flame plume becomes
longer with hydrogen addition, which could be explained by delayed CO burnout
in the presence of excess hydrogen, as reported in past studies [180]; further
quantification is needed here. On the effect of ¢ on flame characteristics at fixed
HF of 50%, Figure 5.8 shows that the flame becomes stronger, brighter, more

intense, and more stable with increasing ¢, as expected.
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Figure 5.7 Flame shapes captured at constant ¢ = 0.912, fixed jet velocity = 5.2

m/s, and three different values of HF: 30%, 50%, and 70%.
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Figure 5.8 Flame shapes captured at constant HF = 50%, fixed jet velocity = 5.2

m/s, and three different values of ¢: 0.4, 0.6, and 0.8.
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The negative effect of CO: dilution also subsides by increasing the fuel flow with
respect to CO>. Flame/plume length is observed to increase with ¢, which could be

again explained by delayed CO burnout as the fuel flow increases.

Flame shapes near the blowout limit are displayed in Figure 5.9. To conform to the
slope of blowout limit, ¢ had to be reduced from 0.45 — 0.25 as HF increased from
30% to 70%. Near lean blowout, the flames are dimmer, signifying lower strength
and stability. The flamelets become longer at low ¢ due to reduced reaction rates at
low AFT and greater effect of CO> dilution. It can also be observed that the inner
flamelets are attached, while the outer ones are lifted and burn in random island
flames further downstream, where the average flow velocity is favorable and
comparable to the reduced flame speed. As HF increases, the flamelet length
decreases, indicative of faster reaction rates with hydrogen addition. Interestingly,
as HF is more than doubled (30% to 70%), flame brightness does not increase,
which infers that ¢ (and AFT) has a greater influence on flame strength and
intensity than HF. In other words, HF has weak effects on Temperature within about
10% changes over a given range of HF tested, there is an effect, but it is

insignificant compared to equivalent ratio.
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Figure 5.9 Flame shapes captured near the blowout limit at fixed jet velocity of

5.2m/s.
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To decouple the effects of AFT and hydrogen enrichment on chemical Kinetics,
flame shapes at fixed AFT of 2200K were imaged, as shown in Figure 5.10.
Constant AFT was maintained by slightly decreasing ¢ as HF was increased. It can
be observed that the flame structures are not identical despite the constant AFT, in
contrast to methane flames without hydrogen enrichment [118,157], which
exhibited identical structures at fixed AFT. This clearly demonstrates the effect of
hydrogen enrichment on the reaction kinetics and, consequently, flame structure.
Flamelet length decreases with H» addition because of greater reaction rates and

higher flame speed, despite the reduction in ¢.

Since the analyses of Figure 5.4 andFigure 5.5 revealed the primary role of unburnt-
mixture density, pmix, In the effects of jet Reynolds number, Re, and headend
pressure drop, Ap, three flames of common Ap (i.e., constant pmix) but different HF
and ¢ were imaged, as seen in Figure 5.11. These flames are numbered 1, 12, and
13 in Figure 5.6. It can be observed from Figure 5.11 that maintaining constant Ap
does not result in identical flame structures, even though the blowout limit follows
a Ap contour in Figure 5.5. However, the remarkable observation is that the flamelet
length is approximately constant in Figure 5.11 in spite of reducing ¢ from 0.912
to 0.454 (50% reduction) and increasing HF from 30% to 70% (133% increase).
Since flamelet length is a reflection of reaction rate, and consequently Da at
constant jet velocity (same flow time scale), it can be assertively concluded here
that the contours of constant burning velocity and constant Da are close to those of

constant Ap, as analyzed earlier in Figure 5.4 and Figure 5.5.
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Figure 5.10 Flame shapes captured at constant AFT of 2200 K and fixed jet

velocity of 5.2 m/s.
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Figure 5.11 Flame shapes captured at a constant Ap of 20 Pa and fixed jet velocity

of 5.2 m/s.
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This is also an additional affirmation that hydrogen-enriched oxy-methane flames
are kinetics-limited and blow out at constant Da, which explains why the blowout
limit follows a Ap contour. On the other hand, flame brightness does not correlate
with Ap, as observed in Figure 5.11, but correlates with ¢ and AFT, as discussed

earlier in the analysis of Figure 5.8.

5.4 Temperature measurements

Temperature measurements were performed in the plumes of selected flames to
give an insight into the reaction progress, quantify the effects of different
parameters, and provide a reference for validating numerical models. The
temperature readings were taken as close as possible to the flame, as allowed by
the limit of the utilized R-type thermocouple. The axial measurements were made
along the combustor centerline, while the radial readings were taken at a specific
axial location of z/L = 0.833 as shown in Figure 5.12. Figure 5.13 shows the
temperature distributions along the combustor centerline for three flames of
different ¢ but common HF=50%. Increasing ¢ clearly results in hotter flames, as
expected, because of the corresponding increase in the rate of reaction, heat-release
rate, power density, flame speed, and AFT.

The temperature profile increases by an average of 18.62% and 10.18% as ¢
increases from 0.454 to 0.660 and 0.912, respectively. This also agrees with the
observation of brighter flames at higher ¢ in Figure 5.8. Changing HF at constant
¢, however, does not have a similar effect with an average 3.5% difference in

temperature for HF of 70% and 40% at $=0.454 as seen in Figure 5.14.
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No discernable correlation between HF and the temperature data can be detected,
which strengthens the findings mentioned above (Figure 5.7), namely that (a)
hydrogen enrichment has a negligible effect on AFT and (b) the stabilizing effect
of hydrogen is purely due to reaction kinetics effects other than making the flames
hotter such as enhanced production of radicals.

Figure 5.15 provides additional proof that the data in Figure 5.14 is not a spurious
artifact limited to the centerline; again, no discernable correlation between HF and
the radial temperature data can be detected. Figure 5.16 and 5.17 revisit the effect
of maintaining constant burner-headend Ap, which was discussed earlier in Figure
5.11. Local temperatures were measured in three flames of common Ap=19.6 Pa

but different ¢ and HF (0.78/40%, 0.66/50% and 0.454/70%).

It can be observed in Figure 5.16 and 5.17 that the effect of ¢ clearly overtakes that
of HF; higher ¢ results in hotter flames (higher AFT) despite the reduction in HF.
The difference in axial temperature profiles between Flames 0.78/40% and
0.66/50% is averagely 9.76% and between Flames 0.66/50% and 0.454/70% is
averagely 14.18%. This aligns very well with the analysis of Figure 5.11 and
confirms all findings mentioned above on the effects of ¢ and hydrogen enrichment.
An additional interesting observation in Figure 5.17 is that hydrogen addition
flattens the combustor radial temperature profile as HF increases from 30% to 70%.
A uniform, non-skewed profile is advantageous for avoiding turbine damage due
to the absence of hot spots. Thus, in addition to enhancing flame stability, hydrogen

enrichment is beneficial for maintaining good turbine health.
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CHAPTER 6
NUMERICAL MODELLING OF OXY-COMBUSTION
CHARCATERISTICS IN A PREMIXED

MICROMIXER-LIKE COMBUSTOR

This chapter presents the numerical study of the combustion and emission
characteristics for a micromixer-like model gas combustor operating on oxy-
combustion technology. A thin flame-front topology-based LES premixed
combustion model with the DO-WSGGM radiation model was implemented to
predict the combustor's oxy-combustion characteristics. The numerical results were
validated against the data obtained from experiments conducted on the combustor.

Finally, the effects of hydrogen enrichment on combustion features and emissions.

6.1 Computational domain and Boundary conditions

Taking advantage of the micromixer burner's hexagonal hole pattern, only a 60°
sector of the combustor was adopted and discretized in a 3D mesh, as shown in Fig.
6.1. This sector comprises of 6 full-holes, 8 half-holes, and one quarter-hole. All
holes were set as velocity inlets introducing the same premixed CH4/H2/02/CO>
mixture at a constant inlet velocity of 5.2 m/s and inlet temperature of 300 K. The
HF was varied from one case to another by manipulating the values of inlet mixture

fractions. A pressure-outlet condition was assigned to the combustor outlet.
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Since the combustor confinement is made of quartz glass, a mixed thermal
boundary condition was assigned to the combustor wall to cater for the convective
and radiative modes of heat transfer to the surroundings, with values of convective
heat-transfer coefficient and free-stream temperature of 20 W/m?/K and 298 K,
respectively. The 6-mm-thick quartz wall was modeled as semi-transparent, and the
radiative heat transfer through it was modeled with four-wavelength non-gray band
model. A periodic boundary condition was imposed at the symmetry faces
adjoining the wall. A parametric study was conducted targeting HF's effect at fixed
@=1 (stoichiometric) and OF=30%. The hydrogen component of the fuel blend was

varied between 10-50%.

6.2 Grid independence study

A mesh-independence study was conducted by comparing the LES simulation
results of three meshes containing 100k, 150k, and 200k cells, as shown in Figure
6.2. The 3D mesh has finer cells near the burner, and cell size gradually grows
coarser towards the outlet and wall, with inflation at the wall. The differences in
the predicted radial temperature between these meshes at an axial height Z=3.3D
above the burner were negligible near the combustor centerline and grew
marginally significant towards the wall, as seen in Figure 6.2. The mesh of 150k

cells was adopted for this computational work.
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Z=3.3D for mesh sizes of 100k, 150k, and 200k cells.
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6.3 Model Validation

The numerical model was validated with the measured temperature data at @ =
0.78, HF = 40%, and OF = 30%. Figure 6.3a compares experimental and numerical
axial temperature along the combustor axis for temperature readings at Z/D > 3.3,
and there is a good agreement between the two methods. Although temperature
readings for Z/D < 3.3, which contains the flame core, could not be measured due
to the limited operating range of the thermocouple, such temperature values were
calculated numerically as seen in Figure 6.3a while the radial temperature profile
at Z/D = 3.3 for both experimental and numerical results is presented in Figure 6.3b.
The experimental results are slightly overpredicted by a maximum/average values
of 16.51%/15.09% and 11.78%/9.18% for the axial and radial profiles respectively
within the region where experimental data have been taken. This may be attributed
to the fact that the heat transfer to the micromixer burner is not included in the
computational model. The micromixer burner conducts heat from the flame, which
raises the reactants' temperature through preheating, resulting in reduced combustor

temperature.

Figure 6.4 compares the experimental and numerical flame image for set point @ =
0.78, HF = 40% and OF = 30%. OH contour plots represent the numerical flame
shape. The primary reaction zone represented by the mini-flames and secondary
reaction zone represented by the plume above the mini-flames is captured in both

images. The heights of the micro-flames are comparable visually.
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Reaction zone exists in the spacing between mini-flames, but it is non-existent in
the region between the flame base and the wall. This is because the global flame
shape consists of multiple jet flames that mainly propagate axially, unlike swirl

flames.

6.4 Parameters defining flame characteristics.

Some parameters that were used to define the characteristics of the flame are

defined as follows:

e Heat release factor (y): To quantify the heat release during the combustion
process, a non-dimensional parameter known as heat-release factor y is

expressed as:

Taa — To —1 To (6.1)

Yy = T
. . . Tad Tad ] .
Where Taq is the adiabatic flame temperature and To is the unburnt gas-mixture

temperature.

e Flame thickness (6): This represents the length of the preheat zone and inner-
layer part of the laminar flame front, has been calculated with the correlation:

Ay (6.2)

B puCpSL
Where Ay and py represent the thermal conductivity and density of the unburnt

reactant mixture, respectively.

e Damkohler number (Da): This is a non-dimensional parameter defined as the

ratio of reaction rate to diffusion rate, and is expressed as:
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(lt /u,) (6.3)
(%s,)

Where |t represents the integral length scale and u’ represents the root mean square

Da =

of velocity fluctuation.

e Karlovitz number (Ka): this is a non-dimensional ratio of chemical time scale

to Kolmogorov time scale, represented as:

6.4
Ka—\/% ©4)

= SL/6

Where ¢ is the turbulent dissipation rate and v is the kinematic viscosity.

6.5 Results and discussions

6.5.1 Stability and structure of premixed CH4/H2/O2/CO2 flames

An experimental investigation of the behavior of premixed CH4/H2/O,/CO. flames
was performed, considering various fuel compositions in a micromixer-adapted
model gas-turbine combustor. A fixed jet velocity of 5.2 m/s ensured that (a) a
constant volumetric flow rate of reactant mixture was maintained, and (b) all flames
have similar cold-flow (non-reacting) conditions and turbulence intensities. To
identify the combustor's static stability limits, @ and HF were varied over the ranges
0.1-1.0 and 25-70%, respectively. Then, the flame stability was mapped on a @
versus HF plot, as seen in Figure 6.5, which shows the lean blowout (LBO) limit.
This signifies that the stable flame region is only delineated by the LBO limit for

the operating conditions under consideration.
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Figure 6.5 Experimentally recorded lean blowout (LBO) limit, mapped as plots of
equivalence ratio (@) and heat release factor (y) vs. hydrogen fraction (HF), at a

fixed inlet jet velocity and oxygen fraction (OF) of 5.2 m/s and 30%, respectively.
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The variations of calculated heat release factor (y) with HF are also presented in
Figure 6.5. As HF increases from 0-70%, the LBO limit extends linearly from 0.45-
0.15 towards lower @, thereby widening the operating space with a slight decrease

of up to 0.14 in the heat release factor (y).

The extended LBO limit indicates that flames are stabilized at lower temperature
due to high reaction rate and faster laminar flame speed of hydrogen. The addition
of hydrogen increases the laminar flame speed of the mixture, which balances or
offsets the inlet flow velocity and prevents the flame from migrating downstream,
thereby restricting the early occurrence of blowout at low @. Blowout sets in when
the inlet flow velocity exceeds the laminar flame speed. The expanded operability
space of heat release factor can be attributed to the improved adiabatic flame

temperature with hydrogen addition.

Numerically computed temperature profile along the combustor axis is plotted in
Figure 6.6a for different hydrogen fractions at @ = 1.0 and OF = 30%. There is a
marginal increase in temperature with an increase in hydrogen concentration. This
can be attributed to a boost in fuel reactivity and diffusivity as well as slightly
increased adiabatic flame temperature due to hydrogen addition. For all the HFs,
the axial temperature increases from the jet inlet until it reaches the maximum
temperature at the flame core and then decreases downstream towards the exit.
Radial temperature profiles for different HFs at axial distance Z = D are shown in

Figure 6.6b.
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A marginal increase in radial temperature with hydrogen addition is also observed,
showing that hydrogen enrichment has little impact on the flame temperature. As
r/D increases, the radial temperature profile transitions from a relatively constant
value near the combustor axis to a lower value at a high r/D value close to the wall.
This is due to the conical shape of the flame and heat loss at the combustor wall. It
can also be seen from Figure 6.6a that the axial location of the peak flame
temperature from the burner decreases with increasing hydrogen fraction. This is
due to the higher laminar flame speed that ensues from hydrogen addition and

thereby produces a shorter primary reaction zone.

Figure 6.7 shows the contour plots of static temperature and vorticity magnitude
for various hydrogen fractions. The temperature field shows a distribution of high-
temperature zone at the flame core to the lower temperature towards the combustor
exit. Vorticity indicates shear layers where turbulent eddies are formed, as seen at
the combustor base between the mini-flames. The shear layers in the primary
reaction zone occupy the hole spacing and contribute to the mini-flames'
stabilization. In contrast, outer shear layer at the edge of the plume stabilizes the
flame core in the secondary reaction zone. The height of the shear layers in-between
the mini-flames decreases with increasing hydrogen fraction due to increased
burning velocity which reduces the flame height. Also, the vorticity magnitude of
the outer shear layer increases with increasing hydrogen concentration due to
enhanced eddy formation. In general, hydrogen addition makes the flame shorter

and more intense.
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Figure 6.7 Contour plots of temperature field (left) and vorticity magnitude (right)

for various HFs under stoichiometric condition and fixed oxygen fraction of 30%
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6.5.2 Combustion and emission characteristics of CHs-H2-O2-CO:2 flames

The effect of hydrogen addition on the flames' combustion characteristics was also
investigated through the contours of product formation rate (PFR) and reaction
progress variable shown in Figure 6.8. The reaction zone exists in the shear layers
at the hole spacing and stabilizes the mini-flames. Hydrogen addition increases the
PFR in the shear regions which makes the flame more compact. The progress
variable contours also show the compactness of the flames with increasing
hydrogen fraction which is due to enhanced reaction rates. Figure 6.9 presents the

variation of flame thickness with hydrogen addition.

Flame thickness represents the length of both the preheat zone and inner layer of
the flame front which accounts for chemical reaction, heat release and radical
recombination. It is observed that the flame thickness decreases with increasing

hydrogen fraction due to faster reaction rate and rapid consumption of fuel species.

The increased reaction rate with hydrogen addition is evident in the plot of the
variation of Damkaéhler number (Da) with hydrogen fraction represented in Figure
6.10. As hydrogen fraction increases, the composition of fuel mixture (CHa4/Hz)
varies from CHjs-rich to Hz-rich mixture and the ignition delay time and laminar
flame speed increases and decreases respectively due to the increasing
concentration of Hz2 which significantly increase the reactivity of the mixture [181—
184]. The Karlovitz number (Ka) for different hydrogen fractions was also
calculated, and it was found that Ka decreases from 0.69 for pure CHa to 0.225 for

50% HF. This implies that the flames become thinner with hydrogen addition.
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of 30%.
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Figure 6.9 Variation of flame thickness with hydrogen fractions at equivalence

ratio of 1.0 and oxygen fraction of 30%.
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The condition of Ka<1, which represents all the cases, shows that the laminar flame
thickness is smaller than the smallest eddies and as such the flame fronts are
embedded inside the scales. This means that the small eddies can only wrinkle the
flame and cannot penetrate the flames' inner layer to alter reactions. Hence, the

laminar burning rate controls the reaction rates.

Figure 6.11 shows the contours of mole fractions of OH and CO radicals for
hydrogen fractions of 10%, 30% and 50%. It is observed that increasing hydrogen
fractions enhances OH and CO radicals' formation in the inner layer of the flame
front. CO emission becomes significant at equivalence ratio > 0.95 in both air- and
oxy-combustion with higher emission observed in the latter as reported by Williams
et al. [185]. This can be as a result of the chemically active CO; diluent in oxy-
combustion which competes with O, for H radicals thereby increasing CO emission
[186]. Glarborg and Bentzen [187] identified three reaction pathways for CO
formation from CO2; (I) CO, + H «& CO + OH, (II) CO, + 0 < CO + 0,,
(I11I) CO, + OH < €O + HO, with path (1) being relatively faster. Hydrogen
addition increases the number of H species thereby increasing the production of CO

through traction pathway (1).

The competition for H radical by CO: is also responsible for the lower laminar
speed and overall reaction rate in oxy-combustion as compared to air combustion
[188]. Also, the high-temperature field associated with hydrogen-enriched
combustion expedites the dissociation of CO; into CO and O species, thereby

increasing the CO concentration in the oxidation zone of the flame front.
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Figure 6.11 Contour plots of mole fraction distributions of OH (left) and CO
(right) radicals within the combustor for hydrogen fraction of 10%, 30% and 50%

under stoichiometric condition and fixed oxygen fraction of 30%.
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The computed CO emitted from the combustor for different HF’s is presented in
Figure 6.12. The emitted CO increases from 33 ppm at 10% HF to 364 ppm at 50%

ppm, indicating increased CO emission with hydrogen addition.
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Figure 6.12 CO emission for various hydrogen fractions under stoichiometric

condition and fixed oxygen fraction of 30%.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The global shift towards hydrogen fuel as a clean energy source has made the
micromixer burner technology more relevant to flame stabilization due to its
flexibility in accommodating different degrees of hydrogen enrichment without
experiencing instabilities or flashbacks, as well as its compactness for usage in
portable combustors. The micromixer burner has been successfully implemented
by various gas turbine manufacturers and researchers, mainly for air-fuel
combustion of hydrogen and syngas. Thus, this research investigated the
implementation of a micromixer-like burner in a model gas turbine combustor for
premixed hydrogen-enriched methane flame under oxy-combustion conditions by

studying the combustor stability, combustion characteristics, and emissions.

In the first part of this work, the mixing quality of CHa4 fuel jets injected in the
laminar main crossflow of O2/CO2 oxidizer has been studied numerically in a
single micromixer tube a unit to be repeated abundantly to form potential oxy-fuel
micromixer headends in zero-emission combustion applications. Mixing quality
was examined in terms of uniformity in reactant composition, which is critical to

the stability of premixed flames in gas turbines and other applications.
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Numerical assessment of the quality of mixing was carried out through various
mixedness parameters available in the literature. The effects of tube length, fuel
hole size, and number of fuel holes on the mixing quality were investigated. Results
showed that the mixing quality improves with increasing tube length because more
mass diffusion occurs as the tube gets longer. It was observed that momentum-
driven diffusion has a lesser influence on mixing than mass diffusion at length L >
10D. The fuel hole diameter also affects mixing, which improves with decreasing
hole diameter. This can be attributed to the increased jet velocity that allows for
easier penetration of the main flow and enhances mixing through intense fluid-fluid
interaction. An optimum fuel hole diameter of 0.25mm was obtained for the 4-hole
micromixer tube arrangement; smaller diameters resulted in inferior mixing. This
indicates that the main factor affecting the mixing quality is the main flow ratio to
jet flow momenta and not the fuel hole size. Increasing the number of fuel holes
from four to six at a fixed total fuel mass flow rate and similar hole size resulted in
reduced mixing quality for hole sizes greater than 0.2 mm and enhanced mixing
quality for smaller hole sizes. This can again be attributed to both the penetration
strength and ratio of the main flow to jet flow momenta. The results show that

micromixers can achieve high mixing quality at a reasonable burner height.

The second part of this research involved experimental investigation of the stability
and structure of premixed CO2-diluted oxy-H>-CH4 flames in a micromixer-like
stabilized combustor. Equivalence ratio sweep test was carried out, combustor

temperature profile was measured, and flame images were captured.
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The stable combustion zone was established over ranges of fuel hydrogen fraction
(HF: 25-70%) and equivalence ratio (¢: 0.1-1) at fixed oxidizer oxygen fraction
(OF) of 30% and fixed jet velocity of 5.2 m/s. To understand the concept of flame
extinction mechanism, the blowout limit was plotted within the HF-¢ space over
the contours of adiabatic flame temperature (AFT), combustor power density (PD),
Reynolds number (Re) and pressure drop across the burner headend (Ap). The study
revealed some valuable conclusions regarding micromixer burners' operability
under Ho-enriched oxy-combustion conditions for gas-turbine applications.
Hydrogen addition widens the stable combustion zone by extending the blowout
limit into the leaner zone. The blowout limit coincides with a contour of constant
Ap, indicating the existence of a strong correlation between flame stability and the
pressure difference across burner headend at constant jet velocity. A relative

correlation was also found to exist with Re.

The combustor blows out at constant burning velocity and Damkohler number.
However, no correlation existed between the blowout limit and AFT or PD. The
stabilizing effect of hydrogen is proven a purely reaction-kinetics effect and not
attributed to hotter flames. As the HF increases, the flamelets in the primary
reaction zone become shorter and more robust, while the flame plume (secondary
reaction zone) becomes brighter and more intense. Flame structure was also
analyzed at constant Ap, in light of the blowout-limit trend, and it was found that
the effect of ¢ clearly overtakes that of HF; higher ¢ results in hotter, brighter flames

(higher AFT), despite the reduction in HF.
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The temperature readings were used as validation for the numerical work.

Numerical studies using Large-eddy simulation (LES) were performed as well to
predict the structure, emission, and combustion characteristics of turbulent
premixed H2/CH4/O2/CO- flame for HF=10-50%, at a fixed jet velocity of 5.2 m/s,
stoichiometric condition (d=1) and OF=30%. Thin flame-front topology model,
non-chemical equilibrium-presumed PDF approach, and Zimont turbulent flame
speed model were used for combustion modeling. The OH contour plots showed
that flame length becomes shorter and more attached to the burner as HF increases
from 10-50% This is due to the faster consumption rate of the fuel mixture and
heightened vorticity within the hole spacing. Hydrogen addition of 50% by volume
caused a 38% reduction in flame thickness and a 193.7% increase in Damkohler
number (Da) due to increased rates of chemical reactions. The Karlovitz number
(Ka) decreased by 20.6% and 66.9%, with 10% and 50%, respectively. These
imply that the flame becomes thinner and more embedded in the small eddies such
that small eddies cannot penetrate the flame's inner layers. Hence, the reactions in
the cases studied are controlled by the laminar burning rate. CO emission increased
from 33.3 ppm to 364.2 ppm for hydrogen enrichment values of 10 and 50% by
volume, respectively. This is due to the superior competition of CO; for H radicals
to yield more CO and possible decomposition of CO, at high temperatures

prevalent in the combustor.
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7.2 Recommendations

In this study, the experimental and numerical investigation of oxy-fuel combustion
in multi-hole burner combustors has been conducted at fixed mixture inlet velocity,
atmospheric pressure, and room temperature—effects of inlet velocity, high
pressure, and preheating on multi-hole stabilized hydrogen-enriched oxy-methane
flames should be investigated.

The numerical model validated with experimental data and employed for the
numerical study is based on a thin flamelet combustion model. Robust combustion
models such as composition -Transport-PDF, Flamelet Generated Manifold can be
explored for more accurate results.

Laser diagnostic tools such as 3D-PI1V, PLIF can be deployed to measure velocity
components, species concentrations, and temperature inside the combustor for
detailed flame characterization.

Hydrogen-enriched methane flame has been considered in this study. Combustion
of other fuels such as compressed natural gas (CNG), propane, syngas, and biomass
should be studied to ascertain the fuel flexibility characteristics of multi-hole
burners for gas turbine applications.

Numerical study of the effects of burner geometry in terms of hole spacing, hole
pattern and hole sized on the characteristics of multi-hole stabilized turbulent oxy-
flame can be studied.

Economic analysis of the micromixer gas turbine combustor operating on premixed

oxy-fuel combustion should be investigated.
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