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Abstract

This thesis explores the dynamics of hydrogen-enriched methane flames in a swirl-stabilized combustor
with axial air injection, a configuration crucial for advancing low-emission combustion technologies.
The study focuses on enhancing the understanding of flame behaviour under varying hydrogen enrich-
ment levels, with particular attention to the effects of heat loss and strain on flame shape, mixing, and
emissions. Utilizing computational methods, the research investigates key operating scenarios from
the APPU project, refining thermal boundary predictions through an improved Heat Resistance Tuning
approach. Additionally, it assesses the performance of a necessary flashback-prevention method, Axial
Air Injection, quantifying its impact on mixing and flame shape, including their effects on temperature
and pollutant formation, with varying results based on the level of hydrogen enrichment in the fuel. The
results offer valuable insights that could inform control strategies for the stable and efficient operation
of hydrogen-enriched combustion systems, supporting the development of fuel-flexible and environ-
mentally sustainable propulsion technologies.

Keywords: Hydrogen, Swirl-Stabilized Combustion, Axial Air Injection, Flame Shape Transition,
POD, PVC, NOx, LES
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Introduction

This chapter will serve to introduce the burning environmental issues, examined and analyzed through
the lens of prominent literature studies on climate change. Within this exploration, the specific role of
combustion will be elucidated, as the chapter will delve into the compelling necessity for a transforma-
tive overhaul in combustion science, highlighting its significance in the broader context of sustainability
and environmental stewardship. Finally, the structure of this thesis will be outlined.

1.1. Addressing Global Warming: the Challenge of the 21st Century

In order to accurately capture the current state of climate change assessment and potential outcomes,
efforts were made to procure the most recent source available, without compromising on reliability and
accuracy. As such, the primary studies considered span from the Assessment Report 6 (AR6) [1] of the
Intergovernmental Panel on Climate Change (IPCC) [2]. This report comprises three Working Group
contributions: “Climate Change 2021: The Physical Science Basis” [3], ”Climate Change 2022: Im-
pacts, Adaptation, and Vulnerability” [4], and ”Climate Change 2022: Mitigation of Climate Change”
[5]. These assessments draw upon scientific literature accepted for publication by January 31, 2021,
September 1, 2021, and October 11, 2021, respectively.

From ARG, it is shown how emissions of greenhouse gases (GHGs) have increased rapidly over
recent decades, as portrayed in panel (a) of Figure 1.1. In that same panel, it is possible to distinguish
the different sources of global net anthropogenic GHG emissions:

* CO2 from fossil fuel combustion and industrial processes (CO2-FFI) (dark green)
* net CO2 from land use, land-use change and forestry (CO2- LULUCF) (grey)
* non-CO2 emissions: CH4, N20O and fluorinated gases (HFCs, PFCs, SF6, NF3) (light blue)

These emissions have led to increases in the atmospheric concentrations of several GHGs including the
three major well-mixed GHGs CO2, CH4 and N20, shown in panel (b), using annual values.

To indicate their relative importance each subpanel’s vertical extent for CO2, CH4 and N2O is scaled
to match the assessed individual direct effect (and, in the case of CH4 indirect effect via atmospheric
chemistry impacts on tropospheric ozone) of historical emissions on temperature change from 1850—
1900 to 2010-2019. This estimate arises from an assessment of effective radiative forcing and climate
sensitivity.

The global surface temperature (shown as annual anomalies from a 1850—-1900 baseline) has increased
by around 1.1°C since 18501900, as portrayed in panel (c). The vertical bar on the right shows the
estimated temperature (very likely range) during the warmest multicentury period in at least the last
100,000 years, which occurred around 6500 years ago during the current interglacial period (Holocene),
caused by slow (multi-millennial) orbital variations.

Formal detection and attribution studies synthesise information from climate models and observations
and show that the best estimate is that all the warming observed between 1850— 1900 and 2010-2019
is caused by humans. Panel (d) shows temperature change attributed to:

1
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Total human influence

* Its decomposition into changes in GHG concentrations and other human drivers (aerosols, ozone
and land-use change (land-use reflectance))

¢ Solar and volcanic drivers

* Internal climate variability.

Human activities are responsible for global warming

¢) Changes in global surface temperature d) Humans are responsible
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Figure 1.1: The causal chain from emissions to resulting warming of the climate system. Courtesy of [1]

At the time of the ARG there are gaps between global ambitions and the sum of declared national am-
bitions, further compounded by gaps between declared national ambitions and current implementation
for all aspects of climate action. For mitigation, global GHG emissions in 2030 implied by Nationally
Determined Contributions (NDCs) announced by October 2021 would make it likely that warming will
exceed 1.5°C during the 21st century and would make it harder to limit warming below 2°C.

Despite progress, adaptation gaps persist, with many initiatives prioritising short-term risk reduction,
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hindering transformational adaptation. Hard and soft limits to adaptation are being reached in some
sectors and regions, while maladaptation is also increasing and disproportionately affecting vulnerable
groups. Systemic barriers such as funding, knowledge, and practice gaps, including lack of climate
literacy and data hinders adaptation progress.

Panel (a) in Figure 1.2 shows global GHG emissions over 2015-2050 for four types of assessed
modelled global pathways:

L]

Trend from implemented policies: Pathways with projected near-term GHG emissions in line
with policies implemented until the end of 2020 and extended with comparable ambition levels
beyond 2030 (red line)

Limit to 2°C (>67%) or return warming to 1.5°C (>50%) after a high overshoot, NDCs until
2030: Pathways with GHG emissions until 2030 associated with the implementation of NDCs
announced prior to COP26, followed by accelerated emissions reductions likely to limit warming
to 2°C or to return warming to 1.5°C with a probability of 50% or greater after high overshoot
(blue line)

Limit to 2°C (>67%) with immediate action: Pathways that limit warming to 2°C (>67%) with
immediate action after 2020 (green line)

Limit to 1.5°C (>50%) with no or limited overshoot: Pathways limiting warming to 1.5°C with
no or limited overshoot (cyan line)

Panel (b) shows a snapshot of the GHG emission ranges of the modelled pathways in 2030 and
projected emissions outcomes from near-term policy assessments in 2030.

Projected global GHG emissions from NDCs announced prior to
COP26 would make it likely that warming will exceed 1.5°C and
also make it harder after 2030 to limit warming to below 2°C

a) Global GHG emissions b) 2030

Trend from implemented policies

Limit warming to 2°C (>67%)
or 1.5 (>50%) after high
overshoot with NDCs until 2030

® GHG emissions (GtCO,-eq/yr)

Limit warming to
1.5°C (>50%) with ! ]
overshoot I I T Past GHG emissions and

1 ¢ uncertainty for 2015 and 2019
L (dot indicates the median)

0 or lim

0
2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 1.2: Global GHG emissions of modelled pathways (funnels in Panel a), and projected emission outcomes from

near-term policy assessments for 2030 (Panel b). Courtesy of [1]
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1.2. Assessing the Aviation Industry Contribution to Climate Change

In 1999, following a European assessment on the atmospheric impact of aviation in 1998 [6], the IPCC
released a report titled ”Aviation and the Global Atmosphere” [7]. This report marked the first compre-
hensive evaluation of aviation’s influence on climate using the metric of radiative forcing (RF).

RF measures the alteration in the Earth-atmosphere energy balance since 1750, typically expressed in
watts per square meter (W /m?) at the top of the atmosphere. Aviation-related RF components stem
from various processes, listed here and showed in Figure 1.3:

* Emission of CO2 (positive RF)

* Emission of NOx, which comprises three component terms: production of tropospheric O3 (pos-
itive RF), a longer-term reduction in ambient methane (CH4) (negative RF), and a further small
decrease in O3 (negative RF)

* Emissions of H20 (positive RF)

» Formation of persistent linear contrails (positive RF)

* Aviation-Induced Cloudiness (AIC, potentially positive RF)
* Emission of sulfate particles (negative RF)

* Emission of soot particles (positive RF)

Aircraft emissions and climate change

l Fuel: CH,, + 5 Complete combustion producis:
CO3 + HyO + Ny + Oy + 50,

Engine fuel Alr
combustion ' Actual combustion products:

Nz + O3z COj + HyO + Ny + O3 + NO,
+ CO + HC + =oot + 50,

TP P POOP

3 Atmospheric | Ocean Chemical ;
c processes | uptake eRatinns Microphysical processes
>
$ !
EI_J ¥
e, @D EDGD
ol AHz0
.2 radiative forcing 2
2 components
o
=
73]
o]
@ k.
et
o
L= Climate change Changes in temperatures, sea level, ice/snow cover, precipitation, efc.
Impacts Agriculture and forestry, ecosystems, energy preduction and consumption,
human health, social effects, atc.
Damages | Social welfare and costs I

Figure 1.3: Schema showing the principal emissions from aviation operations and the atmospheric processes that lead to
changes in radiative forcing components. Radiative forcing changes lead to climate change as measured by temperatures and
sea levels, for example. Climate change creates impacts on human activities and ecosystems and can lead to societal
damages. From [8], adapted from [9] and [10]

The IPCC report concluded that while aviation represented a small portion of total anthropogenic
RF in 1992 (estimated at 3.5%, excluding AIC), it could become a more significant and increasing con-
tributor to climate forcing, primarily due to its non-CO2 effects. Following the analysis outlined in [8],
by 2050, under a mid-range emission scenario, aviation’s contribution to total anthropogenic RF was
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projected to increase to 5%.

This last comprehensive and meticulous emission accounting effort has been followed by another
improved and updated analysis [11], where calculations of radiative forcing have been expanded to in-
clude values for Effective Radiative Forcing (ERF) in addition to the traditional Radiative Forcing (RF)
values.

The distinction between ERF and RF is outlined here, although a comprehensive description of the
two quantities is described in [11]: ERF is considered the preferred metric for comparing the expected
impacts of climate forcing terms, as it exhibits a stronger correlation with changes in the equilibrium

global-mean surface temperature for certain forcing agents compared to RF.

Global Aviation Effective Radiative Forcing (ERF) Terms
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Figure 1.4: Best-estimates for climate forcing terms from global aviation from 1940 to 2018. The bars and whiskers show
ERF best estimates and the 5-95% confidence intervals, respectively. Red bars indicate warming terms and blue bars
indicate cooling terms. Numerical ERF and RF values are given in the columns with 5-95% confidence intervals along with
ERF/REF ratios and confidence levels. RF values are multiplied by the respective ERF/RF ratio to yield ERF values. ERF/RF
values designated as [1] indicate that no estimate is available yet. Courtesy of [11]

To put these estimates into perspective, it is necessary to highlight the high rate of increase of the

entire aviation industry: global aviation fuel use and CO2 emissions have exhibited substantial growth
over the past four decades, particularly in Asia and other developing regions, driven by the rapid expan-
sion of civil aviation [12][13]. This growth trend is expected to continue, with projections indicating
significant orders from the Asia-Pacific region in the coming years. However, the COVID-19 pandemic
has introduced uncertainty into these projections, leading to a slowdown in aviation operations in early
2020.
The sustained multi-decade growth in CO2 emissions is a notable feature, with the average growth rate
increasing significantly in recent years. In 2018, global aviation CO2 emissions surpassed 1000 million
tonnes per year for the first time, with approximately half of the cumulative emissions occurring in the
last 20 years [14]. Current CO2 emissions from aviation represent around 2.4% of anthropogenic CO2
emissions, including those from land use change.
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Despite this growth, aviation efficiency has improved substantially over time, as evidenced by increases
in available seat kilometers (ASK) and revenue passenger kilometers (RPK) while fuel usage and CO2
emissions have grown at a lesser rate. However, future aviation growth is expected to remain heavily
reliant on kerosene fossil fuel, resulting in continued CO2 emissions. Renewable biofuels offer a partial
solution, but challenges remain in scaling up production and addressing uncertainties surrounding their
life-cycle emissions.
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Figure 1.5: Aviation market growth. Courtesy of [11]

In Figure 1.5 it is possible to analyze data related to the growth of aviation traffic and CO2 emissions
from 1940 to 2018:

Panel (a): Global aviation CO2 emissions. Underlying fuel usage data for 1940 to 1970 are
derived from [15] and for 1970-2016 from International Energy Agency [14] data, which include
international bunker fuels. The average annual increase of global emissions from 1960 to 2018
is 15 Tg of CO2 per year and the corresponding decadal average growth rates are 8.0, 2.2, 3.0,
2.3 and 1.1% per year, yielding an overall average of 3.3% per year.

Panel (b): Global aviation traffic in RPK and ASK from airlines.org [16], and the transport ef-
ficiency of global aviation in kg CO2 per RPK. The passenger load factor defined as RPK/ASK
increased from about 60% in 1960 to 82% in 2018.

Panel (c): Total anthropogenic CO2 emissions and the aviation fractions of this total with and
without the inclusion of CO2 emissions from land use change (LUC) from the Global Carbon
Budget 2018 [17].

Panel (d)—(f): Additional aviation emissions data by region and year. The yearly sums of OECD
(Organisation for Economic Co-operation and Development) and non-OECD values in (d) equal
the respective global total values. The regional values in (e) and (f) also sum to equal the yearly
global total values. Note different vertical scales [18]
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1.3. Hydrogen for net zero carbon emissions

To address this challenge, various fuels and technologies are being considered, including sustainable
aviation fuels (SAF), synfuels, and hydrogen. SAF, derived from biomass or waste, are environmentally
friendly but may not significantly reduce CO2 emissions, as shown in Figure 1.6. Synfuels, produced
from hydrogen and captured carbon, offer compatibility with existing infrastructure but have limited
reduction of non-CO2 effects.

Hydrogen emerges as a promising option for decarbonizing aviation, whether used in fuel cells or com-
bustion engines. Hydrogen fuel cells have been identified as suitable for commuter and regional aircraft,
while hydrogen turbines are considered for medium-range aircraft. However, challenges remain, partic-
ularly in developing lightweight and safe hydrogen tanks, improving fuel cells’ reliability and efficiency,
and addressing safety concerns related to hydrogen combustion.

@j Hydrogen

= Y
Biofuels ﬁ Synfuels

Comparison vs.

kerosene Battery-electric
Commuter
<19 PAX
Maximum ranges
Regional up to 500-1,000 km No limitati ¢
20-80 PAX due to lower battery © imitation ofrange
density
Short-range A A
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Medium-range

166-250 PAX Revolutionary aircraft
Not appiicable desugns as efficient
option for ranges
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Main advantage v aircraft or infrastructure aircraft orinfrastructure climate impact

Limited reduction Change to infrastructure

of non-CO; effects

Change to infrastructure
due to fast charging or
battery exchange systems

Limited reduction of non-
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Figure 1.6: Comparison of new technologies and sustainable aviation fuels. From [19]

Hydrogen, a promising fuel alternative, possesses unique characteristics that set it apart from tradi-
tional hydrocarbons. Despite being the most abundant element in the universe, hydrogen is not readily
available in its pure form on Earth, necessitating specific production processes. Its high Lower Heating
Value (LHV) and reactivity present challenges in handling and utilization, distinguishing it from con-
ventional fuels and requiring a comprehensive analysis of the entire value chain.

However, Hydrogen possesses also a unique set of issues, spanning from its production until the
consumption, and a small review has been outlined here:

1.3.1. Production

Production of hydrogen is achieved through various methods, with Steam Methane Reforming (SMR)
being the most common for commercial bulk production. This process, however, emits carbon dioxide
and often requires Carbon Capture and Storage (CCS) technologies to mitigate environmental impact.
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Alternative methods such as electrolysis offer a cleaner approach but are currently more expensive.
Despite its higher costs, as shown in Figure 1.7, there is ongoing research to reduce the expense of
producing green hydrogen, which could significantly impact global emissions.

~ 7
23" . Combined sensitivity
% ‘ , CO; price sensitivity
E B CAPEX and OPEX sensitivity

‘ Fuel cost sensitivity
3 _""E_ %_E_‘ 7 E WACC sensitivity
2 —=RgT CO, price
1 Fuel costs
o I [ N N I I OPEX

m CAPEX
Electrolysis Electrolysis Natural gas Natural gas Coal without  Coal with

grid renewable without CCUS  with CCUS CCUs CCUS

Figure 1.7: Estimated costs of hydrogen production in 2030 for various technology options, retrieved from [20]. Renewable

electricity price = USD 40/MWh at 4,000 full load hours in best locations. Sensitivity analysis based on +/— 30% variation

in OPEX (OPerating EXpense), CAPEX (CAPital EXpenditure), and fuel costs; +/-8% change in default WACC (Weighted
Average Cost of Capital); and a USD40/tCO2 price variation to USD0/tCO2 and USD100/tCO2 levels.

1.3.2. Storage and Transportation

Storage and transportation of hydrogen present unique challenges compared to hydrocarbon fuels due
to its low volumetric energy density and safety hazards. To mitigate this, hydrogen can be compressed
to high pressures or liquefied at cryogenic temperatures. Compressed hydrogen is stored in robust tanks,
while liquefaction requires special cryogenic storage tanks. Additionally, hydrogen can be stored chem-
ically in metal hydrides or compounds like ammonia, though this method requires chemical processing
for extraction.

Despite technical storage solutions, hydrogen poses safety risks due to its high flammability and
ability to form explosive mixtures with air. Its low molecular weight and high diffusivity make leak-
age detection difficult, and it can cause material failure through hydrogen embrittlement [21]. Special
safety protocols and training are necessary to handle hydrogen safely.

Hydrogen is transported using various methods, including high-pressure gas cylinders for smaller
quantities, tube trailers for larger volumes, and cryogenic liquid tankers, although the latter is energy-
intensive. Bulk movement can be achieved through pipelines, with existing liquid methane pipelines
potentially repurposed for hydrogen transport. The European Hydrogen Backbone initiative aims to
expand hydrogen pipeline infrastructure significantly [22].

1.3.3. Consumption

Consumption of hydrogen energy can be achieved through fuel cells or combustion. Fuel cells offer a
clean and efficient method, converting chemical energy into electricity with water as the only emission.
However, their specific power output limits their applications. Alternatively, hydrogen combustion,
though less efficient, can generate power outputs comparable to traditional gas turbines, presenting a
viable option for various applications, including aviation.
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Despite its potential, the implementation of hydrogen as a fuel faces challenges, particularly in

aviation where commercial hydrogen-powered aircraft are not yet a reality. Here is a list of the specific
issues regarding hydrogen combustion:

» High reactivity, attributed to its simple bond-breaking process and the small size of hydrogen
atoms, which accelerates combustion by facilitating radical formation.

The ignition delay time decreases with H2 addition [23]. Designing the premixer to preclude
autoignition requires knowledge of the fuel mixture ignition delay time and the local conditions
relative to a premixing time scale.

The higher flame speed (due to the increased production of OH, H, O radicals and the higher
molecular diffusivity of H2 [24]) increases the risk of dynamic instabilities (i.e., flashbacks where
turbulent flame speed exceeds the flow velocity, typically in the flow boundary layer, allowing
flame propagation inside the mixer, with obvious problems of material resistance and safety).
Furthermore, H2 enrichment increases the critical strain rate and minimizes the quenching possi-
bilities of the flame.

High diffusivity, caused by its small molecular size and weak intermolecular forces, leads to
faster flame speeds compared to hydrocarbons. This difference in flame speed necessitates careful
consideration in combustor design to ensure both efficiency and safety.

Hydrogen’s unique diffusive properties may also lead to thermo-diffusive instabilities, affecting
flame behavior and local reaction rates. Managing these instabilities requires careful attention
to factors like combustion chamber geometry and operating conditions to prevent issues like
flashback or blow-off.

Higher flame temperature, resulting from its high Lower Heating Value (LHV) and reactivity,
poses challenges for NOx production. Mitigation techniques such as lean-burn technology can
lower flame temperatures to reduce NOx emissions, leveraging hydrogen’s properties to operate
under lean conditions without lean blow-off.

However, in that case, working with a blend of CnHm/H2 with an excessively lean mixture, the
temperature decrease could increase the CO emissions [25], as in not so excessive lean conditions
the oxidation of CO to CO?2 is increased by the higher concentration of OH and H radicals [26]
Low Density, the lower calorific value of hydrogen, on a volumetric basis, is approximately 1/3
of that of natural gas; therefore, fuel supply systems capable of providing a higher volumetric
flow rate are required.

H2 CH4 Jet-A
Molar mass [g/mol] 2.016 16.04 168
Density at NTP [kg/m?] 0.0838 0.6512 775-840
Self Ignition T [ K] 845-858 813-905 483
Minimum Ignition energy [m.J] 0.02 0.29-0.33 20
Flammability range in Air [vol%] 4-75 5-15 0.6-7
Flammability range [¢] 0.1-7.1 0.4-1.6 -
Stoich. Composition in air [vol%] 29.53 9.48 15
Adiabatic Flame Temperature [K] | 2318-2400 | 2158-2226 2366
Lower Heating Value [M J/kg] 118.8-120.3 50 43
Higher Heating Value [M J /kg] 141.75 55.5 46.2
Lower Heating Value [M.J /m?] 10.78 35.8 34400
Higher Heating Value [M J/m?] 12.75 39.72 36960

Table 1.1: Properties of H2 compared with Methane (CH4) and Jet-A, adapted from [27], [25], [28], [29]
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To effectively utilize hydrogen in aircraft engines, a model capable of capturing these differences
and handling typical gas turbine combustor conditions is essential. Such a model would enable engi-
neers to design combustors that harness hydrogen’s advantages while mitigating potential risks, ensur-
ing safe and efficient operation in the aviation industry.

Research and innovation efforts are underway to overcome these challenges and develop hydrogen
propulsion technologies that can significantly reduce aviation’s climate impact. International research
projects funded by organizations like the European Union are focused on understanding hydrogen com-
bustion and its integration with existing aircraft systems to achieve the ambitious goal of net zero carbon
emissions.

A growing number of land-based gas turbines are embracing H2 as either their primary or secondary
fuel source, leveraging the fact that its low volumetric lower heating value poses no issue for terrestrial
applications, unlike in aircraft where it could significantly hamper performance.

A comprehensive review of some examples has been reported in section 3.1, following the main review
papers published on this topic, such as [27], [30], [31], [20], [29], [32], [33] and [34].



1.4. Organization of the thesis 11

1.4. Organization of the thesis

To comprehensively tackle the challenges highlighted in this introduction chapter, this thesis is struc-
tured following this organizational framework:

* Theoretical Foundation: This segment furnishes an exhaustive overview of the theoretical un-
derpinnings that underlie our investigation. Topics addressed encompass a mathematical descrip-
tion of reactive flows, some qualitative aspects of turbulent combustion, combustion dynamics,
flame stabilization mechanisms, particularly swirling flows, and the main traits of hydrogen in-
corporation on flame characteristics.

* Literature Review: This chapter undertakes a comprehensive review of pertinent literature about
swirl-stabilized flames involving methane, hydrogen and their blends. Through critical analysis
of prior studies, lacunae in understanding or young first approaches are identified, underscoring
the significance of our research contributions and stating the research questions that this research
effort will answer.

* Modeling and Methodology: Herein, we expound upon the computational methodologies de-
ployed in our research endeavours. This encompasses the integration of theoretical frameworks
into reactive LES simulations, with a particular emphasis on elucidating heat loss, flame mor-
phology, mixing dynamics, and emissions behaviour. Moreover, simulation setup details, post-
processing techniques, and evaluation criteria are described.

* Results and Discourse: Findings from our reactive LES simulations are elucidated and delib-
erated upon in this segment. We scrutinize the implications of hydrogen addition on flame at-
tributes, expound upon the repercussions of heat dissipation, and gauge the fidelity of modeling
approaches.

* Conclusion and Next Steps: The thesis culminates with a succinct summation of key findings,
coupled with a discourse on prospective avenues for future investigations. Insights obtained
from our research are contextualized within the broader landscape of low-carbon combustion
technologies, paving the way for continued scholarly inquiry and technological advancement.



Theoretical Background

Quelli che si innamorano della pratica senza
scientia sono come nocchieri che entrano in
naviglio senza timone o bussola, che mai
hanno certezza dove si vadano.

Leonardo da Vinci

This chapter serves to provide a foundational understanding of the theoretical framework necessary
for comprehending the methodologies employed in this thesis endeavour, detailed in chapter 4.
The discussion begins with the description of reactive flows and then transitions to laminar premixed
flames. Then, it offers qualitative insights into turbulence, and the interaction between turbulence and
chemistry is addressed. Notably, considerable attention is directed towards flame/wall interactions,
given their significance in this study.
Furthermore, a section is dedicated to emissions, outlining their characteristic reaction mechanisms and
models utilized for their evaluation.
Finally, the chapter concludes with a description of a specific type of flow known as swirling flow,
which exhibits distinct characteristics which are of particular interest to the combustors studied in this
research.

2.1. Reactive Flows

This section presents the conservation equations for reacting flows and highlights the three main differ-
ences between these equations and the usual Navier-Stokes equations for non-reacting cases:

1. A reacting gas is a non-isothermal mixture of multiple species (hydrocarbons, oxygen, water,
carbon dioxide, etc.) which must be tracked individually. Thermodynamic data are also more
complex than in classical aerodynamics because heat capacities in a reacting gas change signifi-
cantly with temperature and composition.

2. Species react chemically and the rate at which these reactions take place requires specific model-
ing.

3. Since the gas is a mixture of gases, transport coefficients (heat diffusivity, species diffusion, vis-
cosity, etc.) require specific attention.

The basic set of balance equations for a reactive flow comprises the classical Navier-Stokes, species
and energy transport equations, which can be derived by applying the Reynolds transport theorem and
the Divergence theorem to the conservation laws for a material volume V'(¢), defined as a volume with
mass M and always made of the same set of material points.

First of all, it is necessary to assume that continuum mechanics is applicable, which is the case for

12
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most reactive flows: this can be proved by checking the Knudsen number Kn, a dimensionless number
defined as the ratio of the molecular mean free path length to a representative physical length scale:

l
Kn= "7 2.1
n == @.1)
For Kn <« 1, continuum mechanics is applicable, resulting in these instantaneous local balance equa-

tions:

Mass: 5
P& _,
— . = 2.2
5tV (pi) =0 (2.2)
Momentum:
opi. = o > = -
W+V~(puu)—pf+Vp—V-;:O (2.3)
Species:
OpY; - - - )
gt’“ LV (pEYy) £V - <kaVk> — o (2.4)
Enthalpy:

Oph?
ot

N N N
S X A = Y 0 < ¥ 0 .
+V-(puh?) = (é)t +u- Vp) —V'qu‘I”rZ PYka'fk+Z h V- (PYka) —Z h pwr
k=1 k=1 k=1
(2.5)
Where k£ =1, .., N, and N is the number of species.

Apart from the typical thermodynamic properties, such as density, temperature, etc., the following
list explains the additional terms that appear in the above-mentioned equations:

. f represents the vector of body forces per unit mass: f = fo:l Y: ﬁ

* The viscous stress tensor 7' is divided into its isotropic and deviatoric components:
IT'=-pl+r1 (2.6)

Where [ is the identity tensor, p is the pressure and 7 is the viscous stress tensor, which ele-
ments are the viscous stresses 7;;, that can be expressed, assuming that the fluid is Newtonian, as
follows:

TzzumSJr(/f—gﬂm)ﬁ-ﬁ-I (2.7)

Where:

. NT
— S is the strain rate tensor S = % <Vﬁ+ (Vﬁ) )

— U, is a suitable mixture averaged dynamic viscosity
— k is the bulk viscosity (also called dilatational viscosity). The usual practice is to employ
the following hypothesis made by Stokes in 1845:

k=0 (2.8)

Physically, the nonzero values of k£ for polyatomic gases are caused by relaxation effects
between the translational motion and the various internal degrees of freedom.
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The constitutive relation for Newtonian fluids is still valid but a suitable mixture averaged viscos-
ity pm, is needed. This can be computed using the Wilke formula which is valid for diluted polar
and non-polar gases:

B al X
Mo = Z By (2.9)

N
k=1 Zj:l Xj¢kj
2
1 Mk; -1/2 <,UJ]<;)1/2 <M]>1/4
=— 14+ 14+ — — 2.10
i = 75 < Mj) 1 Mj (210)
« V, is the diffusion velocity of the species k.

It is defined as Vk = Uy, — U, where Uy, is the local velocity of the species k and 4 = chvzl Y. Uk
is the mass averaged local velocity of the mixture.
A property of the diffusion velocity, coming from mass conservation, is the following:

With:

N
> WiV =0 (2.11)

* wy, is the net rate of production of the species k£ per unit of volume that is the source term that
needs to be taken into account because of the occurrence of chemical reactions, that conserve the
mass but not each species.

The conservation of mass, therefore, implies:

N
O=) dp=0 (2.12)
k=1

The reaction rate of species k& can be expressed following the Arrhenius form:

L . E N ’
Wk = Z (Vk,i ) A;T™ exp (RT) H [M;]" (2.13)

i=1 j=1
Where:

— L is the number of reactions that occur, paying attention that direct and reverse reactions
count as two different reactions for what concerns the number L.

- 1/,; ;, and I/];/ , are the stoichiometric coefficient of the species & of, respectively, the reactants
and the préducts of the reaction <.

— M; is the symbol of species j.

— A, is the pre-exponential factor of Arrhenius kinetic, and in this mass basis expression it
is needed to be taken into account also the molecular weight W, of species k.

— n; is the global order of chemical reaction ¢

— E; is the activation energy of chemical reaction .

* {'is the generalized heat flux:

X; D} AN
7= VT+thkYkV+RTZZMD (Vi-V)+a @19
i=1 j=1 g

The single terms are:
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— —AmVT: Conduction heat transfer in the presence of a temperature gradient (Fourier’s
law). The thermal conductivity ,, is a mixture averaged property and, as for the viscosity,
it can be calculated from the thermal conductivity of pure species.

-p E{cvzl hi.Y},V;: Heat transfer through mass diffusion due to the different enthalpy (i.e.
total enthalpy, that is sensible plus chemical) content of the various species.

— RT Zf\i 1 Z;V: 1 J)\(/z gi (‘_/; — ‘7]) Dufour effect, that takes into account the heat transfer
due to concentration gradients.

— ¢ Radiative heat transfer and it is an integral function accounting for the radiation effect
in all directions. It depends on the gas temperature as well as the molecular structure because
the efficiency of molecular radiation absorption and emission is sensitive to the wavelength
of the radiation.

This last term is important for flames with heavy soot loading because, in such cases, the
radiative heat loss can be so substantial that the flame temperature is significantly reduced.

. Dissipation function representing the dissipation of mechanical energy into heat due to vis-
cous stresses. This term comes, together with —pV - @ in the derivation of the energy equa-
tion, from the double dot-product between the stress tensor and the gradient of the velocity field
T Vi
Highlighting the two contributions: 1 : Vii = —pl: Vii + 1 : Vi, where —pl: Vii represents
the reversible work of the surface forces acting on the boundaries of the control volume V/(¢) and
P = T: Vi is the viscous dissipation term, or the irreversible work of the surface forces (i.e. of
the viscous stresses) acting on the boundaries of the control volume V'(¢). The reversible work
did not survive as was taken out of the energy equation by applying the local conservation of
mass.

. Zgzl h(} Wk Heat release term due to the chemical reaction that occurs in the system. It is
negative for exothermic reactions.

Considering Equation 2.2 and Equation 2.4, they are N + 1 balance equations, that will close the
N + 1 unknowns [p, Yj]. One must be aware that only NV — 1 of the N species equations are linearly
independent: the mass fraction of the species not accounted for by the above system is given by the
following constraint: Zgzl Y = 1. The determination of the further 3/N unknown given by the
components of V. for each species has now to be addressed.
The diffusion velocities Vj, are obtained by solving the system:

- N OX, Xy fe - Vp X, X, (DI DI VTp
VX”:; b (Vi = V) +(%p — Xp) +Z e G ZYYk(fp )
(2.15)

Forp = 1,2,..., N, where D, = Dy, is the binary mass diffusion coefficient of species p into
species k and X, is the molar fraction of species k: X =Y, W /Wj.

The following is a description of the terms of the right-hand-side of the equation, which contributes to
the VX,

fo:l XDT’)i’“ (Vk 74 ) represents the difference between diffusion velocities.
p

(Y, — Xp) % takes into account the pressure gradient term.

bl DT
212\721 iﬁf: ?: — ?p VTT is the contribution to the mass diffusion given by the temperature

gradients, and it is called Soret diffusion.

g ij:l Y, Y ( fz; — ﬂ) takes into account the difference between the body forces acting on
each species.
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The system provides concentration gradients in terms of diffusion velocities. The diffusion velocity
Vi is given implicitly and depends on all the diffusion velocities and all the concentrations. This aspect
adds complexity to the numerical solution of the balance equations and for this reason two simplifica-
tions are common:

1. Fick’s law, for theoretical and analytical flame studies, which is an exact, though simplified,
approach.

2. Hirschfelder and Curtiss approximation, used in most numerical tools.

If pressure gradients are small (i.e. ﬁp/ p < 1), volume forces are neglected (i.e. fk ~ 0), and the Soret
effect is considered to be negligible (which is not always true when dealing with combustion, however,
it is often neglected for simplicity), the system can be solved exactly in two cases: first if the mixture
contains only two species (i.e. N = 2), leading to Fick’s law for binary mixture; second is multispecies
diffusion (N > 2) with all the binary diffusion coefficients are equal (Djk = D), leading again to Fick’s
law.

Most flame theories assume that all species have identical diffusion coefficients so that Fick’s law
is a common choice in theoretical flame studies. As soon as a more detailed description of transport
is required (i.e. to describe complex kinetics), Fick’s law can not be used and in most codes the rig-
orous (and computationally expensive) inversion of system in a multispecies gas is often replaced by
the Hirschfelder and Curtiss approximation, which is the best first-order approximation to the exact
resolution of the system [35].

Simplifying Assumptions of the Instantaneous Balance Equations With regard to non-reacting
problems, combustion adds complexity because species react and their rate of reaction wy; must be
modeled, species and heat coefficients change within the solution, and transport coefficients are species-
dependent. In this section the simplifying assumptions that are often used in literature, and their effect
on the governing equations, are shown:

« For subsonic flow the ® term can be neglected, being the dissipation function much smaller than
the heat release

* g, is generally neglected, although it is relevant for certain applications with sooty flames.

—

* fi are generally neglected

* Dufour effect and Soret effect are generally not taken into account, the former is in fact
typically negligible in most combustion problems whereas the latter is typically neglected for
simplicity.

* Inlow-speed subsonic flow (deflagrations) the low Mach approximation can be made (M < 1):

this implies that ﬁp ~ 0 hence both the momentum and energy equation result to be simplified.
In comparison to their compressible counterparts, LES, DNS, and RANS simulations can use
greater time steps thanks to this approximation. As a result, more complex kinetics can be used,
which can improve predictions of the flame and its interactions with turbulence.
On the other hand, in exchange, the acoustics are ignored. The interest in this work is for de-
flagration flames, where the pressure is nearly constant throughout the flame and the speed of
the flame front sy, (i.e., the speed with which it advances into the reactants field) is substantially
slower than the speed of sound.

+ The diffusion velocities can be modeled using the Hirschfelder approximation, thus one can write
Vi Xy = =DV Xy, where Dy, is related to the thermal diffusivity Dy, through the Lewis number
of species k: Lep Dy = Dy, where Dy, is the thermal diffusivity defined as Dy, = ;‘7”;, where

cp 1s the averaged specific heat at a constant pressure of the mixture: ¢, = Z]kV=1 Cp Yk
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* The assumption of Lej, = 1 for all the k species is generally made to simplify turbulent flame
modeling, especially in premixed flames when species mass fractions and temperature are as-
sumed to be equivalent variables. Nevertheless, thermodiffusive instabilities occur in premixed
systems when the Lewis number is lower than unity (e.g. for hydrogen). One direct consequence
of these instabilities is an increase in the premixed flame area and in the reaction rate, which is
non-negligible, therefore a mixture-averaged approach is preferrable when these low Le species
are present.

* The fluid mixture is considered to be Newtonian, with zero bulk viscosity allowing to express
Tas: T =2m (é—%ﬁﬁl)
« Itisassumed the validity of the equation of state of the ideal gas, since the temperatures with which

the combustion deals are much higher than the critical temperature of the mixture of reactants and
products:

R
=p—T 2.16
P pMm (2.16)

2.2. Laminar Premixed Combustion

The elementary case of a one-dimensional laminar flame propagating into a premixed gas (fuel mixed
with air for example) is a basic problem in combustion, both for theory and for numerical techniques.
Numerically solving for laminar premixed flames is of interest because:

* It is one of the few configurations where detailed comparisons between experiments, theory and
computations can be performed.

* It may be used to validate chemical models

* Many theoretical approaches may be used for laminar flames, not only to study their one-dimensional
structure but also the various instabilities which can develop on such fronts

e Laminar flames are viewed in many turbulent combustion models as the elementary building
blocks of turbulent flames (flamelets models)

For laminar one-dimensional premixed flames, the conservation equations derived before can be
simplified, considering only one spatial dimension:

Mass: 9 9
P pu
—+—-—=0 2.17
ot oz (-17)
Momentum:
Neglecting the viscous terms, the momentum equation is decoupled, meaning that it can be used to

compute the pressure field after all fields have been computed by applying:

p(x) = p1 — p1sr (u(z) —up) (2.13)
Species:
aka 8 .
5r gy Plut Vi)Ye) = dy (2.19)
Sensible Entalphy:
N N
oT oT 0 oT oT
— — | == ‘ — (A=) —p=— Y; 22
pCp < o T Bx) ;hkwk + 52 ()\ 8x> P (; Cok kvk) (2.20)

Where £k = 1,.., N — 1, and N is the number of species.
These equations describe a wave propagating from the burnt to the fresh gas at a speed which reaches a
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constant value sy, when transients are ignored. Solving for the structure of this flame is still a research
task for complex chemistry descriptions even when the flame has reached a constant velocity. When
the flame is steady, writing Equation 2.17, Equation 2.19 and Equation 2.20 in the reference frame of
the flame (moving at speed sy,) leads to:

pU = P18, (2.21)

This set of equations is closed if a model is given for the reaction rate wy, (Arrhenius law) and for
the diffusion velocities V. (Fick’s law with a correction velocity, for example) and if proper boundary
conditions are provided. For premixed flames, these boundary conditions may raise some difficulties.
Typical inlet conditions (at location z = 0) correspond to a cold premixed gas flow: u(z = 0) = u,
Y}. imposed for reactants (in proportions imposed by the code user), T'(z = 0) = T imposed.

2.2.1. Flame Structure

The structure of a laminar premixed flame is shown in Figure 2.1. Fresh gases and burnt gases are
separated by a thin reaction zone, where a strong temperature gradient is observed.

flame
fresh gases S /
(fuel and oxidizer) -4 burnt gases
temperature
fuel
oxidizer

reaction rate

prchcat reaction
zone zone

Figure 2.1: Structure of a laminar plane premixed flame. From [36]

Because of the temperature gradient and the corresponding thermal fluxes, fresh gases are preheated
and then start to burn. The local imbalance between diffusion of heat and chemical consumption is what
leads to the propagation of the front with a particular speed, as further explained in subsection 2.2.3.
For a simple one-step irreversible chemical scheme:

Reactants — Products

the flame is described using a progress variable ¢, such as ¢ = 0 in the fresh gases and ¢ = 1 in the fully
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burnt ones, using a reduced temperature or a reduced mass fraction:

T-T,

= 2.22

‘=7 (2.22)
Yp — Y

cp= L (2.23)
YF - YF

Where T', T;, and T}, are the local, unburnt gas and the burnt gas temperatures, while Y, Y and Ylfl
are the local, unburnt gas and burnt gas fuel mass fractions.

2.2.2. Flame Thickness

Defining and estimating a flame thickness before computation is an obvious requirement for many
numerical combustion problems because this thickness controls the required mesh resolution: in most
combustion approaches, the flame structure must be resolved and enough points must be localized
within the flame thickness. There are many ways to define thicknesses for premixed flames. Some
of them require a first computation of the flame front (for example in a one-dimensional configuration)
while others are based only on scaling laws and can be performed before computations start. It is also
necessary to distinguish between thicknesses defined for variables such as temperature, which are useful
in simple chemistry approaches, and thicknesses corresponding to radicals, which raise very different
problems.
A flame thickness  can be introduced from scaling laws:
1

s _ Du (2.24)

P1CpSL SL

Where all quantities with index 1 are evaluated in the fresh gases. The thickness § (called here “diffu-
sive” thickness) may be evaluated easily before any computation as soon as the flame speed is known.
In practice, this thickness may be too approximate to be used for mesh determination (it is usually too
small by a factor of order 5). A more useful thickness is obtained by using the temperature profile and
computing:

T,-T
0 = 2o (2.25)
max (%)

Another thickness (“total thickness”) 6% may be constructed by defining the distance over which the
reduced temperature 6§ = %; __1:;11 changes from 0.01 to 0.99.

6t is always larger than 5% and not very useful for computations: in real flames, slow reactions taking
place in the burnt gases usually create a long temperature “tail” leading to large values for §% which can
be misleading if this thickness is used to determine the grid resolution.

Since it measures temperature gradients, (52 is the most appropriate thickness to consider for mesh res-
olution. This thickness, however, requires a first flame computation. Being able to evaluate it before

computation is useful to determine mesh constraints. This can be achieved with correlations.

The previous section provides useful estimates of flame thicknesses when computations are per-
formed for simple chemistry schemes (Fuel to Products) in which the computation does not have to
account for any intermediate radical. In real flames and in all computations using complex chemistry
descriptions, many radicals are found within the flame front. These radicals may exist over distances
much smaller than 5%, Defining mesh resolution in such flows is an open question at the moment for
which no a priori mesh estimations may be obtained. In one-dimensional stationary flames, adaptive
meshes are used; but in multi-dimensional flames, a trial and error technique is still used by many
researchers
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2.2.3. Flame Speed

The “speed” of a flame is a central element in combustion theory. It is also the source of many difficulties
because there are multiple definitions for flame speeds and multiple ways to measure them.
The notion of a flame speed s;, was used up to now without further precision, by first stating that this
velocity measured the speed at which the flame front was moving with respect to the fresh gases in a
one-dimensional geometry. This definition is used intuitively by most researchers and corresponds to
a description of the flame as an interface moving at speed sy, against the local flow. Later it was also
shown that this flame speed may also be defined from the integral of the burning rate across the flame
brush:
I
sp = —1/ wrdz (2.26)
p lYF —o0

These notions, one based on kinematic properties of the flame and the other based on the integral
of the reaction rate, must be connected to understand many of the recent concepts used in premixed
combustion theories.
First, it is necessary to introduce three flame speed definitions and to distinguish between local and
global speeds:

Identification Definition

Absolute Flame front speed relative to a fixed reference frame
Displacement Flame front speed relative to the flow
Consumption Speed at which reactants are consumed

Table 2.1: Simple classification of flame speeds

Even though these definitions may seem equivalent or, at least, directly connected, it is not always
the case and multiple differences between these definitions are evidenced in [35].

An important difference between these speeds is that s; or s, are local quantities depending on the
isolevel 0y where they are evaluated while s, is a quantity resulting from an integral over all 6 values
across the flame front. The speed used intuitively by experimentalists is the displacement speed mea-
sured on the fresh reactant side: s4(6 = 0).

2.3. Turbulence Description

This section describes some basic concepts of turbulence relevant to understand turbulent combustion
approaches. Most results are given without any proof but the reader will find more information in
textbooks such as [37]. Turbulence may be characterized by fluctuations of all local properties and
occurs for sufficiently large Reynolds numbers, depending on the system geometry. Any property f is
usually split into mean ( f) and fluctuating (f') contributions:

f=F+r (2.27)

The turbulence strength is generally characterized by the turbulence intensity / which is the ratio
between the root mean square of the fluctuations f' and the mean value f:

I= \/{72 (2.28)

f

In some situations, the local value f may be replaced by a relevant reference mean value fy. For exam-
ple, in boundary layers, the turbulence intensity is usually determined as the ratio of velocity fluctuations
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divided by the mean free stream velocity. Typical values of the turbulence intensity I go from 0 (in a
laminar flow) to tens of percent in typical wall-bounded flows: the local velocity in a turbulent flow
may deviate from its mean value by tens of percent.

An important issue is the distribution of turbulence over the different length scales present in the flow
field. Turbulent fluctuations are associated with different scales ranging from the largest, the integral
length scale I, to the smallest one, the Kolmogorov length scale 7. The integral scale is usually close
to the characteristic size of the flow.

A Reynolds number Re(r) is introduced for each turbulent scale as:

Re(r) = u'(r)r/v (2.29)

Where v'(r) is the characteristic velocity of the motion of size r and v is the flow kinematic viscosity.
When r corresponds to the integral scale [;, the corresponding Reynolds number is the integral Reynolds
number:

Re; = Re(ly) = u'ly /v (2.30)

Which is usually high (100 to 2000 in most combustion devices). Since the Reynolds number represents
the ratio of inertia to viscous forces, the largest scales in a turbulent flow are mainly controlled by inertia
and are not affected by viscous dissipation.

For homogeneous isotropic turbulence, the energy of the large scales flows to the smaller scales
through the Kolmogorov cascade [38]. The energy flux from one scale to another (due to non-linear
terms u;u;) is constant along scales and is given by the dissipation € of the kinetic energy k. This
dissipation e is estimated as follows:

u?(r) u3(r)

‘= r/u(r) T (231)

Along the cascade, the Reynolds number Re(r) goes down from Re; to values close to unity, where
inertia and viscous forces balance. This limit determines the smallest scale found in the turbulent flow,
the Kolmogorov scale 7y, controlled by viscosity and by the dissipation rate ¢ of the turbulent kinetic
energy k:

me = (3 )e)/4 (2.32)
Corresponding to a unity Reynolds number:
/
Rep — KM _ 4 (2.33)
14

The ratio of the integral length scale, /;, to the Kolmogorov length scale, 7, comparing the largest and
smallest turbulence eddies, is then expressed as:

I
L = Red* (2.34)
Nk

2.4. Turbulent Premixed Combustion

Based on the turbulence characteristics detailed in the preceding section, a key issue is the description of
the qualitative interaction between turbulence and the laminar premixed combustion features outlined
earlier. Understanding this interplay is crucial for a comprehensive analysis of turbulent combustion
processes.

Starting from a simple, but effective and validated result, the main effect of turbulence on combustion
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is to increase the combustion rate.

Consider a statistically one-dimensional premixed flame propagating in a turbulent flow field.

In this situation, the “mean” flame brush is a planar flame, moving relatively to the flow field with a
turbulent displacement speed s7.

Experimentalists have known for a long time that changing the turbulence level before starting combus-
tion in a vessel may change the time needed for total combustion and, accordingly the turbulent flame
speed.

Proof of these qualitative trends is given by Laffitte [39], which presents combustion times measured
in a stirred vessel in 1918 showing that the combustion rate is maximum (the combustion time is mini-
mum) when the reactants are mixed in stoichiometric proportions and increases when the flow becomes
turbulent:
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Figure 2.2: The combustion time (the time needed to reach the maximum pressure in a closed vessel) for a methane/air
flame with and without turbulence, plotted as a function of the proportion of C'Hy in the reactant mixture, corresponding to
the equivalence ratio ¢ (stoichiometric proportions correspond to about 10 % of methane). Time units correspond to 10>
seconds. Adapted from [39]

At that time, Laffitte noted that “the turbulent flame speed was always larger than two times the
laminar flame speed.” The factor of two is not generic to all turbulent flames and more precise mea-
surements lead to empirical relations such as the one proposed by Abdel-Gayed et al. [40]:

u/
ST & S, <1 + > (2.35)
SL

Where u' is the rms (root mean square) of the velocity fluctuations (or the square root of the turbulent
kinetic energy k). This approximate expression shows that premixed combustion is enhanced by tur-
bulent motions. For large values of the velocity fluctuations, the turbulent flame speed s becomes
roughly independent of the laminar flame speed s, meaning that s ~ u'. Experiments also show that
the mean turbulent flame brush thickness 7 is always larger than the laminar flame thickness 69.

2.4.1. Turbulent Premixed Combustion Regimes

Deriving models for turbulent combustion requires a physical approach because the mean (or filtered, as
it will be explained later) burning rate wj, cannot be determined from a filtered Arrhenius law, according
to [36]. Different length scales, velocities, and time scales are used to describe the turbulent flow field
and chemical reactions in turbulent combustion. Comparing these scales is the primary method of
physical analysis, as already pointed out in section 2.3, where the turbulent flow is characterized by a
Reynolds number that compares turbulent transport to viscous forces.
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The Damkohler number compares the turbulent (7 = [;/u') and the chemical (7.) time scales:

Tt

Da = (2.36)

Te

In the limit of high Damkdéhler numbers (Da > 1), the chemical time is short compared to the turbu-
lent time, corresponding to a thin reaction zone distorted and convected by the flow field. The internal
structure of the flame is not strongly affected by turbulence and may be described as a laminar flame
element called a *flamelet’ (from here the name ’Flamelet model’). The turbulent structures wrinkle
and strain the flame surface.

On the other hand, a low Damkdhler number (Da < 1) corresponds to a slow chemical reaction. Reac-
tants and products are mixed by turbulent structures before reaction. In turbulence, as long as quenching
does not occur, most practical situations correspond to high or medium values of the Damkd&hler. Obvi-
ously, various chemical time scales may be encountered: fuel oxidation generally corresponds to short
chemical time scales (Da > 1) whereas pollutants production or destruction such as CO oxidation or
NO formation are slower. These different time scales among different species are the reason for the
stiffness problem when dealing with the reaction rate of different species: some are really slow (i.e.
low reaction rates) whereas some are really fast (i.e. high reaction rates).

By comparing turbulence and chemical characteristic length and time scales, it is possible to provide
a combustion diagram showing various regimes for different values of two dimensionless numbers:
Damkdhler and Karlovitz. In premixed flames, the chemical time scale can be expressed as 7. = §;/s%
where ¢; is the laminar flame thickness and s% is the laminar flame speed; 7. corresponds to the time
required for the premixed flame to propagate over a distance equal to its own thickness.

Thus, the Damkohler results to be:
l 0
Tt WSy,

Da = (2.37)

Te N (5lu’
The Karlovitz number K a compares the chemical time scale with the time scale of the smallest turbu-
lence scales (i.e. the Kolmogorov scales):

Te  Ouyg

Ka = = o
Tk NkSy,

(2.38)

where the velocity of the Kolmogorov structures uy, is given by u; = (ue)l/ 4,

Some considerations based on the values of the couple (Da, Ka) are:

* For Da > 1 the flame front is thin and its inner structure is not affected by turbulence motions
which only wrinkle the flame surface. This is called the ’flamelet regime’ and occurs when the
smallest turbulence scales have a turbulent time 7, larger than 7. (i.e. turbulent motions are too
slow to affect the flame structure), meaning that at the same time, as a condition of existence of
the ’flamelet regime’, also K a < 1 must be satisfied.

On the other hand, when Da < 1, the chemical time is larger than turbulent times and the overall
reaction rate is therefore controlled by chemistry whereas reactants and products are mixed by
turbulence motions. This limit case is the so-called *perfectly stirred reactor’.

* The Karlovitz number is used to define the Klimov-Williams criterion, corresponding to Ka = 1.
This criterion was first interpreted as the transition between the ’flamelet regime’ (Ka < 1)
and the so-called ’distributed combustion regime’, where the flame inner structure is strongly
modified by turbulence motions. A recent analysis [41] has shown that for Karlovitz numbers
larger than unity (Ka > 1), turbulent motions become able to affect the flame’s inner structure
but not necessarily the reaction zone, hence extending the validity of the flamelet regime (and
consequently the validity of the flamelet model that is used for this work) to higher Karlovitz
number’s values (approximately Ka = 100, up to Ka = 1000).
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The reaction zone, where heat is released, has a thickness 6, much lower than the thermal thickness §;
of the flame (6, =~ 0.16;).
Then, the following turbulent premixed flame regimes are proposed [36], not taking into account [41]:

* Ka < 1: Flamelet regime. The chemical time scale is shorter than any turbulent time scale and
the flame thickness is smaller than the smallest turbulent scale. In this regime the flame front is
thin, has an inner structure close to a laminar f lame and is wrinkled by turbulence motions.
Two subdivisions of this regime may be proposed depending on the velocity ratio '/ s%:

— (u'/s%) < 1: Wrinkled flame. As v’ may be viewed as the rotation speed of the larger
turbulent motions (i.e. integral scale), turbulent structures are unable to wrinkle the flame
surface up to flame front interactions. The laminar propagation is predominant and turbu-
lence/combustion interactions remain limited

— (u'/s?%) > 1: Wrinkled flame with pockets. In this situation, larger structures become able
to induce flame front interactions leading to pockets of fresh and burnt gases (i.e. structures
that are richer or leaner in fuel).

¢ 1 < Ka < 100: Thickened wrinkled flame. In this case, turbulent motionsare able to enter and
modify (thicken) the flame preheat zone, but cannot modify the reaction zone which remains thin
and close to a wrinkled laminar reaction zone.

* Ka > 100: Thickened flame regime or well-stirred reactor. In this situation, preheat and
reaction zones are strongly affected by turbulent motions and no laminar f lame structure may be
identified.

These various regimes are generally displayed on a log-log diagram (u'/s? vs I;/4;), called *Borghi
diagram’:

Thickened flame

RMS velocity Da= 1
/flame speed
(u'/sL9) Gickened-wrinkled fla@

{ Wrinkled flamelets }—
Laminar
combustion

\j

Integral length scale / flame thickness (l{/8)

Figure 2.3: Borghi diagram (turbulent combustion diagram): combustion regimes are identified in terms of length (I;/d;)
and velocity (u'/s%) ratios in a log-log diagram. [42]

The list above, which is a rough classification of combustion regimes as a function of characteristic
numbers, has been developed as a support to choose turbulent combustion models. Most practical
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applications correspond to flamelet or thickened wrinkled flame regimes.

Nevertheless, as already mentioned with [41], such analyses are only qualitative and should be used
with care, also because all these analyses are based on a single-step irreversible reaction (i.e. Reactants
— Products) but in actual turbulent combustion a large number of chemical species and reactions are
involved (several hundred species and several thousand reactions for most hydrocarbons/air mixture).
These reactions may correspond to a large range of chemical time scales.

For instance, it is reasonable to suppose that the oxidation of propane is fast in comparison to the
turbulent time scale, yet the formation of CO2 from CO is much slower and has a chemical time of the
same order as turbulent times. Another crucial feature is that the analysis is based on the assumption
that the turbulence is homogeneous and isotropic frozen (i.e. unaffected by heat release)

2.5. Flame/Wall Interactions

To produce power, combustion must take place in a vessel in which flames develop in the vicinity of
walls and interact with them.

Phenomena taking place during flame/wall interaction are not well understood: this interaction, how-
ever, is very strong. It influences combustion and wall heat fluxes in a significant manner and constitutes
a difficult challenge for combustion studies.

Most flame/wall interaction studies have been performed for premixed combustion: this section focuses
on this combustion mode even though non-premixed devices are also submitted to similar phenomena.
In most combustion devices, burnt gases reach temperatures between 1500 and 2500 K while wall tem-
peratures remain between 400 and 600 K because of active/passive cooling. The temperature decrease
from burnt gas levels to wall levels occurs in a near-wall layer which is less than 1 mm thick, leading
to very large temperature gradients.

Studying the interaction between flames and walls is extremely difficult from an experimental point of
view because all interesting phenomena occur in a very thin zone near the wall: in most cases, the only
measurable quantity is the unsteady heat flux through the wall, which is an “indirect” measurement of
phenomena taking place in the gas phase.

Moreover, flames approaching walls are dominated by transient effects. They do not usually touch
walls: they quench a few micrometres before because the low temperature of most walls inhibits chem-
ical reactions. At the same time, the large near-wall temperature gradients lead to very high wall heat
fluxes. These fluxes are maintained for short durations and their characterization is also a difficult task
in experiments.

When the flow within the chamber is turbulent, the interaction between the wall and the flame is even
more complex. In addition to the interaction between the flame and the wall, the coupling phenomena
between the wall and the turbulence on one hand, and between the turbulence and the flame on the other
hand, must be considered. As a result, the overall picture of flame/wall interaction in turbulent flows is
quite complex and modeling still in an early stage:
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Figure 2.4: Interactions between walls, flame and turbulence.

2.5.1. Laminar Flame/Wall Interaction

The interaction between laminar flames and walls has been extensively studied, particularly focusing
on wall quenching effects. These studies have investigated various scenarios characterized by param-
eters such as the distance between the flame and the wall (denoted as y) and the heat flux through the
wall (denoted as ¢). The distance y is often normalized by the characteristic flame thickness §. This
normalization allows for the definition of a local Peclet number:

Pe = % (2.39)

providing insight into the flame/wall interaction.

The heat flux through the wall q is a critical parameter, typically defined as the negative of the gas
thermal conductivity times the temperature gradient at the wall. This heat flux is then scaled by the
laminar reference flame power, yielding:

q
F=_——1 2.40
p1Yp1s2Q (2.40)

Where p1 and Y 1 designate the fresh—gas density and fuel mass fraction, 5% is the unstretched laminar
flame speed, and () is the heat of reaction (defined by Y7 1Q = c,(T>—T1) if T} is the temperature of
the fresh gases and 75 is the adiabatic flame temperature).

The flame/wall distance y and the wall heat flux g change with time. Consider the simplest case of
Figure 2.5 where a one-dimensional laminar flame propagates into fresh reactants towards a cold wall.
Far from the wall (¢ = ¢;), the flame propagates without modification. When the flame is close enough
to the wall, it starts sensing its presence (¢ = t2). The wall extracts energy from the flame (through heat
diffusion), playing a role similar to a heat loss term: the flame is weakened by this loss and slows down.
A critical instant in flame/wall interaction corresponds to the flame quenching: at a certain distance g,
the flame stops and quenches (¢ = ¢3 on Figure 2.5). Generally, the wall heat flux g¢ peaks at the same
instant. After quenching, the burnt gases are cooled down by the cold wall following a simple heat
diffusion process.

The quenching distance yg is expressed by the quenching Peclet number Peg: Peg = yg/0.
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Figure 2.5: Laminar flame interacting with a cold wall. Temperature profiles at four consecutive instants ¢; to ¢4. The fresh
gases temperature 71 is equal to the wall temperature 7y-. Quenching occurs at ¢ = t3.

Flame/wall interaction can occur in different configurations, including head-on quenching (HOQ),
side-wall quenching (SWQ), and tube quenching, as shown in Figure 2.6. In HOQ, the flame front
directly encounters a cold wall, resulting in localized quenching. SWQ involves the propagation of a
flame parallel to a wall, leading to localized quenching of the flame edge. Tube quenching occurs when
a flame is completely quenched in a narrow tube due to heat loss to the walls.
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Figure 2.6: The three configurations for flame/wall interaction in laminar flows.

Analyzing flame/wall interaction involves considering both simple and complex chemical mecha-

nisms.
Simple chemistry models provide valuable insights into the thermal effects of interaction, while com-
plex chemistry models are necessary to capture the full range of chemical processes involved. Compu-
tational efforts must address challenges such as the high resolution required for accurate simulations,
the influence of catalysis at the wall, and the inclusion of Soret and Dufour effects.

Experimental and computational studies have provided valuable insights into laminar flame/wall
interaction, with results showing good agreement between different methods despite variations in as-
sumptions and methodologies. The scaling of reduced heat flux F" has proven to be effective in capturing
the essential features of flame/wall interaction across various scenarios.
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2.5.2. Turbulent Flame/Wall Interactions

While studies on laminar flame/wall interaction offer valuable insights into flame behaviour during in-
teraction and wall heat fluxes, the influence of turbulence on this interaction remains unclear. Turbulent
premixed flame-wall interaction encompasses all mechanisms described before for the laminar flame
case.

In a turbulent flame, heat fluxes are influenced by the intermittency between fresh and burnt gases
contacting the wall. When fresh reactants are in contact with the wall, heat fluxes remain low. Con-
versely, higher heat flux levels are observed when burnt gases are in contact with the wall. The passage
of a flame in front of the detector marks the interaction of the wall with an active flame front, often
resulting in intense heat flux at the wall.

This complex interaction poses several challenges for modeling:

* Predicting the maximum heat flux ¢y,,, resulting from the interaction between an active flame
front and the wall is a significant challenge. RANS models are unable to predict this maximum
flux level accurately. However, DNS studies suggest that g4, scales with the maximum heat
flux observed at quenching for laminar flames q(, indicating the control of turbulent combustor
maximum heat fluxes by flame/wall quenching.

* While RANS models may predict the mean heat flux at the wall, the intermittent nature of the
interaction complicates averaging. When burnt gases are at the wall, the gas temperature-to-wall
temperature ratio 7'/T,, can be substantial, making classical logarithmic laws inadequate.

Additional issues arise in turbulent interactions compared to laminar cases:

* Turbulence may affect maximum wall fluxes during quenching.

» Flame elements near the wall have a higher chance of quenching, necessitating their consideration
in models.

¢ Wall constraints limit flame movement and reduce turbulent flame brush size.

Wall influence alters turbulence structure, leading to laminarization near the wall and decreased
turbulent stretch, thereby reducing flame area.

¢ Models for mean friction and wall heat fluxes need reevaluation.

Flame/Wall Interactions: Turbulence Models

The interaction between turbulent flames and walls poses a challenge for incorporating into CFD codes.
Existing models typically involve an indirect coupling where walls influence turbulence time scales,
affecting mean reaction rates.

However, this approach often yields non-physical results due to incompatibilities between near-wall and
turbulent combustion models. Recent efforts aim to address this by modifying models near walls using
physical insights, such as incorporating sink terms derived from DNS results [43]. These modified
models offer more accurate predictions, as demonstrated in piston engine computations [44].

Flame/Wall Interactions: Heat Transfer

Maximum heat fluxes discussed in the previous sections are one important aspect of flame/wall interac-
tion because they control the maximum local load imposed on materials. But to design cooling systems,
mean heat fluxes are of greater importance than maximum fluxes. For these mean quantities, the inter-
action between active flames and wall is not the dominant factor. However, the presence of burnt gases
must definitely be accounted for. This is not often the case: the traditional law-of-the-wall approach
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used in many codes is valid only for flows in which temperature variations remain small (typically, the
ratio of gas temperature to wall temperature 7'/ T, must be of order unity).

In combustion applications, this is rarely the case. This can induce very large errors on wall friction
and wall heat fluxes. In [35], the principles of ’law of the wall” approaches are first described and their
implementation is presented for the classical isothermal situation where 7'/T,, is of order unity. Then,
possible extensions to cases where 7'/T), is large are discussed.

2.6. Emissions

This section explores the parameters that affect the main emission species, and how the model can pre-
dict and analyze their formation in combustion simulations, such as empirical correlations, detailed and
reduced chemical kinetics. Each emission species carries distinct environmental and health implica-
tions: understanding the mechanisms behind emission generation is essential for developing strategies
to mitigate them.

2.6.1. NOx

NOx are emissions comprised of nitrogen oxide (NO) with smaller amounts of nitrogen dioxide (NO2)
and nitrous oxide (N20). Their Radiative Forcing effect (particularly that of NO2) is about 136 times
more powerful than CO2, even though their lifetime is only a few weeks in the atmosphere [45].

In the stratosphere, they lead to the formation of ozone (O3), which is very dangerous and at the same
time, they reduce the amount of ozone itself in the troposphere, where it is needed to protect the earth
from ultraviolet rays.

Furthermore, NOx are harmful to humans, as they damage the respiratory system. Consequently, it is
essential to reduce their emissions. The formation depends on numerous factors, such as the temperature,
the residence time, and the equivalence ratio. Each path first involves the formation of NO which reacts
with oxygen to form NO2.

The main NO formation pathways are thermal, prompt, NNH, N20, and Fuel NO:

1. Thermal NO or Zeldovich mechanism [46]. The reactions of this mechanism require a high
activation energy, thus high temperatures, to activate them.

* RI: No+ O =NO+ N
*R2:N+0;=NO+0O
*R3: N+OH=NO+H

The rate of NO formation strongly depends on temperature, pressure, and residence time; decreas-
ing any of these three reduces NO, but the exponential dependence on temperature makes the
reduction of the combustion temperature the key strategy for low NOx combustion. Fortunately,
thermal NOx formation rates are relatively slow, and therefore, equilibrium concentrations are
never reached in the combustion devices. It is also dependent on the square root of the pressure.
NOx emissions can be reduced by lowering the flame temperature or by reducing the time that the
mixture spends in the combustor. With H2-blended fuel, it is possible to simultaneously reduce
the length of the combustor and work with a leaner mixture due to the higher flame speed and the
lower flammability limit compared to natural gas.

2. Prompt NO or Fenimore mechanism [47]. The mechanism initiated by attack of C H,, radicals
on N2 is termed prompt NO.

*R4: CH+ Ny=NCN+H
* RS: NOCN+O = NO+CN
* R6: CN + 0Oy = NO+CO
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* R7: NCO+0 = NO+CO

3. NNH pathway [48]. This mechanism is important at higher temperature conditions in the fuel-
rich side of the flame zone as well as in the reaction zone.

* R8: Ny + H(+M) = NNH(+M)
*R9: NNH+O=NO+NH
* R10: NNH +0OH = NO + NH,

4. N20O pathway [49]. The N20 pathway seems to be significant at high pressures and moderate
temperatures in the fuel-lean flame conditions.

* R11: Ny + O(+M) = NyO(+M)
« R12: N;O + H = NO+ NH
« R13: N,O 4+ O = 2NO

5. Fuel NO [50]. When nitrogen is chemically bound to fuel (e.g., NH3), it converts almost com-
pletely to NOx in the exhaust gases. From the thermal decomposition of fuel bound compounds
in the reaction zone, radicals such as HCN, NH3, N, CN and NH can be formed and converted to
NOx. While most gaseous fuels, such as natural gas, do not contain fuel-bound nitrogen, nitro-
gen is frequently present in liquid and solid fuels. Unprocessed fuel oil, for instance, can contain
more than 1000 parts per million (ppm) of bound nitrogen, resulting in over 40 ppm of NOx in the
exhaust gases solely due to this mechanism. Fortunately, refining processes designed to remove
sulfur also eliminate nitrogen from the fuel.

2.6.2. CO

When a combustion zone is operating fuel-rich, large amounts of CO are formed owing to the lack of
sufficient oxygen to complete the reaction to CO2.

If, however, the combustion zone mixture strength is stoichiometric or moderately fuel-lean, signifi-
cant amounts of CO will also be present due to the dissociation of CO2. In practice, CO emissions are
found to be much higher than predicted from equilibrium calculations and to be highest at low-power
conditions, where burning rates and peak temperatures are relatively low. This is in conflict with the pre-
dictions of equilibrium theory, and it suggests that much of the CO arises from incomplete combustion
of the fuel, caused by one or more of the following:

* Inadequate burning rates in the primary zone, due to a fuel/air ratio that is too low and/or insuffi-
cient residence time

* Inadequate mixing of fuel and air, which produces some regions in which the mixture strength
is too weak to support combustion, and others in which over-rich combustion yields high local
concentrations of CO

* Quenching of the postflame products by entrainment into the liner wall-cooling air, especially in
the primary zone

2.6.3. UHC

UHC include fuel that emerges from the combustor in the form of drops or vapor, as well as the products
of the thermal degradation of the parent fuel into species of lower molecular weight. They are normally
associated with poor atomization, inadequate burning rates, the chilling effects of film cooling air, or
any combination of these.

The reaction kinetics of UHC formation are more complex than for CO formation, but it is generally
found that those factors that influence CO emissions also influence UHC emissions and in much the
same manner
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2.6.4. Soot

Exhaust smoke is caused by the production of finely divided soot particles in fuel-rich regions of the
flame that, in conventional combustors, are always close to the fuel spray. These are the regions in
which recirculating burned products move upstream toward the fuel injector, and local pockets of fuel
vapor become enveloped in oxygen-deficient gases at high temperature. In these fuel-rich zones, soot
may be produced in considerable quantities.

Most of the soot produced in the primary zone is consumed in the high temperature regions downstream.
Thus, from a smoke viewpoint, a combustor may be considered to comprise two separate zones—the
primary zone, which governs the rate of soot formation, and the intermediate zone (and, on modern high-
temperature engines, the dilution zone also), which determines the rate of soot consumption. Analysis
of the soot found in exhaust gases shows that it consists mostly of carbon (96%) and a mixture of hydro-
gen, oxygen, and other elements. Soot is not an equilibrium product of combustion except at mixture
strengths far richer than those employed in the primary zones of gas turbines. Thus, it is impossible to
predict its rate of formation and final concentration from kinetic or thermodynamic data. In practice, the
rate of soot formation tends to be governed more by the physical processes of atomization and fuel-air
mixing than by kinetics.
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2.7. Swirling Flows

Swirl has been commonly used for the stabilization of high-intensity combustion. The main effects of
swirl are as follows:

* To reduce combustion lengths by producing higher rates of entrainment of the ambient fluid and
fast mixing close to the exit nozzle and on the boundaries of recirculation zones

» To improve flame stability as a result of the formation of toroidal recirculation zones in strongly
swirling zones

* As the blockage is aerodynamic, flame impingement on the burner may be minimized, thus en-
suring minimum maintenance and extended life for the unit

These toroidal recirculation zones, which recirculate heat and active chemical species to the root of the
flame, thus reducing velocity requirements for flame stabilization, are only formed beyond a critical
swirl number SN > SN_.;; ~ 0.6. The process for the formation of these inner/central recirculation
zones arises as follows:

 Swirling flow generates a natural radial pressure gradient due to the centrifugal term é

 Exiting through a nozzle causes axial decay of tangential velocity and hence radial pressure gra-
dient.

 This in turn causes a negative axial pressure gradient to be set up in the vicinity of the axis, which
in turn induces reverse flow and the formation of a Central Recirculation Zone (CRZ - sometimes
also defined as Inner Recirculation Zone, IRZ).

» Where the tangential velocity distribution is of Rankine form (i.e. free/forced vortex combina-
tion), the central vortex core can become unstable, giving rise to the PVC phenomena.

* The formation of the CRZ is thus dependent on the decay of swirl velocity as swirling flow
develops.

Figure 2.7: Schematic diagram of processing leading to CRZ formation: (1) tangential velocity profile creates a centrifugal
pressure gradient and sub-atmospheric pressure near the central axis; (2) axial decay of tangential velocity causes decay of
radial distribution of centrifugal pressure gradient in axial direction; (3) thus, an axial pressure gradient is set up in the
central region towards the swirl burner, causing reverse flow.

With confinement, meaning the difference in cross-section area before and after the nozzle, this
process is modified, the rate of decay of swirl velocity is considerably reduced, hence the size and
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strength of the CRZ (and ORZ - Outer Recirculation Zone) formed.

The above-mentioned swirl number is a significant similarity criterion for swirling flows. It essentially
quantifies the ratio of the axial component of the flow rate of angular momentum to the flow rate of
axial momentum:

Go(z)
R(z) - Go(x)
where Gy(x) is the time average of the axial component of the flow rate of angular momentum inte-
grated over the cross-section (plane y2) at a certain axial coordinate x, R(x) is a characteristic radius
of the swirling flow and G () is the time average of the flow rate of axial momentum across the axial
cross-section.

A suitable definition of the swirl number factors is not a straightforward task, as Gy and G, are con-
served in free jets and in confined flows only if the duct has a constant cross-section and viscous losses
at the wall are negligible.

An overview of the hierarchy of simplified definitions derived in the literature to determine the swirl
number in practical flows is given in [51], assessing the shortcomings of the various formulations and
giving advice on which definitions to use in practice.

SN (z) = (2.41)

Based on the findings of Be¢r and Chigier [52], it has been shown that flows characterized by a low
swirl number (SN = 0.6) do not exhibit any recirculation of the flow:

(1) - Low (2) — Intermediary S, (3) — High S,
Figure 2.8: Swirl effect on flames. (1) Low SN, (2) Intermediate SN, (3) High SIV.

The swirl increases ambient fluid entrainment and decreases flow axial velocity. Axial velocity
radial profiles remain Gaussian when SNV is below 0.5 (case 1 in Figure 2.8), lifting the flame. When
approaching SN = 0.6 (case 2 in Figure 2.8), where the flame is stabilized closer to the burner in
the recirculation zone rich in fresh gases, velocity maximum deviates from the axis and turbulence in-
creases. With increasing swirl number (case 3 in Figure 2.8), jet opening and entrained mass flow rise
continually.

A recirculation zone appears in the main flow at 0.6 swirl intensity. The swirl intensity affects the size
and location of the recirculation zone.

Fresh and flue gases mixes in the recirculation zone. In addition, swirl enhances gas entrainment and
raises flame blow-off limit. The interaction of hot products and active chemical species with entering
fresh gases (air and fuel) in this zone helps sustaining the flame. Fresh gases in the center recirculation
zone stabilize the flame next to the burner outlet due to their low speed. A corner external recirculation
zone may be created downstream of the backward-facing step.

Moreover, extensive research efforts have been focused on the swirling flows characterization in a
dynamic framework, particularly in the description of the instabilities of swirling flows [53], [54], [55],
[56], [57], [58].

The existence of swirling in a fluid flow gives rise to instability and mechanisms of disturbance
propagation that are different from those caused by shear forces. Swirling flows display a diverse range
of behaviors that are dependent upon factors such as geometry, swirl number, Reynolds number, and
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several other characteristics.

It is important to acknowledge that combustion triggers the vortex breakdown: Combustion induced
vortex breakdown (CIVB) refers to a particular vortex breakdown that arises as a consequence of the
thermal energy release resulting from combustion. The heat release may induce the expansion and
acceleration of the fluid, resulting in the development of a low-pressure zone in the core of the vortex.
Subsequently, the presence of this zone of reduced pressure has the potential to initiate the phenomenon
known as vortex breakdown.

Next, we proceed to examine the dynamic nature of the area where the flow recirculates, referred
to as central recirculation zone (CRZ). As previously mentioned, a prominent characteristic of vortex
breakdown is the existence of a flow stagnation point located at the beginning of the bubble. The
stagnation point has the potential to remain at the flow centerline, which is known as axisymmetric
breakdown. Alternatively, it may deviate from the centerline and undergo rotational movement around
it, which is referred to as spiral breakdown. Within the CRZ, the fluid motion exhibits characteristics
of both unsteadiness and non-axisymmetry. The fluid that is entrained into the bubble undergoes an
emptying and filling process of the bubble, that takes place in its downstream region. Furthermore, it
should be noted that the rotational motion does not occur instantly around the geometrical centerline. In
contrast, the location with zero azimuthal velocity is situated away from the center, and this particular
point undergoes rotational motion around the geometric center, as seen in Figure 2.9.
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Figure 2.9: Sketch of instantaneous (a) azimuthal and (b) axial velocity inside the vortex breakdown bubble showing
precessing vortex core (PVC) [59]

The location at which the azimuthal velocity is zero is often known as the precessing vortex core
(PVC).

The rotational frequency of the PVC scales with a Strouhal number, which is calculated based on
the axial flow velocity and the diameter of the pipe:

_ID
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St (2.42)
where f is the frequency of the PVC, D is the diameter of the pipe and w; is the axial flow bulk velocity.
The alignment of the positive and negative axial flow velocity areas in the center of the PVC, as shown
in Figure 2.9, may not always be opposed to each other. Additionally, the degree of offset between
these regions changes along the axial direction. As a consequence, a helical pattern emerges in the
instantaneous axial flow velocity.

In conclusion, it is crucial to distinguish the PVC from other helical shear flow patterns that may coexist,
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such as those arising from shear layer instabilities.

A significant modification of these flow characteristics may be seen in swirling flows with combustion.
The zone of vortex breakdown undergoes changes in its shape and size, resulting in substantial effects
on the spreading angle and velocity of the outer flow circumnavigating the bubble.

The observed discrepancies are frequently credited to the influence of gas expansion on the inner vor-
tical structures. Due to the expansion of gas inside the flame, the flowfield situated downstream of the
flame exhibits elevated axial velocities, while experiencing little changes in azimuthal velocity. This
translates into a significant decrease in the swirl number.

The presence of a central recirculation zone may provide significant advantages in terms of enhancing
the mixing and preheating of fuel and air. However, it is important to note that this phenomenon can also
lead to equipment damage due to the resonances generated by the interplay between the coherent struc-
tures formed and natural system resonances and combustion induced oscillations. These instabilities
include PVC.

2.7.1. Swirling Flows and Emissions

As previously stated, the use of swirlers in the combustion chamber serves to augment turbulence and
promote the thorough mixing of fuel and air. This, in turn, results in improved combustion efficiency
and a subsequent decrease in emissions. Consequently, this phenomenon may have an impact on the
temperature of the flame and result in a decrease in the release of harmful substances, particularly in
scenarios that need minimal levels of nitrogen oxide (NOx) emissions.

Schmittel et al. [60] demonstrated that the use of swirl in non-premixed combustion has the potential
to effectively mitigate the release of pollutant emissions, namely nitrogen oxides. The introduction
of a swirling motion and subsequent enhancement of reactant mixing results in a reduction in flame
temperature, thus leading to a decrease in the generation of NOx through the Zeldovich mechanism.
Furthermore, when the strength of the swirling is significant, augmenting the SN leads to a decrease
in the amount of time spent in high-temperature regions, which has the consequence of restricting the
generation of NOx. Nevertheless, it is vital to identify an optimal swirling intensity that strikes a balance
between mitigating pollutant emissions and maintaining a safe distance between the flame burner in
order to prevent the occurrence of flashback.

The research conducted by Coghe et al. [61] examined the performance of a lean natural gas burner
with a fuel-air equivalence ratio of 0.69. The findings revealed that the reduction of NOx may reach up
to 30% within a range of swirl numbers between 0.7 and 0.82.

The impact of the swirl number on the emissions of NOx and CO was investigated by Boushaki et al.
[62] and Nazim et al. [63] as documented in their respective studies.

It was discovered that when the swirl number is 1.4, the E 1o rate (i.e. CO emission index, indicating
the ratio of CO mass exiting the engine to the mass of fuel intake) is marginally lower compared to a
swirl number of 0.8. The researchers observed that the intensity of the swirl may tend to augment the
mixing process and prolong the duration of stay inside the reaction zone. This, in turn, facilitates the
conversion of CO to CO2. With regards to the emissions of nitrogen oxides, the researchers observed
that an increase in the swirl number has a tendency to decrease the creation of E Iy, , especially when
the oxygen rate is below 27.

In their study, Burguette and Costa [64] conducted an assessment of the impact of swirl intensity on NOx
emissions by examining the angle of the blades that make up the swirler. The researchers discovered
that the NOx rate is the highest at an angle of 45°, whereas NOx emissions fall when the angle deviates
from 45°, either lower or higher. The authors provide an explanation for these findings based on the
observation that a recirculation zone starts at a 45° angle. This leads to an increase in residence time
in proximity to the burner, where the temperature is higher, with a subsequently higher generation of
NOx.

Cozzi and Coghe [65] conducted a study on the emissions of NOx in a coaxial swirling flame fueled
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by natural gas. According to their findings, the intensity of swirl significantly impacts non-premixed
flames, resulting in greater amounts of NOx reduction at increased swirl levels. Swirlers have the
potential to enhance the overall efficiency of a combustion system. Enhancing flame stability and
combustion quality may result in increased thermal efficiency and reduced operational expenses.

2.7.2. An Operating Limit of Swirl-Stabilized Combustors: Flashback

The use of premixed combustion has the benefit of attaining much reduced levels of NOx compared to
non-premixed flames. This is mostly due to the considerably lower flame temperature resulting from a
significantly reduced local equivalency ratio. Nevertheless, premixed flames are prone to a phenomenon
known as flashback, when the fresh mixture velocity has a component normal to the flame front which
is below the turbulent flame speed, resulting in the propagation of the flame in the upstream direction.
This phenomenon may lead to the deterioration and subsequent shutdown of the burner.

Hydrogen exhibits a flame speed that is approximately five times greater than that of methane. While
this mitigates the likelihood of flame blowoff, it concurrently elevates the potential for flasbback. Four
different types of flashback are possible:

1. Flashback in the turbulent core. As the turbulent flame velocity sy surpasses the component
of the flow velocity normal to the flame front, an upstream movement of the flame front occurs.
As turbulence (v, rms of velocity fluctuations), pressure and temperature rise, the value of s7/ s%
rises.

On the one hand, it is therefore preferable to conduct operations at low pressures, on the other
hand, higher pressure allows for smaller combustors. When utilizing highly reactive fuels, such
as hydrogen, a low-swirl burner operating at low pressures is preferred in order to decrease the
turbulent flame speed. Conversely, this contradicts the criteria for sequential combustors, which
habitually function under elevated pressures accompanied by substantial turbulence.

One potential resolution entails diminishing the pressure and swirl in order to significantly in-
crease the axial velocity above the turbulent flame speed. Nonetheless, such an outcome would
result in diminished operational efficiency, compromised mixing, and a heightened propensity
for autoignition and instability. As illustrated in Figure 2.10, Eichler [66] explains that this par-
ticular form of flashback can be disregarded during typical gas turbine operations due to the fact
that the free stream velocity is typically greater than the flame speed.

— —— -

Figure 2.10: Flashback in the core flow. The red shaded area indicates the region of burned gases, red arrows correspond to
flame propagation and black arrows to the flow. The size of the arrow is drawn relative to the speed (flow or flame). [67]

2. Boundary Layer Flashback (BLF). The boundary layer is characterized by a no-slip condition:
velocity in the burner decreases to zero close to the wall. The formation of a boundary layer
flashback occurs when local flow velocities fall below the s turbulent flame speed. This results
in the initiation of upstream flame propagation, as shown in Figure 2.11. Nevertheless, this issue
is mitigated by the heat discharge from the flame towards the wall, which effectively suppresses
it (i.e., the heat discharge locally reduces the flame temperature, thereby diminishing its reaction
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rate to the point where it ceases to exist; in other words, the combustion reactions decelerate to the
extent that they cease to exist and the flame quenches). This type of flashback is more prevalent in
hydrogen owing to its elevated flame velocity and reactivity, which leads to an exceptionally small
quenching distance (i.e. flame sustains without quenching even in pipes with small diameters,
where heat dissipation becomes more important with respect to heat release). This is the primary
flashback mechanism for low-turbulence and low-swirl flows, described in more details in [68].

Figure 2.11: oundary-layer flashback. The shading and arrows are the same as in Figure 2.10

3. Flashback due to combustion instabilities. This flashback mechanism causes both boundary
layer and core layer flashbacks, as illustrated in Figure 2.12. These flashbacks are caused by
fluctuating pressure pulsations resulting from unsteady heat release rates of the mixture, an lead
to periodic occurrences of the flashback itself [69].

Typically, they result from two mechanisms: fluctuations in the local equivalence ratio and vortex
shedding.

Acoustic oscillations in the mixing tube are the source oflocal equivalence ratio fluctuations.
Vortex shedding occurs when rotating flows generate large coherent vortical structures through
vortex breakdown. Alterations in heat release result from both mechanisms, which subsequently
generate oscillations in flow velocity and culminate in the formation of flashbacks at low fre-
quencies. In order to mitigate this form of flashback, the elimination of low-frequency pressure
fluctuations is imperative, through active or passive control [70].

Figure 2.12: Flashback- combustion instability-induced. The shading and arrows are the same as in Figure 2.10.

4. Flashback due to Combustion Induced Vortex Breakdown (CIVB). Flashback may occur
along the centerline of a swirl-stabilized burner, which is typical of gas turbines burners. This can
be attributed to the upstream propagation of the recirculation zone, as illustrated in Figure 2.13.
This flashback mechanism is more hazardous in the case of hydrogen as a result of the increased
flame speed and chemical kinetics, which increase the likelihood of this type of flashback. Lo-
cally quenching the flame prevents it from propagating upstream, despite the movement of the
recirculation zone, which proves to be a crucial aspect of this mechanism. Hydrogen’s elevated
resistance to quenching, because of its small quenching distance, indicates an increased likelihood
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of experiencing this form of flashback. Also influencing this is the swirl number, as a lower swirl
number is more effective at preventing this instability. CIVB flashback can be avoided through

a proper aerodynamic burner design [71].
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Figure 2.13: Flashback- combustion-induced vortex breakdown (CIVB).The flow enters from the mixing tube on the left

into the combustion chamber. The shading and arrows are the same as in Figure 2.10.

In summary, a number of factors contribute to the facilitation of flashback, which includes elevated
swirl number, high fuel reactivity, high equivalence ratio, and low axial velocity. Air injection provides
great margins of operation stability due to the fact that the diameter of the air nozzles can be altered
while the combustor is in operation in order to satisfy flame stabilization [69]. Specifically, the LLF
(Lower Limit of Flashback, as shown in Figure 2.14) is impacted by axial air injection, which modifies
the flashback mechanism generated by induced vortex breakdown flashback (CIVB). The central air
injection specifically enhances flame stability through its influence on the aerodynamic of the flow
field located downstream of the burner mouth. It decreases the axial velocity defect at the recirculation

zone’s apex, which is one of the primary causes of CIVB flashback
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Figure 2.14: Flame stability diagram for different equivalence ratios, with the Lower and Upper limit Flashback (LLF and

ULF) indicated.
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In this chapter, a thorough literature review is presented, focusing on the combustion systems utiliz-

ing blends of H2 and hydrocarbons. Initially, an exploration of various architectural examples currently
available in the market for land-based gas turbines is provided.
Then, the most pertinent experimental and numerical discoveries related to test rig combustors are ex-
amined. The relevance of these findings lies in the operating setups involving blends of H2 and CH4,
the focus on analyzing heat loss effects, and the exploration of combustor geometries such as swirl-
stabilized combustors with axial air injection, similar to the TU Delft APPU combustor which will be
analyzed in this thesis.

3.1. State of the Art in Land-Based Gas Turbines

Given that the main emission produced by H2 combustion is NOX, it is necessary to describe the NOx
reduction strategies currently employed by state-of-the-art land-based gas turbines: they are divided
into primary and secondary measures.

* The primary measures involve the modification of the combustion process, such as peak temper-
atures or residence times reduction

* The secondary measures consist of the treatment of the exhausted gases downstream of the com-
bustion chamber, with the aim of converting the NOx into less harmful gases, such as H20 and
N2.

In most cases, the primary measures require geometric modifications and are, therefore, more suitable
for new combustor designs but more difficult to apply in combustors already in operation. The reduc-
tion of the reaction temperature can be obtained using lean mixtures or by the injection of water and/or
steam inside the combustion chamber.

NOx reduction technologies that do not consider water or steam injection are called “Dry Low NOx”
(DLN) or “Dry Low Emission” (DLE) technologies. Since the injection of water or steam into the
combustion chamber leads to a reduction of the combustion efficiency and of the entire thermodynamic
cycle of the plant, the attention is mainly directed to DLE technologies.

39



3.1. State of the Artin Land-Based Gas Turbines 40

The DLN or DLE combustion technologies are all lean premixed or partially premixed since this

allows for greater temperature and NOx control. A good mixing is required for the abatement process
to be effective.
However, residence times and sufficient volumes may be necessary, such that it is difficult to avoid
self-ignition or flash-back. As noted in [72] and [73], these combustion strategies tend to show danger-
ous thermo-acoustic instabilities (especially close to lean blow out conditions), which can reduce the
machine availability for unplanned maintenance or even damage it seriously. Figure 3.1 qualitatively
highlights the ability of lean premixed technologies to control pollutant emissions, thanks to the adop-
tion of a low equivalence ratio, and at the same time, it shows the narrow operating range due to the
onset of thermo-acoustic instabilities.
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Figure 3.1: Qualitative representation of NOx and CO emissions and normalized pressure fluctuation, as a function of the
equivalence ratio. The nominal equivalence ratio and its stable range are purely qualitative. The pollutant emission limits
refer to the Industrial Emissions Directives (IED) on natural gas combustion of November 2010. It should be noted that the
limits may be lower than those shown here, depending on what is agreed in the relevant Best Available Technologies (BAT)
reference document (BREF). Permission levels for individual sites can also be lower. From [27].

The following sections report the combustion technologies implemented to reduce NOx formation,
with a particular emphasis on those technologies aimed at increasing the fuel flexibility in gas turbines,
i.e., increasing the range of H2 content in natural gas hydrogen mixtures [30]. These systems can be
classified into four groups, depending on the strategy adopted for stabilizing combustion:

1. Combustion aerodynamically stabilized by propagation
2. Combustion stabilized by self-ignition
3. Staged combustion, stabilized with different methodologies (by propagation and/or self-ignition)

4. Micro-mixing combustion, with many small premixed, partially premixed or diffusive flames

These strategies can be hybridized with the recirculation of burnt gases at the compressor intake, a
technology known as Exhaust Gas Recirculation (EGR). To ensure the relevance of the discussed topics,
only the first, second and third strategies will be described.

3.1.1. Aerodynamically Stabilized Combustion

These combustors are based on the generation of suitable recirculation zones which stabilize the combus-
tion, generally by propagation. An aerodynamic stabilization strategy of widely used premixed flames
consists of the use of swirled jets, from which the denomination swirl-stabilized flames. These burners
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generate a flow with a strong rotational component by means of vanes or tangential jets that stabilizes
the flames in several ways, improving combustion quality and shortening the reaction zone, as already
discussed in section 2.7.Figure 3.2 shows an advanced burner of the DLN type with the vortex break-
down stabilization mechanism: the ALSTOM/ANSALDO EV burner. A more efficient version of EV
is developed by means of sequential combustion [74]

Combustion Spray Vortex
air evaporation breakdown

Atomization Gas injection Ignition Flame
holes front

Figure 3.2: A schematic diagram showing an EV burner [33]

Another aerodynamic stabilization technique of premixed flames is that of SOLAR Turbines, which
in 1992, developed the SoLoNOx™(Solar Low NOx) combustion technology, which is used to control
NOx and CO emissions. The concept exploits a premixed system (lean premixed combustion) with a
pilot. It is based on the following insight provided by [45]: CO is mainly formed below 1400 ° C while
NOx is basically formed at a temperature above 1500 ° C. By keeping the temperature within this range,
the emission levels of the two pollutants remain within acceptable levels. In 2021, the technology op-
erated up to 20% hydrogen by volume.

A strategy in which a macro-recirculation used for combustion stabilization is produced by geomet-

ric effect is instead the Trapped Vortex Combustor (TVC) [34]. Combustion stability is obtained by
geometric cavities, where recirculation zones of hot products are generated by the direct injection of
fuel and air, and which act as a continuous source of ignition for the incoming fuel-air main flow.
The Trapped Vortex Combustor is an efficient and compact combustor, with a stable performance over
a wide range of fuel flow rates and with low pressure losses. Different strategies can be implemented in
order to reduce NOx: the rapid mixing of fuel and oxidant, staged combustion with a lean or premixed
mixture, high inlet velocities with reduced residence time, and in the rich-burn quick-quench lean-burn
(RQL) mode.

A recent premixed combustion technology, which belongs to the acrodynamically stabilized burner
category, is the FlameSheet™by THOMASSEN Energy [75] [76]. It has considerable similarities
with the TVC, but in this case, the vortex which guarantees flame anchoring and stability is “trapped”
aerodynamically and not geometrically.

The strong recirculation zone, which constitutes the aerodynamically trapped vortex, stabilizes the flame
(similar mechanism to a backward facing step, but more effective), while the considerable acrodynamic
stretching prevents the pre-ignition of the reactants.

It is shown from the results from the test rig at General Electric Fclass conditions that up to 65% of
blended hydrogen by volume with natural gas can be consumed safely without the risk of flashback and
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with a NOx emission performance below 7 ppm. The FlameSheet™technology has been demonstrated
up to 80% of hydrogen by volume on a single full-scale, full power can in a test facility, with low NOx
emissions and without the need for a diluent such as nitrogen and without a performance impact.

The combustor offers superior turn-down. If, at full load, both stages are used, at low loads only the main
stage operates, in a stable and low CO emissions condition. This technology is suitable for retrofitting
gas turbines, since it has been designed with a view to replace the combustors of various gas turbines
already existing on the market (GE (6F, 7E, 7F, 9E, 9F), Siemens/Mitsubishi (501F, 501G, 701F, 701G),
and Siemens (501B/D)).

3.1.2. Stabilized Combustion for Self-Ignition

Self-ignition combustion occurs when the reactants are injected into a region with a higher temperature
than the ignition temperature. An example can be found in the second combustor of the constant pres-
sure sequential combustion developed by ALSTOM/ANSALDO, in which the fuel is injected into the
exhaust gas stream coming from the first combustor (of the EV type, cited above), to which fresh air
has been added.

Flameless Oxidation (FLOX™) is another example of self-ignition combustion technology. In

FLOX or MILD combustion, flue gas (N2, CO2, H20) is recirculated within the combustor back to
the flame front to reduce the O2 concentration in the oxidant and to heat the reactants above the auto-
ignition temperature. This strategy generates uniform temperature distribution, with reduced peaks, and
a consequent reduction of NOx formation; moreover, the flame is not visible (low OH concentrations).
Basically, this approach is based on the creation of a volumetric reaction zone, where the fuel and oxi-
dizer, separated or partially premixed, are injected into the combustion chamber at high speed.
The momentum of the jets and a suitable combustion chamber geometry promote the internal recircula-
tion of the hot flue gases which preheat and dilute the reactants, stabilizing the combustion. Although
the residence time increases in this way, NOx production is limited due to the low temperatures. Fig-
ure 3.3 schematically shows the operating principle of a flameless combustor.
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Figure 3.3: Schematic of the FLOX® combustion principle implemented in [77]

Its principle was originally discovered by Wunning for atmospheric industrial furnaces used in the
steel industry. The flameless combustion technology is commercially available for reheating furnaces in
the steel sector, with devices already able to operate with natural gas and hydrogen mixtures up to 100%
H2. The uniform distribution of temperatures offers the potential for attaining elevated combustion
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chamber temperatures, thereby enhancing overall efficiency. In the gas turbine sector, there are only
some numerical and experimental examples [78]. Banihabib et al. [77] conducted modifications on
a 100 KWAE-T100 PH micro-gas turbine swirl-type combustor, originally designed for natural gas
usage. They implemented the FLOX™stabilization principle (specifically, the F400s.3 combustion
system developed by DLR) to enable the use of hydrogen-enriched fuel and eventually, pure hydrogen.
The hydrogen content in the fuel was volume-based and ranged from 40% to 100%. Their findings
demonstrated the sustained operation of the micro-gas turbine with NOx emissions consistently below
the regulated limits. For pure hydrogen at full-load operation, the highest recorded NOx emissions
were 22 ppm, which corresponds to 62 ppm when corrected based on a reference of 15% oxygen in the
exhaust gas.

3.1.3. Staged Combustion

In staged combustion, the reaction zone can be divided in two parts: a zone with a high equivalence
ratio (first stage) and a zone where the equivalence ratio is lower (second stage). As an example, we
can report the RQL concept (Rich-Burn, Quench (or Quick-mix), Lean-Burn) introduced in 1980 by
Mosier and Pierce [79]. It is essentially a staging technique still used successfully today.

In the first stage, the reacting mixture is characterized by an average equivalence ratio of about 1.4. In
this area, the low temperatures and low oxygen concentration do not allow the formation of NOx. In
the second stage, dilution air is added, thus producing a lean mixture zone. In this area, the formation
of nitrogen oxides is limited by the temperature reduction caused by the addition of dilution air. The
main problem is the transition between the rich and the lean zone, which necessarily implies the passage
through stoichiometric conditions, causing a high production of thermal NOx due to high temperatures.
To limit the formation of NOx in this phase, the mixing with the secondary air must be very rapid and
uniform to reduce the residence times at high temperatures and, consequently, the formation of thermal
NOx.

Today, there are advanced forms of combustion in longitudinal/axial stages on the market: the

constant pressure sequential combustion (CPSC) by ANSALDO Energia, the distributed combustion
system (DCS) by SIEMENS, and GE’s Axial Fuel Staging (AFS).
Sequential combustion was initially developed by ABB/ALSTOM to increase load (operational) flexi-
bility and to increase efficiency at partial loads. A first application of sequential combustion is found
in the GT24 and GT26 turbines [80] developed by ABB and ALSTOM. In these machines, there is, in
cascade, a high-pressure combustor (EV, first stage), a high-pressure turbine, an afterburner operating
at approximately 20 bar and 1300 K (SEV, second stage), and a low-pressure turbine.
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3.2. State of the Art in Test Rigs

As previously mentioned, this section will explore a more specific application: the use of hydrogen-
enriched methane flames on swirl-stabilized test rigs, as observed in research studies.

The burners are categorized into different sections, considering that each burner exhibits variations in
geometry, operating point, and type of fuel or simply because of the focus that each study reserved for
a particular branch of combustion research. A concluding remark after each combustor encapsulates
all the relevant findings related to the thesis topic, foreshadowing the definition of the research gap and
the corresponding research questions.

3.2.1. TD Combustor

Experiments on the swirl-stabilized TD burner show flame stabilization only at the inner shear layer,
as reported in [81], whereas turbulent combustion models predict stabilization at both the inner and the
outer shear layers.

In Figure 3.4, experimental results from [82] for a very similar combustion chamber are shown: they
depict the OH* chemiluminescence emissions with contours as measure of the heat release, and the
velocity obtained by particle image velocimetry is represented by vectors.
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Figure 3.4: Top: OH* chemiluminescence measurement using a swirl burner in a square section non-adiabatic combustor
[82].
Bottom: Scheme for the shear layers and recirculation zones.

The distribution of the OH* emissions corresponds to a line-of-sight integration over the depth of
the combustion chamber. It can be seen that the flame stabilizes only at the inner shear layer.
The stabilization behaviour of the flame at the outer shear layer is supposed to be strongly affected by
the presence of both flame stretch and heat losses, with the latter appearing since the products trans-
ported in the ORZ are cooled by the combustor wall cooling.

In their study, Tay Wo Chong et al. [83] try to:
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* Quantitatively investigate the impact of strain and heat loss on laminar flames through numerical
simulations with detailed chemistry.

¢ Derive correlations, based on Markstein number, Karlovitz number, and non-dimensional heat
loss parameter, for the consumption speed of strained laminar flames from the collected data.

* Develop a turbulent combustion model integrating these effects to accurately predict stabilization
behaviour.

* Validate the results obtained from Reynolds-averaged Navier-Stokes (RANS) Computational Fluid
Dynamics (CFD) simulations by comparing them with experimental data.

Flame stretch is created by the combined effects of strain and curvature. Nevertheless, in highly
turbulent flows with a Karlovitz number higher than 0.1, the influence of curvature is very small [84].
Thus, the curvature is neglected for this study and only effects of strain are taken into account.

The geometry of the burner and the experimental setup are described in [83] and [81], and a view
of the CFD geometry is shown in Figure 3.5.

Figure 3.5: CFD geometry with the TD burner. From [83]

A mixture of methane-air with ¢ = 0.71, 1 atm and 293 K was introduced at the inlet. The combus-
tor walls were set to a constant wall temperature of 600 K.
Two configurations are employed, one with a thermal power P;;, = 80kW and one, not shown in the
results, with P, = 60kW. The Turbulent Flame speed Closure (TFC) combustion model was included
in the commercial solver Ansys CFX by the Burning Velocity Model (BVM). In the BVM model, the
transport equations of the weighted progress variable and the total enthalpy (sensible plus chemical en-
thalpy) are solved [85].

Figure 3.6 show results from URANS simulations for the original TFC combustion model with a
critical strain rate of 8000 1/s (figure a), for the extended TFC model considering only the influence of
strain on the laminar flame speed (figure b) and for the extended TFC model considering the influence
of strain and heat losses on the laminar flame speed (figure c).

The original TFC combustion model predicts a flame stabilized in both shear layers and not accorded
to experiments. If only the effects of strain are included in the extended TFC model (the heat loss



3.2. State of the Art in Test Rigs 46

parameter is equal to zero), the flame also presents stabilization in the outer shear layer. When the
extended TFC includes both effects of strain and heat losses, it was possible to get a flame that exhibits
the correct stabilization behaviour only at the inner shear layer.

This happens because the sensitivity to strain from the flame is increased drastically in the presence of
heat losses, as shown in a simple 1D counterflow premixed configuration with varying temperatures of
the products, present in [83] and not reported in this review for sake of brevity.
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Figure 3.6: Reaction source term at cross plane from CFD simulations. (a) Original TFC model, (b) Extended TFC model
with S1, without heat loss effects, (c) Extended TFC model with Sy, with effects of strain and heat loss. From [83].

Given that accurate measurements of the thermal boundary conditions and flame shape were not
available, the comparisons between simulations and experiments remained qualitative. However, thanks
to the two extensions of the combustion model, the effects of these modifications can be ascribed sepa-
rately to strain and heat losses: the main effect of strain is the reduction in reaction source term in highly
strained zones, precisely the one at the burner lip. However, this is not enough to completely quench
the flame on the OSL, which is ascribed totally to the heat loss effect.

The key takeaway from this paper is that for a swirl-stabilized methane flame, the effect of strain and
heat loss cannot be neglected in simulations. Even a simple isothermal boundary condition can lead to
an increased accuracy of the simulations.

From the same author, a similar research has been conducted on the BRS burner [86], also studied
in [87], highlighting once again the importance of heat losses and strain on a CH4/air swirl-stabilized
flame.

3.2.2. EM2C Combustor

Starting from the subject covered in the paper reviewed in the previous section, an additional layer of
complexity is introduced with multifuel combustion, as the effect of strain on laminar flame speed (and
generally on flame reactivity and resistance to heat losses) becomes dependent on the Lewis number of
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the species involved.

In this regard, the research conducted by Mercier et al. [88] aims to experimentally and numerically
assess the effect of thermal boundary conditions on CH4/H2/air premixed flames stabilized over a bluff-
body swirling injector, namely the combustion chamber recently studied experimentally at the EM2C
laboratory [89], with the geometry reported in Figure 3.7.
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Figure 3.7: Schematic of the test-rig. Dimensions are in mm. The reference computational domain for both non-reacting
and reacting cases is delimited by the blue dashed line. The red dashed line represents the preliminary computational domain
used to extract the velocity boundary conditions for the reference domain. The yellow dot at the tip of the central rod
indicates the origin of the numerical frames. From [88]

The simulations have been carried out through the use of the turbulent combustion model F-TACLES
(Filtered TAbulated Chemistry for LES) based on the tabulation of filtered 1-D premixed flames [90],
extended to account for heat losses.

All temperatures of solid walls of the experimental setup, including the combustor dump plane, the
injector central rod tip, the combustor sidewalls, and the quartz windows, were also characterized. As-
suming a fully adiabatic combustion chamber, LES always predicts an M flame shape and does not
capture the transition from V to M shape observed in experiments when the hydrogen concentration in
the fuel blend is increased.

However, by considering non-adiabaticity using measured thermal boundary conditions, simulations
predict the correct flame stabilization for both V and M flames and show good agreement with experi-
ments in terms of flame shape, as shown in Figure 3.8.
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Figure 3.8: Comparisons of the mean flame position for the case X x, = 0.6. Experiments, adiabatic (S1) and
non-adiabatic (S2) simulations results are shown. From [88].

Experiments in [89] show that flame stabilization is strongly influenced by heat losses at the com-
bustor wall. In addition, transitions between V and M flame shapes are observed when increasing the
H2 concentration in the CH4/H2 fuel blend. Two fuel compositions are retained for this study:

« Xy, =0.6and Xcp, = 0.4
« Xy, =09and Xcp, =0.1

Experiments show that a V flame shape is observed for the first case, whereas an M flame shape is
detected for the second case.
For all cases, the flame power is P, = 4kW and the equivalence ratio is set to ¢ = 0.7.

Temperature measurements were conducted under reacting conditions once thermal steady-state
was achieved (= 45 mins):

» Thermocouples were placed on a vertical steel bar at the edge of the combustion chamber

* Laser Induced Phosphorescence (LIP) measurements were utilized for obtaining radial tempera-
ture profiles on the backplane and planar temperature distributions on the inside face of one of
the quartz windows
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Isothermal wall boundary conditions are imposed in the non-adiabatic simulations. As the wall temper-
ature measurements only partially cover the combustor surface, linear interpolations and extrapolations
are performed to provide complete temperature boundary conditions. Although the temperature of the
bluff-body wall surface (rod tip) is imposed to 500 K (measured value), the wall surfaces within the
injection tube are assumed adiabatic. Therefore, the preheating of the fresh gases within the injection
tube is not considered in the present work. This assumption is reasonable since a simple convective
heat transfer analysis estimates the elevation of the fresh gas temperature flowing near the heated tube
to T =+4 K. It means that a solid-gas temperature gap of 200 K is not sufficient to preheat significantly
the injected fresh gases in the present flow conditions.

As the model accounts for the impact of heat losses on the chemical activity, the reactive layer in-
tensity differs between the Inner Shear Layer (ISL) and Outer Shear Layer (OSL).
Indeed, heat losses induced by the sidewalls of the combustion chamber cool the burnt gases in the ORZ,
which are convected to the OSL, decreasing the mixture reactivity. Unlike the adiabatic simulation re-
sults, the outer flame front is not attached to the burner lips anymore when considering a non adiabatic
simulation. However, in contrast with experiments, a weak reactive layer still exists in the downstream
OSL, near the flame tip. This reaction layer is an artifact, not observed in experiment, where the flame
is quenched because of combined effect of strain and heat losses, as postulated in the research by Tay-
Wo Chong et al. reviewed before [83]. To capture this phenomenon, the present model should account
for the impact of local strain rate on the flame consumption speed, which is very challenging because
it occurs at the sub-grid scale.

In order to assess the effect of a more intense hydrogen-enrichment, a simulation with Xz, = 0.9
has been conducted: by accounting for both the effect of heat losses and hydrogen enrichments, the
LES recovers the correct M flame shape observed in the experiment, as reported in Figure 3.9.
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Figure 3.9: Comparisons of the mean flame position for the case Xy, = 0.9. Experiments and non-adiabatic simulation
results are shown. From [88].
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There are however still differences between the experiment and the simulation. The flame length

is slightly overpredicted in the simulation. In the experiment, the reactivity is elevated in the ISL and
much lower in the OSL. The reactivity then progressively decreases towards the flame tip. In the sim-
ulation, the reactivity keeps high values in the ISL, but also in the OSL, except close to the flame tip
where it drops rapidly. The turbulent flame brush in the experiment also spreads over a wider region
than in the simulation.
These differences might be attributed to the sub-grid scale wrinkling model that does not fully capture
the flame wrinkling near the flame tip. As both flame fronts are located at the ISL and OSL, flame
strain effects, which are not accounted for by the F-TACLES model, may also explain the differences
in reactivity. It is however worth recalling that the shape of the flame is well captured by the proposed
methodology.

The paper by Mercier et al. [88] follows the same path as Tay-Wo Chong et al. [83], highlighting
the importance of a well-defined thermal boundary condition and improving the previously reviewed
paper by the introduction of more accurate and precise measurements of the temperature at the boundary
of the burner.

Additionally, the paper examines the impact of hydrogen enrichment. It concludes that the discrepancies
in the validation process could be attributed to strain, which is not accounted for in the F-TACLES
model.

3.2.3. PRECCINSTA Combustor

Designed within the EU project PRECCINSTA, the combustor is derived from an industrial design by
SAFRAN Helicopter Engines, representative of a real aeronautical gas turbine combustor. It was widely
studied experimentally [91] and numerically [92], [93], [90], [94] and [95]. The geometry consists of
three parts, shown in Figure 3.10: plenum, swirler and chamber. The premixed methane-air mixture
is injected into the plenum and swirled through the injector by twelve radial veins before entering the
chamber through a converging nozzle with a central conical bluff-body.

The chamber has a square cross-section of 86 x 86 mm? and a height of 110 mm. The burnt gases leave
the burner by a cone-shaped exhaust pipe. 1.5 mm-thick quartz windows are placed on the combustor
side walls to enable optical diagnostics.

plenum  swirler chamber
86 mm

outlet

86 mim

h_-_'_‘_'—-—-
110 mm

Figure 3.10: Computed geometry of the PRECCINSTA burner. From [96].

Although air and fuel are injected separately in the experiment, a perfectly premixed injection con-
dition is assumed in the studies cited above. At the specific operating conditions they studied, Franzelli
et al. [97] showed that this assumption has a negligible effect on the results. From Moureau et al. [98],
the integral length scale is estimated as 7 ~ 7.0mm and the Kolmogorov length scale as nx ~ 29um.
The eddy turn-over time and the Precessing Vortex Core characteristic time scale have a similar value,
around 2.0 ms, while the Flow Through Time is estimated around 30 ms.

One common aspect of the studies conducted on this burner is that most of them focus on LES with
adiabatic wall conditions. These computations were not able to correctly capture the flame structure,
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in fact in the research of Franzelli et al. [97] this discrepancy has been attributed to the adiabatic wall
conditions, while focusing more on the influence of the chemistry description, and finally in the work
of Moureau et al. [98] the strong influence of mesh resolution is pointed out.

In the study from Benard et al. [96], convective heat transfer through the injector system and quartz
windows is modeled as a local temperature Dirichlet boundary condition (i.e. a profile of temperature
over the boundary condition is specified). The wall temperature was not measured experimentally
and was obtained through a trial and error procedure based on non-adiabatic LES computations. The
boundary condition was calibrated for mesh 2 and validated for mesh 3, two of the computational grids
used in this study, shown in Table 3.1, where also a comparison with characteristic length of the flow is
included:

Mesh 1 | Mesh 2 | Mesh 3 | Mesh 4
#Nodes [Millions] 0.4 2.3 18.5 147
#Cells [Millions] 1.7 14 110 877
A [mm] 1.2 0.6 0.3 0.15
lr/A 5.8 11.7 233 46.5
A/nk 441.4 20.7 10.3 5.1
/A 0.35 0.71 1.41 2.83

Table 3.1: Resolution parameters for the LES computational grids. From [96].

A first guess of the temperature profile was designed from experimental data, knowing that there is
water-cooling in the injector and natural convection for lateral walls. Then, seven temperature profiles
were necessary to achieve the final results. The cost function of the optimization process was based
on the temperature in the corner recirculation zones and the maximum CO mass fraction in the outer
branch. It was found that almost no heat loss appear on the injector nozzle but mainly on the combustion
chamber base, due to the swirler water cooling system, and quartz windows.

Therefore, the nozzle is considered adiabatic, and heat transfer occurs at the external wall of the injector,
the chamber base and the chamber lateral walls.

The results presented in this paragraph are shown in Figure 3.11.

Several setups have been considered, using the meshes listed in Table 3.1 and adiabatic or non-adiabatic
boundary conditions at the relevant walls. With the coarsest mesh and adiabatic condition, the flame
surface does not exhibit resolved wrinkling. As the resolution increases, resolved wrinkling appears
and pockets of reactants detach from the flame front. The flame presents an M-shape structure with an
internal flame attached to the nozzle and an external front attached to the chamber base.

When heat loss occurs, however, the temperature in the reaction zone of the outer flame front lies be-
tween 1300 and 1500 K, while 1550 K is found in the adiabatic cases: this changes the flame structure,
showing a detached external flame front, while also the temperature and CO distributions are then highly
affected. The non-adiabatic case with the most refined grid shows the best agreement to experimental
results.
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Figure 3.11: Normalized progress variable iso-contour ¢ = 0.7, conditioned to heat release rate values exceeding 1% of its
maximum value, colored by the temperature. From [96]

Also, an interesting insight is pointed out in the non-adiabatic, mesh 4 case: from the analysis
of velocity gradient norm (estimation of the strain rate) and enthalpy loss it is possible to hinder that
enthalpy defect alone may not be the sole factor influencing the flame quenching process: considering
the strain rate it becomes possible to clearly distinguish between the reacting points with low strain rates
and the quenched points with higher strain rates, as clustered in the scatter plot in Figure 3.12.
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Figure 3.12: Scatter plot of the heat release rate against the velocity gradient norm, for points with 0.75 < ¢ < 0.8, colored
by the enthalpy defect for NAD4 simulation. From [96].
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The increased quenching of the non-adiabatic, mesh 4 case is therefore attributed to higher resolved
strain rates on the refined grids, resulting in an expansion of the quenched flame surface. It is necessary
to point out that this is a prerogative of the Thickened Flame Model: an increase in resolution, espe-
cially on the flame front, is always beneficial for the correct modelling of the flame surface. This finding
aligns with previous research conducted on counterflow flame configurations [99], which demonstrated
that the enthalpy defect in burnt gases reduces the resistance of premixed flame fronts to large strain
rates.

In the study conducted by Agostinelli [100] !, the impact of hydrogen enrichment and heat losses on
methane flame stabilization and dynamics was investigated using Large Eddy Simulations. The objec-
tive was to assess how H2 enrichment and Conjugate Heat Transfer (CHT) influence flame behaviour,
especially in the context of low-carbon combustion technologies.

To assess the impact of thermal wall boundary conditions for the PRECCINSTA test bench, two
approaches are tested:

» Heat Resistance Tuning (HRT): A local resistance is tuned using experimental temperature data

* Conjugate Heat Transfer (CHT): The chamber wall temperature is solved and coupled to the
flow computation

First of all, the thermal boundary conditions approaches listed here do not contain the ones used
until now: isothermal boundary conditions. From the study of Agostinelli [100], this method is not
considered as appropriate as the HRT and CHT approaches for the following reasons:

» Temperature is an output of the simulation and its profile on the wall should depend on the evo-
lution of the flowfield and flame shape during the simulations. If a fixed temperature profile is
rigidly imposed, the model will not be able to correctly capture temperature wall variations due
to eventual interactions of the flame with the wall.

* Since the wall surface temperature is case dependent, the procedure proposed by Benard et al. [96]
cannot be used for other operating conditions. The HRT strategy, relying on thermal resistances,
is therefore more general and it is expected to be more accurate.

The results reveal that the HRT method captures the mean flame correctly but the predicted flame
becomes unstable and responds to a thermoacoustic oscillation which is not observed experimentally.
On the contrary, using CHT, the flame is correctly predicted and stable as in the experiments.

In this work, an experimentally stable condition is computed for a global equivalence ratio of
¢ = 0.8 (Mg, = 4.29g/s and mcp, = 0.2g/s) and a thermal power of Py, = 10kW at atmo-
spheric conditions.

Both cases, employing HRT and CHT, are performed using the same computational grid of 20.3M
tetrahedral elements which was optimized applying static mesh refinement criteria, as stated in [100].

Another heat loss mechanism, thermal radiation from the hot gases, has to be taken into account,
as pointed out in the paper of Fredrich et al. [106]. The overall heat losses incurred through radiation
and wall heat transfer respectively, amount to about 5% and less than 1% of the total integrated heat
release rate. Radiative losses are implemented in the LES solver with the Optically Thin Assumption
(OTA) [107] for the most radiating species CH4, CO, CO2, and H2O: gases are supposed to be optically
thin and re-absorption is neglected while the Planck mean-absorption coefficients are provided for each

'From this research activity, more articles are present in literature, such as [101], [102], [103], [104] and [105]
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species as polynomial functions of temperature[108].

In the following paragraphs, the two approaches used by Agostinelli in his PhD thesis [100] are
described.

HRT Approach
Using this framework, a heat flux has to be imposed at each point of the wall, defined as:

Tf - Tref

o=t 3.1)

Where:

* T,y is a reference temperature: the air temperature in the room or the external wall-temperature
* T is the temperature of the fluid at the wall

¢ R is the thermal resistance

An example of thermal resistance could be the corresponding heat conduction resistance through the

chamber walls. However, a more accurate approach consists of the inclusion of the natural (or forced,
but not in this case) convection, accounting for the heat losses from the chamber walls to the laboratory
environment.
These boundary conditions are only applied on walls where relevant heat transfer is expected: on other
walls a simple adiabatic boundary condition is assumed. After tuning and application of the thermal
resistance method on cases at Py, = 30kW and P;;, = 20kW, for which experimental temperature pro-
files were available, it has been pointed out the poor accuracy of using isothermal boundary conditions
for different power settings.

Then, the HRT approach has been employed to simulate the operating point which is the objective
of this study, P, = 10kW: as seen also in Figure 3.13, LES captures the mean flame angle while the
flame length is slightly underestimated. A global satisfactory agreement is achieved in terms of flame
shape with the HRT approach, the only main difference being the region of heat release rate in the OSL
which is not observed in experiments.
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Figure 3.13: Validation of the LES simulations with HRT approach for case P, = 10kW. Comparison of experimental
normalized time-averaged LOS OH* chemiluminescence image with LOS of predicted heat release rate ¢. From [100].
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As far as the steady quantities are considered, the flame is reasonably captured: the limits of this
approach become visible when the flame dynamics are considered, with amplitude and phase differences
with the experimental pressure oscillations.

CHT Approach

To remove uncertainties on the heat transfer between the fluid and the solid, CHT simulations are per-
formed by coupling the LES solver with the AVTP code which solves for heat conduction in the walls
of the chamber using the energy conservation equation:

aT(l'i, t) 8(19,1,1'

psCs ot = - Oz (3.2)

Where ps and C; are the solid density and heat capacity respectively, 7" is the solid temperature and
@, ; is the conduction heat flux described by Fourier’s law:

or
s 89[:1
Which is controlled by the heat conductivity of the solid As. AVTP takes into account local changes of
As and C due to the different materials of the rig (e.g. inconel, quartz, etc) and to the local temperature.

Byi=—A (3.3)

While the heat fluxes at the solid boundaries in contact with the fluid are determined from the LES
solutions, thermal boundary conditions must be fixed for the solid surfaces that are not in contact with
the fluid domain (e.g. external chamber walls, external plenum walls). To do so, the required heat ex-
change coefficients at the boundaries have been determined through correlations for natural convection
on the external side of the chamber and plenum walls.

From the unstable phase predicted with the HRT approach in which pressure and heat release rate
oscillations were almost in phase satisfying the Rayleigh criterion, a stable condition is recovered when
CHT simulations are started. The pressure fluctuations amplitude is of the order of 200 Pa and corre-
sponds to the level observed experimentally.

Another important feature captured by the CHT approach is the preheating of gases, which, due to
the heat conduction in the backplane, results in an inlet temperature of the reactants in the chamber of
almost 400 K, rather than the temperature at the inlet, 293 K, as shown in Figure 3.14.
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Figure 3.14: (a) Instantaneous field of solid temperature and iso-contour of heat-release rate ¢ at 10% of maximum value;
(b) cut-plane showing the time-averaged temperature T and heat release rate ¢ predicted by CHT simulations. The added red
iso-contour line corresponds to a temperature of 450 K, showing the pre-heating of the fresh gases by the solid walls. A
zoom showing the temperature field with a different colorbar helps visualize the pre-heating of the gases and the temperature
gradient in the solid. The fluid domain is delimited by a white line to visualize the separation between solid and fluid parts.
From [100].
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In general, the length and flame angle retrieved by the CHT simulations show better agreement with
respect to the HRT approach. LES is also able to predict the high region of heat release rate in the top
central part of the flame while low intensity is predicted in the CRZ, just downstream of the centerbody.
The flame tip shape is correctly predicted together with the distance from the external chamber walls.

H2 Enrichment

When hydrogen combustion is involved, the impact of the imposed thermal boundary conditions is
expected to be even stronger, since H2-enriched flames are shorter and tend to stabilize closer to the
chamber walls due to the increased laminar flame speed which inevitably increase the thermal load on
the combustor components. For this particular analysis, three cases are considered:

Case | Xppy[%] | titar [g/5] | hom, [9/s] | i, [9/5] | & | Pon (kW]
A 0% 4.29 0.2 0.0 0.8 10
B 20% 4.23 0.186 0.006 0.8 10
C 50% 4.12 0.154 0.0019 0.8 10

Table 3.2: Hydrogen-enriched operating points
Case A was already discussed in Figure 3.2.3 and Figure 3.2.3.

For case B, shown in Figure 3.15, the flame presents a clear V-shape and appears to be sensibly
shorter if compared to case A.
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Figure 3.15: Validation of CHT simulations. (a) Comparison of experimental normalized time-averaged Line of Sight
(LOS) OH* chemiluminescence image with LOS predicted heat release rate ¢. (b) Comparison of experimental normalized
time-averaged OH-PLIF signal with predicted OH mass fraction. The arrows are tangential to the experimental and
numerical time-averaged velocity field in the PIV plane. Their length and color indicate the velocity magnitude. Case B:
20% H2. From [100]

The flame is relatively more distant from the combustion chamber and presents a higher signal re-
gion in the central part while no flame is observed downstream the centerbody tip.
The temperature of the chamber walls on the internal side reaches a maximum value of around 1250K,
which is slightly lower than case A, probably due to the larger distance between the flame tip and the
chamber walls. The backplane instead presents a temperature close to 580 K, very similar to case A.
On the contrary, the centerbody tip presents a much larger temperature, close to 1000 K, probably due
to the different flame stabilization. Indeed, the iso-contour of heat-release rate ¢ shows that the flame
is stabilized sensibly closer to the centerbody and slightly more upstream, probably due to the higher

laminar flame speed and the larger resistance to strain of the 20% H2-enriched flame if compared to the
pure CH4 case.
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The study found significant changes in flame dynamics for case C. However, focusing solely on
flame shape and temperature effects, the flame was observed to become shorter and more compact with
the increased H2 enrichment, as shown in Figure 3.16, reaching temperatures as high as 1200 K, partic-
ularly at the centerbody tip. The flame also tended to stabilize further upstream, leading to pre-heating
of fresh gases and increased temperatures in the outer recirculation zones.
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Figure 3.16: Validation of CHT simulations. (a) Comparison of experimental normalized time-averaged Line of Sight
(LOS) OH* chemiluminescence image with LOS predicted heat release rate ¢. (b) Comparison of experimental normalized
time-averaged OH-PLIF signal with predicted OH mass fraction. The arrows are tangential to the experimental and
numerical time-averaged velocity field in the PIV plane. Their length and color indicate the velocity magnitude. Case C:
50% H2. From [100].

For all considered H2-enrichment cases, LES proved to be able to successfully predict the complex
flame dynamics in the CHT context, providing interesting insights about the hydrogen addition impact
on the test rig components temperature.

The key takeaways from the analysis of the papers that dealt with the PRECCINSTA combustor are
multiple:

* Once again, the importance of heat losses is highlighted and two approaches, Heat Resistance
Tuning and Conjugate Heat Transfer, are proposed to address possible inconsistencies in the flame
validation process.

* HRT presents itself as a useful approach if the interest is mainly focused on the flame topology
and steady conditions, but it mispredicts unsteady effects, which are correctly captured, with the
downside of increased computational cost, by the CHT approach.

* The main effects of H2 enrichment are highlighted: a shorter flame which tends to stabilize more
upstream affects the reactants, resulting in the preheating of the gases. However, it is necessary to
point out that this is also dependent on the particular case of the PRECCINSTA combustor: mate-
rial, geometry of the combustor/flow path and thermal power lead to the presence of a uniformly
hot backplane of the combustor which, in turn, increases the temperature of the reactants.

3.2.4. TU Berlin AHEAD Combustor

The swirl-stabilized combustor at TU Berlin, developed in the context of the AHEAD project, shows
one more feature that makes it more similar to the TU Delft APPU combustor: the presence of axial air
injection, visible in the geometry depicted in Figure 3.17.
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Figure 3.17: (a) Experimental configuration (Reichel and Paschereit [71]) and (b) Computational domain. From [109].
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However, to the knowledge of the author, there have not been any simulations or experiments with
blends of hydrogen with hydrocarbons in literature, only pure hydrogen/air premixed flames.

A numerical characterization of this premixed hydrogen flame is described in [109]. In this work
the following point is investigated: from experiments, it is suggested that the axial momentum ratio J
between fuel and air dominates the flame stabilization mechanism and flashback resistance over mixing
and equivalence ratio fluctuations. .J is defined as follows:

J— pfueluznj,fuel (3.4)
Pair uinj,air
In order to enable premixed combustion, hydrogen is injected at the upstream end of the mixing
tube. This is done by non-swirling jets at high speed. The air flow in the mixing tube has axial as
well as tangential momentum due to the swirl generator. The additional axial momentum introduced
by the 16 small jets at high-speed has an impact on the swirl number and hence, the formation of flow
instabilities.
The swirl number is defined as the ratio of tangential to axial momentum and in this particular con-
figuration it has been chosen to follow the definition of Terhaar et al. [110], which accounts for the
reduction of the geometrical swirl number of the swirler SN, due to the axial injection:

27p fOR wwr2dr
SN = 7
R2mp [" (u? — 0.5w?) rdr
Although, Terhaar made an interesting extension to this swirl number definition: with an increasing

rate of AAI, the mass flow through the swirl generator is reduced, and this effect can be modeled as
follows:

(3.5)

(1— AAI)?27p fOR uwr?dr

SN =
R ((1 — AAD? 2mp [T (w2 = 0.502) rdr + pAAT2U2 (42, /CdAi))

(3.6)

With Aj;r mixing tube cross section area, A; axial injection cross section area, Cy = 0.6 discharge
coefficient to fit the measurement data, attributed to the supply port for the axial injection, which is of
a smaller diameter than the axial injection.

The first insight of Mira et al. concerns the swirl number: the effect of an increased axial momen-
tum is to decrease the swirl number by more than 10% compared to the non reactive, only-air case.
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Moreover, the PVC is suppressed by the additional fuel momentum at high J.

The results of the reacting flow demonstrate generally good agreement with experimental data when
considering the momentum ratio J in conjunction with a perfectly premixed assumption. Key findings
include accurately predicted size and location of central and corner recirculations, along with match-
ing spreading rates with experimental measurements. However, there are instances of underprediction,
notably in the position of the stagnation point and central recirculation size. This underprediction is
attributed to the impact of axial fuel momentum on velocity distribution, particularly near flashback
conditions.

Despite these discrepancies, velocity distributions across the flame front align well with experimen-
tal data for both cases. While there are minor deviations in predicting reverse flow, overall correlation
with experimental data is satisfactory. Differences between the two studied cases are observed, particu-
larly in flame compactness and location of central recirculation, influenced by variations in equivalence
ratio and axial momentum.

The study confirms the significance of axial momentum ratio in controlling flame dynamics and
stabilization. The increase in axial momentum from the case at a lower equivalence ratio and low J
to the case at a higher equivalence ratio and high J counteracts the gain in turbulent burning velocity,
resulting in a downstream shift of the flame. This shift affects flashback resistance, consistent with
experimental observations.

However, these findings did not consider heat loss effects, which were considered in subsequent
research by Capurso et al. [111]: to account for the effect of heat transfer on flame stabilization and
NOx formation, conjugate heat transfer (CHT) simulations are performed. Two operating conditions
are investigated in this work: a non-reactive and a reactive stable point, the latter characterized by a
global equivalence ratio of ¢, = 0.6, which corresponds to a fuel/air momentum ratio J = 2.4 and
a thermal power output P;;, = 105kW, while the non-reactive case has the same air mass flow rate
Mair = 50g/s but no fuel mass flow rate.

The results demonstrate good agreement between the numerical simulations and experimental data
for the cold flow LES of a technically premixed burner: velocity profiles and RMS levels show consis-
tency with experimental measurements, with slight discrepancies observed near the backplane, poten-
tially attributed to experimental uncertainties.

The structure of recirculation zones and flow angle opening align well with experimental observations.
The study highlights the importance of considering compressibility effects, particularly in the orifice
region, where the flow is slightly below the transonic regime.

Mesh refinement is performed to accurately capture jet dynamics and pressure drop, with grid resolution
impacting jet structure and equivalence ratio distribution. The LES predicts an air splitting rate through
the orifice, consistent with previous calculations, suggesting a potential increase in flow rate due to fuel
1njection.

The study first evaluates the stable reactive case at a global equivalence ratio of 0.6, focusing on
the mixing process and flame structure, particularly in relation to NOx formation. The mixing process
analysis reveals the dynamics of fuel-air interaction, indicating radial stratification and the importance
of grid refinement. The entrance of the combustion chamber shows some variability in equivalence
ratio, underscoring the need for accurate modeling of air/fuel injection and mixing.

The study also investigates the impact of conjugate heat transfer (CHT) on flame stabilization and emis-
sions. Comparison between adiabatic and LES-CHT simulations demonstrates significant heat losses
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at the walls, influencing flame structure and pollutant formation. The LES-CHT approach improves
agreement with experimental observations, showing reduced heat release rate near the backplane and
lower NOx production, consistent with experimental measurements. Additionally, the study evaluates
N20 formation, showing increased concentration near walls due to heat losses, with LES-CHT predict-
ing a higher N20 emission index compared to adiabatic simulations.

Finally, it focuses on one of the main characteristics of hydrogen combustion: preferential diffusion.
Due to hydrogen’s lightweight nature, it diffuses faster than other species. Consequently, turbulent wrin-
kling can lead to fluctuations in the equivalence ratio on flame fronts, significantly affecting local flame
temperature and, consequently, NOx production [112]. In lean hydrogen flames, such equivalence ratio
fluctuations may eventually lead (or be supported) to intrinsic thermodiffusive instabilities.

Figure 3.18 illustrates instantaneous contours of the LES-CHT predicted Heat Release Rate (HRR)
of the turbulent flame stabilized in the combustor.
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Figure 3.18: Instantaneous fields of HRR and equivalence ratio ¢ in a vertical cut plane for the LES-CHT case, with an
isocontour of HRR at 2x10°W /m?. Representation of the concave and convex parts around the flame front (defined with
respect to the fresh gasses). From [111].

The black iso-contour at 2x10°W /m3 is utilized to locate the flame front. Upon zooming into a
portion of the flame front, it becomes apparent that, due to differential diffusion effects, light molecules
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such as H2 and the radical H accumulate (or diffuse-out) in convex (or concave) curvatures, resulting
in equivalence ratio variability, as depicted in Figure 3.18 (bottom).

The impact of these fluctuations on NOx emissions is subsequently analyzed. NO production in
hydrogen combustion involves three distinct pathways: thermal NO, N20, and NNH. Instantaneous
fields of radical O, NO, H, and temperature in a vertical cut plane close to the chamber inlet are shown
in Figure 3.19.
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Figure 3.19: (a—d) Instantaneous fields of O, NO, H mass fractions and temperature in a vertical cut plane close to the
chamber inlet for the LES-CHT case. Iso-contour of HRR at 22:10°W /m? indicating the flame front (black/red lines).
From [111].

Observing Figure 3.18 and Figure 3.19, several preliminary conclusions can be drawn. A higher
concentration of H2 suggests a more intense release of energy and an increase in temperature, resulting
in a larger thermal NO production compared to a flame front with uniform ¢. Moreover, the instanta-
neous distribution of radical O indicates peaks not only in the post-flame region but also near the flame
front, contributing to both thermal NO and N2O pathways.
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Similarly, the analysis extends to the radical H, which is formed in the reacting zone. However, due
to its lightweight, H accumulates in convex-shaped flame zones. H atoms contribute to the heat release
rate through specific reactions, influencing NO production pathways.

From the study of this combustor, Mira et al. [109] warn about the correct identification of the
actors behind the flame stabilization mechanism and flashback resistance, finding in the Fuel/Air Axial
Momentum Ratio one of the most important features. This is a variable the authors chose as the
combustor features an axial fuel injection. It will be interesting to transpose this concept in the TU
Delft APPU combustor as in this last burner the fuel injection is perpendicular to the axial coordinate.
The work of Capurso et al. [111], on the other hand, focuses more on the particular behaviours of H2,
identifying thermodiffusive instabilities which lead to fluctuations of equivalence ratio ¢ and subsequent
larger NOx production.

3.2.5. TU Delft APPU Combustor

This combustor will be studied in this thesis: a description of the geometry, numerical and experimental
methodologies will be provided in the next chapter.

One of the main numerical works conducted on this combustor is [113]: this study comprises non-
reacting and reacting cases of a methane flame and a hydrogen-enriched methane flame, as in Table 3.3,
using LES with thickened flame model and detailed chemistry.

Property 100% CH4 | Blend CH4-H2
Mair [9/5] 5.061 5.061
P [kW] 11 11
AAT [%] 5 5

Tin [K] 288 288
Pout [Pa] 101325 101325
Yen, [-] 1.0 0.84

Y, [—] 0.0 0.16
Xom, [-] 1.0 0.4
X, [-] 0.0 0.6

&[] 0.75 0.7
preac [kg/m>] 1.181 1.108
Pprod [kg/m3] 0.177 0.175

T,q [K] 1913 1892
% [m/s] 0.21 0.34
51 [mm] 0.59 0.44

Table 3.3: Operating conditions and results from freely propagating flames computed from the solver CHEM1D [114] with
the GRI3.0 chemical kinetics mechanism. From [113].

The methane-only case is simulated first and the results are compared with available PIV data. The

predicted velocity field in the reacting case compares well with the experimental data in the region of
the flame, while the results from the non-reacting case were found not to be directly comparable to those
from the experiments due to some uncertainty in the boundary conditions.
The highest temperature is also lower in the hydrogen blend case, which is a consequence of the lower
global equivalence ratio and this is consistent with a priori flamelet computations (see the resulting
T,q in Table 3.3). This is very beneficial in terms of emissions reduction, in particular NOx which is
observed to decrease more than 70% in respect to the methane-only case, as shown in Table 3.4.
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Species 100% CH4 | Blend CH4-H2
<Yco, > 0.12 0.08
<Yeoo > 2.21e-4 2.55e-5
< Yno > 5.08e-5 1.41e-5
<Yno, > 7.62e-8 5.32e-8

Table 3.4: Section-averaged mean mass fractions of main emissions species and CO2 from LES at the combustor exit. From
[113].

Nevertheless, the flame shifts significantly upstream in the case of the hydrogen blend and enters
the mixing tube along with the recirculation bubble (most upstream part of the central recirculation
zone).

The higher flame speed of the hydrogen blend (despite the lower equivalence ratio) and its higher re-
sistance to lean extinction are found to only partly explain this upstream propagation. An analysis of
equivalence ratio distribution in the mixing tube reveals in fact that mixing is mostly driven by turbulent
and molecular diffusion and this leads to a richer mixture near the centreline in the region immediately
upstream the combustor entrance in the case of the hydrogen blend, due to the stronger diffusivity of
the latter. Although flashback was not observed in the present work, these variations of equivalence
ratio could couple with heat release and the vorticity generated by the recirculation bubble to trigger
combustion induced vortex breakdown, for which the use of axial air injection might become ineffective.

This work has been quite useful for the strategy planning employed to correctly capture the main
features of these flames: one of the hint given in the paper was attributing the reason of the overestima-
tion of axial velocity not only to the approaching flashback region in the experiment, but also to heat
losses, as shown in [115], which were not taken into account in these simulations, which used a simple
adiabatic wall assumption on the whole geometry.

A similar work has been conducted by Abbasciano in his MSc thesis at TU Delft: Large Eddy Sim-
ulations of a Lean Premixed Swirl-stabilized Combustor.
A peculiarity of this combustor is the difference in characteristic time between the swirler and the com-
bustion chamber: to properly refine the mesh (using a static mesh refinement), smaller cell sizes are
needed in the swirler. Consequently, in order to maintain the Courant-Friedrichs-Lewy (CFL) condition
below the predetermined threshold, the time step must be limited.
Therefore, the approach followed in this simulation is the following: an initial simulation using only
air has been performed, resolving the flow field in the swirler, and for the next simulations, involving
changes in the fuel flow and in the simulation setup in general, an inflow turbulence generator is used
in order to generate a flow field that has the same mean and variance as the extracted field.

First of all, the turbulence generator has been tuned, acting on the azimuthal velocity at the exit of
the swirler, and the LES model with a 50% showed the highest level of agreement with the experimen-
tal PIV data, demonstrating a notable accuracy in its ability to forecast the flow field. Therefore, the
adjustment of the azimuthal component of the velocity has been maintained in this study.

The following section investigates the influence of density fluctuations on swirling flow via non-
reactive full methane LES. Initial analysis focuses on mass flow rate variations due to density changes.
Comparative analysis with Particle Image Velocimetry (PIV) data shows discrepancies in axial velocity
profiles, with LES indicating higher velocities, particularly in the core region. While LES accurately
predicts the position of velocity peaks and central recirculation zone downstream, discrepancies arise
in velocity magnitudes, especially at the chamber entrance.

The author lists possible causes for discrepancies:
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* Inadequate representation of methane-air mixture, resulting in temperature oscillations, hence
causing expansion and acceleration of the mixture

 Potential reduction in velocity peaks due to density augmentation - the density of air is specifically
modified by a 4% increment using the inflow turbulence generator

* Discrepancies in mixture fraction gradient affecting mixing efficiency

The last section delves into the analysis of reactive full methane LES. Validation against PIV data in-
volves comparing simulated flow fields. Preliminary NO emission analysis includes comparisons with
experimental and tabulated data, and an alternative model incorporating additional transport equations
for NO mass fraction and reaction rate.

Validation against PIV data reveals disparities in axial velocity profiles, with LES predicting higher
velocities but failing to capture precise magnitudes inside the chamber. The observed residence time
decreases compared to non-reactive simulations, favoring computational efficiency.

Despite accurately predicting peak axial velocity positions, LES fails to accurately estimate magnitudes
inside the chamber.

Discrepancies between reactive and non-reactive simulations suggest complexities in chemistry-turbulence
interactions. Thermal expansion, influenced by temperature field and mixture fraction distribution, af-
fects combustion and flow field, potentially leading to relaminarization.

Neglecting heat losses in simulations may contribute to discrepancies such as higher predicted velocities
and flame attachment to burner. Recommendations include implementing five-dimensional tabulations
to account for heat losses, given that the combustion method consists in an adiabatic flamelet model
with a presumed PDF.

Analysis of mixture fraction field could provide insights into mixing accuracy, which was thought to
be a reason for the discrepancy in validation of the non-reactive methane case.

The reaction rate shows variations based on mixture concentration, leading to localized temperature
elevations. No flashback occurrence is predicted, consistent with experimental observations under 0%
axial air injection.

On the same combustor, experiments have been carried out in [116], focusing mainly on the effect
of changes in geometry (the confinement ratio, the ratio between the cross-section area of the mixing
tube - before the flame - and the cross-section area of the combustion chamber - after the flame) and
Axial Air Injection (AAI) on the dynamics of the flow.
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3.3. Knowledge Gap and Objectives of the Thesis

As the global push for cleaner and more efficient combustion technologies intensifies, researchers are
increasingly focusing on hydrogen-enriched hydrocarbon fuels as promising alternatives. Within this
context, the correct indication of thermal boundary conditions has emerged as a critical area of interest,
particularly in swirl-stabilized combustion configurations with axial air injection.

Despite a growing body of literature on this topic, there remains a need for deeper exploration, especially
concerning strain effects on hydrogen-enriched hydrocarbon flames, as reported in several research pa-
pers reviewed in this chapter, highlighting the significant influence of strain on the resistance to heat
loss in combustion systems.

This influence, which can be either positive or negative depending on the Markstein number of the
fuel, presents a complex yet pivotal aspect of combustion, both in its steady features and dynamics.
However, there is still much to uncover regarding how strain interacts with thermal boundary con-
ditions in hydrogen-enriched hydrocarbon flames, particularly within the particular configuration of
swirl-stabilized combustors with axial air injection.

3.3.1. Knowledge Gap

The knowledge gap can be condensed into four key questions, which, based on the comprehensive
review of the current state of the art, remain still inadequately addressed by existing research:

1. Are there low-cost, yet reasonably accurate methodologies for predicting wall temperature?
This question underscores the multidisciplinary nature inherent to combustion studies, as it brings
the solid domain into consideration. It also emphasizes the crucial need to develop solutions
that reduce the computational burden associated with resolving the thermal boundary condition
problem, increased when considering the difference in characteristic times of solid heating and
flame quenching.

2. How do thermal sinks impact a strained flame?
This question can be already answered from 1D calculations, but given the complex interplay that
thermal sinks, flames and wall-bounded turbulent flows have, it grows exponentially in complex-
ity when applied to 3D simulations, which moreover could show transient behaviours, which are
usually not taken into account in steady, more simple cases.

3. What is the effect of hydrogen enrichment on these flames?
The need to solve this gap introduces an additional layer of complexity to the study, building
upon the previous two inquiries. It underscores the importance of understanding how changes
in fuel composition, specifically through hydrogen enrichment, alter flame behaviour, mixing,
temperature fields and emissions.

4. Is Axial Air Injection a valid prevention method for flashback?

This question addresses the evaluation of a specific flashback prevention strategy, particularly
in a system, the TU Delft APPU combustor, where axial air injection is coupled with fuel injec-
tion in crossflow, unlike the TU Berlin AHEAD combustor. It raises the need to assess whether
this method can effectively prevent flashback across varying operating conditions and with dif-
ferent fuel blends of hydrogen/methane. Understanding its efficacy is essential for developing a
truly fuel-agnostic combustor, capable of maintaining stability and safety regardless of the fuel
composition.

3.3.2. Objectives of the Thesis

This thesis seeks to address these knowledge gaps by delving into the interplay between strain, ther-
mal boundary conditions, and hydrogen-enriched hydrocarbon flames in the particular case of a swirl-
stabilized combustor with axial air injection. Specifically, the study aims to leverage Large Eddy Sim-
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ulations (LES) on the APPU combustor at TU Delft to explore these phenomena in detail.
The objectives of the thesis are stated as follows:

1. Evaluation of Heat Loss and Strain Effects on Flame Shape Prediction:
In the context of ongoing simulations that have historically struggled to accurately predict flame
shapes —such as the baseline operating condition described in the simulation matrix in subsec-
tion 4.5.2, where simulations have indicated an M-flame, while experiments have observed a V-
flame— this study explores whether imposing non-adiabatic thermal boundary conditions could
resolve these discrepancies, as it has in similar situations in the past.
In particular, this study employs and refines the use of Heat Resistance Tuning [100], incorporat-
ing additional features that aim to enhance its performance while maintaining low computational
costs.
Additionally, this task involves a detailed examination of how the interaction between strain
and heat dissipation influences flame stability, mixing efficiency, and overall combustion per-
formance, considering both steady and unsteady scenarios.

2. Investigation of the Advantages and Disadvantages of Axial Air Injection on Hydrogen-
Enriched Methane Flames:
One of the objectives of this thesis is to explore the advantages and limitations of using axial
air injection in flames fueled by hydrogen-enriched methane. The study aims to evaluate how
this technique influences flame stability, mixing, and emissions within this specific fuel mixture.
Given that axial air injection is a crucial method for preventing flashback in highly hydrogen-
enriched methane and hydrogen/air premixed flames, the research will also address the potential
drawbacks of this approach. This assessment is particularly relevant in the context of the TU Delft
APPU combustor, where fuel is injected in crossflow, adding an additional layer of complexity
to the evaluation.

3. Exploration of Hydrogen Addition Effects: Investigate the influence of hydrogen addition on
the combustion dynamics of methane flames within a swirl-stabilized combustor.
This involves scrutinizing alterations in flame morphology, temperature profiles, mixing perfor-
mance, unsteady effects and emissions behaviour resulting from the introduction of hydrogen.



Modeling and Methodology

Egli ¢ scritto in lingua matematica, e i
caratteri son triangoli, cerchi ed altre figure
geometriche, senza i quali mezzi ¢
impossibile a intenderne umanamente
parola; senza questi ¢ un aggirarsi
vanamente per un oscuro labirinto.

Galileo Galilei

This chapter details the methods used to model the behaviours theorized in chapter 2, including
descriptions of the turbulence, combustion, and heat transfer models applied in the simulations. The
results of these simulations will be interpreted in chapter 5.

Additionally, the chapter outlines the geometry of the TU Delft APPU combustor and the simulation
matrix explored in section 4.5. Then it lists preliminary 1D simulations designed to provide a clearer
understanding of the interplay between heat losses, strain, and hydrogen enrichment in laminar methane
flames. This approach is consistent with methods commonly found in the literature for non-adiabatic
flamelets.

Special attention is given to the improvements made to the HRT approach for the temperature profile
prediction, discussed in subsection 4.5.3. Finally, subsection 4.5.4 introduces Proper Orthogonal De-
composition (POD), a tool often used in similar transient simulations. In this context, POD is employed
not only for its standard application in detecting the Precessing Vortex Core (PVC) through tangential
velocity analysis but also to investigate the equivalence ratio and heat release rate (HRR), aiming to
uncover any underlying correlations.

4.1. Discretization of the Transport Equations

The conservation equations for reacting flows, as discussed in section 2.1, cannot be solved analytically,
requiring them to be discretized. The numerical methods used to solve fluid dynamics problems fall
under the domain of Computational Fluid Dynamics (CFD). This thesis employs the commercial soft-
ware CONVERGE CFD 3.1 [117], which utilizes a collocated finite volume approach to numerically
solve these conservation equations. These equations, a set of nonlinear coupled second-order partial
differential equations, are calculated and stored at the cell center. By applying the Gauss theorem, the
software solves the integral form of the conservation equations rather than their differential form.

4.1.1. Tterative Algorithms

Understanding the sequence in which the transport equations are solved is crucial for correctly config-
uring simulation parameters. Figure 4.1 below provides a summary of the order in which CONVERGE
solves these transport equations.

67
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Iterative algorithms are used in CFD simulations because the equations governing fluid flow are
nonlinear and coupled, making them challenging to solve directly. Iterative methods provide a way to
approximate the solution by repeatedly refining estimates until they converge to an acceptable level of
accuracy. This approach is particularly effective for large and complex problems, where direct solutions
would be computationally infeasible or inefficient. By iteratively solving the equations, CFD simula-
tions can handle the complexities of fluid dynamics, including turbulence, heat transfer, and chemical
reactions, with greater flexibility and accuracy.

Start time-step 4>< End iterative algorithm )

Use strict
conserve on
transport?

Update finl values No
Calculate sub-model sources

Solve radiation if rad_energy_coupling_flag =0

C Start iterative algomhm) Solve mass, energy, species, scalars, velocity with
one Jacobi iteration

Solve next iteration for mass, momentum, energy,
species, scalars
Solve radiation if rad_energy_coupling_flag =1

Use strict
conserve on

passives?

Solve passives
No with Jacobi

Iterative
algorithm
converged?

Solve turbulence

End time-step

Figure 4.1: Solution order of the transport equations. In most cases, the turbulence equations are outside of the iterative
algorithm loop for efficiency reasons.

At the start of each time-step, the previous values (the time-step minus 1 [¢m1 in Figure 4.1]) are
stored for all transported quantities. Next, explicit sources are calculated for each submodel that is
currently activated and radiation is solved if energy and radiation are decoupled. CONVERGE next
enters an iterative algorithm to solve for mass, momentum, energy, species, and scalars. CONVERGE
performs a tolerance check at the end of each iteration, and exits the iterative algorithm if the solution
has converged to within tolerance, or if the maximum number of iterations is reached.

After exiting the iterative algorithm, CONVERGE may perform an additional Jacobi iteration to en-
force strict conservation. The Jacobi iteration guarantees that the quantity is conserved to machine zero,
rather than to the tolerance set for the iterative algorithm.

After the optional Jacobi iteration, CONVERGE solves the turbulence equations and ends the time-step.

CONVERGE offers two main iterative algorithms for the solution of mass, momentum, energy,
species, and scalar transport: they are called PISO and SIMPLE. The algorithm that will be used in the
simulations is the second one, which stands for modified Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) method of Patankar [118]. The modified algorithm differs from the PISO algo-
rithm (developed by Issa [119]) in that the momentum equation is solved within the iterative algorithm,
rather than as a predictor step. At each iteration, SIMPLE solves the momentum equation, then a de-
rived pressure equation. As with PISO, after the pressure solution is used to update the velocity, the
other transport equations are solved in series.

The practical difference between SIMPLE and PISO is that SIMPLE more strongly couples the momen-
tum equation with the rest of the transport equations. While this is more numerically expensive than the
PISO approach, it is more robust in some flows, particularly those which may be locally dominated by
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viscosity. The reason why SIMPLE was the algorithm of choice is the increased stability in transient
in simulations with a large time-step, given the long characteristic times that the TU Delft APPU com-
bustor requires.

Finally, the various models used to approximate physical behaviours are listed below:

* Species diffusion: A mixture-averaged diffusion coefficient is computed for each species (before
the computation, storing them in a table for computational efficiency):
1-X;
D; = 7)(] (4.1
2_jj#i Dy

With D;; binary diffusion coefficient for species ¢ and j, computed from the transport.dat file
obtained from [120], using the method of Hirschfelder et al. [121]:
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Where £ is Boltzmann’s constant, m;; is the reduced molecular mass, o;; is the reduced collision
diameter and Q(1:1*) is the collision integral.

Apart from the molecular mass diffusion coefficient D;, given that a turbulence model is present,
there is the addition of the turbulent mass diffusion coefficient D; = S”—ét, with Se¢; turbulent
Schmidt number.

Finally, in order to ensure mass conservation, CONVERGE constrains the net diffusion flux to

be 0 as described by Coffee and Heimerl! [122]

* Turbulence: subsection 4.2.1 is dedicated to describe turbulence modeling and the particular
model used in this research.

* Combustion: section 4.3 reviews the basics of turbulent combustion modeling and subsection 4.3.1
describes the combustion model employed in this research.

4.2. Turbulence Modeling in Computational Fluid Dynamics

Turbulence in computational fluid dynamics can be modelled using three different approaches. Below
is a brief summary of each one of them, with a more detailed discussion of the second method, Large
Eddy Simulations (LES), which will be the focus used in this thesis:

1. Reynolds Averaged Navier Stokes (RANS) equations offer solutions for temporal means of
all variables. These equations are derived by averaging the instantaneous balance equations, re-
sulting in equations describing the temporal-averaged values based on Reynolds averaging. A
thorough discussion on the principles of statistical averaging, and how temporal averaging can
convert to statistical averaging through the ergodicity principle can be found in Appendix A of
the book by Sagaut [123].

To complete the RANS equations, closure rules are essential. These rules necessitate the use of
a turbulence model to manage flow dynamics, closing the Reynolds stress tensor.

2. Large Eddy Simulations (LES) represent the intermediate level in simulating turbulent flows. In
LES, the influence of the smallest turbulent scales is approximated through subgrid closure rules,
while the larger turbulent scales are directly computed. The derivation of balance equations for
LES involves filtering the instantaneous balance equations, akin to applying a low-pass filter, a
process to be elaborated later in subsection 4.2.1.

"Precisely, this approach corresponds to Method I1I in [122]
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3. Direct Numerical Simulations (DNS) constitute the highest tier of combustion simulations, rep-
resenting the third level. DNS solves the complete instantaneous balance equations without em-
ploying any turbulence models, thus directly computing all turbulence scales and their influence
on combustion. In DNS, temperature prediction mirrors experimental measurements obtained
via high-resolution sensors.

As the cut-off length scale (the LES filter size) approaches zero, LES naturally converge towards
DNS. In contrast, RANS simulations only model mean flow fields, without explicitly capturing
turbulent motion.

4.21. Large Eddy Simulations

In turbulent flows, big structures are typically governed by the system’s geometry. Smaller scales, on
the other hand, have more universal characteristics. In light of this, turbulence models might be more
effective when they are only required to explain the smallest structures, while the large scale motions,
much more energetic, are the most effective transporters of the conserved properties.

Therefore, it is necessary to separate scales by applying a scale high-pass (or frequency low-pass) filter
to the exact solution, represented mathematically by a convolution product. The resolved part ¢(Z, t)
of a space-time variable ¢(Z, t) is defined by the relation:

—+00 —+00 . . o
- / HEX)G(F — Et — t)dtd*E @3)

In which the convolution kernel G is characteristic of the filter used, which is associated with the cutoff
scales in space and time, A and 7, respectively.

In order to be able to manipulate the Navier Stokes equations after applying a filter, it is required
that the filter verity the three following properties:

1. Conservation of constants

2. Linearity: This property is automatically satisfied, as the product of convolution verifies it inde-
pendently of the characteristics of the kernel G

3. Commutation with derivation
The usual LES filters are, for a cutoff length A, in the monodimensional case:

* Box or top-hat filter:

L ifjlp—¢ <2
G(x =<A -2 4.4
( ) {0 otherwise. “4)
A sin(kA/2
G(k) = k:(A/2/) (4.5)
* Gaussian filter:
v\ Y2 e
m
_A2,2
G(k) = e( o ) (4.7)
In which + is a constant generally taken to be equal to 6 [123].
* Spectral or sharp cutoff filter:
in(%(z —§))
Gz —¢) = ﬁ (4.8)
A
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k) = {1, if [k| < /A 49)

0 otherwise.

This filter preserves the length scales greater than the cut-off length scale 2A and suppresses all
the length scales smaller than the cut-off length scale 2A.

Favre Filtering In reactive flows, because of the varying density due to the heat release, applying
the filtering operator to the Navier-Stokes equations results in a further term to model, p’ f’. In order to
avoid the modeling of this additional term, the mass-weighted Favre-filtering is used, resulting in:

(4.10)

The balance equations for the filtered values can be derived from filtering the instantaneous balance
equations. Any quantity may be decomposed into a filtered component f, which is resolved in the
numerical simulation, and f' = f—f, corresponding to the unresolved part of the quantity f (i.e. the
subgrid-scale part, due to the unresolved flow motions). N

Finally, the derivation of balance equations for the filtered quantities f requires the exchange of filtering
and differentiation operators. This exchange is theoretically valid only under restrictive assumptions
and is wrong, for example, when the filter size varies.

Note that the mesh size is dependent on the spatial position, and the filter size is correlated to that size.
In [124], this issue has been thoroughly examined. Nonetheless, in most simulations, the uncertainties
brought on by this operator exchange are typically ignored and are presumed to be taken into account
in subgrid-scale modeling.

Filtered Equations The Favre-filtered equations can be derived, as in [35], using the Favre-filter on
Equation 2.2, Equation 2.3, Equation 2.4, Equation 2.5 and Equation 2.16:

Mass
gf+v <~):0 (4.11)
Momentum -
WS @) e
Species
agfk +V- (pﬁYk) V- pViY — (:%— 5371@)} + Wi (4.13)
Sensible Enthalpy

ag >4V (pih, :—ih%kwk+§~ VT =5 Ty = iihy ) | = V- péVkYkhz (4.14)

Equation of State
_PRT
W
In LES, operating the filtering leads to unclosed terms that need to be modeled. Closure models are
proposed for the unknown quantities appearing in the filtered balance equations, such as:

(4.15)
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* Unresolved Reynolds stresses w;u;—u;u;.

+ Unresolved species fluxes u;Y; — u;Y}

« Enthalpy fluxes u;h, — 1;h,

* Filtered species laminar diffusive fluxes kaYk
+ Enthalpy laminar diffusive fluxes p >3, V;,Y;h

e Laminar heat diffusion flux )\mﬁT

+ Filtered species chemical reaction rates @y,

4.2.2. Turbulence Modeling

The closure for the laminar diffusive fluxes in this work is done using the classical gradient assumption:

pViVy = —pDLVYy (4.16)
A VT = A, VT (4.17)

Hence the unresolved Reynolds stresses (u;u;—u;u;), the unresolved species (m and

enthalpy fluxes (p > fc\f:l /A7 hi) , and the filtered reaction rate wy, must now be modeled.

Reynolds Stresses The most popular models available on CONVERGE CFD for the Reynolds stresses
are the following:

* The Smagorinsky model, which expresses unresolved momentum fluxes according to the Boussi-
nesq assumption [125] - namely, momentum transfer caused by turbulent eddies can be modeled
with an eddy viscosity, and therefore the Reynolds/sub-grid stress tensor, 7;;, is proportional to
the trace-less mean strain rate tensor, S;kj

* The Germano ’dynamic Smagorinsky’ model, which estimates small-scale dissipation from the
knowledge of the resolved eddies

* The one-equation model, where an additional transport equation is solved for sub-grid kinetic
energy

» Two-equation models, where transport equations are solved for sub-grid kinetic energy and sub-
grid dissipation

A detailed analysis of each one of the turbulence models can be found in [126], while in this chapter
only the main elements of the turbulence model used for the simulations are described.

Smagorinsky Model The Smagorinsky model is a zero-equation LES turbulence model which relates
the sub-grid viscosity to the magnitude of the strain rate tensor and cell size. The model for the sub-grid
stress tensor is:

Tij = — 2148y (4.18)

Where the subgrid viscosity, 14, is defined as:
v = C2A?\/S;;S;; (4.19)

Where C is an appropriately defined constant.
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Dynamic Smagorinsky Model The problem with the Smagorinsky model, mentioned before, is that
the appropriate value of the constant C is different in different flow regimes. The dynamic Smagorin-
sky model, which will be employed in the simulations shown in this thesis, provides a methodology
for determining the local value of the Smagorinsky constant C's, which now becomes time- and space-
dependent: Cy(Z, ).

The formulation of a dynamic model requires a second filtering operation designated as fest level
filter, A, which is usually twice the value of the grid filter A.
The multiplicative Germano identity relates the grid level stress tensor and the test level stress tensor,
which is defined as the Leonard stress term:

—

Lij = Tij — 7ij = witty — ugtl; — (ugtly — ;) (4.20)
We then assume that the two subgrid tensors 7 and 7' can be modeled by the same constant C for
both filtering levels. The use of the same subgrid model with the same constant is equivalent to a
scale-invariance assumption on both the subgrid fluxes and the filter. This, mathematically, results in:

1
Tij — ngkéij = CsBi; (4.21)
1
T;j — ngk% = Csa; (4.22)
Introducing these equations in the Germano identity, we obtain:
1 —
Lij — gLurdij = Csoij — CsfBij (4.23)

Considering that C; is constant over an interval at least equal to the test filter cutoff length, it is possible
to make the approximation:

CsBij = CsBij (4.24)
And therefore C's will be computed in such a way as to minimize the error committed, evaluated using
the residual E;;:
1
3
Germano closes the problem by proposing to contract the last derived relation with the resolved strain
rate tensor, meaning that the value sought for the constant is a solution of the problem:

Eij = Lij — 5 Likdij — Csaij + CsBy (4.25)

OE; Sy
0C,
And Lilly [127] further improves the problem well-posedness, remedying the problem of determination
when S;; cancels out, proposing calculating the constant C's by a least-squares method:
0C,

=0 (4.26)

=0 4.27)

Unresolved Scalar Transport LES unresolved scalar fluxes are often described using a gradient as-
sumption: N

— > vy 0Y;

Uij — quk = —Sictk 81?];
where Scy, is a subgrid-scale Schmidt number. The subgrid-scale viscosity v; is estimated from the
unresolved Reynolds stresses models.

Since the majority of transport is addressed at large scales and only a portion needs to be represented,

the gradient hypothesis in LES is effective in the majority of cases.

(4.28)
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4.3. Turbulent Combustion Models

The main modeling challenges of turbulent reacting flows are:

 Turbulence itself is probably the most complex phenomenon in non-reacting fluid mechanics.
Various time and length scales are involved and the structure and the description of turbulence
remain open questions.

» Combustion, even without turbulence, is an intrinsically complex process involving a large range
of chemical time and length scales. Some of the chemical phenomena controlling flames take
place in short times over thin layers and are associated with very large mass fractions, temperature
and density gradients. The full description of chemical mechanisms in laminar flames may require
hundreds of species and thousands of reactions leading to considerable numerical difficulties.

* Turbulent combustion results from the two-way interaction of chemistry and turbulence. When
a flame interacts with a turbulent flow, turbulence is modified by combustion because of the
strong flow accelerations through the flame front induced by heat release, and because of the
large changes in kinematic viscosity associated with temperature changes. This mechanism may
generate turbulence, called “flame-generated turbulence” or damp it (relaminarization due to com-
bustion). On the other hand, turbulence alters the flame structure, which may enhance the chem-
ical reaction but also, in extreme cases, completely inhibit it, leading to flame quenching.

The only term that is left to close is the filtered species chemical reaction rates wy,. The most direct
approach is to develop the chemical rate in Taylor series as a function of species mass fractions and
temperature (which is actually a procedure of interest in supersonic reacting flows and atmospheric
boundary layers where the temperature may be assumed to be constant). However, this analysis is
limited by two main factors:

* The strong non-linearity of the Arrhenius form of the species chemical reaction rates makes it
impossible to accurately reproduce the behaviour of the analytical form unless a computationally
expensive number of terms is used in the Taylor expansion, making it necessary to introduce more
closures for the new terms.

+ This increased complexity has to be reproduced for each species, and the number of species in a
detailed chemistry mechanism spans from 50 to 500.

So it is not possible to close the filtered species chemical reaction rates through analytical efforts.
Therefore, modeling turbulent combustion interaction calls for the development of new tools that de-
scribe turbulent flames, providing an estimation of mean production rates of chemical species, based
on known quantities or on quantities that may be easily modeled.

The basic ingredients to describe turbulent flames remain the quantities introduced for laminar flame
analysis: the progress variable c for premixed combustion, introduced in section 2.2; the flame position
would correspond to values of the progress variable ¢ lying between 0 and 1.

There are three main approaches to the solution of this problem, which have been only cited here,
but the reader can refer to the thorough review of Veynante and Vervisch in [36]:

1. Turbulent mixing: The burning rate may be quantified in terms of turbulent mixing. When
the Damkohler number Da = 7/, is large, the reaction rate is limited by turbulent mixing,
described in terms of scalar dissipation rates.

The small scale dissipation rate of species controls the mixing of the reactants and, accordingly,
plays a dominant role in combustion modeling, even for finite rate chemistry

2. Geometrical analysis: The flame is described as a geometrical surface. This approach is usually
linked to a flamelet assumption (the flame is thin compared to all flow scales).

Following this view, two sub-approaches can be taken:
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(a) Scalar fields (c) are studied in terms of dynamics and physical properties of iso-value sur-
faces, defined as flame surfaces.

(b) A flame normal analysis is derived by focusing the attention on the structure of the reacting
flow along the normal to the above-mentioned flame surface

3. Statistical analysis: The statistical properties of scalar fields may be collected and analyzed for
any location within the flow. Mean values and correlations are then extracted via the knowledge
of a one-point probability density function (pdf), leading to the necessity of a submodel: pdf
modeling

431 TFM

The Thickened Flame Model has been selected for this thesis, and a brief description is detailed here.
A challenging issue arises in large eddy simulations of premixed flames: the flame thickness (6%) is
typically on the order of 0.1 mm, often smaller than the LES mesh size (A;). The progress variable,
denoted by c, representing the nondimensionalized fuel mass fraction or temperature, poses stiffness in
computations as the flame front cannot be adequately resolved, leading to numerical instabilities. To
address this challenge, three main approaches have been proposed:

* Simulation of an artificially thickened flame.
* Use of flame front tracking techniques (such as the G-equation).

* Deployment of a filter larger than the computational mesh size.

The concept behind the thickened flame (TF) approach involves considering a flame thicker than
the actual one while maintaining the same laminar flame speeds, as shown by the pioneering work of
O’Rourke and Bracco [128]. By simple theories of laminar premixed flames, the flame speed (s%) and

thickness (6?) can be expressed as:
s o /D, (4.29)

D
87 o — (4.30)

SL
Where D is the molecular diffusivity and @, is the mean reaction rate. Increasing the flame thickness by
a factor F' with a constant flame speed can be achieved by adjusting thermal and molecular diffusivities
(a and D) by Fa and F' D, and the reaction rate (w.) by w./F. Typically, when F' is sufficiently large

(typically 5 to 30), the thickened flame front can be resolved on the LES computational mesh.

This approach offers several advantages:

1. Numerically, chemical reactions are described directly on the LES computational grid, with the
actual flame replaced by a thicker laminar flame, eliminating the need for a subgrid scale model.

2. Utilizing an Arrhenius law accounts for various phenomena directly without relying on ad-hoc
submodels.

3. Theoretically extendable to complex chemistry, although resolving all chemical species on the
numerical grid may pose challenges.

4. However, comparisons between equations for steady-state laminar flames reveal modifications
in response to unsteady phenomena and strain rates induced by velocity fields, which may be less
significant for laminar flame elements but crucial for complex chemistry and high turbulence
levels.

However, thickening the flame alters the interaction between turbulence and chemistry, decreasing
the Damkohler number (Da) to Da/F', which compares turbulent and chemical timescales. This alter-
ation may necessitate adjustments, such as introducing a subgrid scale mixing and reaction model or
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incorporating flame surface wrinkling descriptions to estimate subgrid scale turbulent flame speed.

Based on the previous work by Meneveau and Poinsot [129], Colin et al. [130] derive an effi-
ciency function to counteract the decrease in flame surface wrinkling observed with increasing F'. This
efficiency function, which depends on the characteristics of the laminar flame (such as speed and thick-
ness) and the subgrid scale turbulence, as well as the flame thickening factor F', serves as a subgrid
scale model. The efficiency function is developed from DNS of flame-vortex interactions and then it is
implemented and validated on a LES of a Lateral Injection Combustor (LIC), for which experimental
data are available and show noticeable agreement.

Another expression for the efficiency function can be found in the work of Charlette et al. [131] [132].

The model just described, developed by Colin et al. [130], presents a downside: it considers a con-
stant thickening factor, which outside of the flame zones could result in a wrong overprediction of the
diffusivity. This point is particularly important for gas turbine applications, for example, where pure
mixing (without chemical reaction), premixed and non-premixed zones can coexist.

To overcome this difficulty, a local thickening factor F’ is active only in the vicinity of the flame front
(F > 1) and relaxes to ' = 1 (no effect) far away from the flame.

The decision on whether to thicken the flame or not is determined by a sensor, which can be of
various forms (an example can be found in [133]). The one retrieved in [134] is based on an ”’Arrhenius-
like” expression:

T,
0 = YIF Y0 exp (-rT“> (4.31)

This sensor detects the presence of the reaction zone within a broader region due to the I" parameter,
which effectively lowers the activation temperature (I' < 1). Controlling the thickening coefficient F’
is achieved through:

F =1+ (Fnax — tanh (ﬁ L ) (4.32)

Qmax

Here, 4, represents the maximum value of € (which can be analytically determined for a stoi-
chiometric premixed flame) and is a parameter that governs the thickness of the transition layer between
thickened and non-thickened zones.

Finally, CONVERGE enables the Thickened Flame (TF) model to be integrated with the Adaptive
Mesh Refinement (AMR) strategy. This integration reduces the cell size where the flame sensor is
active, thereby lowering the thickening factor. As a result, the need for an efficiency function is nearly
eliminated, since the flame thickening is minimized, reducing its impact on the underestimation of flame
surface wrinkling.

4.4. 1D Simulations: A framework for 3D interpretation

The cases outlined in Table 4.1 were analyzed using the 1D solver CHEMI1D [114]. These 1D simu-
lations spanned through relevant operating conditions for the application to the subsequent 3D simula-
tions.

The CHEM1D solver is incorporated in a MATLAB script which first obtains the solution of a freely
propagating flame for a given equivalence ratio and hydrogen volume fraction, then introduces strain
through the use of a counterflow premixed flame (Reactant to Products - R2P, as described in Figure 4.2)
and it further expands the study through the introduction of heat losses, reducing the temperature of the
products from the adiabatic freely propagating flame temperature to a reduced temperature, following
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the Heat Loss Parameter (HL) definition, adapted from [135]:

T, Ty

HL=—"F+——
Tad - Tu

(4.33)

With:

* T’,: Non adiabatic product temperature, employed in the counterflow R2P configuration

* Tyq: Adiabatic product temperature, extracted from the freely propagating flame and employed
in the counterflow R2P configuration

* T,: Unburnt reactants temperature, fixed at 300 K

Stagnation
I
I Flame
|
I
Products : Reactants
! \
I
I
I
I
I
Tp S Tﬂd : TH
I y
| ]
I
| X

Figure 4.2: Reactants-to-products counterflow flame configuration, with temperature symbols annotation. Adapted from
[135]

Quantity Symbol Range Explored
Equivalence Ratio 0] [0.4 0.6 0.8]
Hydrogen Volume Fraction | H2%y0; [0.25 0.6]
Strain a [100, 200, 500, 1000, 2000, 5000, 10000, 20000, 50000, 100000]
Heat Loss Parameter HL [1.0,0.9,0.8,0.7,0.6]

Table 4.1: Range of operating conditions explored in CHEM 1D simulations

These 1D simulations aim to describe the main characteristics of hydrogen/methane blends under
strain/heat loss effects, providing in this way a framework for the analysis of the subsequent 3D simu-
lations.

The quantities on which this study focuses are the heat release rate and the NO volumetric source, as
well as the characteristic components of flame structure, such as speed and thickness.
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4.5. 3D Simulations

The 3D simulations are conducted on the TU Delft APPU combustor, a swirl stabilized combustor that
employs axial air injection to prevent flashback.

The geometry of the APPU combustor is detailed in subsection 4.5.1, providing the foundation for the
analysis. This section also outlines the simulation matrix used to explore various operational scenarios,
introduces the Heat Resistance Tuning approach to optimize thermal boundary condition prediction
and describes the Proper Orthogonal Decomposition (POD) method to identify key flow structures and
correlations within the combustion process.

4.5.1. Computational Domain

The fluid domain extracted from the combustor is displayed in Figure 4.3 and Figure 4.4. It presents a
90° periodic design, so only a profile view and a section are shown. There are three inlets: four ports
for the fuel, four ports for the swirling air and a port for the axial air.

The swirler is designed to have a geometrical swirl number of 1.1 [116], and the fuel is then injected in
crossflow. Special care has been introduced in handling the correct geometrical definition of the fuel
ports, which present a quasi-elliptical geometry at the inlet, with short and long axis of 2.42mm and
3.18mm respectively, connected to a 2mm long cylinder with a diameter of 3.5mm.

The swirling and axial air flows enter the mixing tube of diameter D ;7 = 0.024m and length Ly, =
0.060m, and the crossflow fuel injection is placed at 7.5mm from the mixing tube inlet. Then, after
the mixing process takes place, the mixture enters the combustion chamber, which has a diameter of
D chamber = 0.148m and length Lpamper = 0.380m.

Finally, the flow exits the combustor where a constant pressure of p = 101325 Pa is imposed.

The solid domain considered for the HRT procedure consists of three parts: the mixing tube and the
plate, made in stainless steel AISI 316, and the quartz chamber glass. Relevant dimensions are shown
in Figure 4.5.

?148mm

60mm =
52, 5mmise

F 3,18mm
|

Figure 4.3: Fluid computational domain of the APPU combustor, with annotations on main dimensions. Given the long
chamber, compared to the length of the prechamber (inlets, swirler and mixing tube), only the first 200 mm of chamber are
shown.
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Figure 4.4: Section of the fluid computational domain of the APPU combustor. Inlets are highlighted, main dimensions are
annotated.
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Figure 4.5: Detail of relevant solid domain of the APPU combustor, with annotations on main dimensions

4.5.1.1.Mesh Characterization

The simulations for the TU Delft APPU combustor are performed with a mesh consisting of approx-
imately 4 million cells. Due to the high computational cost associated with each simulation, a grid
convergence study was only feasible between 2 million and 4 million cells. Further refinement was
limited by the prohibitive simulation time required for larger meshes.

In the adaptive mesh refinement (AMR) strategy, the mesh is dynamically adjusted based on sub-
grid scale values to ensure adequate resolution where needed. When a subgrid scale value, such as
velocity or temperature, exceeds a predefined threshold, the affected cell undergoes a process known
as embedding. This process involves subdividing the cell into 8 smaller cells, each with half the side
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length of the original. This refinement effectively reduces the subgrid scale values within the newly
created smaller cells. The robustness of this strategy lies in its self-regulating nature; as the mesh is
refined and cell sizes decrease, the subgrid scale values are inherently reduced, creating a negative feed-
back loop that prevents the mesh from continuously increasing in size. This ensures that the refinement
process stabilizes and does not result in an unmanageable number of cells, maintaining computational
efficiency while capturing critical details of the flow and combustion processes.

However, one disadvantage of this approach is that it is not coupled with the timestep that is currently
being used, so it could result in the local increase in CFL number, affecting the stability of the solution.

The key details of this mesh are as follows: the maximum element size is Az = 10 mm, and
the highest level of mesh refinement achievable is level 6, resulting in a minimum element size of
dr = % = 0.15625 mm. To put this in context, the laminar flame thickness used in the coupled
TFM-AMR strategy is 69 = 0.095187 mm, which corresponds to a freely propagating laminar flame
at the nominal equivalence ratio and fuel mixture.

Given that the minimum cell size is on the same order of magnitude as the predicted flame thickness,
the mesh thickening will correspond to the intended number of grid points across the flame front—
specifically, five points. This should result in an average thickening factor within this range, except for
flame fronts with higher equivalence ratios, where the flame thickness is reduced and greater thickening
may be required.

To assess the performance of the adaptive mesh refinement (AMR) strategy and the quality of the re-
sulting mesh, several key metrics are presented:

Velocity Subgrid Scale:

= 0.02

— 0.0e+400

Figure 4.6: Visualization of the velocity subgrid scale across the computational domain. The upper limit of the contour
values has been clipped to the threshold embedding value.

Normalized Subgrid Scale Velocity:
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— 1.0e+00

Figure 4.7: Ratio of the velocity subgrid scale to the velocity magnitude, providing a normalized view of the subgrid scale
velocity across the domain.

TFM Efficiency:
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Figure 4.8: Illustration of the Thickened Flame Model (TFM) efficiency across the mesh.

Thickening Factor:
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Figure 4.9: Depiction of the thickening factor throughout the computational domain.

The figures collectively illustrate the effectiveness of the adaptive mesh refinement strategy. Figure
4.6 shows how the mesh resolution is adjusted based on the velocity subgrid scale, highlighting areas
where finer resolution is required. Figure 4.7 normalizes the subgrid scale velocity by the velocity mag-
nitude, showing that, apart from a few outliers at zero velocity magnitude, the normalized subgrid scale
values do not reach concerning levels.
Unfortunately, the significant differences in characteristic velocity, time scales, and dimensions between
the swirler/mixing tube region and the combustion chamber necessitate finding a balance between these
zones. It is essential to adaptively choose mesh size and timestep to manage the Courant-Friedrichs-
Lewy (CFL) number and prevent excessively high values.
Figure 4.8 demonstrates the efficiency of the Thickened Flame Model (TFM) across the mesh, indicat-
ing how well the mesh captures the flame structure. Finally, Figure 4.9 depicts the thickening factor
throughout the domain, revealing adjustments made to flame thickness and identifying areas requir-
ing increased refinement. Together, these figures confirm that the AMR strategy effectively captures
critical features of the combustion process while maintaining computational efficiency.

4.5.2. Simulation Matrix

The baseline simulation contains 25% of H2 and 75% of CH4 in the fuel mixture, and it can be stabilized
without the need for AAI at a thermal power of P = 115kW. This operating point is called S1.

There are PIV and OH* chemiluminescence images and thermocouple measurements for 4 points on
the outside of the chamber and the plate, which will be presented in chapter 5, with a comparison with
the results obtained with the simulations.

The same fuel mixture can also be studied with an AAI of 20 %, presenting the same diagnostic tech-
niques, to explore the effect of AAI on a swirl-stabilized flame. This operating point is called S2.

Last but not least, the effect of hydrogen enrichment is studied progressing to the case with 60% of H2
and 40% of CH4 in the fuel mixture, which present a stable configuration only when an AAI of 20% is
applied, maintaining the same thermal power and air mass flow rate. This operating point is called S3.
A summary of the different simulation setups is provided below in three tables. Each table presents
specific aspects of the simulations for the TU Delft APPU combustor.

1. Operating Conditions:
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Table 4.2 summarizes the operating conditions and key parameters for the different simulation
setups. It includes air and fuel mass flow rates, reactants temperature, operating pressure, and

thermal power, among other parameters.

Quantity Symbol S1 S2 | S3
AAI air mass flow rate Mair, AAT 0.0 kg/s 1.076e-03 kg/s
Swirling air mass flow rate Mair,sw 5.380e-03 kg/s 4.304e-03 kg/s
Reactants Temperature Tirs Tuer 283 K
Operating Pressure p 101325 Pa
Air Density Pair 1.248 kg/m?
Thermal Power P 11 kW
Fuel mass flow rate M el 2.082¢-04 kg/s 1.797¢-04 kg/s
Fuel Density P fuel 0.538 kg/m3 0.327 kg/s
H2 Volume Fraction H2%y01 0.25 0.6
CH4 Volume Fraction CH4%,,01 0.75 0.4
H2 Power Fraction H2%power 0.09 0.31
CH4 Power Fraction CH4%power 0.91 0.69
H2 Mass Fraction H2% 455 0.04 0.16
CH4 Mass Fraction CH4%,45 0.96 0.84
Equivalence Ratio 0] 0.694 0.667

Table 4.2: Operating conditions and key parameters for the simulation setups.

2. Bulk Velocities and Port Areas:

Table 4.3 provides estimates of bulk velocities at characteristic points within the APPU combustor,
as well as the areas of various inlet ports. It includes fuel inlet velocities, swirling air velocities,
and two different fuel/air momentum ratio definitions: the Momentum Flux Ratio defined by
Reichel et al. in [136] follows the formula:

2
pf“eluinj,fuel

J=Jur = (4.34)

L2
pa“”uair,bulk’

In this specific case, however, the fuel is injected into a crossflow and becomes entrained solely
within the swirling flow, without interacting directly with the axial airflow. Additionally, the fuel
injection ports are located just 5 mm from the swirler exit, meaning that the swirling airflow has
not yet fully mixed.

Due to these factors, the Momentum Flux Ratio is redefined to account for the swirling air bulk
velocity:

2
pfueluinj,fuel

Jsw = (4.35)

02
pmruair,sw,bulk

For clarity, the Momentum Flux Ratio as computed in [136], is named Jy;7, while the modified
definition is named Jy,,.
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Quantity Symbol S1 ‘ S2 ‘ S3
Fuel Inlet Ports Area Afuel 1.963e-05 m?
Fuel Inlet Velocity U frel 19.696 m/s \ 27.964 m/s
Swirling Air Inlet Ports Area Agir.sw 9.503e-05 m?
Swirling Air Inlet Velocity Ugir,sw 45377 m/s ‘ 36.301 m/s
Axial Air Inlet Port Area Agir AAT 5.026e-05 m?
Axial Air Inlet Velocity Ugir, AAT 0.0m/s ‘ 17.158 m/s
Mixing Tube Area Ayt 4.524¢-04 m?
Swirling Air Bulk Velocity - Mixing Tube | wgir, (7 puik 9.532m/s
Swirling Air Vanes Area Agir sw,vanes 4.021e-04 m?
Swirling Air Bulk Velocity - Swirler Vanes | wgiy sw puie | 10.724 m/s ‘ 8.579 m/s
Momentum Ratio - Mixing Tube Jur 1.842 2.257
Momentum Ratio - Swirler Jsw 1.455 ‘ 2.274 2.787
Reactants Mixture Density Preac 1.185 kg/m? 1.139 kg/m?
Reactants Bulk velocity - Mixing Tube Ureac, MT 10.428 m/s 10.788 m/s
Chamber cross section A chamber 1.720e-02 m?
Reactants Bulk velocity - Chamber Ureac,chamber 0.274 m/s ‘ 0.284 m/s

Table 4.3: Estimation of bulk velocity at characteristic points of the APPU combustor.

3. Flame Properties:

Table 4.4 lists computed properties from preliminary 1D freely propagating flames. This includes
laminar flame speed, laminar flame thickness, and adiabatic flame temperature for different sim-

ulation setups.

Quantity Symbol | S1 | S2 S3
Laminar Flame Speed 9 0.226 m/s | 0.277m/s
Laminar Flame Thickness or 6.83e-04 m | 591e-04 m
Adiabatic Flame Temperature Tod 1813.37 K | 1771.67 K

Table 4.4: Computed properties from preliminary 1D freely propagating flames.

4.5.3. Heat Resistance Tuning

In this study a different approach to Heat Resistance Tuning is proposed, starting from the concept
developed by Agostinelli in [100]: in the cited PhD thesis, in fact, experimental measures were already
present, so the Heat Resistances, conceived as global variables, were tuned iteratively to match the

experimental temperatures.

This study tries to improve the HRT approach through these two additions:

1. Local expression of the thermal resistances: The PRECCINSTA combustor presented a quite

compact design, with the size of the flame spanning from the centerbody until the chamber walls,
meaning that it is reasonable to assume constant thermal resistance throughout the plate and the
quartz, as the thermal load was distributed more homogeneously compared to the TU Delft com-
bustor, where the confinement ratio (the ratio between chamber and mixing tube) is particularly
big (CR = Ai{;‘mf” = 0%851%;”;2 = 38.05) and the chamber is particularly long (L = 0.38m),
with a flame that is close to the plate and it does not reach the chamber walls, except for the

stagnation point of hot products, requiring a more /ocal definition of the thermal resistances.
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2. Avoided reliance on experimental measurements: Instead of relying on experimental mea-
surements, as sometimes they are difficult to retrieve, through the iterative change of thermal
resistance boundary condition profiles, it is theorized that the solid thermal boundary condition
could converge to a profile that respects the energy equation in the interfaces fluid-wall and wall-
laboratory.

Subsequently, these results have been checked with the use of thermocouple measurements.

The HRT approach primarily relies on simplifying the multidimensional solid heat transfer problem
into a 1D model, with the upside of easy implementation of more heat transfer models, such as natural/-
forced convection and radiation.

The 1D heat transfer assumption is valid for materials with a dominant direction of heat transfer, such
as quartz, which has low thermal conductivity and therefore minimal multidimensional conductive heat
transfer, but a - relatively - strong convective/radiative heat transfer in the outward direction.

However, this assumption does not hold for the metal plate and mixing tube, as the high conductivity
of steel results in significant perpendicular heat transfer, invalidating the 1D model. Nonetheless, the
typical behavior of plates with high Biot numbers offers an advantage: the high conductivity makes the
isothermal boundary condition a reasonable approximation when thermal steady state has been reached.

4.5.3.1.HRT: Workflow

First of all, it is necessary to point out that some heat transfer resistances are neglected, as they are
considered to be poorly contributing to the heat transfer balance:

* The radiative heat transfer (RHT) from the gases is neglected for two reasons: from first prin-
ciples, following the work of Liu et al. [137], these operating conditions and the main species
involved do not require a thorough evaluation of the RHT effects. Secondly, in studies that present
a similar operating condition [100], the scarce presence of soot and radiative heat transfer was
poorly contributing to the overall energy balance.

e The convective heat transfer from the fluid to the wall is not considered, as it is resolved in the
computational fluid domain.

* The radiative heat transfer from the quartz inside wall is not considered, as it would require a
computationally expensive coupling with the fluid solver, deemed not worth for the task.

The Heat Resistances are therefore placed on the quartz glass as depicted in Figure 4.10:

* Conductive Heat Transfer Resistance (R.,,q): This resistance connects the inner wall temper-
ature 7; ,, to the outer wall temperature 7, ,,.
As the work by Sergeev et al. [138] shows, the thermal conductivity of quartz glass spans from
a value of Agyarez = 1.30W /(m - K) at T = 300K to a value of Ay = 1.80W /(m - K) at
T =800K.
Using the average between the inner wall temperature and the outer wall temperature as refer-
ence temperature, it is possible to consider the quartz glass as a cylindrical shell, with a thermal
resistance given by:

In :‘L’—;”
QWAquSrtz (g)dw (4.36)

With r, ., and r; ,, the outer and inner wall radius, respectively, and dx as the axial length of the
section of quartz glass considered.

Rcond =

* Convective Heat Transfer Resistance (R.,,,): This resistance connects the outer wall temper-
ature 75, ,, with the ambient temperature of the lab 77,,,;.
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The convective heat transfer type is natural, and it has been chosen to use a correlation retrieved
in [139]:
) if Ra < 109

N 0.68 +0.67 - (Ra - 1)
u = 1
+(1+1.6x107% -Ra-¢)™, ifRa>10°

0.68 4+ 0.67 - (Ra - 1)

W= ]

From which the convective heat resistance is derived:

kair (Tfilm) -Nu

h— : (4.37)
1
Reony = E ' AQW (438)
With:
— Ra = w -9.81 - Pr- 23 /v (Ttitm)
16
= <1+ (0.392)%) 0
T
= Tjitm = w

Pr = 0.71: Prandtl number of air, considered constant
v(T'): Kinematic viscosity of air, computed through a look-up table as described in [140]
x: Axial position of the section of quartz glass considered

* Radiative Heat Transfer Resistance (R, ,;): This resistance connects the outer wall temperature
T, » with the ambient temperature of the lab 77,,,;, following a grey body approach and using a
view factor of 1 between the quartz glass and the surrounding environment at T;,,3:

To,w - Tamb

Rrad =
Aqw - eqw -0 - (T — Ty

(4.39)

With egw = 0.8 and the Stefan-Boltzmann constant o = 5.67¢ — 8 W /(m?K*)

Temperature of the
lab environment:
Rconv Tair
Rrad _/
Temperature of Temperature of
the inner wall: the outer wall:
Ti,w To,w

Figure 4.10: Heat Resistance Circuit
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This means that the resulting thermal circuit consists of an equivalent thermal resistance, given by:

1
Req = Reond + -1 . 1 (4.40)
Reonv Rrad

However, the computation of the values of the single thermal resistances is not so straightforward, as
they depend on the wall temperatures.
Therefore, the workflow of the newly developed HRT routine is described as follows:

1. Initially, the simulation starts from a developed RANS non-reactive solution, with adiabatic ther-
mal boundary conditions.

2. Then, the following step consists of imposing an isothermal boundary condition of " = 500K
on the relevant walls, and igniting the mixture.

3. Once the pseudotransient is absent, the converged inner wall temperatures are used for the com-
putation of the heat resistance profiles

4. Then the computed heat resistance profiles are imposed to the simulation, with a damping coefti-
cient to avoid strong oscillations and speed up the convergence

5. In the following step, after waiting for the stabilization of the temperature field, we go back to
step 3. and when a sufficiently reasonable convergence is reached on the maximum error of inner
wall temperature, the loop is exited.

The described workflow iterates on profiles of T ,,, but there is also a hidden inner loop that is
entered in step 3: while 7; ,, is known, 715, ,, is not. However, through a simple fixed point iteration,
it is possible to retrieve the value of 7}, ,, that satisfies the energy balance within the solid-lab control
volume.

45.4. POD

One aspect of swirl-stabilized flows is its presence of coherent structures, such as the PVC, as explored
in section 2.7.

In order to explore this feature of the flame, it is possible to describe with a limited number of deter-
ministic functions - the POD modes - the elusive coherent structures that populate turbulent flows but
yet are surprisingly difficult to define and observe.

POD stands for Proper Orthogonal Decomposition, and it aims to decompose a random vector field
@ (Z,t) into a set of deterministic spatial functions ®, (&) modulated by corresponding time coefficients

ax(t):

+oo
@(E,t) = ap(t) k() (4.41)
k

The decomposition is Proper in the sense that it allows to minimize the number of the first n spatial
modes, maximizing the kinetic energy that can be captured by these spatial modes.
Finally, it is Orthogonal because the modes are orthonormal, implying that the k — th time coefficient
only affects and depends on the corresponding £ — th mode.

While regions of high correlation can indeed indicate the presence of coherent structures—especially
when the associated energy is significantly greater than that of other modes—many POD modes are re-
quired to fully reconstruct the flow when multiplied by their respective time coefficients. The turbulent
nature of most practical flows means that these zones of correlation often appear randomly, indicating
that some modes are simply manifestations of turbulence’s inherent randomness.

Despite these limitations, POD is a valuable tool for reconstructing flow fields using only a few of the
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most energetic modes, enabling the identification of patterns that might be obscured in the raw data.
This observation is significant for two reasons: first, because this motion is not easily discernible in
the original data, due to the superimposed turbulence at various scales; and second, because this mode
is associated with a substantial portion of the TKE (Turbulent Kinetic Energy), indicating its practical
importance in the flow’s dynamics.

The relevance in diagnostics of vortical structures is displayed in an example found in [141], where a
Von Karman Vortex Street is extracted from raw data, using the first two modes of the POD: mode 2
closely resembles mode 1, differing primarily by a spatial translation of about a quarter wavelength.
These coefficients are nearly sinusoidal (showing a clear peak in their FFT) and offset by a quarter
period. Consequently, when the first two spatial modes are combined with their respective time coeffi-
cients, they replicate the alternating and translating nature of the wake vortices.

In this cylinder case, the first two modes, which account for over 90% of the TKE, suffice to ac-
curately reconstruct the original flow. Here, a low-order model comprising just these two modes is a
good approximation of the flow. However, this case might be considered overly simple, as the coherent
vortices are readily apparent in the original snapshots, hence the sufficiency of only two modes to cap-
ture the flow’s essential features. In more complex turbulent flows, like the ones that will be analyzed
in this thesis, many modes are typically needed to account for 90% of the TKE, making their interpre-
tation less straightforward. Nevertheless, the logic applied to the cylinder case can be extended, as the
higher energetic modes correspond often to coherent structures that need to be unravelled from raw data.

In general, interpreting POD modes is easier when a few modes account for a large portion of the
TKE. This is analogous to identifying peaks in a Fourier power spectrum, though with the distinction
that the POD spectrum is inherently decreasing, and the dominant modes are the first ones by design.
Nonetheless, one should approach the physical interpretation of these modes with caution, recognizing
that they are mathematical constructs representing spatial zones of correlation, so coherent turbulent
structures indeed show corresponding higher energetic modes, but it is not possible to always affirm
the opposite.

Moreover, the location where the POD is also deemed of importance, as the storage of data is quite
computationally intense and it is necessary to predict where the main coherent structures will be before-
hand.

For this case, it has been chosen to use two slices of the mixing tube, one at x = —0.03m and one at
x = 0.0m, normal to the x axis, and two slices at z = Om, normal to the z axis, one in the mixing tube
and one in the chamber, all of them with a grid size of dx = 0.5 mm.

Finally, it is important to note that POD is not limited to velocity fields. In some cases, other vari-
ables, such as the vorticity field or the grayscale level of Schlieren images, might better represent the
data or be easier to acquire. The algorithms discussed above can be directly applied once a suitable
snapshot matrix is constructed. In fact, in this thesis, POD will be applied also to equivalence ratio
and heat release rate, in order to check for the existence of correlations between velocity field, coherent
structures, mixing and flame.



Results

It does not make any difference how
beautiful your guess is, how smart you are,
who made the guess, or what his name is — if
it disagrees with experiments it is wrong.
That’s all there’s to it.

Richard Feynman

In this chapter, the 1D simulations are discussed, as they will be the basic knowledge on which the
3D simulation results will be interpreted. Next, the HRT results will be compared with the thermocouple
measurements to verify the accuracy and validity of the HRT approach.

Finally, the results of the three 3D simulations will be analyzed and compared with the corresponding
experimental results. Comparison will be carried out also among the simulations, to investigate on AAI
and H2 enrichment effects.

5.1. 1D Simulations

Simulating the range of variables described in Table 4.1, the figures of merit analyzed are:

* Heat Release Rate: This variable displays the activity of the flame, and it goes to 0 when the
flame is extinguished, due to aerodynamic/thermal quenching.

* NO Source Term: This variable shows the NO production, which is the main remaining emission
when switching to increasing H2 content in the fuel mixture.

89
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Figure 5.1: Peak Heat Release Rate in counterflow premixed R2P CHEM1D simulations across various levels of Heat Loss
parameters (HL = 1 corresponds to the adiabatic case). The rows represent increasing equivalence ratios, while the columns
show increasing hydrogen enrichment.
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Figure 5.2: Peak NO Source term in counterflow premixed R2P CHEM 1D simulations across various levels of Heat Loss
parameters (HL = 1 corresponds to the adiabatic case). The rows represent increasing equivalence ratios, while the columns
show increasing hydrogen enrichment.

What this preliminary study wants to prove is the existence of resistance to heat losses and to

quantify how certain factors can affect it:
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* Hydrogen Enrichment: Adding H2 to the fuel mixture increases resistance to heat losses, with
this effect becoming more pronounced under high strain conditions.
Additionally, the LBO equivalence ratio of the hydrogen-enriched fuel mixture is higher, therefore
at the same equivalence ratio of ¢ = 0.4, the hydrogen-enriched mixture can sustain a flame,
above all when the strain level is increased.
The HL parameter at which the quenching takes place is quite high when low percentages of H2
are in the fuel, meaning that a flame with high percentages of H2 can sustain itself in highly-
strained, cold environments.

* Equivalence Ratio: Higher equivalence ratios are able to sustain greater heat losses. However,

resistance to highly strained, high heat loss conditions, leading to flames with increased Heat Re-
lease Rates (HRR), in turn, can result in higher NO emissions, primarily due to the thermal NO
mechanism.
This finding highlights the importance of thorough mixing and avoiding high equivalence ratio
reactant pockets to minimize NO emissions. For instance, a flame operating at a lower equiva-
lence ratio with a high hydrogen content (¢ = 0.6, H2 = 0.6) produces significantly lower NO
emissions compared to a richer, low-hydrogen case (¢ = 0.8, H2 = 0.25), even though the HRR
is in the same order of magnitude. This further emphasizes that one of the key advantages of hy-
drogen combustion lies in its effectiveness in lean and ultra-lean configurations, above all when
employed in highly strained configurations.
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5.2. HRT Results

This section validates the results of the newly improved HRT approach for determining the temperature
profile under thermal boundary conditions for low Biot number bodies, specifically quartz glass. The
outcomes of the iterative process described in subsubsection 4.5.3.1 are presented in Figure 5.3 and
Figure 5.4 for simulation S1, with a similar behaviour observed in simulation S2:
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Figure 5.3: Inner Wall Temperature profile convergence
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Figure 5.4: Heat Transfer Coefficient (HTC) profile convergence
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During initial studies, it was observed that the convergence process was not entirely smooth, with

thermal resistances oscillating between two solutions. One solution involved an attached flame, which
elevated the quartz temperature and led to a very low thermal resistance (due to its dependence on the
outer wall temperature, and consequently the inner wall temperature). This scenario is illustrated by the
first iteration in both Figure 5.3 and Figure 5.4.
The low thermal resistance resulted in significant heat losses from the flame, extinguishing the highly
strained OSL branches and forming a V-shaped flame with a lower quartz temperature and higher ther-
mal resistance, as shown by the second iteration in the same figures. This oscillating behaviour was
mitigated by applying a damping coefficient to the thermal resistance, allowing for a smoother conver-
gence of both the thermal resistance and quartz temperature profiles.

To validate this approach, thermocouple measurements were compared with the thermal profiles
derived from the HRT method for both cases, S1 and S2. The results for case S1 are presented here.

Figure 5.5: Thermocouple placement. TC1 was introduced to estimate the plate temperature, while TC2, TC3 and TC4 tried
to report the main points of the quartz, respectively the ORZ, the stagnation point of the swirled hot products and the outlet
temperature.
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compromises in the computational expense and
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It is important to note that these experimental measurements are time-dependent, as the temperature
has not yet reached a steady state. This indicates that the solids are still undergoing thermal transients,
particularly the metal plate, which has a higher thermal inertia compared to the quartz glass. In contrast,
the quartz glass shows minimal changes and stabilizes in an earlier stage at a consistent temperature
measurement, so it is possible to conduct comparisons on this particular temperature profile.

Since the most relevant measurement locations for the flow were those closest to the flame—
specifically TC2 and TC3—and a reasonable agreement has been observed, this approach is deemed ap-
propriate. Since CONVERGE does not allow for a time-variant thermal boundary condition expressed
through thermal resistances, the decision was made to use these temperature profiles as boundary con-
ditions for the quartz. An isothermal boundary condition of 500 K, based on the average measurement

from TC1, was applied to the plate.
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5.3. Baseline Simulation: H2-25% with 0% AAI

The baseline simulation results are here presented and discussed, comparing them with the correspond-
ing experimental results. However, the comparison of averages that are usually seen in the literature
is not completely appropriate for this case, as there are long transient effects which completely change
the flame shape, for example.

Moreover, there are some further investigations conducted on the mixing/flame interaction which are
currently conducted on this combustor that could further prove the validity of this study, or shed light
on the reason for some of the disagreements.

5.3.1. Averaged fields
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Figure 5.10: Averaged axial velocity field. An isoline is showed at V' = 0m/s to distinguish the recirculation zones.
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Figure 5.14: OH* chemiluminescence image from Figure 5.15: HRR averaged value.

experimental campaign.
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Figure 5.16: OH PLIF image from experimental
campaign.

The comparison between the simulation and experimental results reveals some differences, particu-
larly in the averaged fields.
Both axial and radial components of velocity show an underpredicted strength of the Inner Recirculation
Zone (IRZ) and Outer Recirculation Zone (ORZ), as well as the intensity of the swirling flow’s axial
velocity.
The reasons for this underprediction are multiple:

* The upstream point of the flame is predicted further downstream in the simulation compared to the
OH* chemiluminescence and OH-PLIF images. Also, given that the flame upstream point is out-
side the mixing tube, the flame angle retrieved by the simulation is bigger than the experimental
one.

* Unresolved plenum flow: sometimes, in literature [142], it has been seen that the boundary condi-
tions of fuel and air inlets are too complex to be only described as mass flow rate inlets. Therefore,
it becomes necessary to include in the computational domain a point that is within the tube that
then inject -in this case- fuel and swirling and axial air.

» Underpredicted mixing: As seen in Figure 5.33 and Figure 5.34, the LES model predicts a lean
core and a richer swirling flow. If, however, in experimental results (which are not yet available),
a more homogeneous mixture is seen in the mixing tube, differences in density could lead to
difference in axial velocity prediction.

However, at an earlier snapshot taken at 269 ms, the accuracy of the simulation shows significant
improvement.

This better agreement at the earlier timestep can be attributed to the low temperature in the ORZ
and the presence of a V-shaped flame structure. Before the transition to an M-flame configuration, the
simulated and experimental fields align reasonably well. However, after the transition, the averaged
simulation results begin to deviate more noticeably from the experimental observations.

It’s important to note that pinpointing the exact timestep when the V-to-M flame shape transition
occurs is challenging. The outer shear layer branch of the flame initially fails to ignite, then goes through
cycles of ignition and quenching until the frequency of these cycles increases to the point where the M-
flame configuration becomes more stable.
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5.3.2. V-to-M Flame Shape Transition

As highlighted in numerous studies reviewed in the literature, a critical challenge in current research on
CH4/H2 flames, and hydrogen blends in general, is the accurate prediction of flame position and shape.
This issue becomes particularly evident when examining the heat release rate fields, where a transition
in flame shape is observed.

In earlier simulations using adiabatic boundary conditions, an M-flame was predicted, whereas exper-
imental OH* chemiluminescence images displayed a V-flame. However, by applying the new HRT-
derived thermal boundary conditions, the simulation more accurately captures the V-flame structure, as
illustrated by the instantaneous temperature field slice in Figure 5.21:

—2.8e+02

Figure 5.21: Instantaneous temperature field extracted at 150 ms after ignition - 1/2 Flow Through Time (FTT). Note: only
the first 200 mm of the chamber are shown.

However, this seems to be only a transient solution, as the OSL starts igniting more frequently
with time, as the temperature in the ORZ increases, resulting in an M-flame when the quantities are
postprocessed at a further timestep (¢ = 600ms - 2 FTT), as shown in Figure 5.22:

— 1500

— 1000

— 500
—2.8e+02

Figure 5.22: Instantaneous temperature field extracted at 600 ms after ignition - 2 Flow Through Time (FTT). Note: only
the first 200 mm of the chamber are shown.
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Another evidence of this transient behaviour is the flame Lift-Off Height (LOH) temporal evolution,
displayed in Figure 5.23: this quantity corresponds to the average of the axial coordinate of the flame
region, which is the set of points & that satisfy the inequality HRR(Z) > 0.9 HRR,,,,.., weighted with
the HRR value.

Sometimes the LOH is defined in the literature as the minimum axial coordinate of the flame isovolume,
but the strong dependency on the flame isovolume definition deemed this definition as arbitrary, so it
was chosen to use a more general definition such as the centroid of the flame isovolume.
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Figure 5.23: Temporal evolution of the flame Lift-Off Height (LOH). The data acquisition started from 0.3 s =1 FTT and
finished at 0.6 s =2 FTT.

The most plausible reason is the temperature increase in the chamber, above all in the ORZ, which
eases the ignition of the highly strained mixture in this location. Once the OSL is ignited, as discussed
by Terhaar in the PhD thesis [143], a feedback loop is initiated, where the hotter ORZ maintains a more
stable environment for the OSL mixture to keep igniting, despite the presence of heat losses to the sur-
rounding environment.

To prove the existence of this feedback mechanism for OSL flame stabilization, two additional simula-
tions have been conducted, even though they have not been simulated until averaging because the focus
is on the ignition process:

* Wider Spark Case: The actual experiment is conducted igniting from a central pilot flame, so for
the simulation mentioned before the virtual spherical spark is inserted at the axis of the combustor,
at a distance of 1 D7 from the origin of the axis, with a diameter of 1 D ;7.

This shape does not ignite the OSL mixture, so in order to check if it is a matter of initial condition,
acylinder with a diameter of 2 D ;7 and 1 D ;7 height is placed on the origin of the axis, covering
the OSL.

The result is the ignition of the OSL and the faster rate of ORZ temperature increase, which, in
turn, reignites and stabilizes the OSL, starting and keeping in place the M-flame.

+ Adiabatic Boundary Condition Case: This case checks for the utility of imposing a different

thermal boundary condition. The small spark does not ignite the OSL right away, so there is, for
a small amount of time, a V-flame stabilized, but then the adiabatic thermal boundaries affect
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the rate of temperature increase, moving the V-to-M flame shape transition at an earlier timestep
-namely, from 450 ms to 150 ms after ignition.

One last insight that can be extracted from these simulations, in line with the findings of a study
presented in the thesis above [143], is the hysteresis effect that is seen in flame shape transitions.
This effect comes directly from the feedback loop in which the flame is currently in, as a V-flame tends
to stay a V-flame and an M-flame tends to stay an M-flame, unless high temperature changes are de-
tected in the recirculation zones. This happens because, as shown in Figure 5.33 and Figure 5.34, the
OSL mixture usually has a higher equivalence ratio mixture, which, once the ORZ products become
hotter, eventually ignites, following the same insights extracted from the CHEM1D simulations in sec-
tion 5.1.
In conclusion, the HRT approach has proven to be a valid method for obtaining thermal boundary con-
ditions. However, its true potential lies in its dynamic formulation. If the alternating flame/temperature
behaviour observed in the iterative RANS simulations were to occur in an LES, it is reasonable to assume
that the temperature increase seen in Figure 5.22 could have been followed by a decrease in thermal
resistance and an increase in heat flux, ultimately returning the flame to its V-shape configuration.

5.3.3. PVC, Mixing and Flame Interaction

From the POD analysis of the PIV results, it appears that the Precessing Vortex Core (PVC) is sup-
pressed. This observation aligns with findings from a similar swirl-stabilized combustor, which, unlike
the current setup, included a centerbody where the flame was able to attach [144]. In the non-reactive
flow, a global instability mode was observed; however, upon ignition, the PVC was suppressed due to
density stratification on the Inner Shear Layer (ISL).

When performing the POD analysis on the z = Om plane used for the PIV measurements, the character-
istic pair of modes, typically shifted by a quarter wavelength and indicative of a vortical structure, are
present in the non reactive case, as shown in Figure 5.24, but they disappear in the reactive case, shown
in Figure 5.26. Below are the POD modes and the FFT conducted on the time coefficients, showing
a clear peak on f = 287H z, similar to the f = 300H z frequency retrieved during the experimental
campaign.

POD modes @ zchamber
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Figure 5.24: Non Reactive S1 case - Spatial POD modes on z = Om slice. POD is conducted on the azimuthal component
of the velocity using as sampling period ¢t = le — 4s and as overall sampling time 7" = 100ms
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Figure 5.25: Non Reactive S1 case - FFT applied to the POD modes time coefficients on z = Om slice. POD is conducted
on the azimuthal component of the velocity using as sampling period ¢t = 1le — 4s and as overall sampling time 7" = 100ms
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Figure 5.26: Reactive S1 case - Spatial POD modes on z = Om slice. POD is conducted on the azimuthal component of the

velocity using as sampling period ¢ = 1le — 4s and as overall sampling time 7" = 100ms
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Figure 5.27: Reactive S1 case - FFT applied to the POD modes time coefficients on z = Om slice. POD is conducted on the
azimuthal component of the velocity using as sampling period ¢t = le — 4s and as overall sampling time 7" = 100ms

In Figure 5.26, mode 2 is similar to mode 1 in Figure 5.24, and it shows the same peak in frequency.
However, it is not followed by a coupled mode, therefore the PVC cannot be diagnosed.
However, even though the mixing tube was not accessible during experiments, it is possible to access
simulation field points that are not visible during experiments. So it has been chosen to check for the
existence of a PVC in two slices of the mixing tube, precisely at x = —0.03m and = = 0.0m, normal
to the x axis, respectively half of the mixing tube and the inlet in the chamber.
The results make it clear that a PVC is indeed present, it is the dominant turbulent structure accounting
for almost 80% of the TKE, and the 90 degree phase shift is evident in both Figure 5.29 and Figure 5.30
with the same frequency as detected in the non reactive case.
This finding does not clash with the experimental results, as the density stratification suppresses indeed
the PVC in the chamber: it does not mean, however, that the PVC is not present in the mixing tube,
where the flame and the subsequent density gradient are absent.
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Figure 5.28: Reactive S1 case - TKE of the first 10 POD modes on x = Om slice. POD is conducted on the azimuthal

component of the velocity using as sampling period ¢ = le — 4s and as overall sampling time 7" = 100ms
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Figure 5.29: Reactive S1 case - First three POD modes time coefficients on x = Om slice. POD is conducted on the
azimuthal component of the velocity using as sampling period ¢

le — 4s and as overall sampling time 7" = 100ms
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Figure 5.30: Reactive S1 case - Spatial POD modes on z = Om slice. POD is conducted on the azimuthal component of the
velocity using as sampling period ¢t = 1le — 4s and as overall sampling time 7" = 100ms
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Figure 5.31: Reactive S1 case - FFT applied to the POD modes time coefficients on x = Om slice. POD is conducted on the
azimuthal component of the velocity using as sampling period ¢t = le — 4s and as overall sampling time 7" = 100ms

The presence of the PVC brings with it as main effect the formation of pockets of reactants with a
high equivalence ratio on one side, while the opposite side has a lower equivalence ratio. This affects
the ISL branches, as the one with a higher equivalence ratio moves upstream and the one with a lower
equivalence ratio moves downstream, sometimes even extinguishing when the equivalence ratio be-
comes smaller than the Lean Blow-Out limit. Evidence can be found in a histogram of the equivalence
ratio of the flame region, which shows that some zones of the swirling mixture are reacting at a mixture
which does not correspond to the nominal equivalence ratio:
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Figure 5.32: Equivalence Ratio Histogram. In order to acquire relevant data for the description of the flame, the datapoints
Z are conditioned to satisfy HRR(Z) > 0.9HRR .4

Moreover, analyzing the single timestep results, it is possible to see traces of local extinctions and
pockets of high equivalence ratio reactants that reignite the flame. The following figure is taken at half
a PVC period of distance, and it is possible to see how the upstream point of the flame is at a 180 degree
phase difference with respect to the PVC:
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Figure 5.33: Equivalence ratio contour with HRR Figure 5.34: Equivalence ratio contour with HRR
isosurface at time ¢ = 0.3202s isosurface at time ¢t = 0.3221s

Here is a planar view of the x = 0.0m slice, displaying a vector field composed of radial and
azimuthal velocities, referred to as the planar velocity V,qnqr, Overlaid on the contour of its magnitude.
A white cross marks the point where V4nqr = 0m/s, clearly indicating the typical off-axis center of
the Precessing Vortex Core (PVC). It’s interesting to observe that, when examining the same timesteps
and slice location, the equivalence ratio field closely follows the structure of the velocity field, revealing
how interconnected the two fields are.
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Figure 5.35: Planar view at * = 0.0m of planar
velocity vector field at time ¢t = 0.3202s
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Figure 5.37: Planar view at z = 0.0m of equivalence
ratio field at time ¢ = 0.3202s. Isosurfaces of nominal
and LBO equivalence ratio are shown.
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Figure 5.36: Planar view at x = 0.0m of planar
velocity vector field at time ¢t = 0.3221s
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Figure 5.38: Planar view at z = 0.0m of equivalence
ratio field at time ¢ = 0.3221s. Isosurfaces of nominal

and LBO equivalence ratio are shown.

Finally, additional evidence of this strong connection is demonstrated by the application of Proper
Orthogonal Decomposition (POD) on both the equivalence ratio and the heat release rate, revealing the
same coherent vortex structure, with a distinct peak observed at a frequency of 287 Hz. This is proof
that the PVC affects mixing and therefore the flame position.
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Figure 5.39: Reactive S1 case - Spatial POD modes on z = Om slice. POD is conducted on the equivalence ratio using as
sampling period ¢ = le — 4s and as overall sampling time 7" = 100ms
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Figure 5.40: Reactive S1 case - FFT applied to the POD modes time coefficients on x = Om slice. POD is conducted on the
equivalence ratio using as sampling period t = le — 4s and as overall sampling time 7" = 100ms
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Figure 5.41: Reactive S1 case - Spatial POD modes on z = Om slice. POD is conducted on the heat release rate using as

sampling period ¢ = le — 4s and as overall sampling time 7" = 100ms
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Figure 5.42: Reactive S1 case - FFT applied to the POD modes time coefficients on x = Om slice. POD is conducted on the
heat release rate using as sampling period ¢ = le — 4s and as overall sampling time 7" = 100ms

5.4. The Effect of AAL: H2-25% with 20% AAI

For case S2, the comparison between the simulation and experimental results reveals significant dis-
crepancies in the velocity fields. Notably, the simulation fails to capture the Inner Recirculation Zone
(IRZ) observed in the PIV experimental data. This discrepancy could be partially attributed to an under-
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prediction of flow reversal at the outlet boundary—suggesting that extending the computational domain
into the fume hood might help.

However, the more likely cause is the underestimation of mixing between the axial air injection (AAI)
flow and the swirling flow. In the simulation, these flows remain largely separated, whereas the PIV
results show that the AAI has lower intensity and integrates more effectively with the swirling flow.
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Figure 5.43: Averaged axial velocity field. An isoline is showed at V' = 0m/s to distinguish the recirculation zones.
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Figure 5.44: Averaged radial velocity field.
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Figure 5.45: Axial velocity RMS field.
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Figure 5.46: Radial velocity RMS field.

This velocity field misprediction impacts flame positioning, with the flame in the experiments being
lifted, while in the simulation it remains attached to the burner lip. One reason could be found in the
underprediction of the strain level in the outer shear layer in the simulation, resulting in a much more
closed exit angle of the swirling flow compared to the experiments. This explains why the flame in the
simulation attaches to the lip, whereas if we were to apply the same velocity gradients present in the
simulation, the flame would likely quench and reposition further downstream where the lower heat loss
and strain conditions are more favourable, as seen in the experimental OH* chemiluminescence image.
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Figure 5.47: OH* chemiluminescence image from Figure 5.48: HRR averaged value.
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Figure 5.49: Averaged OH molar fraction

5.4.1. Observations on PVC

As documented in similar swirl-stabilized combustors with axial air injection, the increase of Axial Air
Injection over a certain threshold disrupts the flowfield, with the vortex breakdown type shifting from
a bubble type to a cone type and finally to no vortex breakdown [145].

Therefore, the POD applied to the fields of the cases with AAI =20 % showed no particular features.

5.4.2. Observations on Mixing

The Axial Air Injection affects the mixing as there is quite an abrupt division between the central non-
swirling air and the swirling mixture.

The axial air injection mass flow rate decreases the swirling flow mass flow rate of the same quantity,
maintaining the same total air mass flow rate in the combustor, so that the global equivalence ratio
stays the same as the configuration without axial air injection. Still, unfortunately, given that there is no
mixing between the central jet and the swirling jet, the equivalence ratio at which the flame will ignite
will be inevitably higher.
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Figure 5.50: Equivalence Ratio Histogram for simulation S1. In order to acquire relevant data for the description of the
flame, the datapoints & are conditioned to satisfy HRR(Z) > 0.9HRR ;40

Normalized Histograms of Equivalence Ratio

--- Nominal ¢ = 0.69

[0 Weighted Histogram (CHEM_SRC)
71 Unweighted Histogram

w -

Probability Density

o
. 10 12 14
Equivalence Ratio

Figure 5.51: Equivalence Ratio Histogram for simulation S2. In order to acquire relevant data for the description of the
flame, the datapoints & are conditioned to satisfy HRR(Z) > 0.9HRR 44

A comparison between the case without AAI and with AAI, including the resulting position of the
flame, is shown below:
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Figure 5.52: Averaged equivalence ratio contour with Figure 5.53: Averaged equivalence ratio contour with
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The comparison between the equivalence ratio and flame position increased the number of reasons
for the misplacement of the flame position: the poor mixing in the S2 case also contributed to the upward
shift in flame position, as the higher equivalence ratio mixture now present near the burner lip is more
resistant to the combined effects of heat loss and strain.

5.4.3. Observations on NO Emissions

The observed variations in NO emissions are closely related to the mixing patterns and local equivalence
ratios within the combustor. In particular, the poor mixing observed in case S2 results in higher NO
emissions compared to case S1.
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Figure 5.54: Volume-averaged NO molar fraction in the first 10 cm of the combustion chamber. Sampling starts 100 ms
after the ignition.
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Figure 5.55: Volume-averaged Temperature in the first 10 cm of the combustion chamber. Sampling starts 100 ms after the
ignition.

Analyzing the results from case S1, the extended residence times in the Outer Recirculation Zone
(ORZ) underscore the importance of preventing ignition on the Outer Shear Layer (OSL). This is crucial
to avoid the accumulation of hot, slow-moving combustion products within the chamber. The transition
from a V-flame to an M-flame is further evidenced by a rapid change in temperature increase rate ob-
served in the combustion chamber. Initially, 100 ms after ignition, the environment remains relatively
low in NO emissions. However, around 200 ms post-ignition, the high temperatures in the ORZ facili-
tate the transition to an M-flame, which eventually results in NO levels comparable to those observed
in case S2.

The following figures illustrate the local relationship between equivalence ratio and NO emissions
for case 1, after the flame shape transition:

Figure 5.56: Equivalence ratio field in the flame region. Figure 5.57: NO molar fraction field in the flame
The current flame shape is an M, with suppressed PVC region. The richer reactant pockets result in higher
in the chamber, but not in the mixing tube, resulting in flame temperatures, and on the same location higher

richer reactant pockets. levels of NO molar fraction are present.

The overall higher NO levels in case S2 can be attributed to the elevated local equivalence ratios
in the flame region. A higher equivalence ratio in the flame region typically corresponds to a higher
temperature, as the richer mixture leads to more intense combustion.
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The elevated temperatures result in increased production rates of NO through the thermal NOx mecha-
nism, which is sensitive to temperature changes. The thermal NOx formation is significantly influenced
by the flame temperature, making the higher temperatures in case S2 a major factor in the observed in-
crease in NO emissions. The higher NO presence does not necessarily overlap with a zone of high NO
production, as the species can be produced elsewhere and convected in a different location.

Figure 5.58: Equivalence ratio field in the flame region. Figure 5.59: NO molar fraction field in the flame
A white isoline highlights the points at the region. The higher concentration is present at the tip of
stoichiometric equivalence ratio. the axial air flow, where high temperatures, N2 and O2

are both present in high quantity.

Figure 5.60: Temperature field in the flame region. High temperature combustion can be seen at the lip of the burner, where
the flame is stabilized, but the hot products are convected to the center of the chamber, resulting in a higher average
temperature of the flame region.

In this case, analyzing the flame front and its characteristics, it is possible to state that the higher
NO production zone lies probably on the flame front, as shown by the scatterplots in Figure 5.61 and
Figure 5.62, which try to recreate the framework study employed in a much simpler environment, 1D
premixed flames, showed in Figure 5.1 and Figure 5.2. Analyzing the figures, the same HRR-NO
correlation is identified, highlighting once again the responsibility of mixing in high NO production.
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Figure 5.61: Simulation S2 - Heat Release Rate vs Strain scatterplot, coloured with temperature, to resemble the levels of
Heat Loss parameters employed in CHEM1D. The strain magnitude is estimated following an approximation common in
literature, retrieved in the Ansys theory manual [146].
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Figure 5.62: Simulation S2 - NO Mass Source vs Strain scatterplot, coloured with temperature, to resemble the levels of
Heat Loss parameters employed in CHEM1D. Note: only positive contribution are considered for this study.

The comparison between cases S1 and S2 reveals that the inadequate mixing in case S2 indirectly
results in higher NO emissions. This is primarily because the elevated local equivalence ratio and
increased flame temperatures create a hotter environment. In this setting, the axial air injection, which
does not participate to combustion, becomes a significant source of NO production. Of course, given
that the level of NO in the combustion chamber accumulates in time, what should be extracted from this
analysis is the rate of NO increase, as the characteristic time of the combustor would need an excessive
amount of computational power to retrieve stable enough averages.
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5.5. The Effect of H2 Enrichment: H2-60% with 20% AAI

Similar disagreements are found on the S3 case. However, given the high resistance to strain/heat-losses
that are featured by highly hydrogen-enriched methane flames, the flame positions itself closer to the
burner lip.

However, there is an inner shear layer flame region detected by the OH* chemiluminescence images
that the simulation does not predict, due again to the underestimation of axial-swirling flow interaction.
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Figure 5.63: Averaged axial velocity field. An isoline is showed at V' = 0m/s to distinguish the recirculation zones.
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Figure 5.64: Averaged radial velocity field.
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Figure 5.65: Axial velocity RMS field.
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Figure 5.66: Radial velocity RMS field.
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Figure 5.69: Averaged OH molar fraction

5.5.1. Observations on Mixing - Effect of Fuel Momentum

Comparing the equivalence ratio conditioned at high values of HRR, it seems that switching to a higher
percentage of hydrogen in the fuel mixture when injected in crossflow can be detrimental to mixing.
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Figure 5.70: Equivalence Ratio Histogram for simulation S2. In order to acquire relevant data for the description of the
flame, the datapoints & are conditioned to satisfy HRR(Z) > 0.9HRR .44
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Figure 5.71: Equivalence Ratio Histogram for simulation S3. In order to acquire relevant data for the description of the
flame, the datapoints & are conditioned to satisfy HRR(Z) > 0.9HRR ;40

One reason for the reduced mixing could lie in the fuel to air momentum ratio increase: as men-
tioned before in some preliminary characteristic length and speed estimation listed in Table 4.3, the fuel
momentum ratio increases from 2.274 to 2.787, with the fuel inlet velocity increasing from 19.696 m /s
to 27.964 m/s, while the swirling air stays at 8.579 m/s.

However, this increase seems to be poorly contributing to the reduced mixing, as, locally, close to the
injection point (x = —0.055m), there is no significant difference in the depth reached by the equiva-
lence ratio peak.

This is probably due to the high pressure gradient due to the swirling motion, preventing the crossflow
injection to pierce through the swirling flow:

Phi contour - z = MT - averaged field Phi contour - z = MT - averaged field

» 20 I @) @& < < <rhi . 0 I @ _2(" =2

© = == %om © = = = “om

£ 1 c 1

g 0 . Y180 'g 0 )

8 05 8 05

> >

-0.01 -0.01
-0.06 -005 -0.04 -003 -002 -0.01 0 -006 -005 -0.04 -003 -0.02 -0.01 0

X Coordinate X Coordinate

Figure 5.72: Averaged equivalence ratio contour with Figure 5.73: Averaged equivalence ratio contour with

Lean Blow Off Limit and nominal equivalence ratio Lean Blow Off Limit and nominal equivalence ratio

isosurface for case S2 isosurface for case S3

Even though, as just mentioned, the local injection velocity does not result in relevant jet penetration,
from Figure 5.74 and Figure 5.75 it is possible to see, through contours of equivalence ratio at a x-normal
slice at z = —0.03m in the mixing tube, how the case S3 is already less mixed at this stage.
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Figure 5.74: Averaged equivalence ratio contour with Figure 5.75: Averaged equivalence ratio contour with
Lean Blow Off Limit and nominal equivalence ratio Lean Blow Off Limit and nominal equivalence ratio
isosurface for case S2 isosurface for case S3

The S3 case presents lower equivalence ratio zones between the fuel streaks. Assuming that the
losses in fuel momentum, when entrained in the swirling flow, are low, this loss in mixing efficiency
could be attributed to the higher velocity difference between the fuel and swirling air, reducing the time
spent in the mixing tube, resulting in a lower exchange of mass/species.

Following the swirling motion up to the x-normal slice at x = 0.0m, at the mixing tube exit, it is
possible to see that the hydrogen-richer fuel tends to stay closer to the wall of the mixing tube, further
reducing its interaction with the core air.
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Figure 5.76: Averaged equivalence ratio contour with Figure 5.77: Averaged equivalence ratio contour with
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isosurface for case S2 isosurface for case S3

This leads to poor mixing, incomplete combustion, and potentially higher emissions, as the fuel and
air do not mix uniformly, compromising the overall performance of the combustion process.
5.5.2. Observations on NO Emissions

The insights gained from comparing NO levels between cases S1 and S2 are also applicable here, pro-
viding valuable information on the mixing performance of a hydrogen-enriched mixture.
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Figure 5.78: Volume-averaged NO molar fraction in the first 10 cm of the combustion chamber. Sampling starts 100 ms
after the ignition.
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Figure 5.79: Volume-averaged Temperature in the first 10 cm of the combustion chamber. Sampling starts 100 ms after the
ignition.

Compared to case S2, case S3 shows a further increase in NO production. The zone of high NO
emission near the tip of the axial air injection jet mirrors the pattern observed in case S2. However, a
stronger NO emission signal emerges in case S3: the flame itself. This is illustrated in the following
figures:
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Figure 5.80: Equivalence ratio field in the flame region. Figure 5.81: NO molar fraction field in the flame
A white isoline highlights the points at the region. The higher concentration is present at the tip of
stoichiometric equivalence ratio. the axial air flow, where high temperatures, N2 and O2

are both present in high quantity. Comparing it with
Figure 5.59, however, a higher NO concentration can be
seen also close to the flame.

Figure 5.82: Temperature field in the flame region. High temperature combustion can be seen at the lip of the burner, where
the flame is stabilized, but the hot products are convected to the center of the chamber, resulting in a higher average
temperature of the flame region.

Consistent with the findings of Capurso et al. [111], the increased hydrogen fraction in the mixture
may enhance other NO formation mechanisms, such as those involving N20 and NNH. This could lead
to increased NO production with different rates, enhanced by the presence of O and H atoms, at the
flame front:
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Figure 5.83: Schematic representation of the pathways, reactions and molecules involved in the NO formation for H2/air
combustion. Adapted from [111].

Before concluding with certainty that the secondary NO production mechanisms are responsible for
this increase in NO emissions, it is important to state that this could be just an effect of an excessively
thickened flame front: when introducing more H2 in the fuel mixture, the flame thickness tends to get
shorter, making it necessary to thicken the flame region with high thickening factor, resulting in high
pseudochemical times of brief-lived intermediate species, such as H and O, which are not encountered
in the actual flame. Therefore, given this uncertainty and the impossibility to further refine the flame
front because of exponentially growing computational costs, the NNH and N20O mechanisms remain a
hypothesis. However, the quantification of their effects with respect to the simple higher temperature
remains unsolved.

The analysis of NO emissions across different cases demonstrates significant insights into the effects
of mixing performance and fuel composition on emission levels. The comparisons reveal that poor
mixing, as observed in cases with axial air injection (S2), leads to elevated NO emissions due to the
increased local equivalence ratio and higher flame temperatures. This trend is further amplified in the
hydrogen-enriched case (S3), where the introduction of hydrogen enhances even other NO production
mechanisms, such as N20 and NNH.



Conclusions and Next Steps

This thesis has explored several key challenges and strategies related to the discovery of steady and un-
steady characteristics of hydrogen-enriched swirl-stabilized flames with axial air injection. A method,
Heat Resistance Tuning (HRT), has been modified, avoiding the reliance on thermal measurements
when applied to low-Bi bodies, without incurring in high computational costs. It is necessary to say
that unfortunately a promising feature of this approach has not been exploited: its dynamic formulation,
recalculating Heat Resistance Tuning (HRT) at each iteration of the fluid solver, rather than waiting
for a steady-state solution. This approach could reduce the risk of flame shape transition and the corre-
sponding hysteresis.

In this set of simulations, a V-M flame shape transition was uncovered, providing insights into
the stabilization mechanisms that characterize each flame shape. These experiments and simulations
demonstrated the strong dependence of swirl-stabilized, hydrogen-enriched methane flames on initial
and boundary conditions, such as ignition type and thermal boundary conditions, and they revealed how
the resulting combustion characteristics, e.g. emissions, can be affected.

The Proper Orthogonal Decomposition (POD) method has proven invaluable in this research, par-
ticularly given the intrinsic unsteadiness of swirl-stabilized flows. Traditional averaging techniques are
insufficient for capturing the complex dynamics at play. The strategic placement of diagnostic clouds
of points revealed the presence of a Precessing Vortex Core (PVC) exclusively placed in the mixing
tube, which was not detected in the experimental campaign. This detection revealed to be of the utmost
importance, given the role of the PVC in the interaction between the PVC, mixing processes, and the
flame, ultimately explaining the upstream positioning of the flame front, also thanks to the application
of POD to other unusual quantities, such as the equivalence ratio and the heat release rate.

From a turbulent combustion modeling perspective, the Thickened Flame Model (TFM), combined
with the Adaptive Mesh Refinement (AMR) strategy in CONVERGE, has shown promising results with
relatively low computational effort. However, further care is needed in wall treatment. Currently, the
TFM is deactivated when the distance from the wall is less than the flame thickness, but the influence
of the wall on the flame can extend beyond this distance, both through direct and indirect mechanisms.
This issue, discussed in the theoretical review of flame-wall interaction modeling, suggests that the cur-
rent approach may underestimate the wall’s impact.

Furthermore, the assessment of the Axial Air Injection (AAI) revealed a significant flaw of the flash-
back prevention method: a reduction in mixing efficiency when the combustor configuration involves
fuel injection in crossflow, with further detrimental effects when higher fuel momentum ratio injections
are performed. This decline in mixing efficiency seems to be the primary reason for the increase in NO
emissions, despite the theoretically lower temperatures due to the reduced global equivalence ratio. In
fact, from detailed examination of NO molar fractions, temperature fields, and equivalence ratios it
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is highlighted that while the axial air injection prevents flashback, extending the flashback limits of a
combustion setup, it inadvertently creates zones of high equivalence ratio and temperature that promote
NO formation. The addition of hydrogen exacerbates this effect by accelerating the NO production
processes within the flame region.

6.1. Next Steps

Looking ahead, several key areas warrant further investigation:

* Thermal Boundary Condition Prediction: Continued exploration of methods to improve ther-
mal boundary condition predictions is crucial. Implementing thermal capacitors [147] and dy-
namically recalculating HRT during fluid solver iterations could significantly enhance the accu-
racy of these predictions without increasing computational demands. Additionally, incorporating
Conjugate Heat Transfer (CHT) simulations will be essential for validating and refining these low-
order heat transfer methods.

» Experimental Validation: To complement the computational findings, additional experimental
studies are recommended, particularly those that can validate the presence and impact of the PVC
in the mixing tube. Moreover, experiments employing high temperature bodies close to the flame
should be performed in order to prove the high-Temperature-high-NO correlation displayed in
1D and 3D simulations presented in this thesis.

This would provide a more comprehensive understanding of the flow and flame dynamics and
further inform model development.

* H2-Enriched Swirl-Stabilized Flame Dynamics: Investigating the influence of initial condi-
tions, such as pilot flame type, dynamic fuel composition experiments and thermal boundary
conditions on flame shape dynamics could enhance our understanding and control of hydrogen-
enriched methane flames. This includes examining the effects of varying the hydrogen volume
fraction during experiments to observe flame shape transitions, hysteresis effects, and their im-
pact on temperature and emissions.

* Wall/Flame Interaction Modeling: Further refinement of wall treatment within the TFM is
needed to better capture the wall’s influence on flame behaviour. This could involve develop-
ing new models or adjusting existing ones to account for wall effects over greater distances.

» Mixing Efficiency and NO Emissions: The observed reduction in mixing efficiency with AAl in
crossflow fuel injection configurations highlights the need to explore alternative injection strate-
gies that enhance mixing. Addressing this issue is critical for mitigating NO emissions, above all
in cases where a lower global equivalence ratio is used.

By addressing these areas, future research can expand upon the groundwork established in this thesis,
furthering our understanding of thermal load management, turbulent combustion, and flame dynamics,
ultimately moving closer to achieving a truly fuel-agnostic combustion system.



Appendix A: Mechanism Reduction

The computational cost of simulating detailed chemical kinetics can be prohibitively high, especially
when dealing with complex mechanisms like GRI 3.0 [148], which is widely used for modeling com-
bustion of natural gas and other hydrocarbons. The GRI 3.0 mechanism consists of 53 species and 325
reactions, making it computationally intensive for high-fidelity simulations. To address this challenge,
mechanism reduction techniques can be applied to create simplified versions of the mechanism that
retain the essential chemical characteristics while significantly reducing computational demands.

A.l. Mechanism reduction methodology

This chapter presents the results of the mechanism reduction process conducted on the GRI 3.0 mech-
anism using ANSYS-CHEMKIN Workbench [149]. The reduction aimed to minimize the number of
species while maintaining critical combustion properties, such as the emission index of nitrogen ox-
ides (EI_NOx), ignition delay time, and flame speed, within a 5% tolerance of the original mechanism.
The reduction was achieved using Direct Relation Graph (DRG), Directed Relation Graph with Error
Propagation (DRGEP), and Directed Relation Graph with Sensitivity Analysis (DRGSA) [150] [151]
[152].

* Direct Relation Graph (DRG):
DRG is a graph-based method where species and reactions are represented as nodes and edges.
The method eliminates species with weak influence on the target species or reactions, determined
by a user-defined threshold. DRG was applied as the initial step in the reduction process, provid-
ing a preliminary reduced mechanism by pruning less significant species and reactions.

* Directed Relation Graph with Error Propagation (DRGEP):
DRGEP improves upon DRG by considering the error propagation through the reaction network.
This method ensures that the influence of removed species on the target species is minimal.
DRGEP was used to refine the reduction obtained from DRG, further eliminating species while
controlling the error in the predicted combustion properties.

* Directed Relation Graph with Sensitivity Analysis (DRGSA):
DRGSA combines the DRG approach with sensitivity analysis to assess the importance of species.
Sensitivity analysis evaluates how variations in species concentration affect key combustion prop-
erties.

A.2. Validation Across Operating Conditions

The original GRI 3.0 mechanism consists of 53 species and 325 reactions. Through the application of
the DRG, DRGEP, and DRGSA techniques in sequence, the mechanism was successfully reduced to
23 species and 199 reactions.
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GRI 3.0 | Reduced GRI 3.0
Number of Species 53 23
Number of Reactions 325 199
% Reduction in Species 0% 57%
% Reduction in Reactions 0% 39%

Table A.1: Summary of the reduction in species and reactions achieved in the GRI 3.0 mechanism through the application
of DRG, DRGEP, and DRGSA techniques.

During the reduction process, the tolerances were imposed on the figures of merit cited before
(EI_NOx, IDT, LFS), but to ensure the robustness and applicability of the reduced mechanism, its per-
formance was validated across a broader range of operating conditions. The operating conditions tested
include a range of equivalence ratios: [0.5,0.7,0.9, 1.1, 1.3, 1.5], and hydrogen volume fractions: [0.0,
0.2,0.4, 0.6, 0.8, 1.0]. Here it is reported the validation on a smaller set of variables:

* Laminar Flame Speed:

20 Laminar Flame Speed - Tunburm = 300 K - p=1atm

GRI30red - H2=0.25

O  GRI30org - H2=0.25

100 1 GRI30red - H2=0.5 |
O  GRI30org-H2=05

GRI30red - H2=0.75

GRI30org - H2=0.75

80 F 1

Flame Speed [cm/s]

Figure A.1: Comparison of the laminar flame speed for the original GRI 3.0 and reduced GRI 3.0 mechanisms at varying
equivalence ratios. The results are shown for different hydrogen fractions in the fuel mixture. The reduced mechanism
closely matches the original mechanism across the range of equivalence ratios, indicating good performance in predicting
flame speeds.

* Ignition Delay Time:
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Figure A.2: Comparison of ignition delay times for the original GRI 3.0 and reduced GRI 3.0 mechanisms across various
equivalence ratios and hydrogen fractions. The reduced mechanism demonstrates similar predictive capability to the original
mechanism, maintaining accuracy in ignition delay times.

¢ NO Emission Index:
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Figure A.3: Comparison of NO emission indices between the original GRI 3.0 and reduced GRI 3.0 mechanisms for
different equivalence ratios and hydrogen fractions. The reduced mechanism provides a reliable estimation of NO emissions,
closely following the trends observed in the original mechanism, validating its effectiveness for emissions prediction.

The results demonstrated that the reduced mechanism performs well across these varied conditions,
retaining the essential characteristics needed for accurate simulations. This validation confirms the
reduced mechanism’s utility in computationally intensive simulations, where maintaining high fidelity
with reduced computational expense is critical.
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