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RÉSUMÉ

La transition vers des carburants à faibles émissions de carbone est sans doute le sujet le plus
recherché dans la communauté de la combustion de nos jours. L’hydrogène s’est révélé très
prometteur pour son utilisation dans les turbines à gaz destinées aux secteurs de la production
d’électricité et des transports. Dans les turbines à gaz, les flammes subissent des interactions
complexes avec les parois de la chambre de combustion, qui ont un impact sur le rendement du
moteur et les émissions polluantes. Ces interactions, qui ont lieu à l’échelle microscopique, ne
sont pas bien comprises et ne sont pas bien prises en compte dans les logiciels de simulation
commerciaux. L’objectif de ce projet est de résoudre de telles interactions jusqu’aux plus
petites échelles pertinentes, grâce à la simulation numérique directe (DNS). Plus précisément,
une configuration est établie pour effectuer une DNS d’une flamme de laboratoire de CH4/H2

prémélangée, pauvre et à faible tourbillon frappant un mur incliné. L’accent est mis sur
trois aspects : 1) les conditions aux limites des flux entrants, 2) les exigences de résolution
de la couche limite pour le solveur utilisé, et 3) les résultats préliminaires, sous-résolus.
Un défi majeur concernant la simulation d’une flamme en laboratoire consiste à prescrire
les bons profils d’entrée. Deux approches ont été testées. La première approche consiste
à utiliser les profils mesurés expérimentalement pour la moyenne et la variance des trois
composantes de vitesse à la sortie de l’injecteur comme débit entrant. Les fluctuations de
vitesse turbulente sont superposées à l’aide d’un spectre modèle. Dans la deuxième approche,
une simulation auxiliaire de type LES (simulation aux grandes échelles) de l’écoulement à
l’intérieur de l’injecteur a été utilisée pour prescrire l’écoulement entrant pour la simulation
principale. Les résultats de la deuxième approche ont montré, dans un écoulement non
réactif, un meilleur accord avec les résultats expérimentaux et ont donc été choisis comme
écoulement entrant pour la simulation principale de l’interaction flamme-paroi. Ensuite,
une série de DNS est effectuée sur des couches limites thermiques turbulentes non réactives
pour évaluer la résolution requise pour résoudre la couche limite turbulente formée sur la
paroi inclinée dans la simulation réactive. Trois ensembles de simulations sont effectués en
utilisant différentes résolutions au niveau du mur, et il est montré qu’avoir y+ ≈ 1.4 sur la
première cellule est suffisant pour obtenir des résultats indépendants du maillage en termes
de statistiques du premier et du deuxième ordre. Enfin, la simulation réactive de la flamme
tourbillonnante interagissant avec le mur est réalisée et des résultats préliminaires sous-résolus
sont présentés. Un bon accord en termes de hauteur et de position de décollage de la flamme
est observé entre la simulation et l’expérience. Un gros nuage de formaldéhyde est observé
dans le domaine. Ceci est attribué à richesse localement réduite et à un taux de déformation
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élevé qui entraînent une combustion incomplète et des espèces intermédiaires non brûlées.
Un flux de chaleur important vers le mur a également été observé. Avec la confiance apportée
par les résultats de cette thèse, la résolution sera ensuite augmentée au niveau DNS.
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ABSTRACT

Transitioning to low-carbon fuels is arguably the highest sought-after topic in the combustion
community nowadays. Hydrogen has shown good promise for usage in gas turbines for the
power generation and transport sectors. In gas turbines, flames undergo complex interactions
with the combustor walls, which impact engine efficiency and pollutant emissions. These
interactions, which take place at the microscale, are not well understood and are not well
accounted for in commercial simulation software. The aim of this project is to resolve such
interactions down to the smallest relevant scales, through direct numerical simulation (DNS).
Specifically, a setup is established to perform a DNS of a laboratory premixed, lean, low-swirl
CH4/H2 flame impinging on an inclined wall. The emphasis is put on three aspects: 1) inflow
boundary conditions, 2) boundary layer resolution requirements for the solver used, and 3)
preliminary, under-resolved, results. A major challenge regarding simulating a laboratory
flame is prescribing the right inflow profiles. Two approaches have been tested. The first
approach consists of using the experimentally measured profiles for average and rms of the
three velocity components at the nozzle outlet as the inflow. Turbulent velocity fluctuations
are superimposed using a model spectrum. In the second approach, an auxiliary large eddy
simulation of the nozzle flow has been used to prescribe the inflow for the main simulation.
Results in a non-reactive environment from the second approach showed better agreement
with the experimental results, and hence it was chosen as the inflow for the main flame-
wall interaction simulation. Next, a series of DNS are performed on non-reactive, turbulent
thermal boundary layers to assess the required resolution to resolve the turbulent boundary
layer formed on the inclined wall in the reactive simulation. Three sets of simulations are
performed using different resolutions at the wall, and it is shown that having y+ ≈ 1.4 on
the first cell is enough to obtain grid independent results in terms of first and second order
statistics. Finally, the reactive simulation of the swirl flame interacting with the wall is
performed and preliminary, under-resolved results are presented. Good agreement in terms
of flame lift-off height and position is observed between the simulation and the experiment.
A large cloud of formaldehyde is observed in the domain. This is shown to be attributed to
locally reduced equivalence ratio and high strain rate which result in incomplete combustion
and unburned intermediate species. Large amount of heat flux to the wall was also observed.
With the confidence provided by the results in this thesis, resolution will next be increased
to DNS level.
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CHAPTER 1 INTRODUCTION

1.1 Background

Combustion still contributes to more than 85% of the world’s energy consumption [3]. It is
also the main source of greenhouse gas emission on the planet and is responsible for smog
and air pollution in large cities [13]. One on-going line of research to reduce pollution is
towards using renewable energy. However, renewable energy sources such as wind and solar
are generally intermittent and unpredictable and can be specific to certain geographical
locations [14, 15]. Combustion, on the other hand, is not intermittent and can be utilized in
any place. This makes it a great supplement for renewable energy. Gas turbines (GTs), in
particular, are suitable choices in that they are highly flexible in terms of operability [16].

Restricting carbon footprint and nitrogen oxides (NOx) to certain thresholds are among the
main focuses of research nowadays [17, 18], as was agreed upon at COP21 in Paris [15].
As a result, we observe a decrease in nitrous oxide (also known as NOx) emissions, e.g.,
in the US [3], which is a great accomplishment. However, there is still much to do to
minimize the CO2 emissions of combustion systems, such as GTs, which are heavily used for
power generation and aeronautical propulsion. Various combustion technologies have been
proposed in the last few years to reduce pollution and increase efficiency in GTs, such as MILD
(moderate or intense low oxygen dilution) [19], LPP (lean prevaporized premixed) [20], RQL
(rich-quench-lean) combustors [21], using hydrogen-based and bio fuels [15, 22–25], etc. All
of these technologies seek three main goals: 1. pollution reduction (most importantly NOx

and COx), 2. increased efficiency, 3. removing the need for fossil fuels.

One growing and promising line of research in the combustion community is using low-carbon
fuels such as hydrogen in engines, e.g., GTs [26,27]. This calls for immediate need to study
low-carbon flames in GT-relevant environments to gradually replace carbon-rich fuels such
as natural gas. That being said, many challenges are attributed with burning hydrogen.
To mitigate high NOx emissions, hydrogen flames should be at lean conditions to reduce
the flame temperature and thermal NOx as a consequence, which is the main source of
NOx production in flames [28]. Lean hydrogen flames are more prone to thermo-diffusive
instability, low combustion efficiency with high amounts of unburned fuel emitted, and also
flashback [29–31]. Since GT combustors operate in closed vessels, the flame is inevitably
interacting with the combustor walls. The interaction between the latter is called flame-wall
interaction (FWI) in the literature and is widely studied. FWI can exacerbate leakage of
unburned fuel or combustion intermediates due to heat loss to the cold wall, which can be
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more severe in lean flames (they can be understood also as “weak” flames) [32–35].

The work in this thesis aims at providing better understanding of the role of FWI on the
stability and emission characteristics of lean high H2 content flames, representative of GTs.

The flow in the combustor of a GT is highly turbulent due to the rapid fluctuations in the
incoming air, and also the complex flow pattern which is a combination of the swirler and
cooling holes [3,16]. In order to predict the convoluted flow behaviour in the combustor, one
can either perform experimental investigations or numerical simulations. Doing experiments
in the realistic situations in a GT combustor (very high pressure and temperature) is very
expensive. Moreover, optical measurements are only viable in transparent environments.
Numerical simulations come with a much lower cost and time.

Three approaches have been developed in the numerical realm to simulate a turbulent re-
acting flow: Reynolds averaged Navier-Stokes (also called “RANS”), large eddy simulation
(called “LES”), and direct numerical simulation (called “DNS”) [36,37]. In the RANS frame-
work, none of the turbulent motions are resolved, though their effect on the mean flow is
approximated by closure models, including for the Reynolds stresses, the chemical reaction
source term, and other unclosed terms. In LES, the “filtered” Navier-Stokes equations are
solved and only large eddies in the flow are resolved. These equations contain additional
terms which account for the effects of the small-scale eddies (eddies smaller than the filter
size) on the large-scale eddies and chemical reactions. Models called sub-filter-scale models
are required for these unresolved stresses and filtered chemical source term [5]. Finally, DNS
solves the instantaneous Navier-Stokes equations governing the flow motion and resolves all
the length and time scales, from integral to Kolmogorov scale, attributed with the flow and
the flame.

In this project, a setup is put in place for direct numerical simulations of lean, turbulent,
laboratory low-carbon flames interacting with a wall, which will be used to unravel the
complex flow-chemistry interactions.

1.2 Flame-wall interaction phenomena and the pivotal role of direct numerical
simulations

Almost all combustion engines operate in closed vessels, such that the flame frequently inter-
acts with the wall. This is not a trivial process since studies have shown that the structure
of a flame close to a wall differs considerably from an adiabatic one [38, 39]. Downsizing of
the engines in the last decades has also accentuated this phenomenon in the combustors.

FWI controls the lifetime and also the cooling techniques used on the chamber wall [6] of a gas
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turbine combustor. Studies show that wall heat flux can reach as high as 1 MW/m2 [27, 39]
in a combustor. It can also have crucial consequences on the pollution and efficiency of the
combustor. A flame near the wall impacts the turbulent boundary layer and vice versa,
leading to changes in flame properties such as flame speed and chemical reaction rates.
Heat flux from the cold wall degrades reaction rates and leads to incomplete combustion.
Unburned hydrocarbons (UHC) and CO emissions are the main consequences of incomplete
combustion [16].

This phenomenon is quite complicated since it involves three components: flame, turbulence,
and wall. Figure 1.1 illustrates the interactions between these three components. The wall
impacts the flow, in a different way it impacts non-reactive flow, and previous laws on the
turbulent boundary layer such as law-of-the-wall are not applicable to the reactive boundary
layer [38]. Turbulence-flame interactions were also found to be different from the adiabatic
premixed flames [38,39].

Figure 1.1 Interplay of flame, wall and turbulence. Taken from [1].

Due to its complexity, FWI has not yet been understood thoroughly in the literature. Existing
premixed turbulent combustion models do not involve special treatment for wall effects [40].
Thus, there is vital need for combustor designers to develop dependable turbulent flame
models that take into account the wall effects. DNS is a great tool to study this phenomenon.
This kind of simulation can capture the fine length and time scales in the near-wall region.
Doing experiments using laser diagnostics is hard to do in that region because of small
length scales in the near-wall region and has been limited to few research groups [7]. For
instance, for atmospheric stochiometric methane/air flame, head-on quenching configuration
lasts for around 0.2 ms and quenching distance is around 0.1 mm. Also, scattering of the
laser beams from the wall may result in low signal to noise ratio and must be carefully taken
care of [27]. Moreover, the three-dimensional structure of turbulence and flame structure is
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not easy to capture with these methods. DNS can be a great tool to capture the complex
three-dimensional structures in the near-wall region with enough resolution and accuracy.

1.3 Challenges with hydrogen combustion

Hydrogen flames are intrinsically unstable due to their high diffusivity [2]. This type of
instability arises in the flames with fuel Lewis number lower than unity. Lewis number is the
ratio of thermal and mass diffusivity. Figure 1.2 shows a schematic of this type of instability.
Once a flame is wrinkled, it is divided into concave and convex segments to the unburned
side. Since concave segment is reactant-deficient and the mass diffusivity is higher than heat
diffusivity, fuel consumption speed increases and the flame wrinkles even more which means
the flame is intrinsically unstable. The opposite scenario goes for higher than unity Lewis
number flames.

Figure 1.2 Illustration of thermo-diffusive cellular instability. Taken from [2].

This type of instability leads to cellular burning structure of the flame and enhanced burn-
ing rates as shown in Figure 1.3 [41]. This figure shows the cellular structure of lean
hydrogen-air mixtures expanding spherically using Schlieren technique on the left column,
and a stable flame front on the right column. High turbulence reduces this instability on a
macrospoic point of view, but local instabilities are shown to be still present [42]. Modeling
these instabilities requires modeling the interplay of chemistry and transport processes in the
turbulent flow, which demands high temporal and spatial resolutions and detailed chemistry
and transport models [43].

Moreover, hydrogen combustion comes with high adiabatic flame temperatures which leads
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Figure 1.3 Thermo-diffusive instability of spherically expanding hydrogen/air flames using
the Schlieren technique, showing the presence of thermo-diffusive instability for the lean
case. Equivalence ratio (ϕ) is defined as the mass-based oxidizer/fuel ratio at stochiometric
conditions over actual condition. Taken from [2].

to high NOx emissions [30] and can also result in reduced combustor lifetime due to high
thermal stresses on the combustor wall [44]. As a result, hydrogen is mainly burned in very
lean conditions to minimize NOx emissions.

1.4 Knowledge gap

As discussed above, there is a vital need for more detailed analysis of wall and heat loss
effects on low-carbon flames to facilitate low-pollution, high-efficiency GT combustors. Direct
numerical simulations can give valuable insights since they resolve all the relevant flow and
chemical time and length scales. So far, there has been very limited research on swirl flames
interacting with walls, which are the typical type of flames in gas turbines. Quenching
mechanism, pollutant emission, heat transfer, and flame structure in the near-wall region of
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swirl flames is not well understood. Targeting laboratory flames in this project also enables
us to combine the advantage of experiments, which allow to do large parametric studies, and
simulation that enables access to fine-grained data everywhere in the domain.

1.5 Objectives

To fill the knowledge gap mentioned above, this project aims at developing a setup for DNS
of low-carbon swirl flames interacting with a wall. More specifically, the setup replicates a
laboratory flame studied in [10]. The wall in the study is inclined which enables investigat-
ing flame quenching in both wall-normal and wall-parallel scenarios. The premixed fuel-air
mixture is lean (ϕ = 0.41), and the fuel consists of 70% H2 and 30% CH4 by volume. This
represents the ideal conditions for GT applications, limiting both carbon and NOx emissions.
Particularly, the objectives are as follows: 1) develop a setup for DNS of laboratory lean,
low-carbon swirl flames interacting with a wall, 2) perform a preliminary numerical analysis
on the flame structure, 3) identify and quantify the role of heat loss to the wall.

1.6 Thesis outline

The outline of the next chapters in the thesis is as follows. First, a literature review of the
topics related to the project including premixed flames (both laminar and turbulent), highly
turbulent flames, flame-wall interaction, and finally, DNS of laboratory turbulent flames is
given. Next, the methodology used to perform the simulations is discussed. Simulations
performed include non-reactive swirl flows, turbulent thermal boundary layer, and finally
swirl flame-wall interaction. In the next chapter, results of the simulations are presented and
discussed. Then, a conclusion is given.
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CHAPTER 2 LITERATURE REVIEW

The literature review, based on the scope of this project, can be divided into five major parts:
laminar premixed flames, turbulent premixed flames, FWI (including laminar and turbulent
flames), high turbulence flames (high Ka flames), and DNS of laboratory turbulent flames.
It is noteworthy to mention that the author of the thesis has contributed to Ref. [10], which
is reviewed in subsection 2.3.2. However, this contribution is not sufficiently important to be
included in the Results chapter, and is not explicitly mentioned.

2.1 Laminar premixed flames

Laminar premixed flames are used frequently, examples include ovens, heating devices, and
Bunsen burners. Studying them can also produce fruitful results applicable to turbulent
flames and many turbulent flame theories are based on laminar flames. A schematic of a
laminar premixed flame is shown in Figure 2.1a. The laminar flame, also known as deflagra-
tion wave, moves towards a combustible mixture, or unburned mixture (denoted by subscript
u in Figure 2.1a), and the products or burned mixture are left behind the wave (denoted by
subscript b). On a wave-relative coordinate, the unburned mixture moves towards the wave
with velocity uu = SL and the burned products leave the wave with velocity ub. Figure 2.1b
shows the structure of such a laminar 1D flame. The unburned mixture enters the domain
from the left side. The coordinate system is located on the flame. The flame is divided into
two main zones: a preheat zone and a reaction zone. In the preheat zone little heat is released
and the mixture is heated up by conduction from the reaction zone downstream, hence the
temperature rises continuously until ignition occurs and large heat release rate is observed in
the reaction zone. Hence it can be argued that the preheat zone is dominated by diffusive and
convective processes, whereas the reaction zone is dominated by reaction and diffusion [2].
Generally speaking, the thickness of the reaction zone is much less than that of the preheat
zone. Consumption of the deficient reactant in the reaction zone generates a concentration
gradient in the preheat zone. For mixtures with Le = 1, the rate of temperature increase
corresponds to the rate of concentration decrease.

Each laminar flame is recognized with two distinctive values: laminar flame thickness (lF )
and laminar flame speed (SL). These values are affected by fuel-oxidizer mixture properties.
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(a) (b)

Figure 2.1 (a) 1D premixed combustion wave sketch. Taken from [3]. (b) Structure of a
laminar 1D flame. Taken from [4].

2.2 Turbulent premixed flames

Turbulence is still not fully understood in classical physics. There is no accurate definition
of turbulence, but there are some characteristics that are attributed with all turbulent flows:
they are irregular (random), diffusive, three-dimensional, dissipative, and occur at large
Reynolds numbers [45].

Although turbulent flames are not well understood, they are the type of flames that occur
in most combustion engines [2]. Turbulence increases burning rate, compared to laminar
flames, by increasing heat exchange and mixing between reactants and burned products.
Turbulence results in flame wrinkling which increases the flame area available for reaction.
However, quenching can also be accentuated because of intense eddies. Chemistry can also
impact turbulence. For example, because of heat release, Reynolds number can decrease
due to density decrease and viscosity increase, which can have laminarization effects on the
flow [2]. Chemistry can also affect turbulence via enstrophy generation through baroclinic
torque [46].

The integral length scale, l0, is the length scale with the largest turbulent kinetic energy
(TKE) density in wave number space. Because of that, eddies in this length scale are named
energy-containing eddies. This parameter is attributed to large-scale instabilities of the flow
and is bound by the dimensions of the device/confinement [3]. Assuming isotropy, TKE can
be expressed as:

k ≈ 3u′
0

2

2 (2.1)
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where u′
0 is the rms of velocity fluctuations. TKE dissipation rate can be estimated using

the following:

ϵ ≈ u′
0

3

l0
(2.2)

At the other end of the length scale cascade, lies the Kolmogorov length scale, η which is
associated with the smallest eddies in the flow and where kinetic energy dissipates into heat
via viscous effects:

η ≈ (ν3

ϵ
)1/4 (2.3)

where ν is the kinematic viscosity. Practical engines operate at extreme levels of turbulence
intensity which is attributed with large Karlovitz numbers. Karlovitz number (Ka) is defined
as the ratio of flame time to Kolmogorov time, Ka = tF /tη. Flame time can be expressed
using tF = D/SL

2, where D is thermal diffusivity. Kolmogorov time is given by tη = (ν/η)0.5.
There is also a second Karlovitz number based on the reaction zone thickness (lδ) defined
as Kaδ = lδ

2/η2 = δ2Ka where δ is the inner layer to flame thickness ratio. Turbulent
Damköhler number (Da) is also defined as Da = SLl0/u′

0lF .

Figure 2.2a shows the diagram known as Borghi-Peters diagram for turbulent premixed
flames [5]. Based on the ratio of the velocity fluctuation over laminar flame speed, and inte-
gral length scale over flame thickness, premixed flames are divided into five major regimes.

In the Laminar flame regime turbulence intensity is weak and the flame remains laminar with
low levels of wrinkling. In the Wrinkled flamelet regime since Ka<1, the flame thickness is
smaller than the Kolomogorov length scale. Hence, the laminar flame structure stays almost
intact. Since u′

0 < SL, as the flame surface travels through the eddies, it is weakly wrinkled
(see Figure 2.2b(I)). In the Corrugated flamelet regime, since Ka<1, the flame is laminar,
however, since u′

0 > SL, it becomes highly corrugated during traversing of the eddy (see
Figure 2.2b(II)). The Thin reaction zones regime is bounded with Ka=1 from below and
Kaδ=1 from above. In this condition, small eddies can enter inside the preheat zone and
broaden the flame. This results in enhanced mass transfer and mixing (see Figure 2.2b(III)).
The reaction sheet, however, is only wrinkled. In the Broken reaction zones regime the
Kolmogorov eddies are smaller than the reaction zone thickness and can penetrate it. This
phenomenon accelerates heat transfer and species diffusion to the preheat zone which can
cause extinction of the flame.
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(a) (b)

Figure 2.2 (a) Regime diagram for turbulent premixed flames, taken from [5]. (b) Different
kinds of flame-vortex interactions, resulting in different flamelet regimes: (I) Weak interaction
of vortex and flame (u′

0 < SL), causing wrinkled flamelet. (II) Strong interaction of flame
and vortex (u′

0 > SL) causing corrugated flamelet. (III) Strong interaction of vortex and
eddies, small eddies entering into the preheat zone [5].

2.2.1 High Ka flames

Flames in most practical engines feature high turbulence intensities [47] and Reynolds num-
bers. Simulating these flames comes with huge computational costs since they are attributed
with a broad range of length and time scales [37]. As a result, few DNS studies of these flames
have been performed so far [42, 43, 48–51]. Performing experimental measurements of these
flames also is challenging and only few research groups have studied these flames [47,52–57].
That said, understanding the complex flow-chemistry interaction in these flames is crucial for
design and optimization of combustion systems. Recent studies have shown that the flame
exhibits behaviours which are far different from the known laminar flame structures [49].

Savard et al. [48] performed DNS of n-heptane/air premixed flames up to Ka ≈ 300. They
showed that turbulence affects the flame to a large degree for unity Lewis number flames.
Preheat zone of the flame was observed to broaden significantly. However, it was observed
that the structure of this flame (unity Lewis number) is very similar to the laminar one in
temperature space (species mass fractions vs. temperature). On the other hand, turbulence
affects the structure of the flames with non-unity Lewis significantly so that the flame lies
between a flamelet with full transport and a flamelet with unity Lewis number. Aspden
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et al. performed DNS of very high Karlovitz number (up to 9000) methane and hydrogen
flames. They showed that turbulence can broaden the reaction zone only for hydrogen flame
for Ka ≈ 9000, by an order of magnitude, and thermo-diffusive effects were not seen in this
regime [49]. Mohammadnejad et al. [47] studied turbulent methane flames with turbulence
intensities (u′

0/SL) up to 45 and showed that the preheat zone can be broadened up to a factor
of 6 compared to the laminar flame, which was consistent with previous findings. However,
they also observed thickening of the reaction zone for a flame with Ka ≈ 76 by a factor of
4. Fan et al. investigated turbulent jet ammonia flames up to Ka ≈ 4700 [54, 58]. They
also observed that the reaction layer remains thin up to Ka ≈ 300. However, they observed
significant thickening of the reaction layer (marked by NH in these flames) for the flame with
Ka > 600 and set the boundary for transition from thin reaction zone to distributed reaction
zones between Ka ≈ 300 − 600. This boundary for methane flames on the same burner was
Ka ≈ 100 [59] while other studies with larger burners suggested Ka ≈ 550 [60]. They argued
that not only fuel type can control the regime change in turbulent flames, burner size and
geometry can also impact such transition.

These studies show that the flame structure at high Ka is quite unpredictable and different
from the laminar one. Different conclusions are made for various fuels in different con-
figurations. For example, there is not a unanimous conclusion regarding the onset of the
distributed reaction zones in the literature. Further studies on high Ka flames can pave the
way to understand these flames in more detail.

2.3 Flame-wall interaction

FWI can be divided into two categories, laminar and turbulent. Although almost all engines
operate in a turbulent regime, it is beneficial to study laminar FWI as it gives fundamental
insights into the quenching phenomenon occurring in practice.

2.3.1 Laminar FWI

Two basic configurations may occur in a premixed laminar flame undergoing interactions with
a wall: head-on quenching (HOQ), and side-wall quenching (SWQ), as shown in Figure 2.3.
In the HOQ scenario, the flame front is almost parallel to the wall and propagates toward
the unburned mixture in the vicinity of the wall and stops at a certain distance (yH). In the
SWQ configuration, the flame front is perpendicular to the wall surface with a distance (yS),
which is higher than its counterpart yH and leads to lower heat flux to the wall [6]. These
two configurations will be discussed in more detail.
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Figure 2.3 FWI configurations of a laminar premixed flame interacting with a wall. Taken
from [6].

Head-on quenching

Two parameters are often used to characterize FWI: minimum distance of the flame from
the wall and maximum heat flux to the wall [61]. The Peclet number, Pe is the non-
dimensional parameter for measuring the flame distance from the wall and is defined as flame-
wall distance over unstrained laminar flame thickness. Maximum wall heat flux coincides with
the minimum flame distance from the wall [7]. Maximum wall heat flux is denoted as Q̇N,Q

which is the heat flux normalized by the unstrained laminar flame power. In the literature,
for HOQ without thermal boundary layer, values of Q̇N,Q around 1/3 and 0.13 are reported
for hydrocarbons and hydrogen fuels, respectively [62].

Head-on quenching (HOQ) is always a transient process [7]. In a head-on quenching scenario,
the flame propagates perpendicular to the wall. Peclet number decreases linearly with time.
As the flame approaches the wall, the flame starts to lose its power and starts to lose heat
to the wall. Poinsot et al [63] name this region the “influence zone” as depicted in Figure
2.4. Heat flux to the wall rises until it overcomes the heat release from the reactions. As a
result unburned fuel, intermediate species and radicals are left in a near-wall region called
the “quenching zone”. This minimum distance of the flame to the wall is defined as the
quenching distance, and the related Peclet number is PeQ. Quenching distance is dependent
on the gas mixture properties and the wall temperature [64–67]. For HOQ, minimum Peclet
number, PeQ, was reported around 3.5 for laminar flames [7]. This zone is attributed with
fairly low temperatures.
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Figure 2.4 Different stages of HOQ as a function of normalized time t, divided into (1) flame
approaching the wall (t <1.4); (2) flame undergoing quenching (1.4 < t < 3.3); (3) flame
after quenching has taken place (t > 3.3). Taken from [7].

In the quenching zone which is attributed with low temperatures, radical-fuel reactions start
to vanish. Instead, radical recombination reactions with low activation energies emerge and
take control of the heat flux to the wall [27,62,66,68]. As a result, radicals are consumed and
oxidation reactions are terminated. These phenomena change the flame structure drastically
compared to the unquenched flame. In an unquenched flame, the peak concentration of inter-
mediate hydrocarbons and radicals coincides with the flame region, whereas in a quenched
flame, the peak concentration of radicals is located near the wall where the temperature
gradient is at its maximum. It is noteworthy that these conclusions are only valid for inert
walls and walls incorporating surface reactions do not fall into these conclusions.

Studies have also shown that single-step chemistry can predict the temperature field, Peclet
number and heat fluxes to the wall with reasonable accuracy [38, 63]. However, detailed or
skeletal chemistry must be employed to predict the gas composition in the post-quenching
region [7].
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Side-wall quenching

In a side-wall quenching scenario (SWQ) the flame propagates parallel to the wall. It can be
a steady-state process for laminar flames. The flame stabilizes at a certain distance from the
wall which is known as the quenching distance. SWQ is not studied as much as HOQ since
it involves at least two dimensions, in contrast to HOQ which can be one-dimensional [69].

Figure 2.5 shows a typical experimental setup geometry for a laminar SWQ study (left) and
the numerical domain (right) showing the simulated temperature from [8]. A cooled wall is
placed on the left boundary of the domain to study FWI, and a rod is used to stabilize the
flame. A V-shaped flame is consequently formed that undergoes SWQ at zq = 0. Minimum
Peclet numbers and maximum normalized wall heat flux in the SWQ are in the order of
PeQ ≈ 7 and Q̇N,Q ≈ 0.16 respectively [63]. As a result, compared to HOQ, flames during
SWQ are farther away from the wall and lose less heat.

In SWQ, locations of maximum heat release are followed by long sections of heat transfer
from the hot combustion products to the cold wall. Locations with highest heat release near
the walls are crucial for thermal fatigue failure and material design. Prolonged regions of
heat release rate from combustion products to the combustor wall can affect the combustor
life and requires optimized wall cooling techniques employed on the liner of the combustor [7].

Figure 2.5 Illustration of the experimental setup for a laminar SWQ study (left) and the
numerical result showing temperature contours (right). Taken from [8].

.
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2.3.2 Turbulent FWI

The two configurations mentioned for laminar FWI can become more complicated in a tur-
bulent flame regime. In a very recent study by Zentgraf et al. [9], it was shown that a
turbulent flame undergoing FWI can incorporate both SWQ and HOQ like scenarios at dif-
ferent instances of time. They proposed a criterion based on the flame position upstream
of the quenching point to distinguish HOQ and SWQ scenarios, and showed that quenching
mechanism can oscillate between these two mechanisms in the matter of milliseconds. Figure
2.6 shows the sequences of FWI using OH planar laser induced fluorescent (PLIF) images.
The first row shows a SWQ scenario. At t0 + 5ms, HOQ mechanisms are observed because
of the parallel flame region to the wall. At the same time a strong region of counterclockwise
vortex is observed in region II which is pushing the flame towards the wall. It was observed
in the direct numerical simulation of turbulent FWI using detailed chemistry as well that
vortices play a crucial role in the flame dynamics in the near wall region [27]. They have
shown that turbulent flames have lower quenching distance and higher heat flux to the wall,
compared to the laminar flames due to the action of the vortices on the flame. They also
confirmed that the radical recombination plays a major role in wall heat flux, accounting
for 70% of total wall heat flux. They argued that vortices present in some regions of the
domain push the flame front towards the wall, resulting in enhanced heat flux at some re-
gions, or they may pull the flame further away from the wall resulting in decreased wall heat
flux. They also observed local flame thickening near the wall, and also regime change from
flamelet away from the wall to thicken flame in the near-wall region. This was observed also
by Jainski et al. [70], in which they observed thinner boundary layer in the reactive channel
flow compared to the non-reactive case. Higher fluctuations in the flow field parameters were
also noted in the reactive channel flow compared to the adiabatic one. Kosaka et al. [71]
also observed that the reaction zone shape changes dramatically in the near-wall region of a
turbulent flame-wall interaction scenario compared to the laminar flames. All these studies
show that turbulent flames deviate significantly from laminar flames in the near-wall region
in a complex manner. This can have strong consequences on the models used in RANS and
LES simulations.

High-fidelity DNS of more realistic scenarios closer to combustion engines have also been
performed. Niemietz et al. [72] executed a DNS of a turbulent lean methane/air jet flame
interacting with isothermal walls. The focus of this study was to investigate contributors to
CO formation under gas turbine relevant conditions. They concluded that the main source
of CO formation is governed by mean strain rate of the flow, FWI, and flame-recirculation
zone interactions, and differs widely from the freely propagating flame. Jiang et al. [33]
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Figure 2.6 OH-PLIF images showing different stages of a transient turbulent flame quenching.
Red and blue regions indicate vortex structures. The Roman numbers show consecutive
approaching reaction zones. The wall is shown with a grey rectangle on the left-hand side.
Taken from [9].

also performed a DNS study of methane/air turbulent V-shaped flames diluted by combus-
tion products interacting with both cold and hot walls. Higher CO concentrations are also
observed near the cold wall. Near the cold wall, flame interacted with the boundary layer
all along the domain length, resulting in incomplete combustion near the wall and high CO
concentrations. Whereas for the hot wall, the flame could touch the wall without quenching
which results in more complete combustion and lower CO pollution.

Lai et al. [73] performed DNS study on side-wall quenching (SWQ) of V-shaped flames and
head-on quenching (HOQ) scenarios for a turbulent premixed flame interacting with isother-
mal walls. A single-step irreversible chemistry was used to reduce computation costs. Wall
heat flux statistics and flame topologies and their contributions to heat loss were analyzed.
Eight flow topologies were extracted based on the three invariants of the velocity gradient
tensor. It was revealed that for the HOQ configuration, heat losses are most dominated by
nodal flow topologies (i.e., dominated by strain rate), whereas for the SWQ configuration, it
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was mostly dominated by focal flow topologies (i.e., vorticity dominated). These differences
result in discrepancies in terms of wall heat flux and quenching distances. The maximum wall
heat flux was found to be larger in SWQ compared to the HOQ, contrary to the quenching
distance which was found to be smaller in the SWQ configuration.

Wang et al. [74] performed DNS of inclined non-premixed methane flames impinging on a
wall. Two branches of heat release rate were observed, one close to the wall, the other further
away. They investigated two cases, with different Damköhler numbers, one twice the other.
They observed more pronounced regions of extinction in the case with lower Da. Heat flux
to the wall for the case with lower Da is also noticeably lower than the other case due to the
extinction of the lower branch. It was also observed that the quenching distance and wall
heat flux are negatively correlated.

LES simulations have also been performed at relatively high Re due to lower costs than
DNS. Massey et al. [75] performed LES of lean swirl flames near blowout limit with isother-
mal boundary conditions on the walls. The modelling is a tabulated chemistry approach,
based on unstrained premixed flamelets. They investigated the sensitivity of using different
heat loss models in the combustion model, one using adiabatic and the other non-adiabatic
formulations of the combustion models. Results are compared with experimental data and
a previous simulation with adiabatic combustion model and adiabatic walls. It was revealed
that axial velocity and mixture fraction are not affected by including heat loss in the com-
bustion model. However, not including heat loss effects in the combustion model resulted in
wrong prediction of the flame shaped, from V-shape in the experiments to M-shape in the
adiabatic combustion model. It was also shown that using non-adiabatic combustion model
results in a more dynamic flame. Agostinelli et al. [76] also performed an LES of a premixed
methane-air swirl-stabilized GT combustor flame interacting with isothermal walls, and com-
pared the results with the experiments. Their simulation showed good agreement with the
experiments in terms of flow field velocity and temperature. The goal was to investigate
the effect of wall heat transfer treatment in LES on the thermoacoustic response of the GT
combustor. They used two approaches for wall heat transfer treatment, one using a simplified
model based on the prescription of the thermal resistance tuned from the experiments, and
the other based on full conjugate heat transfer simulation. They concluded that using precise
boundary conditions on the wall on top of inflow and outflow is necessary for predicting the
thermoacoustic behaviour of the combustion chamber.

In recent years, due to immediate need for transition to low-carbon fuels such as hydrogen
in power generation and aeronautical sectors, there is a huge interest in these kinds of fuels.
Swirl flames are usually utilized in these engines due to their higher combustion efficiency
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and stability [16]. Fan et al. [10] performed a series of experiments on premixed methane/
hydrogen swirl flames impinging on a cooled inclined wall. They used simultaneous stereo-
PIV and OH, CH2O PLIF to capture the flow and flame characteristics. They could reach
mixtures as lean as 0.22 in equivalence ratio (defined as the actual air to fuel ratio over
stochiometric one) and Karlovitz numbers as high as 1100 using pure hydrogen. These
ultra-lean flames were only stable when the inclined wall was used. Three reasons were
mentioned for such an observation. First, they argued that using the wall creates a low-
velocity region due to the impingement which leads to better stabilization of the flame.
Second, this could be due to the recirculation zone created near the wall which enhances
mixing of the fresh mixtures with the products which finally leads to better stabilization.
Third, this could be due to the semi-confinement which inhibits the penetration of the cold
air from the surroundings. Figure 2.7 shows measured contours of OH concentration (left),
CH2O concentration (middle), and their product, a proxy for heat release rate (right), for
some of these flame. All cases feature constant Ka. Laminar flame speed is kept constant by
changing the equivalence ratio for cases S1, S2, and S4, while hydrogen fraction is 0%, 30%,
70%, and 70% for cases S1, S2, S4, and K1 respectively. Case K1 has higher equivalence
ratio than case S4, but also has higher bulk velocity to reach the same Ka. One interesting
observation is that by increasing hydrogen fraction, the flame starts to move closer to the
wall and penetrates the swirl region. This is because of the higher turbulent flame speed of
hydrogen which allows the flame to propagate faster. Moreover, the flame front becomes more
wrinkled because of thermodiffusive instabilities associated with hydrogen flames. Isolines of
extinction strain rate are plotted on the formaldehyde concentration contours (middle). It
is observed that the flame undergoes extinction as it reaches the isolines of extinction strain
rate and leads to high amounts of formaldehyde which is an intermediate species. This large
cloud of formaldehyde is significant and was not observed in previous studies. In a previous
study on high Ka jet flame it was also observed that at high shear rates due to low residence
time, species do not have enough time for complete combustion which resulted in depletion
of intermediates [77].

Based on the papers on turbulent FWI mentioned here, flame structure and pollutant emis-
sion undergo complex, drastic changes in the near-wall region. However, literature still lacks
detailed studies on wall effects on low-carbon swirl flames. None of the studies except for
one experimental study [10] investigate this kind of flames. The motivation of this study
is to generate a DNS of the aforementioned laboratory flame [10], which can give valuable
insights since we will have access to all the flow and flame parameters of a realistic flame,
contributing to the literature to a large degree. We will give a literature review on the DNS
of laboratory flames in the next section.
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Figure 2.7 OH concentration (left), CH2O concentration (middle), and the velocity field
superimposed by calculated HRR (right). Each row corresponds to a different hydro-
gen/methane mixture and equivalence ratio, but all at an almost constant unstrained laminar
flame speed. The ticks on the left side of OH concentration denote distance to the nozzle
center, and on the right side of the HRR denote the normal distance to the wall. Contours
of Ka , mean in-plane laminar extinction strain rate, and progress variables are plotted on
OH, CH2O, and HRR images, respectively [10].

2.4 DNS of laboratory turbulent flames

DNS of laboratory flames are aimed to complement the measurements obtained from the
experiments and to access 3D time- and space-resolved data for all flow and (reactive) scalar
fields unachievable with experiments.

Wang et al. conducted a DNS study on an experimental turbulent premixed methane-air
jet-flame at high Karlovitz number [78–80] using detailed chemistry. Their DNS showed good
agreement with the experiments in the 2D comparisons. The validity of the surrogates for
heat release rate were examined using the DNS data and [CH2O][O] was found to be the
best candidate for heat release rate measurements. Important results on flame surface area
generation/destruction due to flow field features were also provided.



20

In a series of studies by Day et al., [41, 81], DNS of a lean, low-swirl, turbulent laboratory
flame using methane and hydrogen flames were conducted. Comparisons of the flow field and
flame characteristics from simulation and experiments were satisfactory, but still significant
discrepancies were observed, in particular related to the flame stabilization location and mean
flow field. To generate the inflow from the nozzle exit, they imposed measurements from the
experiments including mean and turbulent fluctuations at the nozzle dump plane. In a LES
study by Nogenmyr et al. [82], it was revealed that resolving the flow inside the injector using
an auxiliary simulation and linking that to the reactive simulation leads to better agreement
with the experiment.

Cheng et al. [83] performed a DNS study on a laboratory jet in a crossflow configuration. The
goal was to understand the flame structure and stabilization mechanism for a lean ethylene-
air jet flame. The jet Reynolds number was 6200. Overall, a good agreement was observed
between the DNS and experiments.

Wang et al. [84] performed a DNS of a laboratory lifted jet flame and compared the results
with the experiments. The results showed good agreement for the conditional means of
reactive scalars. Analyses of the combustion mode also showed that the flame is diffusion
stabilized at the base, and transitions to premixed mode further downstream. The flame was
observed to stabilize at lean mixtures with low scalar dissipation rates.

In this project, numerical simulations of a laboratory turbulent flame interacting with a wall
will be conducted which has not been done before. Major findings from the DNS and the
experiments of the flame will potentially produce new data for low-carbon, high Ka swirl
flames near the wall.

2.5 Critical analysis

Based on the detailed literature review presented in this section on the topic of turbulent
FWI, it can be concluded that most of the DNS studies are either performed on canonical
turbulent FWI configuration, such as HOQ [40,73,85,86], or V-shaped flames [9,27,33,71,87].
While being crucial for fundamental insights to the phenomenon of flame quenching and
developing sub-grid models for LES and RANS, these studies do not investigate the actual
flame-wall interactions taking place in real combustors, such as gas turbines which incorporate
swirl flames. Although some studies have been performed on swirl flame interacting with
walls using LES [75, 76], or experiments [10], no DNS study was found on the topic. DNS
investigations can give invaluable insights to the phenomenon, not achievable through the
means of LES or experimental techniques. This project can fill this knowledge gap. Moreover,
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since the DNS is on a high Ka flame incorporating lean hydrogen-diluted flame, it can also
contribute to the literature on the structure of highly turbulent low-carbon flames, which are
raising interest in the community due to their potential use in transport and power generation
sectors. On top of that, the target simulation is a laboratory flame, which can serve as a
reference for other simulations in the future as well.
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CHAPTER 3 METHODOLOGY

In this section, first, an overview of the code used to perform the numerical simulations is
given. Next, a series of simulations are performed on a non-reactive swirl flow (NRSF) setup.
This series of simulations are performed to find the inflow velocity profiles that generate a
flow field that has the best match with the experimental results including three components
of velocity average and rms at different heights above the burner. Two approaches have been
considered which will be discussed. Next, we discuss the turbulent boundary layer (TBL)
simulations. The aim is to investigate the required resolution to resolve the turbulent bound-
ary layer formed on the swirl flame-wall interaction (SFWI) wall with the solver used. This
series of simulations are performed on a non-reactive turbulent boundary layer representative
of the SFWI simulation. Finally, preliminary results of the SFWI simulation are presented.
In this thesis, DNS results are not presented, and only preliminary underresolved results are
given. More details are given in the related section.

3.1 Governing equations

Consider the reactive Navier-Stokes equations in the low Mach number regime, in which
the characteristics fluid velocity is small compared to the speed of sound and the effect of
acoustic waves are removed. In this regime, the pressure is divided into two parts: a spatially
constant thermodynamic pressure P0 and a perturbational pressure π that drives the flow.
In the low mach number regime, P0 >> π.

The set of conservation equations specific to this flow is a system of PDEs with advection,
diffusion, and reaction processes constrained to evolve on the manifold of a spatially constant
thermodynamic pressure P0:

∂ρ

∂t
+ ∇. (ρu) = 0 (3.1)

∂ (ρu)
∂t

+ ∇. (ρuu + τ ) = −∇π (3.2)

∂ (ρYm)
∂t

+ ∇. (ρYmu + Fm) = ρω̇m (3.3)
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∂ (ρh)
∂t

+ ∇. (ρhu + Q) = 0 (3.4)

where ρ is density, u is the flow velocity vector, h is mass-weighted enthalpy, T is temperature,
and Ym is mass fraction of species m, ω̇m is its chemical production rate, τ is the viscous
stress tensor, Q is heat flux, Fm is species diffusion flux. Body force due to gravity is ignored.
These equations are supplemented by the equation of state which involves the thermodynamic
pressure:

P0 = ρRT
∑
m

Ym

Wm

(3.5)

where R is the universal gas constant and Wm is the molecular weight of species m. Enthalpy
(h) is calculated using:

h =
∑
m

Ymhm(T ) (3.6)

in which hm is the enthalpy of species m at the corresponding temperature T . The viscous
stress tensor τ is calculated using:

τi,j = 2
3µδi,j

∂uk

∂xk

− µ

(
∂ui

∂xj

+ ∂uj

∂xi

)
(3.7)

where µ is the shear viscosity. Q is calculated as:

Q =
∑
m

hmFm − λ∇T (3.8)

where λ is the thermal conductivity. Soret and Dufour effects are neglected. Plots comparing
1D laminar unstrained flames with various transport models are presented in Appendix A,
showing negligible role of Soret and Dufour effects on the flame structure for the thermo-
chemical conditions relevant to this work. Species diffusion fluxes, Fm, with mixture-averaged
assumption is calculated using:

Fm = −ρDm,mix
Wm

W
∇Xm (3.9)

where Dm,mix is the mass diffusion coefficient of species m into the mixture, Xm is the mole
fraction of species m, and W is the mixture-averaged molar weight. To impose the low-Mach
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assumption, we set the thermodynamic pressure constant by:

DP0

Dt
= 0 (3.10)

Using the equation of state, chain rule and the continuity equation one can obtain:

∇.u = 1
T

DT

Dt
+ W

∑
m

1
Wm

DYm

Dt
(3.11)

This divergence constraint is imposed on the velocity field to take into account the low-Mach
assumption.

To obtain chemical reaction source term:

ω̇m =
Mr∑
j=1

νm,jRj (3.12)

in which Mr is the number of elementary reaction steps and:

νm,j = ν ′′
m,j − ν ′

m,j (3.13)

where νm,j
′ and νm,j

′′ are the stochiometric coefficients on the reactant and product sides of
reaction j respectively. The rate of reaction, Rj, is expressed as:

Rj = kf,j

Ns∏
m=1

[Xm]ν
′
m,j − kr,j

Ns∏
m=1

[Xm]ν
′′
m,j (3.14)

where [Xm] is the molar concentration of species m, Ns is the number of species and kf is
the forward reaction rate coefficient and is calculated as:

kf = AT βexp
(−Ea

RT

)
(3.15)

in which A is the pre-exponential factor, β is the temperature exponent and Ea is the acti-
vation energy. The reverse reaction rate coefficient is expressed as:

kr,j = kf,j

Kc,j(T ) (3.16)

in which Kc,j is the equilibrium constant for reaction j:
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Kc,j = Kp,j

(
P0

RT

)∑Ns
k=1 νk,j

(3.17)

with:

Kp,j = exp

(
∆Sj

0

R
− ∆Hj

0

RT

)
(3.18)

∆Hj
0 and ∆Sj

0 are changes in enthalpy and entropy of the reaction j in standard states.

3.2 Numerical solver

3.2.1 General code description

The set of equations presented in the previous section are solved numerically using the solver
PeleLMeX [11], an adaptive-mesh low Mach number code for reacting flows. The adaptive
implementation is based on a block-structured adaptive mesh refinement (AMR) strategy. In
this approach, regions to be refined, which are defined by the user based on arbitrary criteria
such as heat release rate or species mass fraction, are organized into rectangular patches.
Each AMR level has twice the spatial resolution in each direction than the lower level.
Adaptive refinement is performed both in time and in space. Compared to a uniform fine
grid, using AMR reduces computational costs by an order of magnitude [41] in case the region
with highest required resolution represents a small fraction of the total domain. PeleLMeX
is a finite-volume code. For time-stepping, it makes use of spectral deferred corrections
(SDC) to incorporate a split-type iterative approach [88]. Conservation of mass, energy, and
species are subject to a constrained velocity field. Advection and diffusion terms are treated
using explicit Godunov and semi-implicit Crank-Nicolson methods, respectively. A temporal
splitting approach is used for the equations related to the conservation of species. Overall
time step size is constrained by the fluid velocity using advective Courant–Friedrichs–Lewy
(CFL) constraint, instead of the acoustic wave speed. This increases the time step size by
a factor of around 10 compared to the compressible flow equations. The overall scheme has
shown to be second order accurate in space and time [42]. PeleLMeX supports embedded
boundary to represent complex geometries and it is parallelized with MPI + OpenMP for
CPUs [41,89].
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3.2.2 Code algorithm

In PeleLMeX, all state variables including u, ρ, T , Ym, hm are cell-centered, except for π

which is defined on the cell nodes. PeleLMeX uses a second-order projection method to
solve the momentum equation [90]. Using this equation, velocity is integrated in time and
projected to impose the divergence constraint shown in equation 3.11. For reactive flows,
the scalar thermodynamic advance is performed between these two steps (step 2) within the
SDC context. The PeleLMeX time advance algorithm, which is fully described in [11], is
summarized here:

1. Predict a time-centred velocity (UADV ∗) at the cell faces using the cell centered data at
tn and a time-lagged pressure gradient (∇πn−1/2) using a second-order Gudonov procedure.
To enforce the divergence constraint (equation 3.11), a discrete projection scheme is applied
to this velocity field. This field (UADV ) is the advection velocity used for computing the
advective fluxes.

2. Use spectral deferred correction (SDC) approach [88] to integrate over the time step.
This gives the time advanced species mass fractions and enthalpy.

3. Using an explicit advection term and a Crank-Nicolson implicit scheme for the diffu-
sion term, compute an intermediate cell-centered velocity field (Un+1∗). A Nodal-projection
scheme is applied to this provisional velocity field (Un+1∗) to satisfy the divergence constraint,
and the new velocity field (Un+1) and pressure at tn+1/2 are thus obtained.

Figure 3.1 shows a flowchart of the time advance algorithm used in PeleLMeX [11] with
some more details. For a more detailed description of the algorithm the reader is referred to
[90–92].

3.3 Configurations

3.3.1 Non-reactive swirl flow

As mentioned in the introduction section, this project aims at performing simulations on a
laboratory flame. Here, we first elaborate on the burner setup.

Figure 3.2 shows a schematic of the low-swirl injector setup [12]. Flow field upstream of
the swirler exit plane is divided into two main regions: one is the core flow which is a pipe
flow, and the other is the outer swirler. The flow first goes through an expanding section
to reduce the velocity. Then, it goes through a mesh screen and a honeycomb to increase
the unirformity of the flow. A 3D printed plenum is used to converge the flow. Next, it
goes through a turbulence generator and then the injector nozzle. The injector comprises of
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Figure 3.1 Flowchart of the time advance algorithm used in PeleLMeX. Taken from [11].

a central channel which has a diameter of 20.2 mm. This channel is shrouded by a swirler
which has an outer diameter of 32.4 mm. The vanes of the swirler have 40° angle with the
nozzle centerline, and the swirl number is 0.47. The tip of the injection nozzle is located 46.0
mm upstream of the burner exit nozzle which has a 32.0 mm diameter.

To evaluate the flow field created by the swirler, a series of simulations were executed in
a non-reactive environment. As mentioned in the beginning of Chapter 3, the aim of this
series of simulations is to find the best inflow that generates a flow field that best matches
the experiments. The simulation domain is a box which has a length 5 times the diameter
of the swirler and is shown in Figure 3.3. The temperature and pressure of the domain is
atmospheric, i.e., 300K and 1 atm. Grid count in each direction at the base level (level zero
AMR) is 128. Although three levels of AMR is needed to resolve the Kolmogorov length
scale, one level of AMR was shown to be enough to capture the flow field characteristics after
comparing the results with one and two levels of AMR. Statistics for the axial, azimuthal
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Figure 3.2 Drawings of (a) the low-swirl injector, (b) the low-swirl injection nozzle, and (c)
the turbulence generator. Taken from [12].

and radial velocity average and rms at six different heights above the burner are shown in
Appendix B. D is the diameter of the burner exit. The data extraction plane goes through
the center of the nozzle. Excellent agreement is observed for all three velocity components.
The simulations were run for more than 5 flow through times.

Two approaches have been considered to generate the inflow which are discussed here.

First approach: convected homogeneous isotropic turbulence

In the first approach, inflow velocity including mean and rms of the three components of
velocity are the same as the measurements at the nozzle exit in the experiments. To im-
pose turbulent fluctuations to the mean flow, a three-dimensional homogeneous isotropic
turbulence (HIT) box is introduced at the inlet. This HIT box, including positions and
three-component velocity fluctuations, is created and stored in a file. Based on the mean
velocity of the flow and assuming Taylor’s hypothesis, the position of the sampling plane in
the HIT box is calculated in space, and velocity fluctuations are read from the file. To impose
the velocity rms curve measured from the experiments to the simulation, a curve-fitting ap-
proach has been used. The fitted curve is obtained using a 10-degree polynomial. This curve
is finally multiplied to the velocity fluctuations which have an rms of unity, and is added to
the mean flow.
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Figure 3.3 Computational domain for NRSF simulations

Figures 3.4a and 3.4b show the radial dependency of axial velocity average and rms from
the experiments (blue curves) and the curve fitting (yellow curves) which are imposed in
the simulation. The same is done for other velocity components. A coflow velocity, Uc, was
also used outside the nozzle exit. There is uncertainty regarding the magnitude of coflow
velocity, which is dependant on the power of the fan used in the experiments to flush out the
products. Based on the distance of the nozzle dump to the fan and the power used during
the experiments, coflow velocity is estimated to vary somewhere between 0.2 m/s to 2 m/s.
Precise measurements will be conducted in the near future.

Figure 3.5 shows the axial integral length scale from the experiment near the nozzle exit as a
function of radial distance from the nozzle center. Higher values are observed near the center
compared to the edge of the nozzle. Figure 3.6 shows the generated velocity fluctuations in
the HIT box based on the turbulent kinetic energy spectrum proposed by Passot-Pouquet
[93] in x−y and x− z planes. The black lines show the location of the central jet edge which
is shrouded by the swirler in the outer region.

The tested configurations are listed in Table 3.1. Two fields with different length scales
merged for the inner and outer regions for cases Inflow-1.1 and Inflow-1.3 to match, to some
limited extent, the radial dependency measured in the experiments.
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(a)

(b)

Figure 3.4 Radial dependency of the axial velocity average (a) and rms (b) at the burner exit
obtained from PIV measurements (courtesy of Luming Fan), and the curved fit (yellow line)

Table 3.1 Inner and outer integral length scales (l0) for the composite convected HIT inflow
generation cases

Inflow generated Inner l0 Outer l0
Inflow-1.1 D/2 D/4
Inflow-1.2 D/3 D/3
Inflow-1.3 D/4 D/8

Second approach: large-eddy simulation of the flow inside the injector

A large eddy simulation of the injector was carried out using the commercial code-Simcenter
STARCCM+. This LES simulation was done by a collaborator, Sandeep Jella from Siemens
Energy Canada, and was not part of the work performed by the author. The computational
domain included the complete injector which comprises of the swirler and the perforated
plate. Mass flow inlet conditions were used for the flow and the central jet with a relevant
flow split imposed for each. Synthetic turbulence at each inlet was imposed using the method
of Jarrin et al [94]. This was needed to ensure that the turbulent jets from the perforated
plate correctly developed. A polyhedral mesh was used with a 0.2 mm cell characteristic
length throughout the injector section as seen in Figure 3.7 (left) along with vorticity contour
in the middle. A detailed sketch of the injector is also shown on the right. A finer mesh
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Figure 3.5 Radial dependency of the axial integral length scale at the burner exit obtained
from PIV measurements, courtesy of Luming Fan

Figure 3.6 Generated velocity fluctuations in the HIT box in x − y and x − z planes merging
two different length scales. The black lines show the location of the edge of the injector.

sizing has been used near regions of high curvature, e.g., swirler vane trailing edges and the
splitter dividing the jet into the annular swirl stream and the central (non-swirl) jet. The
mesh size was increased to 0.5 mm in the flame zone to a maximum of 2 mm in the farfield.
The filtered form of the continuity, momentum and energy equations were solved using the
mesh as a local filter. The Wall Adapting Local Eddy Viscosity (WALE) model of Nicoud
et al [95] was used to model sub-grid stresses and to alleviate mesh requirements near the
wall. The overall mesh size was approximately 21 million cells and was run on 800 CPUs on
the Niagara supercomputer.

With respect to numerics, the transient terms were calculated using a 3 level, implicit time-
stepping scheme based on a backward differentiation. Spatial discretisation for the convective
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Figure 3.7 Mesh geometry in the large eddy simulation of the flow inside the injector (left),
vorticity magnitude contour (middle), and injector geometry (right)

term was carried out using a hybrid third order MUSCL-based central differencing/upwinding
scheme. A boundedness criterion based on a locally calculated normalized variable diagram
value ensured flux oscillations were avoided. The diffusion terms were calculated using a
pure second-order central differencing scheme; secondary gradients were evaluated to ensure
cross-diffusion contributions to the diffusion flux resulting from non-orthogonal meshes was
accounted for. Gradient evaluations for all variables utilized the method of least squares.
Finally, flow and scalar equations were advanced in a segregated manner with the SIMPLE-
Consistent (SIMPLEC) scheme used for pressure-velocity coupling.

A time-series of the velocity field extracted at the injector exit is used as the inflow velocity
field for the DNS (Inflow-2).

3.3.2 Turbulent boundary layer

In order to resolve the viscous sublayer in the turbulent boundary layer, recent DNS studies
of turbulent FWI suggest using at least one grid point within one wall unit [27,33], which is
defined as:

y∗ = ν

uτ

(3.19)

where:

uτ =
√

< τw >

ρ
(3.20)
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and ν and < τw > are fluid kinematic viscosity and mean shear stress, respectively.

Recent studies use this criterion to resolve turbulent boundary layer in their DNS [33, 72,
74]. However, this claim was not comprehensively studied and can be dependent on the
configuration. It is also, to some extent, solver dependent. In this series of simulations, we
aim to assess the required resolution in the viscous sublayer of a turbulent boundary layer
representative of the SFWI simulation, using the same solver (PeleLMeX). In particular, the
wall is specified as an embedded boundary (EB), similar to the SFWI case. The EB feature
in PeleLMeX is recent and has not previously been validated in turbulent boundary layers.

The simulation domain is shown in Figure 3.8. Inlet is on the left, and no-slip isothermal
wall is at the bottom. The wall is incorporated using EBs, and is located one cell away from
the domain edge, slightly (0.001% of base grid size) inside the second cell. Periodic bound-
ary conditions are on the spanwise direction, outflow on the top and right faces. Laminar
profiles from the Blasius solution are imposed at the inlet both for velocity and temperature.
Turbulent Reynolds number based on the boundary layer momentum thickness at the inlet
is Reθ,0 = 175. Temperature of the flow and wall are chosen to resemble the SFWI simu-
lation, which are 800 and 330 K respectively. Three simulations are performed each with a
different maximum AMR level on the first ten layers off the wall. More specifications of the
simulations are shown in Table 3.2, where wall normal distance is normalized as

y+ = y

y∗ (3.21)

Figure 3.8 Sketch of the 3D domain for TBL simulations
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Table 3.2 Specifications of the configurations for TBL simulations

Simulation index Maximum AMR
level on the wall

Number of cells
[millions]

Total Cost
[*103CPUhours]

Maximum y+ for
the first cell

TBL0 0 33 40 2.6
TBL1 1 59 100 1.4
TBL2 2 184 400 0.72

The computational box has a dimension of 300θ0, 40θ0, 20θ0 in the streamwise, wall-normal,
and spanwise directions, respectively. θ0 is the boundary layer momentum thickness at
the inlet. There are 1560, 208, and 104 grids at the base level in the streamwise, wall-
normal, and spanwise directions, respectively. The simulation setup is very similar to the
study by Kong et al. [96], where they performed DNS of turbulent thermal boundary layer
developing on isothermal and isoflux walls. In order to trigger laminar to turbulent transition
of the boundary layer, velocity fluctuations have been added at the inlet to the mean flow.
Fluctuations are obtained from a homogeneous isotropic turbulence box. The HIT box
is added to the inlet periodically as suggested by previous studies on turbulent boundary
layers [97,98]. The HIT box is cubic and has a length equal to the width of the domain, i.e.
20θ0. The integral length scale of the fluctuations is one fourth of the HIT box length and
the ratio of rms of velocity fluctuations to bulk inlet velocity is u′

0/U∞ = 0.1.

The simulations were run for more than 5 flow through times for each case, and then sampling
was started. At each axial location, the statistics are averaged over time (more than 200
snapshots were captured for each case through 10 flow through times), spanwise direction
(across all cells in the spanwise direction), and axial direction (averaged on cells over 15θ0

distance).

3.3.3 Turbulent swirl flame-wall interaction

In this section, we first introduce the experimental setup utilized to perform the investigations
on the experimental laboratory flame. We are considering an experimental case studied in
[10], which was performed by a post-doc in the group. Then, we discuss the numerical setup
developed to replicate the experimental flame in our DNS.

Experimental setup

A schematic of the experimental setup is shown in Figure 3.9. It incorporates a model low-
swirl gas turbine burner, and a water-cooled plate with the dimensions of 60×40 cm2. For
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velocity and species concentration measurements, simultaneous stereo-PIV and OH×CH2O
PLIF diagnostics are used. The burner is the one described in Section 3.3.1. The flame
is impinging onto a flat plate with an angle of 30 degrees relative to the burner axis. The
horizontal distance between the nozzle center and the plate is L = 2D (64 mm). In this
configuration, the lifted flame could interact with the plate sufficiently. A group of thermo-
couples were used to measure the temperature of the plate. It was shown that the surface
temperature of the plate was stable around 330 K and uniform within 8 K. More details on
the burner can be found in [10,12].

Figure 3.9 Optical and burner setup for the experiments

Numerical setup

The setup for the SFWI simulation is shown in Figure 3.10. The inclined wall is incorporated
using the embedded boundary capability of the code. The bottom of the domain is the inflow
where premixed air/fuel mixture enters the domain from the injector shown by the blue circle.
The inflow is prescribed using the second approach (using LES data) discussed in Section 3.3.1
in that it produces better match with the experiments compared to the other approach. An air
coflow with velocity Uc was prescribed for the outer-burner region to mimic the flow field in the
experiments as much as possible. Other parameters for this simulation are listed in Table 3.3.
η is estimated using Eq. 2.3. Velocity fluctuations rms, u′

0, were measured in the experiments
using stereo-PIV in the swirl region. Turbulent Reynolds number, Ret, is estimated using
u′

0l0/ν. More simulations with different equivalence ratios, hydrogen fractions, and wall
boundary condition (adiabatic wall) will be performed in the future. The temperature of the
wall is fixed at 330K, same as in the experiment. Laminar flame speed and thickness were
calculated using Cantera [99] with the Aramco mechanism [100]. Combustion products of
the corresponding mixture at the inflow are imposed at t = 0 near the nozzle exit to ignite
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the incoming fuel/air mixture. At the base level (AMR level 0), there are 256 grids in each
direction. The simulation was first run using only 1 level of AMR for two flow through times
until the flame stabilized. A second level of AMR was then added, and multiple scoping runs
testing different equivalence ratios, coflow velocity, and inlet velocity profiles were performed,
summing around 8 flow through times. Then, the final configuration mentioned earlier was
run for around four flow through times with level 2.

Figure 3.10 Three-dimensional domain for the numerical simulations

A 24-species, 105 reactions chemical kinetics mechanism derived from the Aramco detailed
mechanism, developed for lean methane-hydrogen mixtures is utilized in the simulation [100].

Table 3.3 Specifications for the SFWI configuration

Ub[m/s] ϕ H2:CH4 lf [mm] Sl[cm/s] u′
0[m/s] l0[mm] η[µm] Ka Ret

10 0.41 0.7:0.3 2.1 4.6 2.3 2.8 32 200 400

Table 3.4 shows the required resolution and corresponding AMR level to resolve the Kol-
mogorov length scale, wall unit, and flame thickness. The AMR strategy is based on refining
the mentioned regions up to the required resolution. To that end, the software gets the
relevant variables as the input to refine regions with: mass fractions of O and H higher than
1.0 × 10−4 and 1.0 × 10−5 respectively to resolve the flame front up to level 4, vorticity mag-
nitude higher than 2.0 × 103 s−1 to resolve the Kolmogorov length scale up to level 4 [89],
and also a criterion to resolve regions with temperature difference of adjacent cells higher
than 200 K up to level 2 to avoid high gradients in the domain [89]. AMR level 4 is also used
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all throughout the wall to resolve the viscous sublayer. As mentioned before, in this thesis
simulations are performed only up to level 2, and simulations with level 4 were only tested
for a few steps for cost estimate. Figure 3.11 shows the AMR levels around the flame front
superimposed on the O mass fraction and vorticity magnitude fields using maximum AMR
level 2. The white line represents the edge of the inclined wall.

Table 3.5 quantifies the cost of the SFWI simulation using each AMR level. To estimate the
cost, the simulation was run for a few time steps at each level. Based on the physical time
step size and the CPU hour cost for each step, the total computation cost for each level for
one flow through time was estimated.

Table 3.4 Relevant length scales to be resolved for DNS resolution

Length scale Required resolution
[µm]

Required AMR level

Turbulence (dx = 2η) 110 4
Wall unit (y+ = 1) 66 51

Flame thickness (10 pts/species layer) 80 4

Table 3.5 Cost estimate of the SFWI simulation using each AMR level

Maximum AMR level Grid spacing [µm] Number of cells
[millions]

Total cost per flow
through [Million

CPU-hours]
0 1,250 17 -
1 625 60 -
2 312.5 240 0.1
3 156.2 460 1.3
4 78.1 2,300 11.2

Figure 3.12a shows the calculated averaged y∗ values vs. height above burner (HAB) in the
middle plane along the x-axis. The blue line is the raw data calculated from the simulation.
Since the way y∗ was calculated resulted in noisy data, filter was applied. The horizontal
dashed red, blue, green, and purple lines show the average distance between the first cell
center and the wall (∆x/2) using AMR level 1, 2, 3, and 4. As will be discussed in Section
4.2, using y+ up to 1.4 for the first grid point next to the wall can be deemed sufficient to

1Please refer to the discussion below Table 3.5 for more details.
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(a) (b)

Figure 3.11 Grid edges around the flame front for the present study superimposed on the O
mass fraction field (left) and vorticity magnitude (right). The white line represents the edge
of the inclined wall.

resolve a turbulent boundary layer with DNS accuracy with the present solver, including the
use of EB. This means that using AMR level 4 on the wall can resolve y∗ values as low as
39µm/1.4 = 28 µm. The implication of this is that using AMR level 4 is enough to resolve
all the boundary layer on the wall. Figure 3.12b shows the y∗ values as a 2D contour on the
wall. The closed curve on the plots show isocontours of y∗ = 39µm, which corresponds to
y+ = 1. The minimum y∗ in the whole domain is 33µm which is around y+ = 1.2.

Figure 3.13 presents the time evolution of instantaneous and mean heat release rate, inte-
grated in the mid-plan along the x-axis. The equivalence ratio has changed from 0.39 (a test
case) to 0.41 (present configuration) at the initial point in the instantaneous curve which
results in gradual increase of HRR. Averaging (orange curve) starts once the flame seems to
reach steady state. Averaged values (shown using the orange line) show fluctuations less than
5%, suggesting that a statistically steady state has been reached.
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(a) (b)

Figure 3.12 y∗ values vs. height above burner (HAB) in the middle plane along the x-axis
(left) and y∗ values as a 2D contour on the wall (right)

Figure 3.13 Time evolution of the integrated heat release rate in the mid-plane along the
x-axis
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CHAPTER 4 RESULTS

In this chapter we present the results obtained from the simulations mentioned in the previous
chapter. They can be categorized into non-reactive swirl flow, turbulent boundary layer, and
turbulent swirl flame-wall interaction.

4.1 Non-reactive swirl flow

As mentioned in the methodology section, the NRSF simulations were run using one level of
AMR. Figures 4.1, 4.2 and 4.3 show the instantaneous, averaged and rms flow fields for the
simulation Inflow-2 mentioned in Section 3.3.1. Statistics for axial velocity, radial velocity,
azimuthal velocity, and vorticity magnitude are shown in the figures. The main characteristics
of a swirl flow can be interpreted from these figures. A diverging flow is created downstream
due to the outward radial velocity. A low velocity region is formed near the centerline starting
around Z = 1.5D. This low-velocity region is created by the centrifugal pressure gradient
and plays a pivotal role on flame stabilization at high inlet velocities [17]. It enables the hot
combustion products rife with radicals to interact with fresh gas and ignite them. Average
axial velocity also demonstrates that a strong shear flow is created between the swirl flow and
the core flow. rms flow field also shows that velocity fluctuations are highest in the outer flow
region compared to the central flow, which simply means those regions incorporate higher
gradients. The fluctuations decay as the flow evolves downstream.

Figures 4.4 -4.9 are depicted here to make a comparison between simulations mentioned in
Section 3.3.1 and the measurements in the experiment. Coflow velocity Uc = 0.2 m/s has
been used. Both average and rms values of the three-component velocity are shown at six
different heights above the burner. Simulations Inflow-1.1-3 in Figure 4.4 show much lower
average axial velocity near the centerline at distances away from the inlet compared to the
experiments. However, simulation Inflow-2 (the one using LES of the injector as in the inflow)
shows good agreement with experiments. This discrepancy observed in Inflow-1.1-3 can have
major consequences on the flame position and stabilization in a reactive environment.
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Figure 4.1 Instantaneous velocity and vorticity for the Inflow-2 simulation

Figure 4.2 Average velocity and vorticity statistics for the Inflow-2 simulation
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Figure 4.3 Rms velocity and vorticity statistics for the Inflow-2 simulation

Figure 4.4 Average axial velocity [m/s] for simulations and experimental measurements
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Figure 4.5 Average azimuthal velocity [m/s] for simulations and experimental measurements

Figure 4.6 Average radial velocity [m/s] for simulations and experimental measurements



44

Figure 4.7 Rms axial velocity [m/s] for simulations and experimental measurements

Figure 4.8 Rms azimuthal velocity [m/s] for simulations and experimental measurements
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Figure 4.9 Rms radial velocity [m/s] for simulations and experimental measurements

Figure 4.10 shows the average axial velocity as a function of height above the burner in the
centerline of the nozzle. The effect of coflow velocity using Uc = 0.2m/s and Uc = 1m/s are
shown. More experimental data is not available further downstream since the observation
window is limited. As mentioned before, the simulations Inflow-1.1-3 underpredict the axial
velocity to a large degree, which is more distinguished here. For Inflow-2, there is a clear
effect of the coflow, and the decay rate is much better captured with Uc = 0.2 m/s.

It can be concluded that resolving the flow inside the injector, and also coflow can have major
consequences on the flow field developed. This is attributed to capturing the correct coherent
structures and length scales attributed with the actual flow in the nozzle outlet, which is not
possible to incorporate using the first approach. Finally, Inflow-2 was used in the reactive
swirl flame-wall interaction simulation, discussed later.

4.2 Turbulent boundary layer

In this section, we present the results of the turbulent boundary layer (TBL) simulations
mentioned in Table 3.2. As discussed in the methodology section, three simulations have
been performed based on varying maximum AMR level on the wall. In the TBL2 simulation
for instance, grids with AMR level 2 are used all through the length and span of the wall,
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(a) Uc = 0.2 m/s (b) Uc = 1 m/s

Figure 4.10 Average axial velocity along the nozzle centerline for different coflow velocity
cases

stretching up to y+ = 10. This is followed by AMR level 1 from y+ = 10 to y+ = 20, and
level 0 further away from the wall. For TBL1, ARM level 1 is used up to y+ = 10, and level
0 elsewhere.

Figures 4.11 and 4.12 show normalized contours of instantaneous streamwise velocity and
temperature for TBL2 at the middle plane of the domain. In these figures, the isothermal
wall is located at the bottom and the inflow is on the left side. Normalized streamwise
velocity and temperature are defined as:

Ū = u

U∞
(4.1)

Θ = T − Twall

T∞ − Twall

(4.2)

where u is streamwise velocity, U∞ is the free stream inlet velocity, and Twall and T∞ are
wall and free stream inlet temperature respectively. Rectangular boxes of HIT, which are
introduced in the domain periodically, are visible in the first plot. Periodically, these help
trigger the laminar to turbulent transition and decay as they move downstream. The flow is
almost laminar up to around x = 60θ0, going into transition and finally becoming turbulent.

Figure 4.13 shows the instantaneous skin friction and Stanton number contours for case
TBL2. Heat flux is normalized using the Stanton number [101], defined as:
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Figure 4.11 Instantaneous normalized streamwise velocity contours for the TBL2 simulation

Figure 4.12 Instantaneous normalized temperature contours for the TBL2 simulation

St = qwall

ρU∞cp(Twall − T∞) (4.3)

where qwall is the local heat flux to the wall, ρ is the fluid density, and cp is the fluid specific
heat capacity. The view is from the top of the plate with inflow on the left and outflow on the
right. Skin friction increases dramatically as the laminar boundary layer transitions around
x = 60θ0 downstream, which is expected since turbulent boundary layer is attributed with
higher skin friction than the laminar one [102].

Figure 4.14 shows the calculated normalized y∗ values for TBL simulations as a function of
axial position. y∗ decreases rapidly as the boundary layer becomes progressively turbulent
and remains almost constant after x = 125θ0. This position corresponds to the laminar
to turbulent transition, as suggested in the previous plots. Good agreement for y∗ is also
observed between different levels. Literature suggests y∗/θ0 ≈ 0.1 for adiabatic turbulent
boundary layers in the range of Reynolds number of this simulation (Reθ ≈ 200) [103].
However, since the wall temperature in this simulation is much lower than that of the free-
stream fluid, with a ratio of kinematic viscosity of approximately five between the free stream
and near-wall regions, we observe lower y∗ values.
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(a)

(b)

Figure 4.13 Instantaneous statistics for the TBL2 simulation on the wall: (a) skin friction
(b) Stanton number. The red line in Figure (b) shows the averaging plane used to obtain
statistics in Figures 4.15-4.16.

Figure 4.14 y∗ vs. axial position for the TBL simulations

Here we compare the results of various statistics including mean and fluctuating averages for
the three simulations as a function of wall distance, y+. The investigation plane is located
at 0.95 of domain length near the outlet, as shown in Figure 4.13 (b).

Figures 4.15 and 4.16 compare first order and second order statistics obtained for simulations
TBL0, TBL1, and TBL2. v and w are wall-normal and spanwise velocity respectively. Ex-
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cellent agreement is observed between the simulations for the mean quantities (Figures 4.15a
and 4.15b), especially for level 1 and 2. For the rest of the plots in Figure 4.15b, deviations
are observed for level 0, especially further away from the wall (y+ > 20). However, good
agreement between level 1 and 2 remains. Since the minimum y+ is around 1.4 for TBL1
simulation, according to Table 3.2, one can conclude that using y+ around 1.4 is sufficient to
capture grid-independent first- and second-order statistics for the cooled turbulent boundary
layer simulation studied here.

(a) (b)

Figure 4.15 First order statistics for the TBL simulations

(a) (b)
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(c) (d)

(e) (f)

Figure 4.16 Second order statistics for the TBL simulations

Figure 4.17 shows averaged and rms of normalized heat flux to the isothermal cooled wall as a
function of axial position. Heat flux is normalized using the Stanton number defined earlier.
Both average and rms values tend to increase up to the laminar to turbulent transition point,
followed by a very slow decrease as the Reynolds number increases, which was also observed
in other studies on turbulent thermal boundary layers [103–105]. Great agreement is observed
between different levels both for average and rms values. This shows that using y+ around
1.4 is sufficient to obtain grid-independent first- and second-order statistics of heat flux from
the turbulent boundary layer to the cooled wall.
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Figure 4.17 Average and rms of normalized heat flux to the wall as a function of axial position

4.3 Turbulent flame-wall interaction

As mentioned in the methodology section, the SFWI simulation has been run up to AMR
level 2 in this thesis. We present the preliminary results obtained from the simulation. The
rest of the project using AMR level 4 and more detailed numerical analysis will be performed
in the future.

4.3.1 Comparison with experimental results

Figure 4.18 compares the concentration of OH for the experiment (left) with numerical sim-
ulation results (right). The results for the simulation using both Inflow-1 and Inflow-2 are
shown. Coflow velocity is Uc = 1 m/s. The wall location is shown using the inclined white
line on the left, and the white horizontal line marks Z = 1.25D for reference. Compar-
ing the results from the simulations and experiment, it is shown that using Inflow-2 leads
to much better results in terms of flame location. Flame lift-off height is underpredicted
using Inflow-1, which is expected since the axial velocity was also underpredicted in the
non-reactive simulation results shown in Figure 4.10. Hence, Inflow-2 has been chosen as
the ideal inflow for the simulation and was used for the results presented in the rest of this
section. Good qualitative agreement is seen between the simulation using Inflow-2 and the
experiment. Axial location and width of the flame match with the simulation, although only
two levels of AMR have been used. The leading edge of the flame features fragmented flame
fronts, which is attributed to the hydrogen fuel. Due to sub-unity Lewis number of hydrogen,
the flame is subject to thermo-diffusive instabilities. This kind of instability leads to cellular
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structures on the flame front [10, 42]. Moreover, due to higher mass diffusivity of hydrogen
than thermal diffusivity, positive curvatures (convex to the reactants) are more probable than
negative ones [41]. This is also visible in the OH concentration figures. The flame position
also is well-captured in the simulation. Figure 4.19 also shows the mean position of OH
concentration in the experiments (left) and simulation (right), using Uc = 1 m/s. This plot
also shows that the simulation has good agreement in terms of mean flame position with the
experiments.

Figure 4.18 Instantaneous OH concentration in the experiment (left) and OH and CH2O
concentration in the SFWI simulation with Inflow-1 (top right) and Inflow-2 (bottom right)

Figure 4.19 Mean OH concentration in the experiment (left) and mean OH and CH2O con-
centration in the SFWI simulation (right)

Figure 4.20 shows the average velocity magnitude from the experiments and the simulation
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using Inflow-2 and different coflow velocities. The field of view in the experiments is from
the PIV which is a rectangular section parallel with the wall. Three different cases have
been shown from the simulation using Uc = 2 m/s, Uc = 1 m/s, and Uc = 0.2 m/s. The
equivalence ratio for Uc = 2 m/s simulation is a bit lower (0.39) compared to the other
simulations (0.41), but does not have major effects on the flow field. The main contributor
to the difference observed in the simulations is due to the coflow velocity. It is shown that
using higher coflow velocities can lead to narrower flame and recirculation zone. However,
as mentioned in the methodology section, the range of uncertainty for coflow velocity lies
between 0.2 m/s to 2 m/s. The low-velocity region formed in the simulation using colflow
velocities 1 m/s and 0.2 m/s is wider than the experiments in the wall-normal direction. This
shows the considerable impact of the coflow on the flame stabilization. Detailed experimental
measurements of the coflow velocity are needed and will be available in the near future.

Figure 4.20 Average velocity magnitude comparison for experiment and simulation near the
wall
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4.3.2 General flow features

Figures presented in this section are obtained using Inflow-2 and Uc = 1 m/s. Figure 4.21
shows the instantaneous flow field plots using axial velocity and vorticity magnitude. The
plots are zoomed in to show the flow field in more detail. The inclined wall is located at the
left side of the domain. The low-velocity recirculation zone is visible in both plots starting
a bit higher than Z = D. A high velocity jet is impinging on the inclined wall resulting
in a very thin boundary layer in that region. Vorticity magnitude is shown to be higher in
the outer shear layer due to the strong shear stress resulting from the interaction with the
low-velocity coflow. The divergent swirl flow is visible from the vorticity plot, decaying as
the flow evolves due to dissipation. It is also visible that a part of the flow impinging on the
wall circulates back upstream towards the inlet, shown by negative axial velocity.

(a) Axial velocity (b) Vorticity magnitude

Figure 4.21 Instantaneous flow field plots in the mid-plane along the x-axis for the SFWI
simulation

Figure 4.22 shows instantaneous contours of several quantities in the stabilized flame in the
mid-plane slice along the x-axis. Again, the plots do not show the full domain and are zoomed
in the region of interest to have better visualization.

Figure 4.22a illustrates instantaneous temperature, showing that the flame is highly lifted,
stabilizing around Z = 1.2D. Figure 4.22b shows that the flame features a corrugated
yet continuous reaction zone in the leading edge region, followed by broken reaction zones
downstream. A cloud of formaldehyde is observed downstream of the stabilization point
(Figure 4.22c), which was also observed in the experiments [10]. In that paper, this was
attributed to flame quenching as a result of high strain rate imposed on the flow. By looking
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at Figures 4.22e and 4.22f, we can observe large amounts of unburned fuel in the domain
which also account for incomplete combustion. Figure 4.22g is another testament to this
fact showing high CO mass fraction, a good predictor of low combustion efficiency in the
literature [16].

Figure 4.22h shows the ratio between methane and hydrogen mass fractions. Regions of
increased ratio is observed near the flame front both upstream and downstream. Higher
diffusivity of hydrogen compared to methane leads to lower mass fraction of hydrogen com-
pared to methane. Figure 4.23 shows the time evolution of the ratio of γ = YCH4/YH2 at
the outlet over inlet. The values at the inlet and outlet are averaged in the mid-plane. The
time-averaged value over this period is around 1.05, which shows that hydrogen is consumed
slightly more than methane on average in the domain.

(a) Temperature (b) Heat release rate

(c) Y(CH2O) (d) Y(OH)
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(e) Y(CH4) (f) Y(H2)

(g) Y(CO) (h) Y(CH4)/Y(H2)

Figure 4.22 Instantaneous plots in the mid-plane along the x-axis for SFWI simulation

Figure 4.23 Time evolution of γ = YCH4/YH2 at the outlet over inlet
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4.3.3 Flame quenching and wall heat loss

To assess whether heat loss to the wall plays an important role, the joint -PDF of enthalpy and
equivalence ratio is shown in Figure 4.24. The red solid lines correspond to the excursion in
enthalpy-equivalence ratio space of 1D unstrained flames with varying equivalence ratio in the
unburned gas. The white dashed line corresponds to adiabatic mixing between the reactants
and coflow air. It is clear from this figure that heat loss leads to incursions into regions
of enthalpy-equivalence ratio space not accessed by adiabatic flames. This is attributed to
non-negligible heat loss at the wall, as shown in Figure 4.25 showing the averaged and rms
heat flux to the wall in the mid x-plane. The heat flux is normalized by the laminar flame
power of the inlet mixture. The values are negative in the first few centimeters since the
flame is lifted and the wall temperature is higher than the inlet mixture. This plot shows
high values of average and rms heat flux to the wall. Maximum instantaneous heat flux
(Q̇N,Q) as high as 0.12 of the laminar flame power was also observed. For hydrogen, this
value was reported around 0.13 and 0.16 for laminar SWQ and HOQ scenarios respectively
in the literature [62,63]. The ratio of total heat loss to the wall to total heat released in the
domain was found to be around 3%.

Figure 4.24 Joint-PDF of enthalpy and equivalence ratio for the entire SFWI domain. The red
solid lines correspond to the excursion in enthalpy-equivalence ratio space of 1D unstrained
flames with varying equivalence ratio in the unburned gas. The white dashed line is the
adiabatic mixing line.

Figure 4.26a shows the conditional average of progress variable gradient magnitude (|∇c|)
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Figure 4.25 Average and rms wall heat flux normalized by laminar flame power along the mid
x-plane

normalized by the laminar flame thickness of the inlet mixture, conditioned over equivalence
ratio and progress variable. Progress variable is calculated based on O2 mass fraction, and
is not normalized between zero and one. Results from 1D laminar unstrained flames at
various equivalence ratios are also denoted using colored markers. This plot shows that
conditionally averaged |∇c| is increased at all locations in the SFWI simulation compared to
the 1D flame. This suggests that the large clouds of intermediates may be due to the low local
equivalence ratios, associated with flame thickness of at least the same order of magnitude.
Air entrainment from the surrounding causes these very lean mixtures as shown in Figure
4.26b. Note that increased equivalence ratio is observed in Figure 4.26b starting around
Z = D due to the diffusivity of hydrogen. This phenomenon, attributed to preferential
diffusion, was also observed in previous studies on turbulent lean hydrogen flames [41].

Figure 4.27 shows the mean in-plane strain rate calculated in 2D (not including gradients
normal to the plane) and 3D, normalized by 1D unstretched laminar flame extinction strain
rate. The isocontours of average heat release rate at 10% of maximum heat release in the
domain are also shown using green curves. The strain rate tensor is calculated using the
equation:

ϵij =
(

∂ui

∂xj

+ ∂uj

∂xi

)
(4.4)

Magnitude of the plane-normal component of the strain tensor is regarded as the in-plane
strain rate magnitude. Since in the experiments there is no access to the velocity field
normal to the plane (such as the one mentioned above), the mean strain rate calculated is
two dimensional. It can be evaluated using the simulation if the 2D values are close to the
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actual 3D values. Disagreements can be seen in the central flow near the nozzle inlet, and
also inner shear layer. Generally, strain rate is more intense in the actual scenario compared
to the extracted values in the experiments, but the differences are not that large. High values
of strain rate are imposed on the flow around the flame front, almost an order of magnitude
higher than the mean extinction strain rate of the corresponding 1D laminar flame, which is
around 20 [1/s], calculated using Cantera, such as in [10]. These preliminary results suggest
that the flame undergoes extinction due to high strain rate in the shear layer, which leads to
the depletion of intermediate species and unburned fuel observed in Figure 4.22.

(a) (b)

Figure 4.26 (a) Conditional average of normalized progress variable gradient magnitude con-
ditioned over equivalence ratio and progress variable. Results from 1D laminar unstrained
flames at various equivalence ratios are also denoted using colored markers. (b) Instanta-
neous contours of equivalence ratio in the mid-plane along the x-axis for the SFWI case.
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(a) Mean in-plane 2D strain rate (b) Mean in-plane 3D strain rate

Figure 4.27 Mean in-plane 2D and 3D strain rate magnitudes
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CHAPTER 5 Conclusion

5.1 Summary

Turbulent flame-wall interaction is an important phenomenon occurring in a wide range of
engines which is not thoroughly understood. Advanced engines, such as modern gas turbines
(GTs), are becoming more compact which accentuates flame-wall interaction. Moreover,
there is an essential need for transition towards zero-carbon or low-carbon fuels to mitigate
global warming and to meet low-emission regulations. After reviewing the literature, it was
revealed that there are no DNS studies on turbulent flame-wall interaction of low-carbon
swirl flames. Currently, these flames are of special interest in the GT combustion community
to reduce carbon emission in aeroengines as well as for power generation. In this project, a
setup for direct numerical simulation (DNS) of swirl laboratory flames with high hydrogen
content interacting with walls is prepared.

First, non-reactive simulations have been performed to identify the best approach to im-
pose inflow velocity for the laboratory flame. Two approaches have been proposed: first,
using experimental measurements of mean and rms of velocity as the inflow, and second,
performing an auxiliary LES of the nozzle flow and setting the nozzle outlet as the inflow
boundary condition in the flame-wall interaction simulation. The second approach showed
better match with the actual flow field in the experiments due to resolving all the complex
coherent structures and turbulent length scales created by the swirler vanes.

Next, a series of simulations on a turbulent thermal boundary layer has been performed to
assess the required resolution to resolve the boundary layer in the swirl flame-wall interaction
simulation. It was revealed that having a minimum y+ = 1.4 is sufficient to achieve grid
independence on first and second-order statistics for the target turbulent boundary layer.

Next, simulations of the swirl flame interacting with the wall were performed using the second
approach (linking the LES of the nozzle flow). Good agreement was observed in terms of
flame lift-off height and length between the simulation and the experiments both in terms of
instantaneous and mean values, although not enough AMR levels were used to resolve all the
length scales in the domain. The coflow velocity, Uc, was found to have significant effect on
the flame shape. Higher values of Uc reduced the width of the flame and recirculation zone,
having better agreement with the experiments. Precise experimental measurements of Uc will
be conducted in the near future. The flame front was fragmented and with broken reaction
zones, similar to that experimentally observed. High values of strain rate was observed,
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especially in the outer shear layer region, and was observed to decrease near the flame front
distinguished with high values of heat release. Large amounts of formaldehyde was observed.
It was argued that this may be due to the low local equivalence ratios as a consequence of
air entrainment. Large amounts of unburned fuel and CO was also observed in the domain
which are markers of low combustion efficiency. It was also found that wall heat loss is non-
negligible and leads to a non-adiabatic thermochemical state manifold, which is associated
with increased modeling complexity.

Finally, this setup is ready to run the swirl flame interacting with wall simulation with DNS
resolution once the new coflow measurements are available.

5.2 Future work

The simulation will next be resumed with AMR level 3 for several flow through times, followed
by the DNS resolution (AMR level 4) for approximately one flow through time.

Performing simulations by changing the boundary condition on the inclined wall from isother-
mal to adiabatic can shed more light on the quenching mechanism of low-carbon swirl flames
by removing the effects of heat loss to the wall.

Simulations at thermochemical conditions closer to modern GTs (i.e., higher inlet temper-
ature and pressure) and more complex geometries can be useful since they represent the
actual flow conditions occurring in the combustors. This will need higher temporal and
spatial resolution due to higher pressures and as a result, higher costs.

Using other zero-carbon fuels such as ammonia, or amomnia/hydrogen mixtures can also be
useful since it has shown to be another good candidate for decarbonization purposes.

5.3 Publications

Here, the list of the publications from this project including papers, conference presentations,
and posters are listed.

5.3.1 Refereed journal article

1. L. Fan, B. Savard, S. Carlyle, M. Nozari, R. Naaman, B. Fond, P. Vena, “Simultaneous
stereo-PIV and OH×CH2O PLIF measurements in turbulent ultra lean CH4/H2 swirling
wall-impinging flames”, Proceedings of the Combustion Institute, Volume 39, Issue 2, 2023,
Pages 2179-2188, ISSN 1540-7489
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Contributions: Used Cantera to calculate 1D laminar flame characteristics such as extinction
strain rate, flame speed, and flame thickness.

5.3.2 Conference presentations

Conference papers

1. M. Nozari, M. Vabre, B. Savard, S. Jella, L. Fan, P. Vena, M. Day, L. Esclapez, “DNS
of a laboratory lean CH4/H2 low-swirl flame impinging on an inclined wall: prescribing the
complex inflow velocity field”, Presented at the Proceedings of the Combustion Institute -
Canadian Section Spring Technical Meeting, May 15-18, 2023, University of Alberta, Ed-
monton, Canada

2. M. Nozari, B. Savard, L. Fan, P. Vena, M. Day, L. Esclapez, “Towards DNS of a laboratory
lean CH4/H2 low-swirl flame impinging on an inclined wall”, Presented at the Proceedings
of the Combustion Institute - Canadian Section Spring Technical Meeting, May 11-14, 2022,
The University of Ottawa, Ottawa, Canada

Workshop presentation

1. M. Nozari, M. Vabre, L. Fan, L. Esclapez, P. Vena, M. Day, B. Savard, “(Towards) DNS
of a laboratory lean CH4/H2 low-swirl flame impinging on an inclined wall”, Presented at
the 17th Premixed Turbulent Flames (PTF) Workshop, 22-23 July 2022, Vancouver, Canada

5.3.3 Posters

1. O. Chabot, M. Nozari, M. Vabre, L. Fan, P. Vena, M. Day, L. Esclapez, B. Savard, “Di-
rect Numerical Simulation of Flame-Wall Interaction for Low-Carbon Gas Turbine Combus-
tion”, Poster presented at the Journée GPS„ March 2023, Polytechnique Montréal, Montréal,
Canada

2. M. Nozari, B. Savard, L. Fan, P. Vena, M., L. Esclapez, “Towards DNS of a lean CH4/H2
low swirl laboratory scale flame impinging on an inclined wall”, Poster presented at the 39th
International Symposium on Combustion, 24-29 July 2022, Vancouver, Canada
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APPENDIX A SORET EFFECTS ON 1D LAMINAR UNSTRAINED
FLAMES

Figure A.1 shows the effects of using different transport models: with Soret effects using the
multicomponent transport model, without Soret effects using the mixture-averaged transport
model, and without Soret effects using the multicomponent transport model. Simulations
are performed using Cantera, with thermochemical conditions the same as for the SFWI
simulation, i.e., equivalence ratio of 0.41, 70% H2 and 30% CH4 content. The Aramco
reduced mechanism is used, same as in the SFWI simulation. Negligible effects of Soret
transport is observed on the flame structure at the present thermochemical conditions.

(a) Temperature (b) Heatrelease rate

(c) Y(H2) (d) Y(CH4)



78

(e) Y(OH) (f) Y(H)

Figure A.1 1D laminar unstrained flame structure using different transport models: with
Soret effects using the multicomponent transport model, without Soret effects using the
mixture-averaged transport model, and without Soret effects using the multicomponent trans-
port model.
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APPENDIX B NON-REACTIVE SWIRL FLOW

Figures B.1-B.6 present a comparison of the radial dependency of average and rms of axial,
azimuthal, and radial velocity when using one and two levels of AMR in the non-reactive
swirl flow simulation. Great agreement is observed between the profiles obtained with both
AMR levels.

Figure B.1 Average axial velocity [m/s] for simulations with one and two levels of AMR
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Figure B.2 Average azimuthal velocity [m/s] for simulations with one and two levels of AMR

Figure B.3 Average radial velocity [m/s] for simulations with one and two levels of AMR
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Figure B.4 Axial velocity rms [m/s] for simulations with one and two levels of AMR

Figure B.5 Azimuthal velocity rms [m/s] for simulations with one and two levels of AMR
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Figure B.6 Radial velocity rms [m/s] for simulations with one and two levels of AMR
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