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Abstract

For centuries, combustion has played an important role in human development, yet as Giusti and
Mastorakos notes [29], ”with some 100,000 years of development, combustion might be expected to be
a mature technology. In fact, it is the least developed technology of modern engineering systems”. As
the world transitions away from carbon based fuels, hydrogen has emerged as a promising alternative
due to its carbon free combustion. However, replacing conventional fuels with hydrogen introduces
significant technical challenges. Pure hydrogen–air flames exhibit high laminar flame speeds and low
ignition energies, making combustor hardware more susceptible to flame flashback. Flashback not only
disrupts stable operation but can also result in damage and system failures. A thorough understanding
of flame stabilization and flashback mechanisms is therefore essential.

In this context, the present work investigates a combustor geometry designed to generate a trapped vor-
tex, a recirculation zone that enhances flame stabilization. Accurate numerical predictions of such phe-
nomena requires realistic thermal boundary conditions, yet these are often unavailable in experimental
configurations and are commonly oversimplified in simulations. This study evaluates how different ther-
mal wall boundary conditions modify flame stability and flow behavior in a premixed pure hydrogen–air
trapped vortex combustor at lean conditions. A 2D and 3D simplified version of the FlameSheet™
burner, originally developed by Power Systems Manufacturing (PSM), is modeled in this study, using
PeleLMeX [24].

The study begins with a 2D cold flow simulation performed using DNS. This computation is analyzed
in light of a previously performed 3D study of the same geometry, with the same numerical solver and
following the same numerical approach [25]. Differences are acknowledged and explained. After exam-
ining the baseline flow behavior, six reactive cases are then simulated, varying the main flow Reynolds
number (12,000 and 8,000) and the thermal boundary conditions applied to the liner walls (adiabatic,
isothermal at 300 K, and a fitted temperature profile based on experimental data). Results show that
wall thermal conditions significantly affect flame stability and structure. Time averaged fields reveal that
thermal boundary conditions also influence recirculation zone size and peak flame temperatures. The
2D simulations, while limited in capturing full 3D turbulence, offer valuable insights into flame wall inter-
actions and highlight the importance of accurate thermal boundary conditions in predicting flashback
propensity and flame stabilization in hydrogen combustors.
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1
Introduction

The increasing global demand for energy, coupled with the urgent need to mitigate climate change,
has intensified the search for sustainable and cleaner fuel alternatives. Fossil fuels, which have pow-
ered industries and economies for more than a century, are major contributors to carbon dioxide (CO2)
emissions, leading to global warming and severe environmental consequences. Rising temperatures,
extreme weather events, and shrinking ice caps underscore the need to transition to energy sources
that reduce greenhouse gas emissions.

Figure 1.1: Trends in global GHG emissions by sector [16]

Figure 1.1 we can see that growth in emissions has persisted across all major groups of GHGs since
1990. By 2019, the largest growth in absolute emissions occurred in CO2 from fossil fuel combustion
and other industrial processes followed by CH4. The Paris Agreement [80], adopted in 2015, set am-
bitious targets to limit global temperature rise to well below 2°C above pre-industrial levels, with an
aspiration to restrict it to 1.5°C as seen in Fig. 1.2 (discussed below). Achieving this goal requires a
drastic reduction in carbon emissions across all sectors: energy (fossil fuel-based power generation),
transport (road, aviation, shipping), industry (cement, steel, chemicals), buildings (heating/cooling),
agriculture and land use (deforestation, livestock). Governments and industries worldwide are now
prioritizing decarbonization strategies, with H2 emerging as a key component of the clean energy tran-
sition as a low carbon energy carrier [16].

More recently at COP28, the 28th annual United Nations climate meeting held in Dubai, UAE, world
leaders reaffirmed the urgency of reducing fossil fuel dependency [79]. In a landmark agreement, par-
ties recognized the need to ”transition away from fossil fuels in energy systems” in a just and equitable
manner. This commitment signals a global shift toward renewable energy sources, including hydrogen,
which is viewed as a key player in the path to net-zero emissions [78].
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Figure 1.2 provides a visual summary of projected global temperature increases by the year 2100
under different scenarios. Without any policies (the ”Baseline” curve), global warming could reach
+4.1–4.8°C, while current policies (as of 2018) would lead to +3.1–3.5°C as existing measures like
limited renewable subsidies and regional carbon pricing remain insufficient without global fossil fuel
phase-outs. If all announced but unimplemented policies including coal bans in OECD (Organisation
for Economic Co-operation and Development) nations by 2030, which are a group of 38 high income
market economy countries, EV mandates, and ending direct fossil fuel subsidies though gaps persist
in methane reduction and deforestation are enacted (the optimistic policies curve), warming could be
limited to +3.0°C. The government pledges from various countries under the Paris Agreement might
restrict global warming to +2.7–3.0°C, but this still falls short of the Agreement’s goals. To align with the
”well below 2°C” target, systemic changes are needed: no new coal plants (with retirement by 2040),
green hydrogen for heavy industry, circular economy mandates, and binding deforestation bans by
2030, all backed by carbon pricing. Achieving the 1.5°C goal requires additional emergency actions:
100% clean electricity by 2035–2040, scaling negative emissions technologies like carbon capture
and storage, absolute transport demand reductions, synthetic fuels for aviation/shipping, and a global
carbon price of $100–200/ton by 2030—coupled with bans on new oil/gas projects [15].

Figure 1.2: Expected global temperature increase by the end of the century compared to pre-industrial levels implied by global
emissions pathways in 6 scenarios [15]

Amongst the various renewable energy sources, solar and wind power have gained substantial inter-
est due to their ability to produce clean energy with near-zero emissions. However, these sources
are associated with high production, installation and maintenance costs. Another major drawback of
these sources is their inherent intermittency—a dependence on variable weather conditions that leads
to fluctuations in power [35]. This variability makes them unreliable as standalone energy solutions.
To address this issue, energy storage systems or complementary power sources are essential. Tech-
nologies such as battery storage, hydrogen production, and pumped hydro storage are emerging as
viable solutions to bridge the gap between energy production and consumption.

Hydrogen is playing an important role in supporting the decarbonization of various sectors, e.g. in-
dustry, transport or power generation [84]. Globally, the industry already produces and uses H2 on
a massive scale. A plethora of catalysts and catalytic processes involving hydrogen have been de-
veloped, ranging from the synthesis of ammonia to the production pharmaceuticals [54]. Significant
research efforts are focused on integrating H2 across four critical areas of the energy sector: (1) pro-
duction via renewable-powered electrolysis, (2) re-electrification using fuel cells or hydrogen turbines,
and (3) storage in geological formations or high-pressure systems [84], and (4) direct use as a clean
fuel in industrial processes and combustion applications. Hydrogen is particularly promising for long
duration energy storage, as it enables seasonal retention of surplus renewable electricity. This capa-
bility helps stabilize grid supply during extended periods of low generation (e.g., winter months with
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reduced solar irradiance) [81].

Investigating hydrogen combustion is of practical importance due to two main reasons: power gener-
ation and safety. Hydrogen as a fuel has gained significant attention due to its potential as a clean
and sustainable energy source, when used in combustion processes or fuel cells, because it produces
water as the primary byproduct, resulting in minimal environmental impact and near zero greenhouse
gas emissions. Hydrogen has higher adiabatic flame temperature, higher speed of flame propagation,
low molecular weight, and consequently a higher diffusion rate and reactivity when compared to con-
ventional fuels like methane [70]. Along with these properties there are many problems for a traditional
burner to make use of hydrogen rich fuels such as flame flashback, blowout, local high temperatures,
auto ignition and high NOx emissions [69]. These tradeoffs underscore the need for careful engineering
in hydrogen-based energy systems. Conventional gas turbine burners are not designed to handle high
flashback propensity of hydrogen-air mixtures. Therefore novel burners need to be conceptualized and
developed. One such burner is FlameSheet™ burner [74, 75], and the primary objective of this thesis is
detailed investigation and characterization of its flow field when operated with premixed hydrogen–air
mixtures at a low equivalence ratio.

1.1. Flame Flashback
1.1.1. Flame Flashback Mechanisms
Flame flashback represents one of the most critical safety challenges in hydrogen combustion systems.
This phenomenon occurs when the flame propagates upstream into the premixing zone, contrary to its
designed downstream path, potentially causing damage to combustion hardware. Hydrogen’s unique
properties - including a high diffusivity, wide flammability range, and lowminimum ignition energy; make
it particularly susceptible to flashback compared to other hydrocarbon fuels [39]. Flashback can occur
as a result of at least four different mechanisms [52]. Each of them are introduced briefly for context.

• Core Flow Flashback
Flame propagation in the combustor takes place when the turbulent burning velocity exceeds the
local flow velocity in the core flow, either due to deceleration, transients (like startup or shutdown),
or flow instabilities. Turbulent burning velocity which is a function of turbulent flame interaction
and chemical kinetics plays an important role in triggering core flow flashback.

• Combustion Instability Induced Flashback
Flashback occurs due to large amplitude fluctuation in the flow field. Instabilities are caused by
oscillations in pressure and heat release that occur in combustors, particularly in lean premixed
combustion systems like gas turbines or rocket engines. These instabilities can induce flame
movement and generate vortices leading to flow reversal, as seen in Fig. 1.3.

• Combustion-Induced Vortex Breakdown (CIVB)
A more complex and important mechanism for swirl stabilized combustor is combustion induced
vortex breakdown. Vortex breakdown is a unique characteristic of swirling flows. Strong swirling
flows create a central recirculation zone (CRZ) that stabilizes the flame. However under certain
conditions the central vortex can breakdown causing abrupt change in vortex structure leading
to formation of a stagnation point and recirculation region downstream of it which can lead to
upstream flame propagation as seen in Figure 1.4.
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Figure 1.3: Combustion instability of a backward-facing
step [39]

Figure 1.4: Flame propagation during a CIVB driven
flashback [42]

• Boundary Layer (BL) Flashback
Boundary layer flashback has been studied extensively in the literature and is considered as the
primary mechanism for flashback. Flashback occurs at a location where the local burning velocity
is greater than the local flow velocity near the walls. The flow velocity near the wall decreases
because of no-slip boundary condition resulting in upstream flame propagation along the wall of
a burner or premixer.

Figure 1.5: Axial velocity contour for the laminar premixed flame at stable and flashback condition[22]

As can be seen in Figure 1.5, as the maximum height of the backflow region reaches a certain
value, which is dictated by energy balance, the reaction can sustain itself inside the backflow
region, and flashback occurs. The backflow region, at the onset of flashback, is continuously
moved upstream by the adverse pressure in front of the flame. This type of flashback mechanism
is very relevant in our work, and we will focus on boundary layer flashback and not discuss the
other mechanisms further.

1.1.2. Boundary Layer Flashback Modeling
The first model to predict boundary layer flashback in non-swirling premixed laminar flames was pro-
posed by Lewis and von Elbe [50] in 1943, while Edse studied the turbulent boundary layer flashback
at high pressure [21]. The Critical Velocity Gradient model suggests that flashback occurs when the
velocity gradient near the burner’s wall is too low to prevent the flame from propagating upstream.
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Figure 1.6: Schematic of CVG model[39]

Here the velocity profile of the unburned mixture u(y) represents a laminar flow approaching the flame
front. The flame speed denoted by Sf (y) decreases near the wall due to quenching, and the quenching
distance is denoted by δq. The velocity gradient at the wall is approximated by the ratio of the flow
velocity to the penetration distance. This is based on the assumption that the flow velocity remains
linear close to the wall.

g =

∣∣∣∣∂u∂y
∣∣∣∣ = |τw|

µu
, gc =

SL

δp
, Flashback occurs when gc > g

However, the original model neglects flame-flow interaction. The flame strongly curves towards the
unburned mixture as flame propagates upstream leading to a divergence of streamlines and adverse
pressure gradient [39]. Later this model was extended to turbulent conditions [33, 34].

Since these early flashback studies, numerous investigations have been reported in the literature re-
garding the effect of fuel composition [19], flame confinement, and tip temperature [19, 20]. It was
found that flame confinement substantially increases the risk of boundary layer flashback. For moder-
ate enclosure sizes, this is mainly caused by increasing burner tip temperatures. The effect of pressure
has been studied experimentally by [17, 41, 40].

To address the turbulent conditions, researchers have developed empirical correlations. University of
California Irvine developed a Damkholer based correlation utilizing experimental data available at el-
evated pressures and temperatures. Alternatively, the ”flame angle theory” developed at Technische
Universität München (TUM) provides a more physically grounded approach by modeling the flame inter-
action with the boundary layer. This method has been validated across a range of operating conditions
and offers broader applicability [38].

Recent advances have focused on high fidelity modeling to capture the dynamics of BL flashback
using LES [23] and DNS have been utilized to explore flame self-interaction (FSI) during turbulent
BL flashback in hydrogen-rich premixed combustion. Understanding these interactions is crucial for
developing accurate predictive models for BL flashback [1].

1.2. The FlameSheet™ Burner
The concept of trapped vortex burner (TVC) has attracted research for more than 20 years. It is an
advanced concept in combustor design [70], which is receiving great interest due to improved flame sta-
bility and combustion efficiency, simple design, small pressure loss and reduced NOx emissions [68].
In addition, the trapped vortex mechanism increases the combustor’s resistance to flame flashback
which makes it a good candidate to be used with hydrogen fuel.

The FlameSheet™ combustor, developed by Power Systems Manufacturing (PSM) [74, 75, 65] is a two
stage radially inflow ”combustor within a combustor”, where the inner stage is called the pilot combustor
and the outer stage is called the main combustor. It was initially engineered to increase the operational
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and fuel flexibility of land-based gas turbines running on natural gas, but it has also shown an excellent
combustion performance with high hydrogen content fuels [35]. Figure 1.7 shows a schematic of the
FlameSheet™ combustor. The pressurized air (blue arrows) enters the burner around its circumfer-
ence and splits into two streams. The outer air stream leads to the pilot combustor and once properly
mixed (red arrows) enters the combustor. The inner air stream takes the shorter path which includes
the 180-degree turn which is the key feature of the design and creates a trapped vortex making the
burner more resistant to flame flashback by disturbing the turbulent boundary layer. At high loads both
combustors are used, with the outer combustor flame structure looking like a sheet of flame around the
inner combustor.

Figure 1.7: A schematic of FlameSheet™ burner [76]
Figure 1.8: A rendered image of FlameSheet™

burner [26]

Further development of the FlameSheet™ burner is in progress within the Helios project, which is a
cooperation between five partners (counting TU Delft) from three European countries [37].

1.3. Previous Work
The design of the actual FlameSheet™ burner is quite complex. A simplified geometry focusing on
the key features was created that omits all auxiliary parts (Figure 1.9) for further study. Henceforth the
FlameSheet™ burner will thus be referred to as a trapped vortex burner.

Gruber et al [35] conducted a comprehensive numerical investigation and an experimental study on
the trapped vortex burner with hydrogen air mixtures at varying equivalence ratios to better under-
stand flame stabilization and flashback phenomena in hydrogen air combustion. The experimental
campaign, conducted at TU Delft, involved atmospheric pressure tests using a transparent combustor
with optical access for diagnostics. Key measurements included velocity fields obtained through Parti-
cle Image Velocimetry (PIV) and flame visualization via Mie-scattering imaging. Figure 1.9 represents
the schematic of the 2D FlameSheet burner and the diagnostic setup. The impact of different inner
liner tips and channel height ratios was also investigated. The authors demonstrated that the flame sta-
bilizes in a trapped vortex formed downstream of the 180° U-bend in the flow path (Figure 1.12) which
leads to turbulent boundary layer disruption and higher flashback resistance [35] and that the flashback
behavior depends strongly on the shape of the inner combustor-liner tip—either blunt or sharp as seen
in Figure 1.10. Flashback takes place along an inner flame propagation route, around a blunt-shaped
tip, or follows an outer flame propagation route along the burner dome wall, for a sharp-shaped tip.

Figure 1.9: Schematic of the 2D FlameSheet burner and
the diagnostic setup [35]

Figure 1.10: Instantaneous temperature field at the
inception of flashback for the blunt and sharp tip [35]
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The numerical simulations were carried out using OpenFOAM. The physical dimensions of the compu-
tational domain are scaled down to 1/2 of the dimensions of the combustor used in experiments. Large
Eddy Simulations (LES) coupled with a Partially Stirred Reactor (PaSR) model were used to capture
turbulent combustion dynamics with detailed hydrogen-air chemistry. The authors also reported a high-
velocity region around the recirculation zone (Figure 1.11), which enhances the burner’s flashback
resistance by creating a barrier to the upstream flame propagation.

Figure 1.11: Average velocity field inside the burner [35] Figure 1.12: Local mean age (LMA) [35]

Hedge [36] performed a parametric study with Fluent [8], using RANS and LES to perform cold flow
investigations and understand the effects of three geometric parameters on the flow dynamics 1.13:

1. Inner liner tip shapes (blunt (T1), semi-circular (T2), quarter-circular (T3), sharp flat (T4), sharp
curved (T5)): From the results, for tips T2 and T3, the flow separates from the upper edge of the
circular arc shaped tip and follows the shape of the outer bend before entering the downstream
channel. Tips T4 and T5 also follow a similar pattern but we can clearly see a low velocity layer
adjacent to the outer bend in the contour plots.

2. Channel height ratio (H2/H1): Reducing this ratio increased downstream velocity profile adjacent
to the bend, a feature that could potentially improve flashback resistance.

3. Distance (D) between tip and outer bend wall: Smaller D reduced low velocity boundary layers
near the outer wall.

Figure 1.13: Burner geometry with
dimensions H1, H2 and D shown [36]

Figure 1.14: Temperature contour from reactive LES
simulation [36]

Finally, reactive flow inside the burner was also simulated using the Artificially Thickened Flame Model
(ATF) and the Li-Dryer mechanism [51] in Fluent to study the features of the H2 flame. The same
chemical mechanism was also used in the present study. An analysis which involved studying the tem-
perature profile, shape of the flame front in the burner and also the diffusion of hydrogen into the flame
was done. The temperature contour in Figure 1.14 shows the shape of the flame front. The stabilized
flame in the U-bend has a smooth convex shape upstream, but downstream we see the presence of
convex and concave shaped cusps.

The most recent (experimental) study was conducted by Zeman and Pichler [85], and focused on the
flashback behavior of the trapped vortex burner with a sharp flat tip, for a range of equivalence ratios,
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H2 volume fractions and unburned mixture temperatures. The work also reports temperature profiles in
the U-shaped bend region, with dependence on the Reynolds number and unburned inlet temperatures.
The results from this work will help us increase the robustness of our numerical studies, in particular
by providing us with more accurate temperature data for the inner liner tip. Figure 1.15 shows the
measured Reynolds numbers at flashback. It depicts the ability of the trapped vortex burner to operate
with very low equivalence ratios (ϕ <= 0.3), which is the direct consequence of the recirculation zone
generated by the novel geometry. Figure 1.16 reports the temperature profiles on the thin liner wall
(shown in red in Fig. 1.9), moving away from the tip. Circular markers represent measurements in the
middle of the liner (Tl), which we will be using in our work as boundary conditions.

Figure 1.15: Reynolds number at flashback [85]
Figure 1.16: Steady-state streamwise temperature profiles in

the middle (Tl) and at the bottom (Tbp) [85]

1.4. Research Objectives
The current work aims to accomplish the following objectives:

• What are the computational model requirements necessary to study the flame wall interactions in
the trapped vortex burner?

– It is necessary to have a computational model that can capture the flow inside the combustor.
This involves determining appropriate mesh resolution especially near the walls. In addition,
the selection of a suitable chemical kinetic mechanism for lean hydrogen–air combustion.

• How do different thermal boundary conditions on the liner walls affect flame stability, recirculation
zone size and shape in lean premixed hydrogen combustion?

– Wall thermal conditions are often oversimplified in simulations, yet they strongly influence
near wall temperature gradients, heat loss, and local quenching. Simulations will be per-
formed to examine the impact of three wall thermal treatments: 1) adiabatic, 2) isother-
mal (fixed at 300 K), and 3) spatially varying temperature profile derived from experimental
measurements, by comparing flame shape, peak temperatures, recirculation zone size, and
flame anchoring behavior under these conditions.

• Can a 2D simulation framework provide meaningful insights into flame wall interactions and flash-
back mechanisms compared to more expensive 3D simulations?

– While 3D simulations capture full turbulent dynamics, they are computationally expensive.
This study will evaluate the feasibility and limitations of using 2D simulations to study hydrogen-
air combustion in a trapped vortex geometry.

– The 2D results will be compared to prior 3D studies [36][35][25] to evaluate how well key
flame flow features are reproduced.
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1.5. Thesis Outline
This thesis report is divided into six chapters (including this one). In chapter 2, the fundamental prin-
ciples of reactive turbulent flows are introduced, covering governing equations, chemical kinetics, and
flame instabilities relevant to lean premixed hydrogen combustion. Chapter 3 details the numerical
modeling approaches used in this work, including LES, combustion models, and the PeleLMeX solver.
Chapter 4 describes the specific modeling approach adopted, including mechanism validation, mesh
refinement, and boundary condition setup. Chapter 5 presents and discusses the results from cold and
reactive flow simulations. Finally, Chapter 6 concludes the study and provides recommendations for
future work.



2
Reactive Turbulent Flows

In this chapter, the theory behind combustion, turbulent flows and chemical kinetics of reactions will
be discussed. Since this thesis investigates a turbulent hydrogen combustion setup, it is necessary
to understand the basic principles and concepts which will be useful while performing and analyzing
turbulent flow simulations.

Section 2.1 details the additional terms required to extend the Navier-Stokes equations for reactive
flows and the significance of the equivalence ratio. Section 2.2 discussed the governing equations.
Turbulent flows are addressed in Section 2.3, while Section 2.4 explains how reaction rates are com-
puted, using chemical kinetics.

2.1. Introduction
Combustion involves multiple species reacting through multiple chemical reactions. A reacting gas
mixture consists of multiple chemically active species whose behavior is governed by local thermody-
namic conditions and reaction kinetics. The mixture may be isothermal or non-isothermal depending
on the physical setup. The rates at which chemical reactions occur are influenced by factors such
as temperature, pressure, and species concentrations. The key distinction between reactive and non-
reactive flows lies in the role of species transport and chemical kinetics. While non-reactive flows can
be described using classical fluid dynamics, reactive flows require a coupled treatment of fluid motion,
species conservation, and reaction mechanisms, making their analysis more challenging and compu-
tationally intensive. For a cold flow, we solve for 5 variables but reacting flows require solving for N+5
variables, where N is the number of reacting species in the domain [64]. This requires more computa-
tional effort to compute the reacting flows as it increases the number of conservation equations required
to solve.

The primitive variables for a three-dimensional compressible reacting flow are:

• The density ρ = m/V [kg/m3], where m is the mass [kg] and V is the volume [m3];
• The velocity field u = (u, v, w) [m/s], with components u (x-direction), v (y-direction), and w (z-
direction);

• One variable for energy e [J/kg], pressure P [Pa], enthalpy h [J/kg], or temperature T [K];
• The mass fractions Yk, mole fractions (Xk) or concentrations (Ck) [−] of the N reacting species
(k = 1, . . . , N ).

Species are characterized by their mass fractions Yk for k = 1 to N where N is the number of species
in the reacting mixture. The mass fractions Yk are defined by:

Yk =
mk

m
(2.1)

10
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where mk is the mass of species k present in a given volume V and m is the total mass of gas in this
volume.

For a reactive mixture, the fuel and oxidizer mass fractions are important quantities; and their ratio
is commonly used to characterize combustion properties [64]. Consider an overall unique reaction of
type:

ν′FF + ν′OO → Products (2.2)

Here, ν′F and ν′O are the amount of moles of fuel and oxidizer, respectively. The mass fractions of fuel
and oxidizer correspond to stoichiometric conditions when:

(
YO

YF

)
st
=

ν′OWO

ν′FWF
= s (2.3)

Where, WO and WF are molecular weights of oxidizer and fuel respectively and s is called the mass
stoichiometric ratio [64]. Stoichiometry refers to the ideal chemical balance between fuel and oxidizer
where all reactants are completely consumed, while the equivalence ratio quantifies how far a mixture
deviates from this stoichiometric condition. The equivalence ratio of a given mixture is then:

ϕ = s
YF

YO
=

(
YF

YO

)
/

(
YF

YO

)
st

(2.4)

It can also be recast as [64]:

ϕ = s
ṁF

ṁO
(2.5)

where, ṁF and ṁO are respectively the mass flow rates of fuel and oxidizer. The equivalence ratio is a
central parameter which helps characterize combustion regimes by indicating whether a mixture is fuel-
lean, stoichiometric, or fuel-rich. It relates the flame characteristics, combustion efficiency, pollutant
formation, and reaction kinetics, amongst others.

• ϕ < 1 (Fuel-Lean Mixture): Excess oxygen is present, leading to efficient combustion but higher
NOx emissions.

• ϕ = 1 (Stoichiometric Mixture): The exact amount of oxidizer is available to completely combust
the fuel.

• ϕ > 1 (Fuel-Rich Mixture): Excess fuel is present, leading to incomplete combustion and the
formation of CO, unburned hydrocarbons, and soot.

2.2. Governing Equations
In this section, the various conservation equations (mass, species, momentum and energy), required
to study reacting flows will be discussed [64].

2.2.1. Mass Conservation
The total mass conservation remains unchanged compared to non-reacting flows.

∂ρ

∂t
+

∂ρui

∂xi
= 0 (2.6)

where ρ is the fluid density [kg/m3], which refers to only gas in this work, and ui is the fluid velocity
component [m/s].



2.2. Governing Equations 12

2.2.2. Species Conservation
While the mass conservation equation ensures overall mass conservation, species conservation equa-
tions are required to track the evolution of individual chemical species involved in combustion. It ac-
counts for species transport and chemical reactions. The mass conservation equation for species k is
written:

∂ρYk

∂t
+

∂

∂xi
(ρuiYk) = − ∂

∂xi
(ρVk,iYk) + ω̇k (2.7)

for k = 1, . . . , N , where Vk,i is the i-th component of diffusion velocity [m/s] of species k, and ω̇k is
the reaction rate [kg/(m3 · s)] of species k. The reaction rate will be discussed in detail in the following
chapters.

Mass diffusion is a mass transport caused by gradients of temperature, pressure, concentration or
electric potential [9]. On the right hand side of equation 2.7, the first term (− ∂

∂xi
(ρVk,iYk)) represents a

diffusive term which arises from Fickian diffusion [64].

Equation 2.8 represents the mass conservation constraint for diffusion velocities, ensuring that the sum
of all species diffusion fluxes weighted by their mass fractions Yk equals zero in any direction.

N∑
k=1

YkVk,i = 0 (2.8)

In case of binary mixtures, the diffusion term YkVk,i can be approximated using the Fick’s law which
assumes the pressure gradients to be small, neglects volume forces and assumes the diffusion coeffi-
cients are the same [64]. This can be written as:

V1Y1 = −D12∇Y1 (2.9)

where D12 is the binary diffusion coefficient [m2/s].

For multicomponent systems it is not possible, in general, to derive relations for the diffusion fluxes
containing the gradient of only one component. TheMaxwell-Stefan equations will be used to obtain the
diffusive mass flux. The Stefan–Maxwell equations provide a description of multicomponent diffusion
without introducing explicit diffusion coefficients for every pair of species. From [56] we get the Stefan-
Maxwell equation:

N∑
j=1
j ̸=i

XiXj

Dij

(
V⃗j − V⃗i

)
= d⃗i −

∇T

T

N∑
j=1
j ̸=i

XiXj

Dij

(
DT,j

ρj
− DT,i

ρi

)
(2.10)

where Xi, Xj are the mole fractions, Vi, Vj are the diffusion velocities, Dij is the Maxwell diffusion
coefficient, and DT,i, DT,j are the thermal diffusion coefficients.

For an ideal gas the Maxwell diffusion coefficients (Dij) are equal to the binary diffusion coefficients
(Dij). If the external force is assumed to be the same on all species and that pressure diffusion is
negligible, then d⃗i = ∇Xi. Since the diffusive mass flux vector is J⃗i = ρiV⃗i, where ρi is the partial
density of species i defined as ρi = ρYi. Then the above equation can be written as

N∑
j=1
j ̸=i

XiXj

Dij

(
J⃗j
ρi

− J⃗i
ρj

)
= ∇Xi −

∇T

T

N∑
j=1
j ̸=i

XiXj

Dij

(
DT,j

ρj
− DT,i

ρi

)
(2.11)

The linear system (equation 2.11) is obtained. Solving this system yields the diffusive fluxes J⃗i directly,
which can be expressed as shown:
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J⃗i = −
N−1∑
j=1

ρDij∇Yj −DT,i
∇T

T
(2.12)

The first term on the right side represents Fickian diffusion term for multi-component mixtures which
accounts for the fact that diffusion of species i depends not only on its own concentration gradient, but
on all other species and the second term is the thermal diffusion term (Soret effect) which tells that
even with no concentration gradient, temperature gradients can cause diffusion of species.

2.2.3. Momentum Conservation
Momentum conservation describes the balance of forces acting on a fluid element. The equation of
momentum is the same for reacting and non-reacting flows [64]. For a Newtonian fluid, it is given by:

∂

∂t
(ρuj) +

∂

∂xi
(ρuiuj) = − ∂P

∂xj
+

∂τij
∂xi

+ SM,i (2.13)

where P is the pressure [Pa], SM,i is the volumetric source term or the body force and τij is the viscous
stress tensor [N/m2] given by:

τij = −2

3
µ
∂uk

∂xk
δij + µ

(
∂ui

∂xj
+

∂uj

∂xi

)
(2.14)

where µ is the dynamic viscosity [Pa∙s] and δij is the Kronecker delta (δij = 1 if i = j and 0 otherwise).

In the left-hand side of equation 2.13, the first term represents how the momentum changes with time
and the second term describes how momentum is transported by the fluid’s motion (convection). On
the right-hand side, the first term represents the pressure gradient and the second term represents
viscous forces, arising from internal friction within the fluid due to its viscosity, resisting deformation
and smoothing out velocity gradients.

2.2.4. Conservation of Energy
Many forms of energy conservation equation exist in literature. Starting from the continuity equation,
where the following equation holds for any quantity f :

ρ
Df

Dt
= ρ

(
∂f

∂t
+ ui

∂f

∂xi

)
=

∂ρf

∂t
+

∂ρuif

∂xi
(2.15)

The conservation equation in terms of total energy et can be written as [64]:

ρ
Det
Dt

=
∂ρet
∂t

+
∂

∂xi
(ρuiet) = − ∂qi

∂xi
+

∂

∂xj
(σijui) + Q̇+ ρ

N∑
k=1

Ykfk,i(ui + Vk,i) (2.16)

where σi,j is the stress tensor [N/m2].

Similarly the energy equation can be written in different forms in terms of energy and enthalpy including
chemical terms and heat flux expression. For CFD codes sensible energies or enthalpies are some-
times preferred [64], which is written as:

∂ρhs

∂t
+

∂

∂xi
(ρuihs) =

Dp

Dt
− ∂qi

∂xi
+ τij

∂ui

∂xj
+ ω̇T + Q̇+ SH (2.17)

where the third term on the right hand side is the viscous dissipation term, Q̇ is the heat source term
which is different from the heat released by combustion (ω̇T ) and the last term is the body force. The
energy flux term (second term on the right side) includes a heat diffusion term from Fourier’s law and
a species diffusion related enthalpy term. The energy flux qi is written as [64]:
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qi = −λ
∂T

∂xi
+ ρ

N∑
k=1

hs,kYkVk,i (2.18)

Where λ is the thermal conductivity, with units of Wm−1 K−1. The heat release ω̇T due to combustion
is given by the equation below which links it to the species conservation equation 2.7:

ω̇T = −
N∑

k=1

∆h◦
f,kω̇k (2.19)

where ∆h◦
f,k is the standard enthalpy of formation [J/mol] of species k and ω̇k is the rate of production

[mol/(m3.s)] of species k.

2.3. Introduction to Turbulent Flows
Nearly all macroscopic flows encountered in real world and in engineering practice are turbulent. Tur-
bulence in fluids is characterized by chaotic fluctuations in field variables like pressure, velocity and
temperature over both space and time. These fluctuations occur over a wide range of time and length
scales, creating eddies that transfer energy and momentum throughout the flow. Flows become unsta-
ble above a certain Reynolds number. As seen in figure 2.1, the boundary layer undergoes a distinct
transition process: beginning as a laminar flow, it develops instability at the critical location(xcr), then
progresses through a transition region before becoming fully turbulent.

Figure 2.1: Laminar to turbulent transition[45]

Turbulent flows are accompanied by rotational flow structures called turbulent eddies with a wide range
of length scales. The largest eddies which are highly anisotropic andmost energetic interact and extract
energy from mean flow by a process called vortex stretching while the smaller eddies are stretched
strongly by larger eddies and weakly by the mean flow. Due to this the kinetic energy is handed down
from larger eddies to progressively smaller and smaller eddies. This is called energy cascade[83].

The largest eddies are very sensitive to flow conditions and their sizes are close to the characteristic
length of the flow(T ∼ L

U ), similarly the smallest eddies are described by the Kolmogorov scales[83].

η =

(
ν3

ε

)1/4

, τη =
(ν
ε

)1/2
, vη = (νε)1/4 (2.20)

Here η is the Kolmogorov length scale (m), τη is the Kolmogorov time scale (s), and vη is the Kolmogorov
velocity scale (m/s). The variable ν represents the kinematic viscosity of the fluid (m2/s), while ε denotes
the turbulent kinetic energy dissipation rate (m2/s3).

Turbulent Boundary Layers
The concept of boundary layer was first proposed by Prandtl in the year 1904. He argued that fluid
flow consists of two parts: flow closer to the surface (viscous part) and the flow away from the surface
(inviscid part). In the thin boundary layer closer to the surface, viscous forces (effects of friction) are
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dominant. Outside the boundary layer the flow is inviscid. The hypothesis of the adhesion of the fluid
to the walls, or zero relative velocity between fluid and wall gave a very satisfying explanation for the
process in the boundary layer[7].

In a turbulent boundary layer, the y+ value is a non-dimensional distance that is crucial for the modeling
of turbulence, especially in computational fluid dynamics (CFD) simulations. The y+ value is defined
as the distance from the wall to the first mesh node, based on local cell fluid velocity.

y+ =
yuτ

ν
(2.21)

u+ =
u

uτ
(2.22)

Turbulent boundary layer can be divided into different regions depending on the Y+ values.

• Viscous sub-layer (y+ < 5):

This region is dominated by viscous forces having negligible turbulence where velocity increases
linearly with distance from the wall because of this the fluid layer adjacent to the wall is also known
as linear sub-layer.

u+ ≈ y+ (2.23)

• Buffer Layer (5 < y+ < 30):

This is a transitional zone between viscous and turbulent effects. Where both viscosity and tur-
bulence play important roles. The velocity profile in this region is nonlinear.

• Log-Law Region (y+ > 30):

Outside the viscous sub-layer a region exists where viscous and turbulent effects are important.
The velocity profile in this region is given by:

u+ =
1

κ
ln(y+) +B (2.24)

with κ ≈ 0.41, B ≈ 5.0.

In figure 2.2 mean velocity profile of a smooth-flat-plate turbulent boundary layer plotted in log-
linear coordinates with law-of-the-wall normalizations. For our work it is important to capture near
wall effects. This will determine how accurately we capture flame flashback and its interaction
with the boundary layer, particularly in regions where velocity gradients and turbulence levels
significantly influence flame stabilization and propagation.
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Figure 2.2: Mean-velocity profile of a smooth-flat-plate turbulent boundary layer plotted in log-linear coordinates with
law-of-the-wall normalizations[46]

2.4. Chemical Kinetics
All chemical reactions take place at a definite rate, depending on the conditions of the system. In
combustion modeling it is required to determine rates of reactant consumption and product formation.
One particular species may be formed and consumed by in a number of different reactions, where
some of these reactions may be reversible. Chemical kinetics deals with all of this.

2.4.1. Computation of Reaction Rates
The combustion process contains several chemical reaction. Consider a chemical system ofN species
reacting through M reactions, then a reaction can be represented by [64]:

N∑
k=1

ν′kjMk ⇌
N∑

k=1

ν′′kjMk for j = 1, . . . ,M (2.25)

where Mk is a symbol for species k, ν′kj and ν′′kj are the molar stoichiometric coefficients of species k
in reaction j. From mass conservation we can write:

N∑
k=1

ν′kjWk =

N∑
k=1

ν′′kjWk or
N∑

k=1

νkjWk = 0 for j = 1, . . . ,M (2.26)

where
νkj = ν′′kj − ν′kj (2.27)

For species k, the rate of production/consumption ω̇k is the sum of rates ω̇kj produced by all M reac-
tions:

ω̇k =

M∑
j=1

ω̇kj = Wk

M∑
j=1

νkjQj (2.28)

where Qj is the rate of progress of reaction j which can be expressed as[64]:

Qj = Kfj

N∏
k=1

[Xk]
ν′
kj −Krj

N∏
k=1

[Xk]
ν′′
kj (2.29)
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where Kfj and Krj are the forward and reverse rates of reaction j.

The forward rate constantKfj for reaction j is independent of concentration and given by the Arrhenius
expression which shows that the reaction rate increases exponentially with temperature, making it
particularly relevant in high-temperature combustion reactions [64].

Kfj = AfjT
βj exp

(
− Ej

RT

)
(2.30)

where Afj is the pre-exponential factor, βj is the temperature exponent [dimensionless], Ej is the acti-
vation energy [J/mol], and R is universal gas constant (8.314 [J/mol∙K]). T is the absolute temperature
[K]. All of these constants are typically available in a ”kinetic mechanism” file which will be discussed
in the next section.

The backwards rates Krj are computed from the forward rates through the equilibrium constants [64]:

Krj =
Kfj(

pa

RT

)∑N
k=1(ν

′′
kj−ν′

kj) exp
(

∆S◦
j

R − ∆H◦
j

RT

) (2.31)

where pa is the atmospheric pressure [Pa], ∆H◦
j is standard enthalpy change for reaction j [J/mol] and

∆S◦
j is standard entropy change for reaction j [J/(mol∙K)].

Properties such as heat capacity, enthalpy of formation, entropy, and Gibbs free energy play a crucial
role in accurately modeling combustion processes. They are essential inputs for energy conservation,
species transport, and reaction rate calculations. These values are typically provided along with the
kinetic mechanism file (as discussed in the next section), as temperature fitted functions. The NASA
polynomial coefficients formalism is adopted here.

2.4.2. Reaction Mechanisms
In chemical reactions, various intermediate species and transient bonds are formed. Elementary reac-
tions are single-step processes that often involve reactive intermediates, including radicals. While some
intermediates can be relatively stable, most radicals are highly reactive and short-lived [47]. Chemical
kinetic mechanisms refer to the detailed sets of chemical reactions and associated rate parameters
that describe how fuels and oxidizers interact, depending on temperature, to form products.

The computational cost of detailed mechanisms can be substantial and grows rapidly as the reaction
mechanisms become more detailed. Therefore efforts have been made to develop more practical reac-
tion schemes involving fewer reactions to represent combustion processes. These simplified schemes
are called reduced mechanisms.

From Figure 2.3 we can see that kinetic mechanisms can generate similar or different results, depend-
ing on the kinetic values entered into them. Additionally, the dominant reactions within a mechanism
can shift depending on the conditions, the specific reactions included in the mechanism file, and the
techniques used to construct the mechanism, all of which influence the overall reaction rate and system
behavior.
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Figure 2.3: Representation of ln(k) vs 1/T using kinetic data for two H2/O2 combustion reations [31]

The slope of each line corresponds to the activation energy of the respective reaction mentioned in
Figure 2.3. Differences in slopes between mechanisms indicate variations in predicted reaction rates
for the same H2/O2 reactions. Diverging lines suggest discrepancies in rate constants due to different
elementary reactions included in each mechanism and varying Arrhenius parameters for the same
reactions. Before we choose a mechanism, we need to ensure that it will be valid for our problem of
interest. For our hydrogen problem, we performed a validation step in simplified geometries under lean
conditions against experimental data (see Section 4.1).

2.5. Premixed Combustion
Premixed combustion refers to a process where the fuel and oxidizer are homogeneously mixed before
ignition. In such systems, the flame front propagates into the unburned premixed gases, and the local
burning velocity determines the flame speed relative to the flow. This section explores the fundamentals
of laminar and turbulent premixed flames. The laminar premixed flame represents a simplified model
where the flame structure is smooth and steady while turbulent premixed flames are encountered in
practical systems and are characterized by highly wrinkled and fluctuating flame fronts, significantly
influenced by turbulent eddies interacting with the flame.

2.5.1. Laminar Flames
As shown in Figure 2.4, a one-dimensional, planar premixed flame can be divided into distinct regions.
The propagation speed of a laminar flame relative to the mixture flow is called the laminar flame speed
(SL) which has units of [m/s]. The characteristic thickness of the flame is denoted by δL with units of
[m]. From this schematic, we can identify four key regions in laminar premixed flames [49]:

• Reactants zone: This zone is located far upstream of the flame front, moving from left to right
with velocity (u) equal to laminar flam speed (SL) at a constant temperature (Tu). No reactions
occur here.

• Preheat zone: Temperature of the unburnt mixture increases from Tu to ignition temperature TIG

by heat transfer from the reaction zone. This is a purely thermal diffusive region.
• Reaction zone: In this zone exothermic chemical reactions start dominating resulting in a rapid
temperature rise and the species are converted from reactants to products rapidly due to high
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reaction rates.
• Products zone: Burned gases at high temperature exist in this region.

Figure 2.4: Schematic of a one-dimensional planar and unstretched flame front [12]

This one dimensional model highlights the fundamental thermo-chemical processes governing laminar
flames. The interplay between heat transfer, species diffusion, and reaction kinetics in these zones
and its predictable propagation characteristics are important to understand to further discuss turbulent
flames in the next section as most combustion systems operate under turbulent conditions.

2.5.2. Turbulent Flames
Combustion, even without turbulence is a complex problem involving large range of chemical time and
length scales. Turbulent combustion results from two way interaction of chemistry and turbulence. Tur-
bulence alters the flame structure, which may enhance the chemical reactions but also, in extreme
cases completely inhibit it, leading to flame quenching [64].

To classify turbulent flames into different regimes, as seen in Figure 2.5, three fundamental time scales
need to be considered:

• Turbulent/Integral time scale: This scale (tt) determines how long a turbulent eddy persists and
influences the flame front before dissipating. It governs flame–turbulence interaction and flame
wrinkling. It is defined as the ratio of the integral length scale to the velocity fluctuation of the
largest eddy:

tt =
l0
u′ (2.32)

where l0 is the integral length scale [m], and u′ is the root-mean-square velocity fluctuation [m/s],
so tt has units of [s].

• Kolmogorov time scale: This scale (tk) characterizes the time it takes for the smallest turbulent
eddies to complete a rotation or dissipate. It governs fine-scale mixing and molecular diffusion.
It is defined as the ratio of the Kolmogorov length scale to the velocity fluctuation at that scale:

tk =
ηk
uη

(2.33)

where ηk is the Kolmogorov length scale [m], and uη is the velocity fluctuation at the Kolmogorov
scale [m/s], so tk has units of [s].
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• Chemical time scale: This scale (tc) represents the characteristic time required for chemical
reactions to convert reactants to products in the flame, or equivalently, the time it takes for the
flame to propagate through its own thickness. It is defined as:

tc =
δL
SL

(2.34)

where δL is the laminar flame thickness [m], and SL is the laminar flame speed [m/s], so tc has
units of [s].

Based on these timescales, two dimensionless numbers are derived. The Damkohler number and
Karlovitz number as well as the turbulent Reynolds number can be written as:

DaT =
tt
tc

=
l0/u

′

δL/SL
, KaT =

tc
tk

=

(
δL
ηk

)2

, ReT =
u′l0
ν

(2.35)

Physically, these numbers provide insight into the interaction between turbulence and combustion:

• Damköhler number (DaT ) compares the turbulent time scale to the chemical time scale. A high
DaT indicates that chemical reactions are fast compared to turbulence, meaning the flame re-
mains thin and well-defined (flamelet regime). A low DaT suggests that turbulence dominates
and can disrupt or broaden the flame front (distributed or broken reaction zones).

• Karlovitz number (KaT ) compares the chemical time scale to the Kolmogorov (smallest eddy)
time scale. It measures how deeply turbulence penetrates into the flame structure. Low KaT
implies that only large eddies interact with the flame (wrinkled/corrugated flamelets), while high
KaT means even the smallest eddies can disrupt the inner flame structure (thin reaction zones
or beyond).

• Turbulent Reynolds number (ReT ) characterizes the intensity of turbulence by comparing inertial
to viscous forces at the integral scale. Higher ReT typically corresponds to a broader range of
eddy sizes and more complex flame–turbulence interactions.

The regime diagram for premixed turbulent combustion, as shown in Figure 2.5, can be divided into
different regions based on the relative the integral length scale (l0) and the flame thickness (δL).

• Laminar flames: With ReT < 1, the flames propagates smoothly with no turbulence effects. The
flame maintains a perfectly laminar, undisturbed structure with no wrinkling or distortion

• Wrinkled flames: Moderate turbulence in this regime wrinkles the flame surface (l0 ≫ δL) while
maintaining ηk > δL (KaT < 1). This enhances the surface area which increases the burning
rates.

• Corrugated flames: Stronger turbulence increases wrinkling compared to wrinkled flames while
still preserving ηk > δL. But the internal flame structure still remains laminar.

• Thin reaction zone: The kolmogorov eddies begin to penetrate the flame structure. The larger
eddies still wrinkle the flame, while the smallest eddies disrupt the preheat zone. But the reac-
tion zone itself remains thin and partially intact. This represents a transitional regime between
flamelets and fully broken flames.

• Broken reaction zone (Well-stirred reactor): With very high turbulent intensities, the flame
structure breaks down. Turbulent eddies penetrate both the preheat and reaction zones. The
flame front disappears, and combustion occurs in isolated reaction zones that behave similarly
to a well-stirred reactor.



2.6. Flame Front Instabilities 21

Figure 2.5: Regime diagram for premixed turbulent combustion[63]

2.6. Flame Front Instabilities
In premixed flames propagating at subsonic speed, intrinsic instability always appears due to inter-
play of several physical mechanisms. Hydrogen flames, in particular, exhibit strong instabilities. The
two dominant mechanisms are thermo-diffusive instability and hydrodynamic instability also known as
Darrieus-Landau Instability.

1. Thermo-diffusive Instability: Premixed H2/air flames are characterized by sub-unity Lewis num-
bers and the strong influence of thermal-diffusive instability. If the molecular diffusion of reactants
is higher than the thermal diffusivity (Le < 1), then the flame front is convex towards the fresh
gases, as seen in figure 2.6: reactants diffuse towards burnt gases faster than heat diffuse to-
wards cold fresh gases. These reactants are heated and then burn faster, increasing the local
flame speed sL. On the other hand, for fronts convex towards the burnt gases, reactants diffuse
in a large zone and the flame velocity sL is decreased [10]. This situation is unstable: the flame
front wrinkling (as well as the flame surface) increases.

Figure 2.6: Thermo-diffusive instability. Grey arrow represents diffused heat and the white arrows represent diffused mass [64]

2. Hydrodynamic Instability: Hydrodynamic effects result from the omnipresent density jump across
the flame leading to deflection of the streamlines ahead of a curved flame front [3]. Streamline
divergence occurs upstream of convex towards the fresh mixture segments of the flame front,
causing a decrease in the local flow velocity in comparison to the laminar flame speed. Upstream
of concave segments streamlines converge, and the flow velocity is larger than the laminar flame
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speed. This flow field variation, controlled by thermal expansion and viscosity, which further en-
hances the wrinkling of an initially weakly curved front as seen in Figure 2.7.

Figure 2.7: Schematic of the DL Hydrodynamic
Instability [33]

Figure 2.8: Non-dimensional streamwise velocity
at y+=5 plane in a premixed flame [33]

From observations from [33], the physical mechanism of the backflow regions (blue surfaces in
figure 2.8) is likely to be the origin of DL instability where the wrinkled flame surface affects the
near-wall pressure field. This induces a positive pressure gradient immediately upstream of the
flame bulge and causes flame flashback.



3
Numerical Modeling of Premixed

Turbulent Flows

In this chapter, the numerical models employed to make the simulation of the reactive flow inside the
trapped vortex hydrogen burner will be discussed. Section 3.1 introduces the different approaches
to Computational Fluid Dynamics (CFD) investigations. Section 3.2 explains Reynolds decomposition
and Favre averaging while Section 3.3 focuses on Large Eddy Simulation (LES). In Section 3.4 two
classic subgrid scale models for turbulence are presented. In Section 3.5 different combustion models
are discussed. Finally in section 3.6, the numerical solver PeleLMeX is explained. These sections will
help in understanding the key differences between the various approaches and models.

3.1. Introduction
Hydrogen combustion has been extensively studied through experimental investigations, but with in-
creasing computational power, CFD has become an essential tool for investigating combustion flows
in complex geometries. Detailed numerical methods allow for realistic simulations which complement
experimental data. In general, the approach for solving turbulent flow equations can roughly be divided
into three classes [64] as seen in Figure 3.1:

• Reynolds Averaged Navier Stokes (RANS): RANS equations are focused on solving the mean
flow and the effects of turbulence on mean flow properties. The equations are obtained by en-
semble averaging the instantaneous governing equations. The RANS equations require less
computational resources for reasonably accurate results as compared to other two approaches.

• Large Eddy Simulations (LES): This is an intermediate form of turbulent calculations where
larger eddies are resolved while smaller ones are taken in consideration using sub-grid scale
models. The small scale eddies are in general isotropic and have a universal behavior while the
large scale eddies on the other hand are highly anisotropic and their behavior depends on the
geometry of the domain and the boundary conditions. LES require finer grid cells compared to
RANS but coarser compared to DNS.

• Direct Numerical Simulations (DNS): These simulations solve full instantaneous Navier-Stokes
equations without any model for subgrid scale quantities. The NS equations are solved on spatial
grids that are sufficiently fine to resolve the Kolmogorov length scales.

23
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Figure 3.1: Time evolutions of local temperature computed with DNS, RANS or LES in a turbulent flame brush [64]

3.2. Reynolds Decomposition and Favre Averaging
RANS equations are extensively used in the industry for modeling turbulent flows. This is because
they require least computational resources and time. This is done by decomposing the instantaneous
components into a mean value with a fluctuating component superimposed on it as shown in Eq. 3.1.

f = f̄ + f ′ with f̄ ′ = 0 (3.1)

For density-varying flows, any quantity f may be split into mean and fluctuating components using
Favre averaging:

f̃ =
ρf

ρ
(3.2)

Using this definition, f is decomposed as:

f = f̃ + f ′′ (3.3)

here, ρ denotes the Reynolds average of the density, while ρf represents the Reynolds average of the
product of the instantaneous density and the quantity f . The term f̃ is the Favre average of f . The
quantity f ′′ denotes the Favre fluctuation component.

3.3. Large Eddy Simulations (LES)
Unlike RANS, which relies on ensemble averaging to model all turbulent scales, Large Eddy Simulation
(LES) uses a spatial filtering operation to separate the large, energy-containing eddies from the smaller
subgrid-scale (SGS) eddies. LES provides a better representation of unsteady, three-dimensional tur-
bulent structures and is particularly well-suited for capturing the dynamics of turbulent reacting flows.
In this work, we primarily rely on LES for simulating the combustion processes.

A filtered quantity ϕ is defined as

ϕ(x, t) =

∫∫∫
G(x, x′,∆)ϕ(x′, t) dx′ (3.4)

here, G is the LES filter function, and ∆ is the filter cut-off length (for implicit LES) which is given by:

∆ = (∆x∆y∆z)
1
3 (3.5)

The filtering operation are applied to the general equation mentioned in section 2.2 to give LES equa-
tions. The tilde operator represents Favre averaging[64].

- Mass:
∂ρ

∂t
+

∂

∂xi
(ρũi) = 0 (3.6)
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- Momentum:
∂ρũi

∂t
+

∂

∂xj
(ρũiũj) +

∂p

∂xi
=

∂

∂xj
[τij − ρ(ũiuj − ũiũj)] (3.7)

- Chemical species:

∂(ρỸk)

∂t
+

∂

∂xj
(ρũj Ỹk) =

∂

∂xj

[
VkjYk − ρ(ũjYk − ũj Ỹk)

]
+ ω̇k (3.8)

- Enthalpy:

∂ρh̃s

∂t
+

∂

∂xj
(ρũj h̃s) =

Dp

Dt
+

∂

∂xj

[
λ
∂T

∂xj
− ρ(ũjhs − ũj h̃s)

]
+τij

∂uj

∂xi
− ∂

∂xj

(
ρ

N∑
k=1

VkjYkhs,k

)
+ω̇T

(3.9)

All of the above equations contain unresolved fluxes due to the LES filtering operation. For momentum,
these appear as Reynolds stresses:

τsgs = ρ(ũiuj − ũiũj), (3.10)

while in the chemical species and enthalpy equations, similar unresolved fluxes arise in the form of
filtered scalar transport terms:

ρ(ũjYk − ũj Ỹk), ρ(ũjhs − ũj h̃s). (3.11)

These sub-grid scale terms are modeled to account for the influence of unresolved small scale mo-
tions. Additionally, the chemical reaction source term, ω̇k, is filtered; see Section 3.5 for details on its
treatment.

3.4. Turbulent Models
Since small scale eddies are approximately isotropic we can model them using eddy-viscosity ap-
proach:

τsgs = −νsgs

(
∂ũi

∂xj
+

∂ũj

∂xi
− 2

3
δij

∂ũk

∂xk

)
+

1

3
τkkδij (3.12)

here, νsgs is the sub-grid eddy viscosity and can be calculated usingmodels like Smagorinskymodel [72]
and the wall-adapting local eddy viscosity (WALE) model [57], which are detailed briefly below.

3.4.1. Smagorinsky Model
It introduces an eddy viscosity based on the local strain rate of the resolved velocity field, assuming that
subgrid stresses are aligned with the large-scale strain. The sub-grid eddy viscosity is given as [72]:

νsgs = L2
s(2S̃ijS̃ij)

1/2 (3.13)

where, Ls is the Smagorinsky length scale, S̃ij is the strain rate tensor. The Smagorinsky length scale
is defined as:

Ls = Cs∆ (3.14)

The Smagorinsky model is the oldest LES model, but because of its simplicity it is widely used. But,
it has some drawbacks like it tends to overpredict dissipation near walls due to dependence on strain
rate alone, it requires wall-damping or dynamic modification near solid boundaries and the value of the
constant Cs can depend on the flow conditions.
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3.4.2. Wall-Adaptive Local Eddy (WALE)
An alternative to the Smagorinsky model is the Wall-Adaptive Local Eddy (WALE) viscosity model. It
is an algebraic model which not only performs well close to the wall, but is also computationally less
expensive. The subgrid eddy viscosity is calculated using the following relation [57]:

νsgs = (Cw∆)2
(Sd

ijS
d
ij)

3
2

(S̃ijS̃ij)
5
2 + (Sd

ijS
d
ij)

5
4

(3.15)

where, Cw = 0.325 is the WALE model constant, S̃ij is the resolved strain rate tensor and Sd
ij is the

traceless symmetric part of the velocity gradient tensor. The tensor Sd
ij is computed as:

Sd
ij =

1

2
(g̃ij

2
+ g̃ji

2
)− 1

3
δij g̃kk

2 (3.16)

3.4.3. Sigma Model
Nicoud et al. [58] introduced the σ-model. The eddy-viscosity based, subgrid-scale model is derived
from the analysis singular values of the resolved velocity gradient tensor. The model was introduced
with the aim to overcome the limitation of classical models such as Smagorinsky andWALE by ensuring
a set of desirable and numerical properties. The σ-model defines the subgrid-scale (SGS) viscosity as:

νSGS = (Cσ ∆)2 Dσ, (3.17)

whereDσ is a differential operator constructed from the singular values σ1 ≥ σ2 ≥ σ3 ≥ 0 of the velocity
gradient tensor. These singular values are always real and non-negative, and they represent the local
stretching and rotation characteristics of the resolved velocity field. This ensures the model contributes
viscosity only when necessary.

Dσ =
σ3 (σ1 − σ2)(σ2 − σ3)

σ2
1

. (3.18)

The constant Cσ ≈ 1.35 is a model coefficient.

3.5. Combustion Models
In turbulent combustion modeling, the distinction between finite rate and infinite rate combustion ap-
proaches is fundamental to understanding the interaction between chemical kinetics and turbulent mix-
ing. Early models such as Spalding’s Eddy Break Up model [73] and the mixture fraction approach
assumed infinitely fast chemistry, where chemical reactions occur instantaneously once the reactants
are mixed. These infinite rate (or fast-chemistry) models allowed for relatively simple prediction of
global flame features like flame length and mean temperature. However, such assumptions break
down in conditions where the chemical timescales are comparable to or longer than the turbulent mix-
ing timescales, as seen in lean flames [29]. These phenomena require finite rate combustion models,
which explicitly account for the competition between turbulence and chemical kinetics. Finite rate mod-
els, including the flamelet [88], transported probability density function (PDF) [88] and Eddy Dissipa-
tion Concept (EDC) [55] approaches, provide a more accurate framework for predicting reaction zone
structure, pollutant formation, and flame stabilization under conditions where the chemistry cannot be
considered instantaneous.

Many practical combustion systems such as internal combustion engines and gas turbines operate
within the wrinkled flame, corrugated flame, or thin reaction zone regimes. Consequently, much of
the modeling focus has been on premixed turbulent combustion in these conditions. Each combustion
model provides a closure for the mean or filtered reaction rates (ω̇k) as shown in Eq. 3.8, and therefore
for the mean heat release rate, by making assumptions about how mixing, turbulence, and chemical
kinetics interact. Combustion models are developed for specific regimes, as shown in Figure 2.5 based
on non-dimensional number explain in section 2.5.2.

A variety of models have been developed to represent premixed turbulent combustion, each differing in
how they capture the interaction between turbulence, mixing, and chemical kinetics. Among the more
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recent developments, the Thickened Flame Model (TFM) [14] and the Flamelet Generated Manifold
(FGM) [82] approach offer improved treatment of finite-rate chemistry and are particularly suited for
high-fidelity CFD simulations. These models are discussed in detail in the following sections.

3.5.1. Flamelet Generated Manifold (FGM)
The Flamelet-Generated Manifold model shares the idea of flamelet approach [30], which proposes
that under turbulent combustion, the chemical time scales are much shorter than the turbulent time
scales such that a turbulent flame is an ensemble of laminar flames that have an internal structure
not significantly altered by the turbulence. This approach assumes that the chemical composition and
structure of the flame in multi-dimensional configurations closely follow the paths observed in 1D lami-
nar flamelets.

FGMmodel precomputes a large set of flamelet solutions from detailed chemical kinetics and then stor-
ing them in a high-dimensional table, or manifold, indexed by a small number of control variables [82].
As a result of this, less controlling variables are sufficient to represent the combustion process. There-
fore, the dimension of the look-up table can be kept low and during CFD, this table is accessed to
reconstruct thermochemical states without solving full reaction kinetics directly. In the FGM framework,
the chemical state of the flame is described by a small number of control variables, like a reaction
progress variable Ycv and, if required, the enthalpy h to account for heat losses. The progress variable
Ycv represents the advancement of the chemical reaction.

Ycv =
∑
i

ciYi, (3.19)

where the coefficients ci are chosen such that Ycv = 0 in the unburned mixture and Ycv = 1 in the fully
burned gas. During manifold generation, all species mass fractions and thermochemical quantities are
expressed as functions of these control variables. Equation 3.9 can be reduced to a suitable form for
laminar flamelet calculations used in the Flamelet-Generated Manifold (FGM) approach [82].

∂ρh

∂t
+∇ · (ρvh)−∇ ·

(
λ

cp
∇h

)
= ∇ · F, (3.20)

where F represents the enthalpy flux due to preferential diffusion:

F =

N∑
i=1

hi

(
1

Lei
− 1

)
λ

cp
∇Yi, (3.21)

Due to the introduction of a manifold, all species mass fractions Yi become functions of the controlling
variables Ycv and h. The manifold explained here corresponds to a non adiabatic premixed flamelet
FGM. Therefore, the enthalpy flux can be expressed as:

F =

N∑
i=1

hi

(
1

Lei
− 1

)
λ

cp

(
∂Yi

∂Ycv
∇Ycv +

∂Yi

∂h
∇h

)
. (3.22)

After some rearrangement and the introduction of a coefficient α, the enthalpy flux can be written as a
function of the gradient of Ycv only:

F = α∇Ycv. (3.23)

The coefficient α is stored in the FGM database together with the variables required to solve the con-
servation equations (i.e., ρ, λ, cp, and ωcv).

3.5.2. Thickened Flame Model(TFM)
The thickened flame model (TFM) also known as artificially thickened model (AFM) was first proposed
by Butler and O’Rourke [14]. The approach models the flame front which is usually too thin to be re-
solved on a typical LES mesh, and simply perceived as a region of sharp discontinuity on a coarser
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mesh by thickening the flame as seen in Figure 3.2 so the mesh can resolve the scalar gradients across
the flame. This approach helps in capturing the flame dynamics and minimizing numerical diffusion er-
rors due to a thin flame front.

Figure 3.2: Artificially thickened flame, showing difference between actual and thickened flame [67]

The method is a spatial and temporal transformation of the flame from a coarse mesh to a finer mesh.
The approach gives the same laminar flame speed (SL) which is proportional to the square root of the
thermal diffusivity (α) and the reaction rate (ω̇k) by increasing the diffusivity and decreasing the reaction
rate proportionally [67]:

SL ∝
√

αω̇k (3.24)

The laminar flame thickness (δL) is inversely proportional to the laminar flame speed and can be ex-
pressed as:

δL ∝ α

SL
=

√
α

ωk
(3.25)

The thickening factorF is evaluated locally, based upon the values of a sensorΩ detecting the presence
of a reaction front:

F = 1 + (Fmax − 1)Ω (3.26)

where Fmax depends on the local resolution ∆x and is specified such that at least n points discretize
the flame front:

Fmax =
n∆x

δl
(3.27)

Here, n is the minimum number of points required to properly describe the flame front. All species
diffusion coefficients, as well as the thermal conductivity, are multiplied by the thickening factor, and all
reaction rates are divided by it. The sensor Ω is calculated as:

Ω = tanh

(
β

|R|
max(|R|)

)
(3.28)

where β is a constant and R is the reaction rate.
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3.6. Numerical Solver - PeleLMeX
In this study, simulations are carried out using the Pele suite. Pele was developed as part of the US
Department of Energy Exascale Computing Project (ECP) [66] for high-fidelity detailed simulations of
turbulent combustion in open and confined domains. The Pele suite comprises PeleC, a compressible
reacting flow block-structured adaptive mesh refinement solver and PeleLMeX, its low-Mach number
counterpart. Both PeleC and PeleLMeX leverage the AMReX library [87], which allows Pele to im-
plement a block structured AMR approach, an embedded boundary (discussed later in this section)
formulation for complex geometries, and a performance portability framework for graphics processing
unit (GPU) execution [27]. Both solvers share underlying software infrastructure, numerical methods,
and parallelization strategies but there are differences, specifically with respect to the implementation
of the low-Mach assumption. For this work we will be using PeleLMeX, applicable for the flow regimes
under consideration. PeleLMeX uses a finite volume (FV) approach to solve the multi-species reacting
Navier-Stokes equations in their low Mach number limit [18]. The Pele suite is publicly available at the
software’s GitHub repository [6].

Figure 3.3: The Pele software suite (blue) and main libraries leveraged (green) [27]

PeleLMeX relies on several external libraries that provide essential capabilities for solving reacting-flow
problems (Figure 3.3):

• PelePhysics handles the thermodynamic models and parameters, transport properties, chemical
reactions and finite-rate chemistry integration (via SUNDIALS [28]).

• SUNDIALS (Suite of Nonlinear and Differential/Algebraic Equation Solvers) is an open-source
library for solving stiff and non stiff ODE systems. Stiff ODE systems like reacting systems contain
widely separated time scales, which generally require a very small time steps to remain stable,
when explicit integration is considered.

• AMReX-Hydro which is a hydrodynamics library within the AMReX framework that implements
the core numerical algorithms for advection.

In PeleLMeX, the advection components (larger time scales compared to diffusion) are treated explicitly
with a 2nd order Godunov scheme modified for EBs, while diffusion is treated semi-implicitly with a
Crank-Nicholson scheme. The stiff chemistry in the low-Mach limit is treated implicitly with CVODE
which is a numerical solver offered through SUNDIALS. The overall time advancement scheme relies
on a modified spectral deferred correction (SDC) algorithm [59]. The time step is constrained by the
Courant–Friedrichs–Lewy (CFL) condition.

3.6.1. Finite Rate Chemistry
In reacting-flow simulations, the chemical source terms appearing in the species and energy transport
equations represent the rates at which chemical reactions transform one set of species into another.
When these reaction rates are computed explicitly from elementary chemical kinetics (see Eq. 2.29)
based on the law of mass action and the Arrhenius rate law, the approach is termed finite-rate chem-
istry. In PeleLMeX, detailed finite-rate chemical kinetics are integrated without any subgrid combustion
closure at this time (Section 3.5). Simulations are expected to use a mesh closer to DNS resolution,
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where the need for a turbulent combustion model becomes less critical, since all fluctuations are re-
solved [29].

In each computational cell, the reaction source terms are evaluated directly from the local resolved
thermodynamic fields. Using the Favre-filtered quantities defined in the LES formulation, the local
reaction rate for species k is expressed as

ω̇ cell
k = ω̇k(T̃ , Ỹi), q̇ cellchem = −

∑
k

hk(T̃ ) ω̇
cell
k .

where T̃ and Ỹi are the Favre filtered temperature and species mass fractions, respectively, and hk

is the specific enthalpy of species k. Here, q̇ cellchem denotes the cell wise chemical heat release rate
due to combustion. The filtered reaction rate ω̇k, which represents the LES filtered average of the
instantaneous chemical source term, is approximated by evaluating the finite rate kinetics at the filtered
variables:

ω̇k ≈ ω̇k(T̃ , Ỹi).

3.6.2. Embedded Boundary (EB) Approach
PeleLMeX uses EBs to represent geometrical objects within a structured grid without the need to body
fitted mesh. In this approach the underlying computational mesh is uniform and block-structured, but
the boundary of the irregular-shaped computational domain conceptually cuts through this mesh as
seen in Figure 3.4. Each cell in the mesh becomes labeled as regular, cut or covered, and the finite-
volume based discretization methods traditionally used in AMReX applications need to be modified to
incorporate these cell shapes [77].

This relatively simple grid generation technique allows meshes for complex geometries to be generated
quickly and robustly. But, the technique can produce arbitrarily small cut cells in the domain. AMReX
provides the necessary EB data structures, including volume and area fractions. The fluxes, gradi-
ents and other numerical operators are adjusted to account only for the fluid region of the cells. The
method might also involve generation of ghost cells or performing interpolation if a boundary condition
is imposed directly on the embedded boundary surface.

Figure 3.4: Rectangular mesh is cut by the irregular shape of the computational domain using EB approach [77]
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Modelling Approach

This chapter includes the description of the numerical modeling approach used in PeleLMeX. Sec-
tion 4.1 presents the selected chemical kinetics mechanism and its validation. Section 4.2 outlines
the geometry description (using Pele’s EBs) employed for cold and reactive flow simulations. In Sec-
tion 4.3, a talk about different mesh refinement criteria used in PeleLMeX is followed by Section 4.4
which explains the selected boundary and initial conditions. Finally, in Section 4.5, a summary of the
sampling strategy used for post processing is provided.

4.1. Mechanism Validation
The different kinetic mechanisms mentioned in Table 4.1, have different number of reactions and
species involved. So, it is important to investigate their behavior against fundamental combustion
properties like laminar burning velocity and ignition delay, in conditions similar to our problem of inter-
est. These markers are experimentally measurable, making them ideal benchmarks to validate how
well a chemical kinetic mechanism predicts real-world behavior. This is done with the help of an open
source software Cantera [32]. The software is integrated as an extension package in a Python interface.
For the laminar burning velocity computations, a FreeFlame object was used. This model solves the
steady-state 1D premixed flame equations and allows for variable temperature, species, and velocity
profiles across the flame. For the ignition delay calculations, an IdealGasReactor was used in Cantera.
This reactor assumes constant volume, adiabatic conditions and a homogeneous mixture.

Table 4.1 shows five different mechanisms. Out of these five we chose to proceed with the LiDryer and
Boivin mechanism for further analysis using Cantera. LiDryer and Boivin are well-established mech-
anisms widely used and validated in literature for (high-pressure) hydrogen combustion [86]. They
have been tailored specifically for H2/O2 combustion. In contrast, mechanisms such as GRI-Mech
3.0, O’Connaire, and San Diego were developed primarily for hydrocarbon fuels and are less suit-
able for pure H2 applications [62]. All mechanisms contain 9 species but they differ in their reaction
networks, with the non-hydrogen-specific mechanisms introducing additional complexity and higher
computational cost without corresponding benefits for H2 focused simulations [62].

Mechanism No. of species No. of reactions Reference
LiDryer 9 19 [51]
San Diego 9 21 [11]
O Conaire 9 19 [61]
Boivin 9 12 [13]
GRI Mech 3.0 9 24 [31]

Table 4.1: Mechanisms available for hydrogen combustion

31
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Figure 4.1: Laminar Burning Velocity vs Equivalence Ratio for H2-air mixture at 1atm pressure and 298K unburned mixture
temperature

Figure 4.1 compares laminar burning velocities from two kinetic mechanisms (Li and Boivin) with ex-
perimental data from Alekseev et al. [2] and Krejci et al. [44]. The equivalence ratio spans from lean
to rich mixtures (0.50–2.50). The computational results show reasonable agreement with experiments,
though deviations at ϕ <1.0 suggest potential refinements in the mechanisms’ low-temperature kinet-
ics. Peak velocities occur near stoichiometric conditions (ϕ=1.0), consistent with typical flame behavior.

Figures 4.2 and 4.3 present comparative ignition delay predictions using the Li and Boivin chemical
kinetic mechanisms under varying conditions of pressure and equivalence ratio. In Figure 4.2, at ϕ
= 1 and 2 atm, both mechanisms capture of ignition delay with increasing temperature (1000/T), with
Li and Boivin curves nearly overlapping at higher temperatures and the Li mechanism giving slightly
better results at low temperatures when compared with Konnov et al. [43]. Figure 4.3 compares how
ignition delays at lean and atmospheric conditions (ϕ = 0.3, 1 atm) differ from the baseline case of ϕ
= 1 at 2 atm. Since experimental data for such low equivalence ratio at atmospheric pressure was not
available, this comparison highlights the relative behavior of the mechanisms. At leaner conditions and
lower pressure, both mechanisms predict similar ignition delays.

Figure 4.2: Ignition Delay Comparison for Li and Boivin
Mechanisms at 2atm with ϕ = 1

Figure 4.3: Ignition Delay Comparison for Li and Boivin
Mechanisms at 1-2atm with ϕ = 0.3− 1
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Among the two mechanisms evaluated, the Li mechanism shows better consistency with experimental
laminar burning velocity data, while Boivin mechanisms slightly over predicts it. Also from Figure 4.2 the
Li mechanism exhibits closer alignment with experimental ignition delay times at lower temperatures,
while maintaining comparable performance to the Boivin mechanism at higher temperatures. These
factors make the Li mechanismmore reliable for hydrogen combustion modeling and justify its selection
for our study. The reaction mechanism file for LiDryer mechanism is shown in Figure 4.4.

Figure 4.4: The LiDryer mechanism for H2/O2 combustion [51]

4.2. Model Setup
The side view of the geometry used in this work is shown in Figure 4.5. This 2D version of the
FlameSheet™ burner is more computationally affordable than its 3D counterpart. Gruber et al. [35]
and Hegde [36] used a similar computational domain for their reactive and non reactive LES simula-
tions, although they both had a non zero spanwise dimension (and the version from [35] had reduced
dimensions). For our work we will be using the sharp liner tip.

PeleLMeX is developed in C + +. In its current implementation the geometry is hard-coded within
the source files rather than being read from external CAD files. The computational domain has been
chosen to span 240 mm by 60 mm and the trapped vortex burner geometry has been created using
the AMReX geometry classes. The embedded boundary module in AMReX represents geometries
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as implicit functions (mathematical descriptions of shapes) which are then combined through boolean
operations such as union, intersection, and difference to construct complex domains. The current
implementation consists of six simple shapes, five of them can be seen in Figure 4.5 (white numbers)
while the sixth was used for creating the sharp liner tip. After creating these individual components,
the complete fluid region is obtained by taking the union of all components and then subtracting this
combined shape from the outer, rectangular, computational domain.

Figure 4.5: Side view of the trapped vortex burner with dimensions

4.3. Mesh Refinement
In this work, Adaptive Mesh Refinement (AMR) is heavily used. It enables to resolve regions of interest
with higher spatial accuracy while keeping the computational cost manageable. The computational
domain size, resolution, refinement levels and other parameters are set in the input source file.

The base mesh is defined with 256 × 64 cells at level 0, covering the full computational domain. We
allow the solver to refine up to five additional AMR levels, with a refinement ratio of 2 in each direction
between successive levels. This means that the smallest grid spacing is reduced by a factor of 25 = 32
relative to the base grid. The refinement is updated every five time steps and includes two buffer cells
around tagged cells. The blocking factor is set to 16 and the maximum grid size per AMR patch is
limited to 32 cells in any direction.

In addition to AMR, localized fixed refinement regions are applied to ensure that the (y+) remains
below 1 near solid surfaces. A box-based refinement is used to increase resolution at both inlets, while
EB-specific refinement is used to accurately capture the liner walls and curved geometrical features.
The refinement parameters are configured to maintain sufficient grid resolution near critical flow regions
and to resolve boundary-layer gradients effectively.

To have y+ < 1 we require a sufficiently small first-layer cell height. Using the base (level 0) mesh we
get a resolution of:

∆y0 =
0.06

64
= 9.375× 10−4

For a fully developed internal turbulent flow with Re = 1.2 × 104, the inlet velocity is U = 10.2 m/s, air
density ρ = 1.184 kg/m3, and kinematic viscosity ν = 1.561× 10−5 m2/s.

Using the Blasius correlation for the Darcy friction factor (valid for 4× 103 ≤ Re ≤ 105):

f = 0.3164Re−1/4 = 0.3164 (12000)−1/4 ≈ 0.0302,

giving a wall shear stress of

τw =
f

8
ρU2 =

0.0302

8
× 1.184× (10.2)2 ≈ 0.465 Pa.
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The friction velocity is

uτ =

√
τw
ρ

=

√
0.465

1.184
≈ 0.627 m/s.

The first layer height corresponding to y+ = 1 is

y+ ν

uτ
=

1.0× 1.561× 10−5

0.627
≈ 2.49× 10−5 m.

Hence, the required first cell thickness is

y1 ≈ 2.5× 10−5 m.

With a base mesh spacing of ∆y0 = 9.375 × 10−4 m and a refinement ratio of 2 per AMR level, the
required number of AMR levels is L such that ∆yL < y1:

∆yL =
∆y0
2L

⇒ 2L ≥ ∆y0
y1

=
9.375× 10−4

2.49× 10−5
≈ 37.7,

L ≥ log2(37.7) ≈ 5.23 ⇒ Lrequired = 6.

However, to be computationally manageable, the maximum allowed AMR levels is set to 5, giving a
first-layer height of

∆y5 =
∆y0
25

=
9.375× 10−4

32
≈ 2.93× 10−5 m,

corresponding to

y+5 =
uτ ∆y5

ν
=

0.627× 2.93× 10−5

1.561× 10−5
≈ 1.18.

Thus, with 5 AMR levels, the near-wall resolution slightly exceeds y+ = 1 but remains within the viscous
sublayer.

4.4. Boundary and Initial Conditions
This section outlines the boundary and initial conditions used in the cold-flow and reactive-flow simula-
tions, including the variations applied to the liner wall for the reactive-flow cases, which were introduced
to assess the influence of thermal boundary effects on the overall flow and combustion behavior.

Table 4.2 summarizes the cold flow and reactive flow CFD cases investigated in this study.
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Case Dimension Core Flow Reynolds Number Liner Walls BC
Cold Flow
CF-1 2D ✓ 12,000 No-slip, Isothermal (300 K)
CF-2 3D ✓ 12,000 No-slip, Isothermal (300 K)

Reactive Flow
RF-1 2D 7 12,000 No-slip, Adiabatic
RF-2 2D 7 12,000 No-slip, Isothermal (300 K)
RF-3 2D 7 12,000 No-slip, Isothermal (F)
RF-4 2D 7 8,000 No-slip, Adiabatic
RF-5 2D 7 8,000 No-slip, Isothermal (300 K)
RF-6 2D 7 8,000 No-slip, Isothermal (F)

Table 4.2: Summary of CFD cases simulated in this work. Symbols for the BC will be explained in Section 4.4.1. Case CF-2
was not simulated in the framework of this MSc thesis.

4.4.1. Boundary conditions
The computational domain contains four primary boundary types as seen in Figure 4.5. Both the main
inlet and the core inlet are prescribed as velocity inlets, each with a bulk velocity of 10.2m/s for the cold
flow simulations (Re = 12000). For the reactive flow simulations, inlet velocities of 10.2m/s and 6.8m/s
are examined, corresponding to Reynolds numbers of 12,000 and 8,000 respectively. In this case, the
core inlet is sealed to maintain boundary conditions consistent with the experimental configuration.

The core inlet lies on the physical domain boundary, whereas the main inlet is defined on an embedded
boundary (EB). The left boundary of the domain is specified as an outlet. All solid surfaces including
the top and bottom channel walls as well as the burner liner are treated as no slip, adiabatic walls
maintained at 300K for the cold flow case, and the same wall conditions are applied in the reactive flow
simulations.

The liner wall includes three segments colored in red, in Figure 4.5, and is assigned three different
boundary conditions for tests and comparisons, in the reactive flow simulations. These conditions are:
(i) a no slip isothermal wall maintained at 300K, (ii) a no slip adiabatic wall, and (iii) a no slip isothermal
wall with a spatially varying temperature profile (the F cases in Table 4.2). For the latter case, the wall
temperature is prescribed using a third degree polynomial fit, based on measured liner temperature
data from Zeman and Pichler [85]. The third degree polynomial was obtained by fitting the measured
wall temperature data (converted to Kelvin) against their corresponding CFD coordinates (in meters).
The polynomial coefficients were computed using a least squares regression (numpy.polyfit). The
resulting function provides a smooth temperature profile suitable for numerical integration.

Figure 4.6: Third degree polynomial for temperature
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The final polynomial for the temperature profile is given by

T (x) = −3.720× 104x3 + 4.722× 103x2 + 9.883× 102x+ 489.488 (4.1)

4.4.2. Initialization of the Cold-Flow Simulations
The initial conditions in the simulation are set by computing the physical coordinates of each cell center
based on the problem domain’s lower bounds and the grid spacing. The flow is initialized with oxygen
(O2) and nitrogen (N2) mass fractions of 0.233 and 0.767, respectively at 300 K (air composition). A
uniform inlet velocity of -10 m/s is assigned in the x direction, while velocities in the other directions are
set to zero in the entire domain. The solver starts by ensuring that the low-Mach condition is respected
by recomputing the initial velocity field [60].

4.4.3. Initialization of the Reactive-Flow Simulations
The computational domain is initially filled with air (see above), with the temperature set to an initial
value of 300 K everywhere. H2 is introduced with a small mass fraction corresponding to ϕ = 0.2
while O2 and N2 fractions are correspondingly adjusted to maintain overall mass balance, resulting in
a locally premixed hydrogen air mixture in the inlet channel. Combustion is initialized with the help of a
hot spot near the tip of the thin liner, consisting of a hot pocket of combusted mixture of H2 and air, at
ϕ = 0.2 (computed via the use of Cantera), see Fig. 4.7. The velocity field is initialized with a uniform
inflow of 10.0 m/s in the negative x direction, while the other velocity components are set to zero.

Figure 4.7: Temperature contour showing the combustion ignition hotspot

Using the equation of state, the density and enthalpy are calculated from the pressure, temperature,
and species composition. Finally, species mass densities are initialized by multiplying the species mass
fractions by the computed density, thus fully defining the initial thermochemical state of the flow field.
Just as before, the solver starts by enforcing the low-Mach condition.

4.5. Sampling for Post Processing
The turbulent time scale represents the motion of large eddies in the turbulent flow. It gives an estimate
of how quickly fluid properties change in time. It can be estimated in terms of flow properties, as:

τ0 =
Dh

Uu
=

ρuD
2
h

µuReDh

Using,
ρu = 1.184 kg/m3, µu = 1.846× 10−5 Pa · s, Dh = 0.01 m, ReDh

= 12000,

τ0 =
1.184× 10−4

0.22152
≈ 5.34× 10−4 s.

where ρu, µu and Uu are the unburnt mixture density, dynamic viscosity and bulk velocity, respectively,
and Dh is the inlet channel diameter. For exporting plot files from PeleLMeX, the acquisition time step
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∆tpp (time interval between consecutive output files) is chosen as a fraction of the turbulent time scale.
Selecting ∆tpp as a small fraction of τ0 guarantees that multiple acquisition time steps occur within
one turbulent cycle, allowing accurate tracking of the temporal variations in flow quantities. This is
necessary to properly account for transient turbulent structures and maintain convergence of statistical
quantities.

∆tpp = 0.3 τ0 = 0.3× 5.34× 10−4 ≈ 1.60× 10−4 s,

Finally, the total duration for data sampling is set to 30 times the turbulent time scale [71]:

tsample = 30 τ0 = 30× 5.34× 10−4 ≈ 0.0160 s.



5
Results and Discussion

This chapter will describe the cold and reactive flow simulations performed on the trapped vortex hy-
drogen burner. As per Table 4.2, 7 2D simulations were performed in this study, while the 3D blunt tip
massively parallel simulation was already available from previous TUD work (which is important as it
ensures that our choice of numerical options is adapted and can accurately capture flow features inside
the burner). The simulations performed in this work are quasi-DNS (see explanation of Section 4.3).
In DNS, all the length and time scales are completely resolved for both fluid motions and chemical
reactions. Because of this a combustion DNS using detailed chemistry requires dozens of millions of
CPU hours and generates hundreds of Terabytes of data [53], which is not practical for exploratory
studies. It is a common practice, especially for turbulent reacting flows, to perform 2D investigations to
evaluate models [5]. It provides a practical and scientifically valid alternative, especially when the goal
is to probe sensitivity responses.

5.1. Cold Flow Simulations
5.1.1. 3D Cold Flow (Blunt Tip)
The two contour plots shown in Figure 5.1 represent velocity magnitude fields obtained from a 3D
Large Eddy Simulation (LES) of the cold flow in the blunt tip burner geometry, at the mid plane of
the domain. The LES uses the SIGMA model [58]. With LES we can observe transient features like
turbulent structures throughout the shear layer and around the curved section of the burner, illustrating
the inherently unsteady nature of the flow. We can see the flow separating from the outer wall of the
curved region. The contour (b) represents a time averaged velocity magnitude plot. The averaging
process smoothes instantaneous fluctuations. The mean field highlights the dominant flow patterns,
including the high-velocity core and the low velocity or recirculation region. This averaged velocity
distribution is used for comparison against experimental PIV measurements [4] and for validating the
LES simulation.

39
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(a) Instantaneous velocity magnitude

(b) Averaged velocity magnitude

Figure 5.1: Velocity magnitude contours from 3D LES

From the combustion Lab at TU Delft’s Process and Energy Department, velocity data for seven profiles
extracted at the location shown in Figure 5.2 are available [4]. These profiles are used to validate the
cold flow LES simulation.

Figure 5.2: Profiles (1-7) along which normal velocities are obtained using PIV
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(a) Along curves 1 and 2 (b) Along curves 3 and 5

Figure 5.3: Comparison of normal velocity profiles from LES with PIV data

Comparisons results for 4 locations are shown in Figure 5.3. In these plots, the normal velocity at the
curves’ location are non dimensionalized using the bulk velocity (10.2 m/s). All the profiles show a
slightly higher peak velocity than the PIV data. The shear layer is also more stable in the LES, which is
consistent with not using an inlet turbulent profile. Overall, the LES simulations show a good agreement
with the PIV velocity profiles and enable to validate the computational approach.

Figure 5.4 shows a 3D visualization of the turbulent structures via the Q criterion. Note that this simula-
tion was performed with the blunt tip burner configuration. These structures are particularly dominant
downstream of the bend, where strong shear layers and flow curvature lead to enhanced turbulence
production. The visualization helps show how vortices form, break down, and move through the burner,
giving a clear picture of how turbulence develops and how it affects the mixing of the flow.

Figure 5.4: Q-Criterion Visualization
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5.1.2. 2D Cold Flow (Sharp Tip)
Figure 5.5 and 5.6 shows the instantaneous and time averaged velocity magnitude contours for the cold
flow simulation with a sharp tip. Figure 5.5, illustrates the turbulent behavior of the flow while Figure 5.6
displays the resulting mean velocity distribution. A 2D simulation cannot capture the full spectrum
of turbulent motions or out of plane vortices, resulting in a less realistic representation of turbulence
compared to a 3D simulation. Also, the change in tip geometry produces noticeable differences in the
flow development. In the sharp tip geometry the incoming jet follows the shape of the sharp tip with a
clear acceleration of the flow around the leading tip and we see a low velocity layer adjacent to the outer
bend. These flow patterns are consistent with the 3D sharp tip simulations performed by Hedge [36].
However, the instantaneous plot also shows larger and more frequent release of small scale vortices
near the tip which was not seen in the previous study [36].

The averaged velocity field is smoother, but the influence of the sharp tip remains visible. Figure 5.6
compares the average velocity magnitude contour of our work with Hegde. A comparison of the flow
fields indicates that the core jet adheres to the sharp tip similarly in both 2D and 3D simulations. How-
ever, the 3D result exhibits some difference, after the U bend the trajectory of the high velocity jet gets
close to the liner walls in the recirculation region which could influence the trapped vortex. Because 2D
simulation lacks the 3D turbulent cascade responsible for transferring energy to smaller scales, the ef-
fective turbulence dissipation is lower. As a result, 2D simulation exhibits unrealistically high velocities
relative to its 3D counterpart.

Figure 5.5: Instantaneous velocity magnitude

(a) Averaged velocity magnitude 2D (b) Averaged velocity magnitude 3D [36]

Figure 5.6: Comparison of average velocity magnitude with Hegde
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5.2. Reactive Flow Simulations
5.2.1. Instantaneous flame analysis
Figure 5.7 shows instantaneous temperature contours of the six reactive cases that were simulated
in this work with varying thermal BC for the liner walls and main flow Reynolds number. The first
column corresponds to results for Re = 12,000 while the second column shows results for Re = 8,000.
Cases in first, second and third row have adiabatic, isothermal (300K), and temperature fitted isothermal
boundary condition, respectively, with the core flow inlet Reynolds numbers Recore = 0 (plugged core
flow inlet).

(a) RF-1 (b) RF-4

(c) RF-2 (d) RF-5

(e) RF-3 (f) RF-6

Figure 5.7: Instantaneous temperature contours from 2D DNS

At the higher Reynolds number, the flow is more turbulent, and the adiabatic boundary condition in
case (a) produces a hotter flame. Since no heat is removed at the liner walls, the gas adjacent to the
wall remains hot, resulting in a very stable flame strongly anchored at the sharp tip. The flame front
gets disturbed by vortices/turbulent structures but remains anchored at the tip. The recirculation region
enhances mixing, supporting continuous combustion and preventing local extinction. As a results RF 1
produces a stable flame. For RF-2 (c), with the 300K isothermal liner walls, the cold boundary extracts
heat from the flame, acting as a strong heat sink. At Re = 12,000, the enhanced turbulent mixing
pushes hot products into contact with the cold wall more frequently, causing periodic quenching of the
flame tail. As a result the flame gets extinguished. A similar extinction behavior was also reported
by Gruber et al. [35]. For RF-3 (e), the fitted temperature boundary condition introduces a spatially
varying wall temperature, but the overall turbulent flow dynamics remain similar to the adiabatic case.
However, unlike the adiabatic wall, the incoming mixture through the main inlet along the wall is slightly
preheated. At the sharp tip the flame gets partially quenched as it tries to anchor. The flame front
gets periodically disturbed by the turbulent structures, particularly the cold flow being recirculated and
mixing with the burnt gases, but the flame is able to reattach itself. Even though unsteady vortices
persist in destabilizing the flame, the system seems to be able to maintain combustion and avoid full
extinction.

At Re = 8000, the flame exhibits significantly lower turbulence intensity, which enables transition to-
wards a quasi laminar regime. Under adiabatic conditions (b), the flame front remains mostly undis-
turbed, and anchored at the tip and the inner liner wall. In case (d) for the isothermal wall at 300 K, the
behavior is similar, although the limited ability of the flow to transport heat back into the flame along
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with a high heat loss through the wall results in the flame getting detached from the wall and leaving
the domain in an nonphysical way, going through a brief period of anchoring near the lowest liner, as
seen in figure 5.7 (d). Finally, in case RF-6 (f) the fitted temperature at Re = 8000, the spatially varying
liner temperature produces a flame wall interaction that is much more physical. The lower turbulence
intensity at this Reynolds number results in reduced turbulence, allowing the imposed wall temperature
profile to influence the flame more directly. As a result, the flame remains more laminar, more stable,
and more often anchored than at Re = 12,000. Because 2D simulations capture low-Reynolds-number
behaviour more reliably than highly turbulent flows, and because the fitted temperature BC is derived
from experimental measurements, this case provides the most realistic representation of the flame
structure amongst all 2D cases considered. Based on the observations discussed above, cases (c)
and (d) will not be considered for further analysis. In both configurations, the flame is unable to sustain
itself. Further examination of these extinguished cases would not provide additional physical insight.

5.2.2. Averaged fields

(a) RF-1

(b) RF-3

(c) RF-4

(d) RF-6

Figure 5.8: Averaged temperature contours from 2D DNS

Figure 5.8, shows the averaged temperature contours for the four reactive cases which maintained
a stable flame. While the instantaneous fields reveal the highly unsteady behavior of the flame and
the surrounding flow, the time averaged fields filter out these fluctuations and expose the underlying
mean flow structure. The averaged contours highlight features like as the recirculation zone, the flame
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position, and the long term influence of thermal boundary conditions. These mean quantities provide
a clearer and more reliable representation of the global flow behavior. The total average time was
approximately 30 ms for all cases.

In case RF-1 (a) and RF-4 (c) in Figure 5.8, with adiabatic walls, the absence of heat loss allows the
flame to anchor firmly at the sharp tip, producing a strong recirculation region of high temperature.
Slight differences in the shape and size of the recirculation zone can be observed. In RF-4, the high
temperature region is slightly more elongated and shifted downstream compared to the adiabatic, RF-1,
case (a). This behavior highlights the influence of Reynolds number on the size and shape of the re-
circulation zone. Interestingly, the numerical prediction here contradict the experimental observations,
which report an increase in recirculation zone size with increasing Reynolds number. One likely expla-
nation is the limitation of the 2D simulations as the absence of 3D vortex dynamics, the flow physics
governing the formation and stability of the trapped vortex cannot be fully captured. Additionally, when
comparing case RF-4 with case RF-6 (d), the different liner boundary conditions are seen to result
in a larger recirculation zone in case (d) with higher temperature downstream compared to case (c).
The adiabatic cases systematically lead to overall lower temperature in the downstream portion of the
combustor, which may indicate incomplete combustion and reduced system efficiency.

Case RF-1 RF-3 RF-4 RF-6 Cantera
Tmax (K) 1326.1 1314.2 1330.6 1349.6 981.06

Table 5.1: Peak temperature comparison between selected PeleLMeX cases and Cantera

Table 5.1, gives a comparison of peak instantaneous temperature for the four stable cases, with the adi-
abatic flame temperature computed in Cantera. The resulting temperature from Cantera corresponds
to the theoretical adiabatic flame temperature for the specified equivalence ratio and inlet conditions.
In, RF-1 we observe a higher temperature when compared to the same Reynolds number case (RF-3).
This is most likely due to the fact that the flame in RF-3 gets dislocated and partially extinguished, even
though it is able to revive itself, also the adiabatic wall in RF-1, does not allow any heat loss through the
liner wall which may also be a reason for the higher temperature we observed. The reverse tendencies
are observed at lower Reynolds numbers, which may be due to the fact that the turbulence is not strong
enough to perturb the flame front, while the incoming slightly hotter fresh gases lead to higher flame
temperatures.

RF-3 displays significantly lower maximum temperature than RF-6 (both are with the fitted temperature
profile). When the flow becomes less turbulent, the flame is subjected to lower levels of strain, stretch,
and turbulent fluctuations. Conversely, at higher Reynolds numbers, enhanced turbulent mixing, vortex
shedding, and local flame deformation increase flame stretch, which broadens the reaction zone and
lowers the peak temperature [48, 64].

Overall, the observed temperature distribution across the cases reflects the combined influence of wall
thermal boundary conditions and Reynolds number dependent flame dynamics. Figure 5.9 shows spa-
tial location of the peak instantaneous temperatures in the domain for RF-6. In all cases, the highest
temperatures occur near the flame front within the recirculation zone, with RF-4 slightly more down-
stream compared to the other cases.

Figure 5.9: Peak instantaneous temperatures locations for reactive cases
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(a) Magnitude of Velocity Contour (b) Magnitude of Vorticity Contour

(c) Mass Fraction of H2 (d) Mass Fraction of H2O2

Figure 5.10: Results from RF-6

Figure 5.10 shows averaged velocity, heat release, H2 and H2O2 mass fraction contours obtained from
our RF-6 reactive simulation. The velocity contour (Figure 5.10a) qualitatively shows a similar flow
pattern as the cold flow result as seen in figure 5.6a. The presence of a separation layer from the outer
bend wall can clearly be seen. A high speed jet enters from the main inlet, accelerates around the
bend, and generates a strong shear layer. However we do see a more uniform recirculation region
as small scale vortices generated by the tip are not present in reactive case. Figure 5.10b shows the
heat release field and highlights the location and intensity of chemical reactions. A thin, high magnitude
reaction zone forms along the U bend, creating strong shear and ideal mixing with recirculated products.
This region acts as the primary flame anchoring location, with peak heat release occurring at the tip
that gradually decreases downstream.

The hydrogen mass fraction field (Figure 5.10c) locates the fuel path. Hydrogen enters the domain
through the main inlet and remains concentrated near the U bend wall as it follows the curved geometry.
Gruber et al. [35] and Hegde [36] also observed the same feature. Figure 5.10d shows hydrogen
peroxide formation primarily in the low temperature region (see Figure 5.7f). Its distribution highlights
low temperature chemistry is taking place, especially inside the trapped-vortex recirculation region.
Overall, these four fields show how the flow, mixing, and chemistry interact.

(a) RF-4 (b) RF-6

Figure 5.11: Averaged Heat release contours with overlaid AMR grid structure
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5.2.3. Flame profiles
Figure 5.11 compares the heat release for RF-4 (adiabatic wall) and RF-6 (temperature-fitted wall),
highlighting the effect of wall thermal boundary conditions on flame anchoring and local quenching.
In RF-4, the adiabatic wall prevents any heat loss to the liner, representing an idealized first guess
boundary condition, where the flame front remains attached to the sharp tip. In contrast, RF-6 uses
a fitted wall temperature profile obtained from experiments, making it a more realistic representation.
The spatially varying wall temperature causes heat losses near the tip, partially quenching the flame as
it attempts to anchor. Flame quenching near the wall can weaken local stabilization, and in hydrogen
based combustors this can promote flashback by allowing the reaction zone to propagate upstream.

(a) (b)

Figure 5.12: 1D flame profiles, for analyzing H2 behavior accross the flame front in RF-4 and RF-6 (shown)

Themass fraction of H2 and temperature along different profiles (Figure 5.12a) are shown in Figure 5.13
and Figure 5.14 for RF-4 and RF-6 cases respectively. The results are also compared to 1D flame from
cantera. The CFD results in Figure 5.14a and Figure 5.13a reveal some deviations from the Cantera
reference, H2 concentration profiles have a slightly different slope. The flow field gets 180◦ inverted and
organizes into a trapped vortex structure that substantially modifies the local flame behavior, an effect
entirely absent in the 1D model. Additionally, from Figure 5.14b all CFD profiles exhibit higher peak
temperatures than in Figure 5.13b and the Cantera solution, likely due to a locally elevated equivalence
ratio, which effectively enriches the mixture locally.

(a) (a) H2 mass fraction (b) (b) Temperature

Figure 5.13: Comparison of H2 mass fraction and temperature along the curves shown in Figure 5.12a for RF-4
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(a) (a) H2 mass fraction (b) (b) Temperature

Figure 5.14: Comparison of H2 mass fraction and temperature along the curves shown in Figure 5.12a for RF-6

Figure 5.15, compares the temperature profiles as a function of hydrogen mass fraction for three lines
near the tip (see Figure 5.12b), for two different cases: RF-4 (adiabatic) and RF-6 (isothermal F). The
comparison of temperature profiles along three lines near the wall reveals a significant influence of wall
boundary conditions on hydrogen combustion characteristics, with RF-6 consistently yielding higher
gas temperatures than the adiabatic wall case (RF-4) across all profiles. This counter intuitive result
suggests that wall heat transfer is not merely a loss mechanism but also modifies near wall combustion
dynamics, potentially through enhanced reaction kinetics or improved local mixing induced by thermal
gradients. Additionally, line 1 for RF-6 shows a big difference from its counterpart in RF-4, highlighting
the influence of proper thermal BC. Further analysis might be required to understand this phenomenon
better.

Figure 5.15: Profiles for analyzing H2 across the flame front



6
Conclusion and Recommendations

Hydrogen as a fuel has gained a lot of interest as it can act as a carbon free energy carrier in the global
transition toward sustainable energy systems. But from our literature review, we can see that there are
still challenges that needs to be overcome in order to use it safely in gas turbines. Accurate prediction
and control of these phenomena require high fidelity modeling with realistic boundary conditions, which
remains an ongoing challenge in computational combustion.

The main objective of this work was to get on step closer to the above mentioned objective, by in-
vestigating the influence of thermal wall BC on the flow and the structure of a well characterized lean
premixed H2 flame, using 2D quasi Direct Numerical Simulations. A simplified 2D representation of the
FlameSheet™ burner was modeled using the PeleLMeX solver, with particular attention paid to the ther-
mal treatment of the thin liner walls. Three thermal BCs were evaluated: 1) adiabatic, 2) isothermal at
300 K, and 3) a temperature fitted profile derived from experimental measurements. Simulations were
conducted at two Reynolds numbers (12,000 and 8,000) under lean premixed conditions (equivalence
ratio ϕ = 0.2).

This chapter presents the research work done in this thesis and the key findings are summarized below
with respect to the objectives outlined in section 1.4.

• What are the computational model requirements necessary to study the flame wall interactions in
the trapped vortex burner?

– An AMR approach with a refinement ratio of 2 between levels was implemented, triggered
by magnitude of vorticity and temperature as well as refinements in proximity to embedded
boundaries. Main flow features were well captured at AMR level 3, level 5 refinement was
necessary to resolve near wall gradients and detailed flame wall interactions.

– The LiDryer mechanism (9 species, 19 reactions) was chosen after validation against exper-
imental laminar flame speed and ignition delay data using Cantera. Its offers a favorable
balance between computational cost and accuracy.

– DNS was employed with detailed finite rate chemistry via the LiDryer mechanism. This
approach resolves all turbulent and chemical scales, enabling a direct investigation of flame
wall interactions without subgrid combustion modeling assumptions.

• How do different thermal boundary conditions on the liner walls affect flame stability, recirculation
zone size and shape in lean premixed hydrogen combustion?

– The 2D simulations clearly demonstrated that the choice of wall thermal treatment deter-
mines whether the flame remains anchored or extinguishes. Two distinct regimes emerged,
cases RF-2 and RF-5 with isothermal walls at 300 K resulted in complete flame extinction at
both Reynolds numbers (12,000 and 8,000), as also seen by Gruber et al. [35].

– Cases with adiabatic (RF-1, RF-4) and temperature fitted (RF-3, RF-6) walls maintained
stable flames, confirming that sufficient near wall temperatures are essential for hydrogen

49
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flame anchoring. The fitted temperature profile from experimental measurements yielded
flame behavior that better represents real combustion systems. Notably, the RF-6 case
(fitted BC at Re=8,000) produced the most stable and coherent flame structure among all
simulations, with the flame remaining anchored at the tip while showing a slight but physically
consistent degree of flame front quenching.

• Can a 2D simulation framework provide meaningful insights into flame wall interactions and flash-
back mechanisms compared to more expensive 3D simulations?

– While 2D simulations offer computational efficiency, they fail to capture essential 3D turbu-
lent mechanisms such as vortex stretching, energy cascade, and spanwise instabilities. This
limitation is particularly significant for highly turbulent flows which leads to reduced turbulent
dissipation, resulting in higher predicted velocities and temperatures compared to both ex-
perimental data and 3D simulations.

– 2D DNS, while simplified, can qualitatively capture important flame wall interaction phenom-
ena, including near wall quenching and the critical balance between heat release and wall
heat loss. The ability of the solver to correctly predict flame extinction under excessive cool-
ing conditions builds confidence in its application to more complex hydrogen combustion
problems.

6.1. Limitations and Recommendations
While this study provided important insights, several limitations should be acknowledged:

• Dimensionality constraints: The 2D approach cannot capture 3D turbulent structures, vortex
stretching, or out of plane instabilities that are present in real combustors. It is recommended
to extend the analysis to 3D using LES or DNS to capture the full turbulent spectrum and validate
the qualitative wall-effects trends observed in 2D.

• Simplified geometry: The 2D representation omits spanwise variations and 3D flow features that
may affect flame stabilization.

• Modelling approach: Implementing two-way coupled heat transfer between fluid and solid do-
mains could eliminate the need for prescribed thermal boundary conditions altogether.

• Limited flashback analysis: A dedicated parametric study should be conducted to systematically
map flashback limits, and try to reproduce results obtained by Zeman and Pichler [85]. Simula-
tions could be performed by progressively increasing Reynolds numbers until flashback occurs.
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