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A B S T R A C T

In this study, Direct Numerical Simulations (DNS) of turbulent premixed
Syngas flame in a confined domain are performed to investigate the effect
of turbulence on the flame in a confined vessel. The initial turbulent inten-
sity and initial integral length scale are two parameters defining the initial
turbulent field. During the early growth stage, the effect of turbulence on
the development of the flame kernel is studied. The long-term interactions
of flame and turbulence are considered while the flame propagates in a
confined space, the pressure and temperature of the unburned premixed
gas will increase which will affect the laminar flame properties of the flame.
Moreover, the Flame-Wall Interactions (FWI) near the cold wall are investi-
gated. Flame quenching distance, maximum wall heat flux and decay rate
of unburned gas at the wall are considered.

First, 2D simulations in a rectangular domain are performed where the
low computational cost of 2D simulations enables parametric studies. Be-
fore investigating the turbulent cases, the laminar case is studied compre-
hensively, which provides a basis to compare with the turbulent cases.
Although turbulence is a 3D phenomenon, 2D turbulent simulations are
shown to be qualitatively similar to 3D simulations, and 2D simulations
will guide the 3D simulation. Finally, 3D simulations in a cylindrical do-
main are performed, and the effects of initial integral length scale and
turbulent intensity on the flame are studied.

The 2D laminar simulation demonstrated that the changing thermody-
namic conditions result in an increase of the laminar flame speed of the
unburned mixture by 1.5 times and a decrease of its thickness to half in
comparison to propagation in an open domain. In addition, the decrease of
the flame thickness triggers thermo-diffusive instabilities and small-scale
cellular structures appear along the flame front during the final stages. The
scatter plots of the heat release rate with respect to the progress variable
show that the 1-D laminar premixed flame structures can parametrise the
flame as long as it remains sufficiently far from the walls, but additional
variables need to be introduced to account for the flame-wall interaction.
The chemical state can then be tabulated and used for modelling.

The 2D and 3D turbulent simulations showed similar qualitative results.
The initial kernel growth were dominantly affected by the initial turbulent
intensity while in the cases with the similar initial turbulent intensity, the
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cases with smaller turbulent length scale had larger growth rate. The rela-
tive location of the hot kernel and large-scale vortices can accelerate or de-
lay the kernel’s growth. Long-term profile of pressure or iHRR is strongly
affected by the initial turbulent intensity and the effect of initial turbulent
length scale is evident in the low turbulent intensity cases where the cases
with the larger length scale have higher burning rate. The ratio of iHRR to
flame area is enhanced due to the increased unburned temperature, pres-
sure and the initial turbulence intensity. In the high turbulence intensity
cases flame encounters larger stretch rates which have a positive effect on
the consumption rate. Heat loss rate is enhanced by the initial turbulence
intensity, although the total heat loss is reduced in the high turbulence in-
tensity cases since the total combustion time is shortened. Relative to the
laminar case, maximum wall heat flux / quenching distance is increased /
decreased in turbulent cases and unburned gas near the walls and corners
are burned faster in turbulent cases.

The high pressure simulations demonstrated that the decrease in the
laminar flame speed due to increased pressure significantly reduces the
burning rate in the laminar case while in the high turbulence intensity
cases the burning rate is controlled by turbulence.
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Z U S A M M E N FA S S U N G

In dieser Studie werden direkte numerische Simulationen (DNS) turbulen-
ter, vorgemischter Syngas-Flammen in einer begrenzten Domäne durch-
geführt, um den Einfluss von Turbulenzen auf die Flamme in einem ab-
geschlossenen Gefäß zu untersuchen. Die anfängliche Intensität der Tur-
bulenz und die anfängliche integrale Längenskala sind zwei Parameter,
die das zu Beginn vorherrschende turbulente Feld definieren. Während
des frühen Wachstumsstadiums wird der Einfluss der Turbulenz auf die
Entwicklung des Flammenkerns untersucht. Die anhaltenden Wechselwir-
kungen von Flamme und Turbulenz werden berücksichtigt, während sich
die Flamme in einem abgeschlossenen Gefäss ausbreitet. Dabei werden
Druck und Temperatur des unverbrannten vorgemischten Gases ansteigen,
was die laminaren Flammeneigenschaften beeinflusst. Darüber hinaus wer-
den die Wechselwirkungen zwischen Flamme und Wand in der Nähe der
kalten Wand untersucht, wobei Flammenlöschabstand, maximaler Wand-
wärmefluss und Verbrennungsrate des unverbrannten Gases an der Wand
betrachtet werden.

Zunächst werden 2D-Simulationen in einer rechteckigen Domäne durch-
geführt, da der geringe Rechenaufwand von 2D-Simulationen Parameter-
studien ermöglicht. Vor der Untersuchung der turbulenten Fälle wird der
laminare Fall, der als Grundlage für einen Vergleich mit den turbulenten
Fällen dient, umfassend behandelt. Obwohl Turbulenz ein 3D Phänomen
ist, zeigen 2D-Turbulenzsimulationen qualitativ ähnliche Ergebnisse wie
3D-Simulationen und dienen als Grundlage für die durchgeführten 3D-
Simulation. Schließlich werden 3D-Simulationen in einer abgeschlossenen,
zylindrischen Domäne durchgeführt und die Auswirkungen der anfängli-
chen integralen Längenskala und der Turbulenzintensität auf die Flamme
untersucht.

Die 2D-Laminarsimulation zeigte, dass die sich ändernden thermody-
namischen Bedingungen zu einer Zunahme der laminaren Flammenge-
schwindigkeit des unverbrannten Gemisches um das 1,5-fache und zu ei-
ner Halbierung seiner Dicke im Vergleich zur Ausbreitung in einem offe-
nen Gebiet führen. Darüber hinaus löst die Abnahme der Flammenstärke
thermo-diffusive Instabilitäten aus und kleinzellige zelluläre Strukturen
treten während der Endstufe entlang der Flammenfront auf. Die Streu-
diagramme der Wärmefreisetzungsrate in Bezug auf die Fortschrittsvaria-
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ble zeigen, dass die laminaren vorgemischten 1-D-Flammenstrukturen die
Flamme parametrisieren können, solange sie ausreichend weit von den
Wänden entfernt bleibt, es müssen jedoch zusätzliche Variablen eingeführt
werden, um die Flammen-Wand-Interaktion zu berücksichtigen. Der che-
mische Zustand kann dann tabellarisch dargestellt werden und zum Mo-
dellieren verwendet werden.

Die turbulenten 2D und 3D-Simulationen zeigten ähnliche qualitative
Ergebnisse. Das anfängliche Kernwachstum wurde hauptsächlich durch
die anfängliche turbulente Intensität beeinflusst, während in den Fällen
mit der ähnlichen anfänglichen turbulenten Intensität die Fälle mit der
kleineren turbulenten Längenskala eine größere Wachstumsrate aufwiesen.
Die relative Position des heißen Kerns und der großen Wirbel kann das
Wachstum des Kerns beschleunigen oder verzögern. Das Langzeitprofil
des Drucks oder iHRR wird stark von der anfänglichen turbulenten Inten-
sität beeinflusst, und der Effekt der anfänglichen turbulenten Längenskala
ist in den Fällen geringer turbulenter Intensität offensichtlich, wo die Fäl-
le mit der größeren Längenskala eine höhere Verbrennungsrate aufweisen.
Das Verhältnis von iHRR zu Flammenfläche ist aufgrund der erhöhten un-
verbrannten Temperatur, des erhöhten Drucks und der anfänglichen Tur-
bulenzintensität erhöht. In den Fällen hoher Turbulenzintensität trifft die
Flamme auf größere Dehnraten, die sich positiv auf die Verbrauchsrate
auswirken. Die Wärmeverlustrate wird durch die anfängliche Turbulenzin-
tensität erhöht, obwohl der Gesamtwärmeverlust in den Fällen mit hoher
Turbulenzintensität verringert ist, da die gesamte Verbrennungszeit ver-
kürzt ist. Relativ zum laminaren Fall ist der maximale Wandwärmefluß
/ Abschreckabstand in turbulenten Fällen erhöht / verringert und unver-
branntes Gas nahe den Wänden und Ecken wird in turbulenten Fällen
schneller verbrannt.

Die Hochdrucksimulationen zeigten, dass die Abnahme der laminaren
Flammengeschwindigkeit aufgrund des erhöhten Drucks die Verbrennungs-
rate im laminaren Fall signifikant reduziert, während in den Fällen mit ho-
her Turbulenzintensität die Verbrennungsrate durch Turbulenz gesteuert
wird.
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N O M E N C L AT U R E

au unburned gas thermal diffusivity

dq quenching distance

d f flame thickness based on temperature gradient

dl flame thickness based on thermal diffusivity

ẇk chemical production rate of species k

HRR heat release rate

iHRR integral heat release rate

lt integral length scale

k curvature

l thermal conductivity

n kinematic viscosity

W mean molecular weight

F normalised wall heat flux = Qw/Pf

f equivalence ratio

r density

§c consumption speed, iHRR/A
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Sl laminar flame speed

K stretch rate

t chemical time scale dl/Sl

k turbulent kinetic energy

Ṽk diffusion velocities of species k
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c progress variable
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cv heat capacities at constant volume
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Dk mass diffusion coefficient of species k

Da Damköhler number

E(k) energy spectrum at wave number k

hk enthalpy of species k

Ks aerodynamic strain rate

Ka Karlovitz number

Ng number of gas species

P pressure

Pf flame power

Qw wall heat flux

R universal ideal gas constant

Rel Reynolds number

Sa absolute propagation speed

ST turbulent flame speed
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T temperature

t time

Tb burned gas temperature, adiabatic flame temperature

Tu unburned gas temperature
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1
I N T R O D U C T I O N

1.1 motivation

Lean premixed combustion is a principal candidate for low pollutant emis-
sion combustion and understanding of premixed flames and interactions
with turbulence is vital for improving the design of combustion systems,
as the majority of combustion applications occur in turbulent environ-
ments [1].

Turbulent premixed combustion in a closed domain, as occurs in internal
combustion engines where combustion is initiated from a small kernel like
a spark plug, face multiple challenges: (i) flame kernel and early growth
stage: characteristics of the initial turbulent velocity field may alter dynam-
ics and growth of the initial flame kernel which in turn will affect the
whole combustion process; (ii) the mutual interaction of turbulence and
combustion: these effects remain a major challenge to the combustion com-
munity and despite the abundance of particular results, the general under-
standing of these effects is considered poor; [1–6] (iii) intrinsic instabilities:
premixed flames, in particular lean, hydrogen rich, flames are susceptible
to hydrodynamic and thermo-diffusive instabilities [7]; (iv) rising pressure
conditions: as the flame propagates, the unburned gas temperature and
pressure increases due to compression and some chemical reaction rates
are temperature and pressure dependent. The chemical length and time
scales (velocity scales) also change accordingly, which in effect alters inter-
actions with turbulent length and time scales; (v) Flame Wall Interactions
(FWI): the presence of the wall facilitates the decay of turbulence, which
indirectly affects the flame; In addition, the thermal boundary layer will
affect the dynamic of flame in the vicinity of walls [8, 9].

The majority of FWI studies considered hydrocarbon fuels while fewer
studies focus on hydrogen [10–13]. In this thesis, the choice for lean syn-
gas (mixture of CO and H2) was motivated by different factors. Synthesis
gas (syngas) is a low-carbon, versatile alternative fuel which is attractive
for power generation since it addresses concerns for both environmental
and fuel-supply security issues [14]. Integrated Gasification Combined Cy-
cle (IGCC) approaches use a variety of fuel feedstocks for power genera-
tion. Combined with carbon capture and storage technologies, IGCC offers
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2 introduction

a way towards carbon-free power generation [15]. Other major usages of
syngas include home and industrial heating, for transportation using inter-
nal combustion engines (see, for example, [16] and the references therein),
and manufacturing of chemicals. The presence of hydrogen in this two-
component fuel results in higher flame speeds and extended lean flamma-
bility limit. Syngas can thus be burned at lean conditions without the risk
of lean misfire, offering the potential for high thermal efficiency and lower
emissions. Furthermore, syngas premixed flames are susceptible to both
hydrodynamic and thermo-diffusive instabilities (e.g. [17, 18]), the com-
bined effect of which has not been investigated numerically in closed vol-
umes.

As stated earlier, most practical combustion applications occur in closed
vessels, where the walls influence the flames aerodynamically, thermo-
dynamically and kinetically. Boundary layers, heat transfer, thermal and
chemical quenching, and aerodynamic strain affect the propagating flame.
The detailed study of near-wall effects is particularly important when com-
bustion proceeds in large area to volume ratio geometries as in an internal
combustion engine (ICE), since they play a critical role in determining effi-
ciency and pollutant emissions. Maximum wall heat flux, which is related
to the flame quenching distance from the wall, affects the aging of the walls
and is a design factor for the selection of materials and the dimensioning of
the cooling system. In other applications, flame-wall interactions (FWI) are
studied in order to increase the wall heat flux, e.g. for the design of flame
arrestors [19], to enhance flame stability in micro-combustion technology,
and in combustion over hot or catalytic surfaces, as discussed in [8] and the
references therein. A different type of flame quenching that occurs in the
thin, cold combustion chamber crevices allows the trapped high density
unburned mixture to escape the flame and was found to be responsible
for about 38% of the UHC emissions in a warmed-up engine at part load,
while flame quenching near the main chamber walls accounted for an ad-
ditional 5% [20, 21].

As engines are downsized and compression ratio increases, the role of
flame-wall interactions becomes more prominent. Direct Numerical Simu-
lation (DNS) is an essential tool to study turbulent premixed flames where
the nature of the problem demands high spatial and temporal resolutions.
DNS results are considered as numerical experiments [2, 4, 5]. Inability to
alter precisely the initial turbulent length scale and turbulent intensity in
an experimental setup is one of the reasons that hinders the experimental
study of turbulent premixed flames. Meanwhile, these parameters may be
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changed conveniently in DNS [1]. On the other hand, applying the proper
boundary conditions and initial conditions in DNS which are consistent
with experiments are often challenging [22]. For instance, the surface reac-
tions on the walls or radiation effect are often ignored [23].

1.2 objective of this study

High spatial and temporal resolution DNS of premixed flames with de-
tailed chemical kinetics provides a unique opportunity to study the mu-
tual interactions of turbulence and flame. The goals of this study are (i) to
observe qualitatively and quantitatively the effect of initial turbulent inten-
sity and turbulent length scale on the flame kernel development during the
early growth stage; (ii) to investigate the effect of initial turbulent intensity
and turbulent length scale on the global parameters such as burning rate,
heat release rate and pressure during the pressure rising conditions; (iii) to
explore local flame properties and their statistical evolution in time; (iv) to
inspect the effect of the pressure rising conditions on the flame; (v) to
study flame-wall interactions near the cold wall and effect of turbulence
on FWI (vi) to provide high resolution data for the purpose of developing
or validating of turbulent combustion models.

DNS of premixed syngas flame performed in this study is in domains
which are comparable to the size of a realistic IC engine, whereas the pre-
vious DNS studies are often limited to domains of order of few mm with
periodic boundary conditions.

1.3 structure of the thesis

This thesis is structured as follows: In section 2.1, a brief literature review
of DNS of turbulent premixed flame is presented. Since simulations are
performed in a closed domain, summarised literature review for FWI is
presented in section 2.2. The governing equations, the numerical solver and
the method for the generation of the random initial turbulent velocity field
is described in chapter 3. Since the computational cost of 3D simulations
is very high, extensive parametric studies of the effects of initial turbulent
length scale and turbulent intensity are first performed in a rectangular 2D
domain. The laminar, 2D simulation is presented in chapter 4, providing a
base for characterising the premixed syngas flame in the confined domain.
The turbulent, 2D cases presented in chapter 5 are compared to the laminar
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2D case. In chapter 6, 3D turbulent cases are presented. Finally, conclusions
and suggestions for future work are provided in chapter 7.



2
L I T E R AT U R E R E V I E W

2.1 dns of turbulent premixed flames

A complete review of the large body of literature on turbulent premixed
combustion is beyond the scope of this thesis and readers are referred to
textbooks and review papers such as [1, 3–6, 23–26] for a comprehensive
discussion. The primary focus in this chapter is on the main DNS studies
of premixed turbulent flames and the review of the main findings. Simu-
lation conditions and methodology (DNS solvers, initial thermo-chemical
conditions, chemical kinetics used, the range of initial turbulent conditions
and the size of the simulation domain) are highlighted.

The main global parameters defining the turbulent velocity fields are
the integral length scale (lt) and turbulent intensity (u0

rms). The 1D planar
laminar flame velocity (Sl) and flame thickness (dl or d f ) characterise the
velocity and length scale bases on the thermo-chemical properties. These
parameters and stretch rate, curvature and strain are formally defined in
chapter 3.

Veynante et al. [27] used three DNS databases to study the occurrence
of counter-gradient turbulent diffusion fluxes. These databases use single-
step, finite rate chemistry, and unity Lewis number. The first 3D database
developed at the Center for Turbulence Research (Stanford University), an
isotropic decaying turbulent field is used, whereas in the second database,
which is produced by C. J. Rutland (University of Wisconsin), turbulence
is generated at inflow and turbulence kinetic energy remain almost con-
stant. This database is also 3D. The third database, which is produced at
the Centre de Recherche en Combustion Turbulence (CERFACS, France),
is 3D and similar to the first database, the initial isotropic turbulence is
decaying. The periodic and non-reflecting boundary conditions are used.
The range of u0

rms/Sl in the databases is between 1 to 10 and range of lt/dl
is between 5 to 30. The authors acknowledged that despite the significant
difference between the databases, the simulations are good examples of
turbulent flames in the flamelet regime. The authors concluded that the
counter-gradient diffusion occurs when the flow field near the flame is
dominated by thermal dilatation due to chemical reaction, while gradi-
ent diffusion occurs when the flow field near the flame is dominated by
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6 literature review

the turbulent motions. It was suggested that the two parameters u0
rms/Sl

and t = (Tb � Tu)/Tu control the gradient or counter-gradient diffusion
term where counter-gradient diffusion term is enhanced by low values of
u0

rms/Sl and high values of t.
Hawkes & Chen [28] performed 2D DNS of methane-air premixed flames

to study the correlation of displacement speed and strain in turbulent
environments and to compare the average values to the laminar, steady
strained flames, which were in the reactant-to-product (R-to-P) configu-
ration or the symmetric twin flame configuration. The DNS solved the
compressible reactive equations, using reduced chemistry (19 species), in
a periodic domain with the size of 1.2 cm by 3.0 cm. The random homoge-
neous flow field is used to initialize the velocity field. The range of u0

rms/Sl
considered is between 9.5 to 28.5 and range of L11/dl is between 0.28 to
1.14. The authors acknowledged the limitations of 2D turbulent simula-
tions. The strained laminar simulations can provide only positive strain
whereas in turbulent cases both positive and negative strain occurs. It was
shown that the results of two laminar configurations are close to each other
for small strain but different for the large strain. The local displacement
speed of iso-surface of c=0.96 (progress variable) showed a linear correla-
tion to strain, similar to the results of laminar strained cases, whereas for
the iso-surface of c=0.3 data showed more scatter. Poor correlation was ob-
served between local displacement speed and total stretch rate (curvature
stretch plus strain). The total consumption speeds showed poor agreement
with the laminar strained cases, which here attributed to multidimensional
and unsteady effects.

Thevenin et al. [29] performed two and three-dimensional DNS of pre-
mixed methane/air flame kernels (f=1.59, T = 298K, P=1 atm ) in a homo-
geneous isotropic turbulence field of 8 mm length in each direction. The
low Mach number formulation with reduced chemistry, describing flame
prolongation of intrinsic low-dimensional manifold (FPI), was used [30,
31]. Turbulence was characterised by u0

rms/Sl = 19.4 and lt/d f = 2.4. Flame
surface area, stretch rate, and flame curvature are computed as the flame
position defined as the iso-surface YCO2 = 0.03. The Authors observed
considerable differences between two-dimensional and three-dimensional
computations. It is reported that the mean flame curvature is shifted to-
ward positive values in three dimensions. Moreover, it was observed that
the flame radius grows faster in the two-dimensional case than the three-
dimensional case while the maximum stretch rate is larger in the 3D case
by about 30%.
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Veynante & Poinsot [32] investigated the effect of externally imposed
pressure gradient on the flame. The external pressure gradient will ac-
celerate the burned and unburned gases differently due to the density
difference. The DNS was performed in a 2D domain where the fully com-
pressible Navier–Stokes with single-step chemistry were used. The detail
of numerical method can be found in [22, 33]. The turbulence was charac-
terised by u0

rms/dl of 2 and 5 and lt/dl = 3.5. The favourable pressure gra-
dient is defined as pressure decreasing from unburned to burnt gas. Note
that in this work Le =1. The authors highlighted that a favourable pressure
gradient would decrease the flame wrinkling and turbulent flame speed
and promote counter-gradient turbulent transport; the opposite holds for
adverse pressure gradients.

Echekki & Chen [34] investigated the effect of curvature and strain rate
on the premixed stoichiometric methane-air (Tu=800 K, P=1 atm) flame in
a turbulent flow in a 2D domain of size ⇡ 1 cm. The four-step reduced
mechanism of Peters and Williams [35] was used. Turbulent condition of
u0

rms/ Sl = 4.2 and L11 / d f = 3.4 was selected where the authors postu-
lated that flame burns in the flamelet regime. While the drawbacks of 2D
DNS are acknowledged, it is argued that 2D statistics of the flame surface
is qualitatively similar to 3D simulations. It was shown that diffusive and
fast reactive species like H and H2 correlate with curvature whereas less
diffusive species are more susceptible to unsteady strain rate effects. It is
found that the mean curvature is close to zero and is long-tailed towards
negative curvature while the mean strain rate was found to be negative. It
is demonstrated that the displacement speed increases for large negative
curvature and strain rate while the effect of curvature is stronger. The heat
release rate and the maximum of the H mass fraction are enhanced by neg-
ative curvature. Since each species responds differently to curvature and
strain rate, the authors argued that a global Lewis number may be inade-
quate to represent the flame response. For the same reason, the single step
chemistry cannot predict the flame structure in a turbulent environment.
Finally, it is shown that in the conditions mentioned above, the integrated
heat release per unit of flame surface area decreased while the total inte-
grated heat release is increased due to the increase in the flame surface
area.

Baum et al. [36] performed 2D DNS of H2, O2, N2 premixed flame in
a turbulent field using the detailed chemistry proposed by Miller et al.
[37] (nine species with 19 reactions). The flame structure is compared with
single-step chemistry calculations. The equivalence ratio is varied between
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0.35 to 1.3 which would change the global Lewis number of the unburned
gas and two unburned mixture temperature (Tu = 300 and 800K) at P=1

atm were considered. The periodic and non-reflecting boundary conditions
were imposed. The initial isotropic 2D turbulent field has the prescribed en-
ergy spectrum of von Kármán enhanced by Pao [38]. The range of u0

rms/Sl
varies between 1.2 to 30.9 and lt/d f varies between 1.26 and 4.34 where au-
thor pointed out that in these range all flames retain a flamelet-like struc-
ture and the flame is in the regime of typical propane-air mixtures under
standard IC-engine operating conditions. Significant differences in species
profiles were found between simple and detailed chemistry calculations
in the high-temperature cases, and overall, the single-step or tabulated
libraries agree better with detailed chemistry when the fresh gas tempera-
ture is 300K. Curvature and strain rates were computed on the flame front
where the iso-contour of YO2=0.22 is considered as the flame front. For
very lean flames it was found that the local flame structure correlates with
curvature, similar to calculations based on single-step chemistry, whereas
in richer flames local flame structure does not correlate with curvature, but
rather with strain rate and simple chemistry calculations fail to predict this
trend. It is speculated that curvature effects would cancel out in the mean
and as a result, the mean strain rate is argued to be the primary influence
on the mean burning velocity. Moreover, unsteady effects may moderate
the impact of large straining. It was reported that for lean flame (f = 0.35)
instabilities occur and consumption speeds may grow to three times the
laminar flame speed. It was concluded that the flamelet-library approach
is not accurate and over-predicts the effects of straining on the flamelets.

Zhang & Rutland [39] performed two 3D premixed turbulent DNSs to
study the hydrodynamic pressure effects of premixed combustion on tur-
bulence. They used a single-step reaction rate, combined with low Mach
number formulation and constant properties with unity Lewis number. An
isotropic turbulent flow was imposed at the inlet, and periodic boundary
conditions were used in the lateral directions. In order to decrease the grid
resolution requirements, the activation energy was decreased. Also, in or-
der to avoid the fast decay of turbulence, the transport coefficients were
kept constant. Two turbulent cases with u0

rms/Sl = 0.91, lt/dl = 1.94 and
u0

rms/Sl = 1.03, lt/dl = 1.87 were simulated so that the flame remains in
the thin flame regime and the flame structure is not significantly altered. It
is shown that both mean and fluctuating pressure terms are the main fac-
tors for the increase in turbulent kinetic energy. The fluctuating pressure
terms are categorised into turbulent diffusion, and pressure dilatation. It
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is found that the pressure dilatation term is the primary source for the to-
tal turbulence production, which decreases as heat release increases. It is
shown that dissipation and mean dilatation are the main sinks for turbu-
lence. Moreover, it was demonstrated that the maximum turbulent kinetic
energy occurs in the flame brush.

Trouve & Poinsot [40] performed DNS of premixed turbulent combus-
tion to study the effect of Lewis number on the flame intensity. A three-
dimensional compressible Navier-Stokes solver with single-step irreversible
chemical reaction was employed. Four Lewis numbers, Le = 0.3, 0.8, 1.0,
and 1.2 were considered in a decaying isotropic turbulent flow with pe-
riodic boundary conditions imposed in the lateral directions and non-
periodic boundary conditions along the other direction. In the simulations,
u0

rms/Sl is varied between 3.3 to 10.0 while lt/dl ⇡ 5 was kept constant. It
was shown that for Le numbers close to unity( 0.8 <Le <1.2), the flamelet
speed on average is close to the one-dimensional laminar consumption rate
while for Le = 0.3, a significant increase in the mean flame intensity was
observed, so that in these cases the flamelet speed needs to be modelled
in order to determine the mean reaction rate. It is shown that for Le=0.8,
the mean reaction rate grows in time almost linearly while for Le=0.3 it
grows exponentially. It was reported that hydrodynamic strain rate and
flame propagation effects have the same order of magnitude where both
terms are positive at the unburned side, and negative on the bured side,
and overall the flame surface is dissipated in the burned side.

El Tahry, Rutland & Ferziger [41] studied turbulent premixed flames,
focusing on the similarities of steady, unstrained, one-dimensional, pla-
nar laminar flame (SPLF) with turbulent flames. A constant-density reac-
tive flow solver with single- step chemistry and unity Lewis number was
used [42]. The flow field was initialised with a decaying, isotropic turbu-
lent flow in a periodic domain. The initial Reynolds number (based on the
Taylor micro-scale) was varied between 3.9 and 18. It is concluded that in
the large Damköhler cases the local flame structure of the turbulent flame
is similar to the structure of the laminar, steady, planar flame at the same
thermochemical conditions and the local propagation speed of the turbu-
lent flame is close the laminar case. These results are only slightly affected
by the Reynolds number. In contrast, at the small Damköhler number, the
local flame structure of the turbulent flame deviated significantly from the
laminar, steady flame. Also, the local flame speed distribution is flat, and
the peak value is lower than the SPLF. Hence, it is argued that the idea of
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generating tables of laminar flames is impractical for these conditions and
only in sufficiently large Damköhler number is justified.

Tanahashi, Fujimura & Miyauchi [43] performed 3D DNS of hydrogen/air
turbulent premixed flame (f = 1.0 at P = 0.1 MPa and T = 700 K.) us-
ing detailed chemistry (12 species and 27 reaction) in a cubic domain
with the size of 0.53 cm3. The flow field was initialised with a homoge-
neous isotropic turbulence field with u0

rms/Sl =1.74 and lt/d f = 2.0. Peri-
odic boundary conditions were used in the lateral directions and inflow
at the intel. Details of the numerical methods are described in [44]. It was
demonstrated that the PDF of the local heat release is nearly Gaussian with
a peak at maximum heat release rate of a laminar flame. In contrast, the
PDF of curvature was found to be far from Gaussian and showed exponen-
tial tails at large curvatures. It was shown that coherent fine-scale eddies in
turbulence affected the fine-scale structure of turbulent premixed flames.
Moreover, distributions of heat release rate showed a tube-like structure
similar to structures found in turbulent eddies.

Tanahashi et al. [45] investigated local flame structures in the well-stirred
reactor regime by performing 3D DNS of premixed hydrogen/air turbu-
lent flame with detailed chemistry with 12 species and 27 reactions. The
simulation setup is similar to [43]. The u0

rms/Sl range varies between 0.85

and 3.41 and lt/dl between 0.85 to 3.38. It was shown that although the
flame condition is classified into the well-stirred reactor regime, the re-
gions with high heat release rate have a thin sheet-like structure and the
flame structure, like the profile of H2O2, showed a double-layered feature.
It is reported that the maximum heat release rate is 1.3 times that of the
laminar flame where the main reactions contributing to heat release rate
are H + O2 ⌦ OH + O, H2 + OH⌦H2O+H, H+O2+M⌦HO2 +M, and
H+HO2⌦OH + OH. Nada, Tanahashi & Miyauchi [46] highlighted that
flame elements convex towards the burnt gas have higher heat-release rate
and a positive correlation between curvature local heat-release rate.

Yenerdag et al. [47] performed 3D DNS of premixed hydrogen-air mix-
ture (f = 1, P=0.1 MPa , T=700 ) in a closed rectangular domain with 450K
wall temperature. Detailed chemistry with 12 species and 27 reactions were
used. The initial velocity field was initialized by homogeneous isotropic
turbulence with u0

rms/Sl =1.8 and lt/dl = 281. The initial flames were cate-
gorized as corrugated flamelets. It was demonstrated that flame character-
istics respond fast to the change in pressure. The flame displacement speed
is found to be larger than for open flames because of the expansion of the
burned gas. With increasing pressure, heat flux over the wall increased
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as well. The local heat release rate/flame thickness increased/decreased
with increasing the pressure. Finer scale vortices and more complex flame
surfaces will appear as a result of increased pressure.

Nishiki et al. [48] investigated flame-generated turbulence by perform-
ing a 3D DNS of premixed combustion (P = 0.1 MPa, T 300 K) in a ho-
mogeneous isotropic turbulent field in a domain of 8 x 4 x 4 mm. The
compressible Navier-Stokes equation with a single-step, irreversible reac-
tion, and constant unity Lewis number was used; u0

rms/Sl is close to unity.
Two cases with ru/rb = 7.5 (case H) and ru/rb = 2.5 (case L) were simu-
lated where periodic boundary conditions were used in lateral directions.
It is reported that all components of turbulent fluctuations were amplified,
and particularly, the stream-wise components. This effect is enhanced in
case H. Comparison of terms in the Favre-averaged transport equation for
the transport kinetic energy showed that the mean pressure gradient is the
larger term in the production of turbulence kinetic energy in case H, while
the pressure work term is largest in case L. The velocity gradient term and
dissipation term decreased kinetic energy.

Chakraborty & Cant [49] performed 3D DNS of premixed turbulent
flames in an inflow-outflow configuration, using a compressible solver
with single-step, irreversible chemistry and Le = 1.0. Details about the
solver can be found in [50]. At u0

rms/Sl = 7.19, lt/dl = 2.4 the flame resides
in the thin reaction zone regime. It is demonstrated that the assumption
(rSd) ⇡ r0Sl is valid by averaging over the iso-surfaces of c. It is shown
that curvature and displacement speed is negatively correlated while Sd
and the tangential strain rate are weakly correlated. Meanwhile, the tan-
gential strain rate showed a negative correlation with curvature. More-
over, the conditional pdf of tangential strain rate and displacement speed
at zero curvature locations are negatively correlated. These results were
found to be consistent with previous two-dimensional detailed-chemistry
DNS. The displacement speed term is decomposed to a reactive term (Sr),
a normal diffusive term (Sn) and a tangential diffusive term (St). The cu-
mulative term of Sr and Sn is found to be larger than the laminar flame
speed where Sr and Sn are weakly correlated with curvature. It is found
that Sd may have negative value, and the St is mainly responsible for this.
Chakraborty & Cant [51] elaborated that non-unity Lewis number, high
turbulence intensities and complex chemistry may modify the correlation.
Jenkins et al. [52] expanded this study, using the same methodology (Le=1),
by considering an expanding spherical laminar kernel in a turbulent field
with u0

rms/Sl ranging from 4 to 12.0 and lt/d f = 2.4, which marks the flame
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in thin reaction zone regime. It is shown that the preheat zone (c<0.5) is
highly distorted by turbulence, whereas the iso-surfaces in the reaction
zone (0.7<c<0.9) are parallel to each other and less distorted. It is demon-
strated that mean curvature has a positive correlation to local displacement
speed. It is shown that the mean density-weighted displacement speed
varies significantly across the flame brush and differs from ru Sl , which
is different from the results for statistically planar flames. Moreover, a net
positive correlation between (Sr +Sn) and curvature is found, while any
appreciable correlations were not observed in the statistically planar flame.
The authors pointed out that with detailed chemistry and Le 6=1 may mod-
ify the results.

van Oijen et al. [53] performed DNS of spherically expanding premixed
turbulent flame of the stoichiometric methane-air mixture at atmospheric
pressure with Tu = 300 K, in a cubic domain of 5.0 mm. The numerical
solver uses the compressible formulation, and the flamelet-generated man-
ifold methods are employed. Details of the numerical method can be found
in [54]. Based on the initial condition of u0

rms/Sl = 3 and lt/d f = 10, it is con-
cluded that the turbulent flame resides in the corrugated flamelet regime.
Using the flame stretch theory ( [55]), it is demonstrated that when the pro-
files of the stretch rate and curvature are known across the flame front, the
local mass burning rate can be predicted accurately. As highlighted by the
authors, this information is not readily available and is not suitable for the
development of models for turbulent premixed combustion. Some approx-
imations for the profile of strain rate and curvature are proposed, and the
estimated local burning rate showed a large deviation from the DNS data.
It should be noted that the conclusions are based on the assumption of the
thin reaction zone and the fact that the flame has remained undisturbed
and Le = 1. van Oijen et al. [56] expanded that in the non-unity Lewis
number cases additional terms should be considered in the local burning
velocities.

Sankaran et al. [57] studied 3D developing turbulent slot-burner Bunsen
flame using a reduced methane-air mechanism, which is tailored for lean
conditions (Tu = 800 K and f = 0.7) with 13 species and 73 reactions. The
DNS code is compressible, and the details of the numerical method can
be found in [58, 59]. The simulation was advanced long enough in time
(approximately three flow through times) where the authors assume that
the flame reached statistically stationary conditions. The size of the domain
is 12h x 12h x 3h where h=1.2 mm is the width of the slot. The flame is
anchored at the rectangular slot where the turbulent inflow is generated
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and approximately u0
rms/Sl = 3 and lt/d f = 1, which places the flame in the

thin reaction zone regime. It is reported that ST/Sl = 2.33 which found to
be within the range of turbulent flame speeds reported in experiments [60].
It is argued that in this simulation, turbulent straining has a stronger effect
on the flame topology than self-propagation. The flame surface is defined
as c=0.65 iso-surface( defined based on O2 mass fraction), which for an
unstrained laminar flame corresponds to the location of maximum heat
release. The magnitude of the gradient of the progress variable is used as
a measure of the flame thickness. It is shown that on average, the flame
thickness increase. Moreover, it is demonstrated that the flame thickness
has a strong correlation with the tangential strain rate. Furthermore, the
distribution of curvature was found to be asymmetric around zero with the
long tail for positive curvature. The heat release layer found to be mainly
undisturbed compared to the laminar flame.

Chakraborty & Cant [61] used three-dimensional DNS of freely propa-
gating statistically planar flames using a single-step chemistry (the same
methodology as [49] mentioned earlier) to study the effect of the global
Lewis number. The Le was varied between 0.34 to 1.2 while the initial tur-
bulent field (u0

rms/Sl = 7.5 and lt/dl = 2.45) is kept constant. For Le=0.34

and 0.6 is reported that the rate of heat release is larger than then Le>1.
Moreover, for Le<1 an increase in the mean dilatation rate was observed
which amplifies the change in the mean normal velocity across the flame
and as the result, the counter gradient transport is promoted; The opposite
effect is observed for Le>1 with classical gradient transport. The authors
added in [62] and [63] that three-dimensional DNS with detailed chemistry
should be used in order to fully study the effect of differential diffusion
rates.

2.2 flame-wall interactions

Most of Flame-Wall Interactions (FWI) studies consider interactions of
flame and wall in Head On Quenching (HOQ) or Side Wall Quenching
(SWQ) configuration wherein HOQ configuration flame travels perpendic-
ular toward the wall, and in SWQ configuration, flame travels parallel to
the wall. The quenching distance (dq) and the maximum wall heat flux
(Qw max) through the wall are two parameters mostly studied and reported
as Pe=dq/dl and F = Qw max/Pf . In the following two sections, the main
experimental and numerical studies are briefly reviewed.
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2.2.1 Experimental studies

Daniel [64] studied experimentally the flame wall interaction, aiming at
providing evidences that flame quenching near the wall is the main source
of unburned hydrocarbons (UHCs) at the engines exhaust. Three possi-
ble explanations for UHC were put forward. Firstly, UHCs are part of the
equilibrium product. Secondly, there may be some small pockets of UHCs
in turbulent conditions which remain unburned and mixed with the ex-
haust gas. Third, the flame is quenched near the cold walls and UHCs
remain unburned in the quenched zone. A laboratory single cylinder en-
gines with L-head type with the compression ratio of 6.7 with 500 rpm was
used. The engine cooling water and engine oil temperature were around
150 F. Propane was used as fuel in different equivalence ratios. The flame
radiation near the wall was photographed and film exposure times ranged
from 1 hr to 23 hr. Dark locations near the walls were identified as the
quenching zones. The quenching distances are calculated from the densit-
ometer traces of the negatives of the quench photographs. The quenching
distances calculated were close to the those obtained by Friedman & John-
ston [65] for quenching distances of propane at rich and lean conditions.
The relative volume of quenching to the total volume is close to the relative
concentration of UHCs. It was thus postulated that the wall quenching is
the major source of UHCs in the exhaust. The assumptions for the above
arguments are that: (i) dark regions are in fact the quench regions; (ii) the
mixture is perfectly mixed; (iii) the UHCs in the quenching zone was not
oxidised later on; (iv) the quenching zone is uniform.

Daniel [66] studied experimentally the effect of the engine’s variables on
the unburned hydrocarbon in the exhaust. Engine’s variables considered
were Air/Fuel ratio, ignition timing, speed, air-flow rate, compression ra-
tio, exhaust back pressure and coolant temperature. The fuel and non fuel
hydrocarbons are measured separately. Unburned hydrocarbons are mea-
sured at different locations such as the combustion chamber walls, close
to the combustion chamber walls, at the exhaust valve and after the heat
exchanger which is connected to the exhaust pipe. A laboratory, single
cylinder engine (Waukesha RDH) was used with propane as fuel. The re-
sults can be summarised as follows: (i) maximum of fuel UHC occurs on
the wall while the non-fuel UHC maxima occurs away from the wall; (ii)
at all the operating conditions, the greater portion of the total UHCs are
made of the non-fuel hydrocarbons; (iii) the composition of the unburned
hydrocarbons is very sensitive to the engine’s variables; (iv) cooling of the



2.2 flame-wall interactions 15

exhaust gas increased the propane and decreased the non-fuel hydrocar-
bons. Some questions were put forward: (i) what is the relative importance
of the engine’s parameters in terms of the amount and composition of
UHC? (ii) what is the structure of the quenching zone? (iii) what fraction
of the non-fuel hydrocarbons is created in the the quenching zone?

Vosen, Greif & Westbrook [67] studied flame wall interaction in head-
on configuration in a closed vessel by measuring the unsteady heat flux
using a resistance type thin film thermometer. Methane over a range of
equivalence ratios at initially atmospheric pressure was considered. De-
spite the changes of parameters, the maximum heat flux over flame power
was found to vary around 0.3-0.4. The Pe number was reported around 0.3
and the maximum heat flux was related to the quenching distance. It was
concluded that thermal diffusion and chemical reaction rate are the dom-
inate processes which control the heat flux. One-dimensional simulations
with a single-step and detailed chemistry were used and it was shown that
single reaction model predicted the heat transfer as well as the detailed
kinetics models.

Blint & Bechtel [68] performed an experimental and numerical study
of flame-wall interactions. The focus was on the amount of UHC in the
exhaust which is due to flame quenching near the wall. The laminar pre-
mixed methane-air flame was at atmospheric and f = 0.92 conditions. The
cold wall was cooled to 55 C. Laser Raman scattering was used to mea-
sure the temperature and species mass fractions near the cold wall. Total
UHC was measured with a flame ionisation detector and a 2D numerical
solver with a single step reaction was used. Soret and Dufour effects, pres-
sure gradient diffusion and bulk viscosity were neglected. It was shown
that the fuel burned quickly (less than 5 ms) in spite of the low tempera-
ture near the cold wall (around 1000 K). Diffusion of radicals away from
the wall was found to be fast and contributing to the fast consumption
of UHC. It was concluded that the time scale of fuel oxidation near the
wall is less than the engine’s piston time scale (5-10 ms) and therefore the
flame quenching near the wall may not be the major source of UHC in
the exhaust. The numerical method was able to predict the methane decay
near the wall by the first order of magnitude where the deviation from
the experiments was linked to the lack of major species diffusion in the
numerical model.

Huang, Greif & Vosen [69] studied flame wall interaction in head on
configuration in a closed vessel by measuring the unsteady heat flux using
a resistance type thin film thermometer. Propane air premixed flames in



16 literature review

two equivalence ratios of 1.0 and 1.2 were considered. By changing the
location of the ignition system and the initial pressure and temperature
of the unburned mixture, they were able to control the temperature and
pressure at the quenching time. The effect of pressure and temperature on
the maximum heat flux was studied and it was shown that the maximum
heat flux increased as p(0.5) and T(0.84) at stoichiometric conditions. Similar
trends was observed for equivalence ratio of 1.1. Moreover, it was shown
that the maximum heat flux was directly correlated with the quenching
distance provided in [70] and [65]. A one-dimensional numerical solver
using single-step kinetics was used and the heat flux of the numerical
method was in good agreement with the experiment. It should be noted
that the single-step reaction model may not provide an accurate prediction
for a wide pressure ranges.

Lu et al. [71] studied flame-wall interaction in side-wall configuration
in a closed vessel by measuring the unsteady heat flux using a resistance
type thin film thermometer. Three fuels (methane, propane and ethylene)
over a range of equivalence ratios in initially atmospheric pressure was
considered. Despite the changes of parameters, the maximum heat flux
over flame power was varied around 0.3-0.4. The maximum heat flux in
side wall and head on quenching was found to be similar [71].

Ezekoye, Greif & Sawyer [72] studied the unsteady heat flux of propane
and methane premixed flame in head-on and side wall configuration. The
temperature was measured by using a thin film resistance thermometer.
The main goal was to study the effect of wall temperature on the maximum
heat flux. The wall temperature was changed between 298 and 423 K and
maximum heat flux in both fuels mainly decreased by increasing the wall
temperature. A one and two-dimensional code was used with the one-step
reaction, but the results did not agree with experiments. It was argued that
the main reason was due to the fact that during the quenching process the
low activation energy of recombination reactions may play a significant
role and these effects are not modelled properly by the one-step reaction
mechanism. In addition, the numerical results were found to be sensitive
to the reaction model parameters.

Boust et al. [73] performed an experimental study of premixed methane-
air mixture in a closed system in head on quenching (HOQ) and side
wall quenching (SWQ) configuration. The details of the experiments are
described in [74]. The location of the flame was recorded by a 16-bit intensi-
fied camera with the spatial resolution of 14 µm/pixel. In the experiments,
the quenching distance was found to varied between 0.1 to 1.0 mm while
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the uncertainty level of the measurements would vary between 3 to 28 %.
The wall heat flux was measured by a heat flux gauge based on a thin film
thermocouple. It was shown that heat flux in HOQ and SWQ increase with
increasing pressure for f = 0.7 and 1. The opposite trend was observed for
the quenching distance and the magnitude of quenching distance and the
heat flux agreed with previous studies. A relation between Pe number and
normalised wall heat flux was derived, F = 1 / (1 + Pe) and it was shown
that it fits the experimental data with maximum of 25% error. Contrary
to the previous relations in [74], this relation does not employ empirical
coefficients.

Labuda et al. [75] performed experiments to measure heat flux and quench-
ing distance of methane-air flame at the stoichiometric condition. Premixed
gas at around 850 K was ignited with a spark plug in a Rapid Compres-
sion Machine (RCM). The pressure was varied between 0.8-16 MPa and
heat flux was measured with heat flux gauge while the quenching distance
was measured using the electrical probe technique described in [76]. It was
shown that the maximum heat flux increases as p0.5 while the dimension-
less heat flux (non-dimensionalized with flame power) varies only slightly.
The quenching distance was shown to change as p(�0.48). The quenching
distance calculated from the measured maximum heat flux agreed with the
measured quenching distance using the ionisation probs. It was observed
that the wall heat losses could be as large as 20% of the total heat release
and the quenching distance at pressure of 16MPa could be as small as 20

µm.

2.2.2 Numerical studies

Westbrook, Adamczyk & Lavoie [77] used a one-dimensional solver with
detailed chemistry to study FWI of methane and methanol laminar flames.
Catalytic surface reactions were ignored and the wall temperature, equiva-
lence ratio and initial pressure were varied to study their effect on quench-
ing distance and maximum heat flux. In the vicinity of the cold walls,
the recombination reactions become faster than chain branching and chain
propagation reactions and this difference is concluded to be responsible for
flame quenching. The pressure increase shortens the quenching distance
and it was shown than Sl ⇤ dq = 2P(�1). Equivalence ratio has a similar ef-
fect on quenching distance as it does on the laminar flame speed, namely,
a local minimum close the f = 1.0. The higher wall temperature decreases
the quenching distance and Pe was reported to be around 3.5. Two defi-
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nitions for flame location were proposed, one based on the T=1500 K and
one based on the location of maximum HRR. these two definitions are
close since the maximum HRR is located close to T=1500 K. The simula-
tions could not predict the unburned hydrocarbon emissions measured in
the experiments of [66] and it was concluded that thermal wall quenching
may not be the major source of unburned hydrocarbon emission and fuel
remaining close to the wall diffuses out and is oxidised.

Poinsot, Haworth & Bruneaux [9] employed a compressible, two-dimensional
solver with a single-step reaction to study premixed laminar and turbulent
flames interacting with a wall in a rectangular domain. Periodic bound-
ary conditions were imposed for top and bottom boundaries and isother-
mal BC was applied on the left wall and non reflecting BC on the right
boundary. The flame is initially located in the middle of the domain and
propagates toward the cold wall. The non-dimensional laminar quench-
ing distance (Pe) in the head on quenching configuration was found to be
close to 3.6 while in the side wall configuration it was about 7, both val-
ues being close to experimental and theoretical results [67, 69, 71, 77–81].
By changing the parameters of the one-step reaction, the rate of HRR and
the adiabatic temperature was varied but the Pe did not change more than
25%, suggesting that quenching is thermal driven [69, 77]. Two zones near
the wall were introduced. The quenching zone was defined as a region
where y/dq < 3.6 where it was claimed that no reaction ever takes place
in this zone. The influence zone was defined as 3.6< y/dq <8 where the
flame starts sensing the wall and the HRR starts to decline. The quenching
distance in turbulent cases was found to be similar to the laminar case and
the maximum heat flux in turbulent conditions was within 10% of the lam-
inar case. It was found that the quenching zone is inside the viscous layer
since d+q is of order 1 to 10. A model was proposed to correct the law of
the wall model to take into account the effect of wall on the flame density
models.

Popp & Baum [82] investigated head on quenching of a stoichiometric
methane premixed laminar flame at atmospheric pressure. The goal of this
study was to address the discrepancies found in experimental and numer-
ical data regarding the variation of the maximum heat flux with wall tem-
perature. A one-dimensional, compressible numerical code with detailed
kinetics was used. The Soret effect was included in the species diffusion ve-
locity and walls were assumed chemically inert. Two wall temperatures of
300 K and 600 K were used. It was found that the temperature gradient can
be 4 times larger than the freely propagating flame which imposes stricter
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numerical resolution requirement near the walls. Moreover, the time scale
for quenching can be as short as 200 µs which might be smaller than the
response time of the experimental instruments and may lead to uncertain-
ties in the experimental results. For low wall temperature, the numerical
results agree with the experimental data, but there are discrepancies for
large wall temperatures. It was concluded that for a low temperature wall,
the Soret effects are negligible but not in the case of the high temperature
wall. The quenching distance is defined based on the location of the maxi-
mum HRR. The maximum normalised heat flux by flame power is found
to be about 0.5 in the low wall temperature and it increases slightly for
higher wall temperature. It was found that Pe = 0.7 for T =300 K and Pe
= 0.62 for T = 600 L(in this study Pe = dq/d f ). The concentrations of H,
O, OH radicals at the high temperature wall was found to be as large as
major radicals, while in low temperature wall radicals do not form at the
wall. The following recombination reactions found import in high temper-
ature wall case but not for the low temperature wall: CO + OH ⌦ CO2 +
H and H +O2 ⌦ OH + H. The unburned hydrocarbon near the high tem-
perature wall is significantly smaller than in low temperature wall. It was
argued that typical IC engine cycles have time scales of close to 100 flame
times, which is much larger than the quenching time scales. Therefore, it
was concluded that unburned hydrocarbon produced during the quench-
ing process will not contribute mainly to the total unburned hydrocarbon
measured in experiments. The absence of surface mechanisms at high tem-
perature walls was conjectured to be responsible for the discrepancies with
the experimental data.

Bruneaux et al. [83] investigated the quenching distance and maximum
heat flux in laminar and turbulent flow fields. Three dimensional, incom-
pressible solver with variable viscosity and a single-step irreversible reac-
tion with large activation energy and low heat release rate was used. Based
on the mean centre line velocity at the channel, the Reynolds number was
Re = 3300. Two flames with different Sl were considered: Sl/ut = 0.363
and 0.545, where ut is the shear velocity. In the laminar case, it was found
that Pe = 3.68 and F = 0.56 for Sl/ut = 0.363 and Pe = 3.3 and F =
0.58 for Sl/ut = 0.545. it was shown that the law-of-the-wall for nonreac-
tive flows does not apply in the reactive cases. It was demonstrated that
in turbulent cases, a horseshoe vortex was observed near the wall which
pushed burned gases towards the wall and at the same time pushed the
fresh gas away from the wall forming a "finger-like" structure. Comparison
of simulations with constant and variable viscosity showed that since vis-
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cosity of burned gas is larger than unburned gas, turbulence intensity in
the variable density case decreased faster and hence the burning velocity
is lower. It was concluded that in turbulent cases the quenching distance
decreased and the maximum heat flux increased which was attributed to
large normal strain.

Aly & Hermance [84] developed 2D partial differential equations for
modelling of a laminar flame between two parallel cold walls at constant
pressure. The model employs single-step Arrhenius kinetics and radiation,
Soret, Dufour and viscous effects were neglected. The partial differential
equation developed is a eigenvalue problem for which the laminar flame
speed is the eigenvalue and the steady state solution was obtained nu-
merically using a "multi step damped Picard iteration" [85]. The model
parameters were chosen to simulate a propane-air mixture at stoichiomet-
ric condition and atmospheric pressure. It was found that the flame speed
and maximum temperature were reduced by decreasing the plates spacing
up to the point where the flame quenched. The quenching distance and Pe
is decreased by increasing the equivalence ratio. The pressure increase re-
duced the quenching distance but Pe remained almost constant.

Hasse et al. [86] studied the quenching of laminar premixed iso-octane
using a detailed mechanism and the results were compared with two re-
duced mechanisms. In the previous studies only low-molecular-weight fu-
els like methane and methanol were considered where the postquench ox-
idation of hydrocarbons is very fast and intermediate hydrocarbons (IHC)
are small compared to UHC. On the other hand, for complex and high-
molecular-weight fuels the oxidation is slower and the level of UHC is
larger and detailed mechanisms are necessary to predict the level of UHC.
In this study the effect of pressure (1, 5, 10, and 20 atm), wall tempera-
ture (300, 400 and 500K) and equivalence ratio (f = 0.9, 1.0 and 1.1) on the
quenching distance and heat flux and unburned hydrocarbon and interme-
diate hydrocarbon were studied. A one-dimensional, unsteady solver was
used. The wall was assumed to be inert which may be considered a source
of error for high temperature walls [87]. The size of the domain was 1 cm.
It was shown that the Soret term increases the IHC and UHC and slows
down the transport of the UHC away from the wall. It was concluded that
reduced mechanisms may be sufficient to describe the freely propagating
flame far from the wall but they are inadequate close the wall especially at
low pressures. By adding 8 reactions and 3 species to the reduced mecha-
nism which are active at low temperature the predictions of the reduced
mechanism improved. it was shown also that oxidation of fuels are slower
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for higher pressures. The unburned gas temperature and wall tempera-
ture was varied simultaneously where the increasing wall temperature de-
creases the IHC and UHC and also the quenching distance.

Kiehne, Matthews & Wilson [88] used a one-dimensional model with
detailed chemistry to study flame-wall interaction of laminar premixed
propane flames. The goal was to highlight the fact the Intermediate Hydro-
carbon (IHC) may strongly contribute to Unburned Hydrocarbon (UHC).
In previous studies [77, 89, 90] lighter hydrocarbons were studied, where
there are only limited paths to produce IHCs and it was concluded that
IHCs do not play an important role. In this study pressures of 1, 10 and 40

atm and wall temperatures of 400 and 500 K, and equivalence ratios of 0.9,
1.0 and 1.1 were considered, and it was shown that while almost all the
unburned fuels near the wall are consumed, the IHCs diffused slower and
were consumed slower and potentially contributing significantly to the to-
tal UHC. This finding is completely neglected in studies which use only
single-step reactions. It was further shown that the pressure and wall tem-
perature increase decreases the quenching distance and total UHC, which
may be a factor during the pressure release in an piston engine The min-
imum quenching distance was found in slightly rich conditions. It was
stated that the quenching process in an engine occurs in turbulent condi-
tion and a shear flow exists near the wall, which are different from laminar,
head on, quenching considered in 1D models.

Mari et al. [91] studied flame-wall interactions of premixed, laminar hy-
drogen air flames using an one-dimensional Navier-Stokes solver which
is coupled with a diffusion solver modelling the thermal diffusion in the
solid wall. A skeletal mechanism with 8 species and 12 reactions was used.
One of the goals of the study was to investigate the effect of conjugate heat
transfer in the FWI. Wall temperatures of 150, 300 and 750 K and pressures
of 1, 10, 100 bar were considered. The flame location was computed based
on the location of the maximum heat release. The Pe number was found
to be around 1.4 and F was ranged from 0.218 to 0.333 in different cases.
It was concluded that the iso-thermal assumption at the wall is not valid
when the effusivity of the burnt gas becomes comparable to that of the
solid wall. It was also shown that the iso-thermal boundary condition at
the wall overestimates the heat flux by 10 %. The conjugate heat transfer
plays an important role at high pressure and it was demonstrated that the
maximum heat flux may change by 2 order of magnitude with increasing
pressure, while the non-dimensional heat flux is practically unchanged.
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Alshaalan & Rutland [92] performed 3D DNS of turbulent premixed
flames in a channel with periodic lateral sides and iso-thermal upper and
lower walls. The upper wall also had stream wise velocity creating a Coutte
flow. The inlet velocity was turbulent. The adiabatic flame temperature im-
posed on a grid point close to the inlet to play the role of a flame holder.
The numerical method solves the low Mach number equations and uses
the single-step reaction with constant transport properties and unity Lewis
number. Also, Soret and Dufour effects were neglected. Similar to the find-
ings of [93], it was shown that horseshoe vortex structures can push the
flame towards the wall and increase the local heat flux. The magnitude of
the maximum turbulent heat flux compared to the laminar flame was close
1.4. The local turbulent heat flux may be larger or smaller than the laminar
heat flux but the total heat transfer decreased around 10% compared to the
laminar case. It was shown that there is a positive correlation between the
vertical turbulent velocity towards the wall and the local heat flux.

Chauvy et al. [94] studied formation of unburned hydrocarbons in two
configurations of head on quenching and in crevices. A one-dimensional
solver was used to study the HOQ configurations and a two-dimensional
solver to study flame and crevices interactions. Soret and Dufour effects
were neglected and the walls are assumed inert. Wall temperature and
equivalence ratios were varied while pressure was atmospheric. A skeletal
mechanism with 29 species and 48 reactions were used for the HOQ study
to describe the combustion kinetics of iso-octane. The low Mach number
equations were solved and the flame front was identified by the tempera-
ture iso-contour of 1500K. Flame quenching was defined as the time when
flame reaches the minimum distance to the wall. A quenching Pe number
of 0.38 and a maximum normalised heat flux of 0.45 were reported. It was
shown that the quenching Peclet number and wall heat flux are in good
agreements with previous studies. It was observed that in HOQ, the com-
position of UHC after quenching consists of approximately 1/3 olefin, 1/3

acetylenic and 1/3 of others HCs. Flame quenching in crevices was studied
in a rectangular domain where the flame was ignited close to the left side
(outflow boundary condition) and the rest of the side walls were walls with
iso-thermal boundary condition. The width of the domain was 7.5 flame
thickness while the three heights of 3, 4 and 5 flame thickness were con-
sidered at wall temperatures of 300, 400 and 500 K. It was observed that
for wall temperature of 300 K, the flame was quenched regardless of the
height of the domain due to the large heat transfer. In contrast, for wall
temperature of 500 K, flame could propagate towards right wall without
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quenching in the three wall height. In the case of wall temperature of 400

K, the flame was quenched for the height of 3 dl and propagated for height
of 4 and 5. It was concluded that although the 1D HOQ analysis may de-
scribe the flame quenching close to the wall, the flame quenching close to
the crevices can only be described with multidimensional solvers. It was
highlighted that the UHC in quenching layer will eventually diffuse to the
surrounding hot gas and oxidised while in the real engine, the expansion
of the hot gas may reduce the temperature and delay the oxidation of the
UHC.

Owston, Magi & Abraham [95] studied the interaction of premixed hy-
drogen and oxygen flames with an adiabatic and an isothermal wall during
head on quenching. The effects of wall temperature, pressure and equiva-
lence ratio on the maximum heat flux and heat release near the wall were
examined. The wall temperature was varied between 298 and 1200 K, pres-
sure between 1 and 2 bar and equivalence ratio between 0.7-2.0. Some
simulations were repeated with hydrogen and air to study the effect of
inert gas on the heat flux. The wall is considered chemically inert. The one-
dimensional solver employed a detailed chemical kinetics with 9 species
and 20 reactions. The flame location was identified as the iso-level of 1500

K. It was observed that the maximum heat release rate occurs on the wall,
contrary to what is reported in a previous study [66]. It was found that the
maximum heat release rate on the wall before quenching is higher than the
free propagating flame. It was reported that the maximum wall heat flux
and maximum heat release rate decreased with increasing wall tempera-
ture, while the maximum wall heat flux for f = 0.7 and f = 2.0 differs
only 3% while the maximum wall heat flux between f = 1.0 and 0.7 differs
only 12.4% and the peak value of wall heat flux occurs at f = 1. was con-
siderably reduced (84%) by considering air instead of oxygen. Moreover,
the maximum wall heat flux at f = 1.0 is around 4 times of that in f = 0.4.
The wall heat flux at 2 bar was 168 % higher than 1 bar which mainly is
contributed by the smaller flame thickness in higher pressure. The maxi-
mum heat release rate at 2 bar was around 6 times larger than of that in
1 bar. A chemically active surface recombines the radicals on the surface
and in order to simulate such dynamics, the value of mass fraction of H, O
and OH radicals were set to zero at the wall and it was observed that the
maximum heat release rate and wall heat flux was reduced.
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M E T H O D O L O G Y

3.1 governing equations

At the low Mach number conditions considered here acoustic wave prop-
agation can be filtered out and the governing equations can be integrated
more efficiently using larger time step, while density variations due to
heat release, compression and composition changes are fully taken into ac-
count [96]. The conservation equations for mass, momentum, energy and
species take the form

Continuity
∂r

∂t
+r · (ru) = 0 (3.1)
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and are solved together with the equation of state (ideal gas law)

p0 = rRT/W (3.7)
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By combining the continuity (3.1), energy (3.4), species (3.6), and state
(3.7) equations, eqn. (3.1) can be replaced by the following expression for
the thermal divergence
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⌘
(3.8)

+
1

rcpT

"
r · (lrT)�

Ng

Â
k=1
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The usual notation is adopted where r, µ, u, T are the density, dynamic
viscosity, velocity vector, and temperature, hk, ẇk, Yk, Vk, Wk, cp,k the enthalpy,
chemical production rate, mass fraction, diffusion velocity vector, molecu-
lar weight, and heat capacity of species k = 1, · · · , Ng, respectively, while
g = cp/cv is the ratio of the mixture heat capacities at constant pressure
and volume, l the thermal conductivity, p1 and p0 the so-called ‘hydrody-
namic’ and the ‘thermodynamic’ pressures, W the mean molecular weight,
and I is the identity matrix. The universal ideal gas constant is denoted
by R. For a closed system, the thermodynamic pressure varies only in time
and is computed by integrating the ordinary differential equation obtained
from the time derivative of the equation of state, while p1 is computed from
a pressure Poisson equation that is similar to that for incompressible flows
and accounts for the nonzero thermal divergence [97].

The species diffusion velocities Vk are computed by

Vk = Ṽk + Vc (3.9)

where the first term is obtained from Hirschfelder’s law

Ṽk = � (Dk/Xk)rXk (3.10)

with Dk and Xk = YkW/Wk being the k-th species mixture-averaged diffu-
sivity and mole fraction, respectively. The correction velocity Vc is added
to ensure mass conservation

Vc = �
Ng

Â
k=1

YkṼk (3.11)

Pressure diffusion, thermal diffusion and body forces are not taken into
account.
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The equations are discretised in space using the spectral element method [98,
99], using conforming quadrilateral (in 2-D) or hexahedral (in 3-D) ele-
ments, and the discretised equations are integrated in time with a highly-
efficient parallel solver based on Nek5000 [100] and a high-order splitting
scheme for low-Mach-number reactive flows [97, 101], which separates the
governing equations into the ‘hydrodynamic’ part (continuity and momen-
tum equations) that is integrated with a semi-implicit scheme and the ‘ther-
mochemistry’ part (energy and species equations) that is integrated implic-
itly without further splitting using the stiff ODE integrator CVODE from
the SUNDIALS package ( [102]).

3.2 premixed flame aerodynamics

Premixed flames are wave fronts whose propagation is governed by con-
vection, diffusion and chemical reactions. The propagation characteristics
can be affected by flame-flow interactions through the unsteady aerody-
namics, but also by heat and mass diffusion imbalance which influence
the local reactivity. Throughout most of the analysis in this study, the
flame front was defined by an isotherm and the simulation results were
processed to compute the local flame speed, curvature, strain rate, and
flame stretch rate.

The flame speed can be defined in different ways [103]. The local dis-
placement speed, i.e. the flame front speed relative to the local flow velocity,
is

Sd =
1

rcp |rT|

"
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with all quantities evaluated along the flame front. The expression ac-
counts for the heat release rate (first term in the brackets) and the heat flux
(the last two terms representing the heat conduction and the heat transfer
through species diffusion). The third term, which is identically zero when
the heat capacities of all species are equal, is typically an order of mag-
nitude smaller than the first two terms. The propagation velocity of the
flame front with respect to the fixed laboratory frame of reference is the
local absolute propagation velocity

w = Sd n + u (3.13)

where n = �rT/ |rT| is the local flame normal vector pointing towards
the unburned mixture, and u is the local flow velocity. We will also con-
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sider the normal component of the local absolute propagation velocity,
which will be referred to as the absolute propagation speed, Sa = Sd + u · n
and the density-weighted displacement speed eSd = rSd/ru, which ac-
counts for the density variation within the flame zone (r is the density
at the flame front).

Flame front wrinkling affects the local reactivity through the thermal-
diffusive imbalance, the heat conduction from the reaction zone to the un-
burned mixture, and the flow non-uniformity through the hydrodynamic
instability. The first two effects are induced by flame curvature, while the
latter is expressed by the strain rate. Curvature is defined as the divergence
of the flame normal vector

k = r · n (3.14)

while the aerodynamic strain rate

Ks = (dij � ninj)
∂ui
∂xj

(3.15)

represents the strain on the plane locally parallel to the flame front [104,
105]. The combined effect of curvature and strain is described by the stretch
rate K, which is a measure of the flame surface deformation resulting from
its motion and the local flow field and is defined as the Lagrangian time
derivative of a flame area element A. It can be obtained using the compu-
tationally convenient expression [103, 106–108]

K ⌘ 1
A

dA
dt

= Ks + Sd k (3.16)

3.3 random turbulent initial velocity field

A synthetic random turbulent flow generator was implemented based on
the algorithm proposed by Orszag [109] where for a given energy spectrum
E(k), divergence–free velocity field in a periodic rectangular domain is
generated. The implementation is presented in Appendix A. The energy
spectrum is chosen to be of the form E(k) = Ak4 exp(�bk2) where k is the
wave number and parameters A and b alter the turbulence integral length
scale (lt) and turbulence kinetic energy (k) defined by,

lt ⌘
R •

0 k�1E(k)dk
R •

0 E(k)dk
k ⌘

Z •

0
E(k)dk. (3.17)

By substitution of E(k) = Ak4 exp(�bk2) in (Eq. 3.17) the value of param-
eters of A and b can be computed that match the desired lt = 4/3(b/p)0.5
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Figure 3.1: Comparison of computed energy spectrum from the velocity field ini-
tialised by random synthetic turbulent flow generator and the pre-
scribed energy model for different lt. in (a) 2D and (b) 3D domains.

and k = 3Ap0.5

b2.5 [110, 111]. In Fig. 3.1 the energy spectra calculated from
the velocity field initialised with the numerical method for different lt are
shown, demonstrating that indeed the initial velocity fields satisfies the
prescribed energy spectrum.

Since the velocity field generated by the synthetic method is periodic
and can be inconsistent with the wall boundary conditions (no-slip bound-
ary condition) considered here, a separate, non-reactive simulation was
conducted for each case, in which the velocity field was initialised using
the random turbulent flow generator and after a short time the residuals
(error) at the walls will be damped. It should be noted that due to incon-
sistent initial velocity field close to wall, vorticity would be generated at
the walls. This non-reactive simulation is kept short in order to preserve
the turbulent properties far from the wall close to the initial velocity field.
This velocity field is used to initialise the reactive simulations.
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L A M I N A R F L A M E - WA L L I N T E R A C T I O N S

4.1 computational setup

A lean (equivalence ratio f = 0.3) premixed mixture1 of CO:H2 in a 3:1
molar ratio with air initially at atmospheric pressure and 550 K in a rect-
angular domain that is 75 mm wide and 90 mm high is isentropically com-
pressed to a ratio of three. At the end of compression, the mixture reaches
a pressure of pu=4.487 atm and temperature Tu=822.7 K in a 75 ⇥ 30 mm2

domain (Fig. 4.1). The walls are kept at a fixed temperature Tw = 550 K
and zero flux boundary conditions are imposed on the species. The initially
quiescent mixture is ignited by a hot spot of radius rign = 0.05 cm having
the temperature and composition of the fully-burned laminar premixed
flame.

The detailed mechanism of Keromnes et al. [113] with 12 species and
35 reactions is used and molecular transport is described by the mixture-
averaged formulation, neglecting Soret and Dufour effects. Thermodynamic
and transport properties and reaction rates are computed using optimized
subroutines. The laminar flame speed and thickness computed using PRE-
MIX [114] are S0

l = 54.96 cm/s and d0
f = (Tb � Tu)/ max(dT/dx) =

0.0237 cm, where Tb = 1713.37 K is the adiabatic flame temperature. These
values define the reference speed and length scales, so that the reference
time is tf = d0

f /S0
l = 0.43 ms. Unless otherwise noted, all variables in the

following will be non-dimensionalized by these reference quantities and
the unburned mixture properties (temperature Tu, pressure pu, density
ru = 1.863 ⇥ 10�3 g/cm3, mixture heat capacity cp,u = 1.142 J/g/K, ther-
mal diffusivity au = 0.302 cm2/s, and kinematic viscosity nu = 0.2016 cm2/s,
HRR = 4.06 kW/cm3, and heat flux = 0.96 MW/m2). For comparison
with literature data we will also use the diffusion length d0

l = au/S0
l =

5.5 ⇥ 10�3 cm= 0.232 d0
f to characterise the flame thickness.

The computational domain is discretised into 272,580 rectangular spec-
tral elements refined towards the walls and 7-th order polynomials in each
spatial direction are employed to approximate the solution. The element

1 The content of this chapter is published in [112]
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Figure 4.1: Schematic of the computational domain centered at (0,0) indicating the
location and numbering of the sampling lines. All lines extend till the
corresponding middle of the domain, and the distance between two
sampling lines is equal to 10d0

f .

size is dx = d0
f /2 at the domain center and reduces smoothly to d0

f /4 at
the walls, resulting in corresponding mesh sizes of 16.9 and 8.4 µm.

4.2 results and discussion

4.2.1 Phenomenology

Initially, the shape of the flame propagating from the hot spot appears
almost circular and unaffected by the walls, as can be seen from the iso-
contour of the OH mass fraction at t = 15.0 (Fig. 4.2a). During propagation,
the flame sets the quiescent mixture in motion and compresses it, so that
the front propagates under changing flow and thermodynamic conditions.
The flame acquires progressively an elliptic shape as it approaches the up-
per and lower walls (Fig. 4.2b), and when it enters the cold thermal bound-
ary layers (Fig. 4.2c) reactivity is suppressed and the flame quenches locally.
Subsequently, it propagates horizontally towards the vertical walls consum-
ing the remaining unburned fuel. By the time the flame approaches the
vertical walls, cellular structures have formed along the front (Fig. 4.2d).

The different periods of flame propagation are reflected in the temporal
evolution of the (non-dimensional) integral heat release rate over the do-
main volume V, iHRR = �

R
V ÂN

k=1 ẇkhkdV, (Fig. 4.3a). The initial almost
linear increase of iHRR (black solid line) for t  15 matches with that of
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(a) (b)

(c) (d)

Figure 4.2: Iso-countours of OH mass fraction at (a) t1=15 (max=9.172 ⇥ 10�4),
(b) t2=36.6 (max=9.648 ⇥ 10�4), (c) t3=45.2 (max=9.950 ⇥ 10�4), and (d)
t4=73.8 (max=1.139 ⇥ 10�3).
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Figure 4.3: (a) Temporal evolution of the iHRR for a flame propagating in a closed
(black solid line) and an open (black dot-dashed line) domain, and the
lengths of the flame defined by either the T=1500K isotherm (red solid
line) or the YH2 = 10�3 isoline (blue dashed line), both normalized by
d0

f . (b) Flame front shapes at t1 to t4 corresponding to the time instances
marked in (a) and shown in Fig. 4.2 (top: T=1500K isotherm, bottom:
YH2 = 10�3 isoline).
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a cylindrical flame propagating freely in the same mixture but in an open,
constant pressure and temperature domain (black dot-dashed line), indi-
cating that during the early stages the flame behavior is not influenced by
the compression of the mixture or the changes in the flow field due to the
confinement.

After this initial period, the pressure and temperature in the closed do-
main increase (see also Fig. 4.4a), heat is released at an accelerating rate,
and iHRR reaches the first peak at t2 = 36.6 when the flame reaches the
horizontal walls (Fig. 4.2b). The head on quenching (HOQ) results in a
decrease in reactivity, depicted in the reduction of iHRR, which reaches
a local minimum at t3 = 45.2 (cf. Fig. 4.2c). As the flame propagates and
further compresses the mixture, the higher temperature and pressure over-
compensate for the decreased reactivity due to quenching along the hori-
zontal walls, and the iHRR attains a second peak shortly before the flame
reaches the lateral walls (cf. Fig. 4.2d at t4 = 73.8). The distinct cellular
structures on the flame surface at this late stage of propagation (Fig. 4.2d)
result from the thermal-diffusive instability that is triggered as the flame
becomes thinner at higher pressure. Finally, a relatively long period of con-
sumption of the remaining fuel in the vicinity of the cold walls follows
mainly through diffusion to the burned mixture.

The evolution of the flame area using different scalar iso-values to define
the front is also reported in Fig. 4.3a. The T=1500K isotherm (red solid line)
and the isoline of YH2 = 10�3 (blue dashed line) are chosen to identify
the flame front. The flame area increase is identical for both definitions
up to the first peak (i.e., for t  t2, before the flame quenches on the
horizontal walls). For t > t2, the length of the T=1500K contour continues
to increase monotonically, whereas the length of the YH2 = 10�3 contour
decays and asymptotes to a value roughly equal to 2.8 times the domain
height before the flame quenches on the vertical walls. The difference can
be identified by examining the instantaneous flame front shapes at t1 to
t4 shown in Fig. 4.3b. While a closed growing contour always exists for
the isotherm, the reduction of the “active" flame area is reflected only on
the mass fraction isoline. Nevertheless, in order to facilitate comparison
with other works, the T = 1500K isotherm will be used in the following to
define the flame front.

Because of confinement, the mixture is compressed and the flame prop-
agates at changing thermodynamic conditions. The time histories of the
thermodynamic pressure and temperature of the unburned mixture ex-
tracted from the simulation are plotted in Fig. 4.4a, together with the lam-
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inar flame speed and thickness computed using PREMIX [114] at the in-
stantaneous conditions extracted from the DNS. The laminar flame speed
Sl increases by approximately 1.5 times, while the flame thickness d f is
halved during the whole process, rendering the flame more susceptible
to thermodiffusive instabilities and leading to the formation of the afore-
mentioned small-scale cells along the propagating front that are visible at
t = 73.8 in Figs. 4.2d and 4.3b.

During the initial propagation where the flame retains its circular shape,
the data can be used to extract the laminar flame speed and its dependence
on stretch rate. For weakly-stretched flames, the flame speed-flame stretch
relation is linear and the proportionality coefficient is referred to as the
Markstein length L [115]. The variation of the density-weighted displace-
ment speed eSd and the flame radius r with stretch for t  15 is shown in
Fig. 4.4b. During the early stages of propagation (i.e., for r f . 15d0

f ), the

dependence of eSd on stretch is indeed linear and the Markstein number
M = L/d0

f , the slope of the regression line eSd = 1 �MK, is in agree-
ment with the value M = �0.25 computed for the same mixture in an
open circular domain. For larger flame radii (r f & 15d0

f ), this dependence
starts to deviate from linearity and the flame speed increases abruptly, re-
flecting the increasing effect of the confinement. At the linear to non-linear
transition point of r f ' 15d0

f , the flame occupies 1.7% of the total domain.

4.2.2 Flow topology and flame-flow interactions

The initially quiescent mixture is affected as soon as the flame starts to
propagate. The flame sets the fluid in motion and a radially diverging flow
is generated due to gas expansion, while the burned gas inside the flame
remains motionless (Fig. 4.5a). At later times, the flow field is strongly mod-
ified by the walls, affecting the local flame structure and its propagation
characteristics. After t=18 (Figs. 4.5b and 4.5c), a saddle point forms at the
center, and the flow inside the flame acquires a stagnation-flow structure
directed towards the x-axis. The velocity vectors in the burned gas point
towards the propagation direction along the ‘vertical’ flame segments. As
a result, the absolute flame speed in these areas increases, as will be fur-
ther elaborated below (cf. Fig. 4.6). The flow topology on the burned side
changes after t>40 (Fig. 4.5d) and an attracting node forms at the domain
center. A vertically-oriented stagnation-type flow structure is visible for
48  t  76 (Figs. 4.5e to 4.5g), with a saddle point reappearing at the
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Figure 4.4: (a) Temporal variation of the laminar flame speed and thickness due to
the change of the unburned gas pressure and temperature (all quantities
are normalized with their initial value). The unburned gas temperature
is sampled from a point far from the walls, in the unburned side. (b)
Density-weighted flame displacement speed eSd and flame radius r f as
a function of the flame stretch rate K during the early flame propagation
(t <15) (flame front defined by the T=1500K isotherm).

domain center. While at early times the maximum velocity magnitude is
located on the unburned side (Figs. 4.5a to 4.5d), after the head-on quench-
ing on the horizontal walls, the maximum velocity magnitude occurs on
the burned side (Figs. 4.5e to 4.5g). During the final stages of fuel con-
sumption, the acceleration on the burned side creates jets at the corners
and eight recirculation zones can be observed within the fully burned mix-
ture (Fig. 4.5h).

The time histories of the front coordinates x f and y f along the horizontal
and vertical axes are plotted in Fig. 4.6 with solid lines, and their absolute
propagation speeds obtained by differentiation in time with dashed. The
absolute propagation speed of these points (open symbols) match the abso-
lute propagation speed computed by time differentiation. As it can be seen,
a significant part of the fuel is consumed by a decelerating flame, at least in
one of the two orthogonal propagation directions. Five time intervals can
be discerned: First, as long as the flame remains circular, the two points
along the x and y axes move with the same speed (interval I for t . 4.0).
Once the effect of the confinement and the modified flow field becomes sig-
nificant, the movement in the x (y) direction becomes faster (slower), since
along the horizontal axis the burned mixture flows towards the flame and
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(c) (d)

(e) (f)

(g) (h)

Figure 4.5: Instantaneous velocity vector plots colored by the velocity magnitude
during the propagation of the flame front defined by the T = 1500 K
isotherm at (a) t = 6 (max = 0.972), (b) t = 18 (max = 1.072), (c) t = 32
(max = 1.135), (d) t = 40 (max = 0.810), (e) t = 48 (max = 0.764), (f)
t = 60 (max = 0.949), (g) t = 76 (max = 1.208), (h) t = 87 (max = 0.439).
Selected streamlines are superimposed to clarify the flow field.
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Figure 4.6: Flame speed of the T = 1500 K isotherm along the x� (black dashed
line) and the y�axis (red dashed line) computed from the location of
the xmax (black solid line) and ymax points (red solid line). Open sym-
bols: normal component of the absolute propagation speed Sa for the
corresponding points along the front calculated from eqn. (Eq. 3.13).

assists its propagation, while in the vertical direction the burned mixture
flows away from the front (interval II for 4.0 < t < 31.4). The wall affects
reactivity along the vertically propagating flame segments until the HOQ
on the horizontal walls occurs at t ' 39.6, defining the duration of inter-
val III. During interval IV (39.6 < t < 73.2), the flame propagates only
towards the vertical walls with slowly decreasing speed, until eventually
its reactivity is suppressed in the vicinity of the lateral walls (interval V,
t > 73.2).

To elaborate further on the flame-flow interaction during the early stages
of propagation before the head on flame quenching, the T = 1500K isotherms
at different time instances are shown in Fig. 4.7a, and local quantities along
these fronts are extracted and plotted in Figs. 4.7b to 4.7h. The location
along the front is expressed in terms of the angle q = atan2(y f /x f ) at each
point (x f , y f ) of the isotherm, such that the angles q = p, 0 and q = ±p/2
correspond to points on the horizontal and vertical axis, respectively.

The normal component of the absolute flame propagation speed, Sa, is
initially uniform along the front (black curve in Fig. 4.7b), but later ex-
hibits significant variations with increasing (decreasing) values on the hor-
izontal (vertical) segments as the flame propagates outwards. According
to eqn. (Eq. 3.13), Sa is affected by reactivity and heat conduction through
the displacement speed Sd (Fig. 4.7c), but also by the flow non-uniformity
through the modification of the normal to the front flow velocity com-
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Figure 4.7: (a) Instantaneous flame fronts defined by the T = 1500 K isoline; (b) nor-
mal component of the absolute flame propagation speed; (c) displace-
ment speed; (d) normal and (e) tangential flow velocity component; (f)
curvature; (g) strain rate, and (h) stretch rate along the fronts plotted as
function of the angle q = atan2(y f /x f ) along the fronts shown in (a).
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Figure 4.7: (a) Instantaneous flame fronts defined by the T = 1500 K isoline; (b) nor-
mal component of the absolute flame propagation speed; (c) displace-
ment speed; (d) normal and (e) tangential flow velocity component; (f)
curvature; (g) strain rate, and (h) stretch rate as function of the angle
q = atan2(y f /x f ) along the fronts shown in (a).
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ponent Vn = u · n (Fig. 4.7d). Sd increases due to the continuous rise of
pressure and temperature resulting from the confinement, but its value
remains constant along the front for a given time instant when the flame
is sufficiently far from the walls: only when a flame segment reaches suf-
ficiently close to the walls is a reduction in Sd observed (pink and cyan
curves for t � 32). Consequently, the aforementioned variation in the abso-
lute flame speed when the flame is far from the walls is solely due to the
effect of the non-uniform velocity field, expressed by the variation of the
normal flow velocity Vn in Fig. 4.7d. After t = 16 (green curve), the normal
velocity Vn experienced by the flame along the horizontal segments (i.e.,
�3p/4 . q . �p/4 and p/4 . q . 3p/4) is negative, indicating that the
flow slows down propagation in these directions. Similarly, the larger flow
velocity along vertical segments (around q = 0 and p) accelerate the flame,
as already seen in Figs. 4.5 and 4.6.

The tangential flow velocity Vt along the fronts (Fig. 4.7e) is identically
zero when the flame shape is perfectly circular (black curve), and at all
times on points along the axes (i.e., at q = 0, p and ±p/2) due to the
domain symmetries. It reaches a maximum/minimum close to the diag-
onals of the domain, depending on its direction with respect to the unit
vector tangential to the front, which points in the clockwise direction. The
flame curvature k (Fig. 4.7f) has large values when the flame kernel is small
(k ⇡ 1/R f with R f the flame radius) and decreases fast and non-uniformly
as the flame shape changes from circular to elliptic. At later times, along
the flat segments near the horizontal walls (q = ±p/2) k ' 0.

The distributions of Vn, Vt and k contribute to the aerodynamic strain
rate Ks experienced by the flame (Fig. 4.7g). While during the early stages
Ks is positive (i.e., expansive) along the front revealing a tendency to in-
crease the local flame element area, for t � 24 (orange curve), negatively
strained regions appear along extended vertical flame segments (e.g. for
angles �3p/4 . q . �p/4 and p/4 . q . 3p/4), marking a compres-
sive effect of the flow on the flame surface. Finally, the flame stretch rate
K (Fig. 4.7h) demonstrates the same qualitative behavior as curvature, in-
dictating that the second term in the RHS of (Eq. 3.16) dominates stretch,
since Sdk � Ks.

4.2.3 Quenching distance

In order to study the flame-wall interactions, different quantities are sam-
pled along the lines marked in Fig. 4.1 extending from the upper (L1, · · · , L15)
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Figure 4.8: Profiles along the probing line L1 for times 20  t  42 at intervals of
dt = 2 (from right to left) as a function of the distance from the upper
wall: (a) temperature , (b) HRR (solid lines) together with the trace of
the instantaneous maximum HRR (dashed line).

and right (L16, · · · , L21) walls to the horizontal and vertical axis, respec-
tively.

Profiles of temperature and heat release rate along the probing line L1 at
different time instances are shown in Fig. 4.8. The fully developed thermal
boundary layer is approximately 5d0

f and remains unaffected by the flame
till t ' 32. At t = 20, the flame is sufficiently far from the wall so that the
preheat zone is unaffected by the thermal boundary layer. The combined
effect of compression by the propagating flame and increased reactivity
of the positively stretched Le < 1 flame results in the increase of both
the maximum flame temperature (Fig. 4.8a) and the maximum HRR [116,
117], which reaches its peak value at t ' 31.4 (Fig. 4.8b) at a distance of
6.04d0

f from the wall. The point of maximum HRR comes as close as 1.17d0
f

to the wall at t ' 39, and by that time its value has decreased to 18% of
HRRmax. At later times, the location of HRRmax along L1 recedes from
the wall and its value drops to zero. This behavior differs from previous
numerical studies of FWI with 1-D hydrogen/oxygen flames against an
isothermal wall with Tw = Tu = 750K which found that the peak heat
release rate occurred on the wall [10] due to the low-temperature chemistry
of hydrogen. The same behaviour was observed in [95] at different wall
temperatures (Tw = Tu = 298, 750, 1200K) and pressures (1 and 2 bar).

The velocity flow field before, during and after the HOQ on the top wall
is shown in Fig. 4.9 (left column), where the distribution of the OH mass
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fraction is superimposed on the velocity vector field. The YOH distribution
is very similar to the experimental images reported by Boust et al. [73],
and the changes in the flame topology during the interaction of the flame
with the walls discussed in section Sec. 4.2.2 can be more clearly seen. The
cellular structures formed on the fronts propagating against the lateral
walls can be seen in the right column of Fig. 4.9.

The vertical distance Dy of the T = 1500 K points from the upper wall
along the probing lines L1 to L15 are plotted in Fig. 4.10a as a function of
time. Along L1, quenching is head-on, while for the other sampling lines it
turns to side-wall. For HOQ, the quenching distance is dQ = 1.55d0

f along
line L1, and as the flame propagates towards the vertical walls it decreases
linearly to 1.28d0

f . Despite the cellular flame structure, similar results are
obtained for the mainly HOQ on the right wall, where the quenching dis-
tance is about 1.28d0

f (Fig. 4.10b).
The dimensional quenching distance at the sampling points along the

top and right walls are shown in Fig. 4.11a. Taking into account the de-
crease of the flame thickness, the instantaneous Pe = dQ/dl increases from
Pe = 9.7 to 12 as the flame propagates along the upper wall (Fig. 4.11b).

4.2.4 Heat transfer processes

Neglecting radiative heat transfer, the heat flux to the wall is given by

Qw = lw
∂T
∂x

����
w

where lw is the mixture thermal conductivity at the wall conditions. The
distribution of Qw along the walls is plotted in Fig. 4.12 at different times
together with the instantaneous flame location. As it can be seen, appre-
ciable heat is transferred to the walls only when the flame gets sufficiently
close.

A quantitative comparison of the heat flux profiles on the upper and
the two lateral walls is presented in Figs. 4.13a and 4.13b, respectively. The
profiles along the former exhibit a single peak at the center until flame
impingement on the wall. At t ' 41.6 the profile becomes flat and then
acquires two peaks which move towards the lateral walls following the
flame motion. By tracking the location of the two peaks, the flame tip close
to the horizontal walls is found to propagate with an absolute speed of ap-
proximately 2S0

L. The head-on approach and the side-wall propagation can
therefore be clearly distinguished by the single- and double-peak profiles
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Figure 4.9: Left column: Distribution of YOH superimposed on the velocity vectors
during flame propagation towards the upper wall (from top to bot-
tom: YOH,max = 9.549 ⇥ 10�4, 9.625 ⇥ 10�4, 9.702 ⇥ 10�4, 9.775 ⇥ 10�4

at t = 34, 36, 38, 40, respectively). Right column: flame propagation to-
wards the left wall showing the cellular structures that form along the
front (from top to bottom YOH,max = 1.077 ⇥ 10�3, 1.146 ⇥ 10�3 at
t = 68, 75, respectively). Vectors are colored by the velocity magnitude
with maximum values 1.092, 1.015, 0.9223, 0.8104 (left column, top to
bottom) and 1.093, 1.220 (right column, top to bottom).
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Figure 4.12: Heat flux distribution and flame location at the indicated time instants.

of Qw (Fig. 4.13a). The wrinkles in Fig. 4.13b are due to the aforementioned
cellular structures, which result in non-negligible variations of the heat flux
along the vertical walls.

The wall heat flux Qw is usually reported normalised by the flame power
Pf = rSlcp(Tb � Tu) (e.g. [67, 83]). In open systems, the unburned gas
properties and therefore the flame power remain constant, contrary to the
closed system considered here. The time history of Qw at the midpoint
of the upper wall is plotted in Fig. 4.14a normalised by both the initial
(black solid line) and the instantaneous (red dashed line) flame power. In
both cases, the heat flux exhibits the same behaviour, but its value differs
by an amount of up to 50%, depending on the normalisation used. The
normalised wall heat flux first attains a constant, non-zero value when
the flame is far from the wall that represents the heat transfer from the
unburned mixture to the cold wall. As the flame approaches the horizontal
wall, the normalised heat flux increases abruptly and its value reaches a
peak at t = 41.2, i.e. shortly after head-on quenching. After this peak, a
period of slow decrease is observed, representing the heat transfer between
the burned gas and the wall.

The maximum heat flux Qw,max at different locations along the upper
wall is reported in Fig. 4.14b. The dimensional Qw,max (dashed line with
open circles) increases up to x = 2.84 cm, a point that is quite far from
the corner at x = 3.75 cm, and reaches a value of 0.21 MW/m2, which is
comparable to what has been reported experimentally, albeit for methane-
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Figure 4.13: Heat flux distribution along the (a) upper wall, and (b) right (solid line
with open symbols) and left (dashed lines with filled symbols) lateral
walls at the indicated time instants.
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Figure 4.14: (a) Wall heat flux along line L1 normalized by the initial, P0
f , and the

instantaneous flame power, Pf (solid and dashed lines, respectively),
(b) Dimensional (dashed line with open circles) and normalized (solid
line with closed circles) maximum heat flux along the upper wall (mea-
sured from the center).

air flames [67]. On the contrary, the maximum wall heat flux normalized
by the instantaneous flame power F = Qw,max/Pf (solid line with filled
circles) decreases, indicating that Pf increases faster than Qw,max, while its
peak F = 0.116 is closer to values reported for hydrogen (⇡ 0.12 in [10,
12]) than hydrocarbons (⇡ 0.3 � 0.7 in [67, 82, 83, 86, 94, 118]).

The characteristic quenching time Dtq [73] required for the wall heat
flux to increase from 50% to 100% of its peak value (as shown in Fig. 4.14a)
indicates how fast the wall heat flux changes and provides a measure of
the response time needed for the measurement of Qw [71, 73]. It is found
to vary along the upper wall from 1.38 ms around the midpoint to 1.72 ms
up to x = 115, and decreases close to the corner (Fig. 4.15a).

The wall heat transfer rate HTRw computed by integrating the heat flux
along the total wall area A

HTRw =
Z

A
lw(rT · n)dA

is reported in Fig. 4.15b. The high initial value, an artifact of the steep tem-
perature gradient at initialisation between the walls at Tw = 550 K and
the unburned mixture at Tu = 822.7 K, relaxes quickly and evolves as the
thermal boundary layers are formed. The increase at t ' 38 reflects the
proximity of the flame to the horizontal walls, while the second increase
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Figure 4.15: (a) Variation of the characteristic quenching time Dtq along the upper
wall. (b) Temporal evolution of the total heat transfer rate HTRw (solid
line) and ratio between integral heat release rate iHRR and HTRw
(dashed line).

starts when the flame reaches the sidewalls (t ' 85). The ratio of the in-
tegral heat release rate to the heat transferred to the walls peak of 29.5
is reached at t = 34.6, about two time units earlier than the time of the
first iHRR peak at t2 (Fig. 4.3a). Following the head-on quenching, the
ratio decreases to an almost constant value of approximately 9.7 during
flame propagation towards the lateral walls. Finally, due to the decreased
reactivity during the relatively long period of the slow consumption of the
fuel from the near-wall regions and the increased heat transfer towards the
wall, the iHRR/HTRw ratio drops to zero.

The two dominant terms in expression (3.12) for the flame displacement
speed are the heat conduction Qth = r · (lrT) and the heat release rate.
The profiles and their relative importance change during propagation, as
it can be seen in Fig. 4.16 along line L1. Before HOQ, the profiles are as
expected for a freely propagating laminar flame, with Qth positive and
larger than the HRR in the preheat zone and negative and smaller than
the HRR within the flame (Fig. 4.16a at t = 35). Shortly after the head-on
quenching (Fig. 4.16a at t = 40), both Qth and HRR have a significantly
smaller magnitude, and are almost equal and of opposite sign, indicating
thermal quenching [69, 77]. The ratio of the two terms at the T = 1500 K
point on line L1 (Fig. 4.16b) indicates the stronger effect of reactivity before
quenching on the displacement speed |Qth/HRR| < 1. After quenching
heat is conducted away from the isotherm as it moves away from the wall.
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Figure 4.16: (a) Distribution of HRR and heat conduction at two time instances
near the quenching time along line L1; (b) ratio of thermal diffusion to
HRR at the T = 1500 K point on line L1.

4.2.4.1 Most active reactions near the wall

Along line L1, the reactions with the largest contribution to the total HRR
before (t = 35) and after (t = 40) head on quenching along line L1 are
found to be mainly
R9: H+O2(+M) ⌦ HO2(+M)
R12: HO2+O ⌦ OH+O2,
R13: HO2+OH ⌦ H2O+O2,
R25: CO+OH ⌦ CO2+H
at both times, and secondarily, depending on the considered time,
R3: H2+ OH ⌦ H + H2O
R11: H+HO2 ⌦ 2OH
R26: CO+OH ⌦ CO2 + H
As it can be seen in Fig. 4.17a, the pressure-dependent reaction R9 has the
largest contribution over the whole range and together with reactions R12,
R13 and the R25 are responsible for most of the released heat. The most
active endothermic reactions are found to be the chain branching reactions
R1: H+O2 ⌦ O + OH
R4: H2O + O ⌦ 2OH
before as well as after quenching.
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Figure 4.17: Identification of most active reactions with the largest contribution to
the total HRR along line L1 at (a) t = 35 (before quenching) (b) t = 40
(after quenching).
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Figure 4.18: (a) Temporal evolution of the H2 and CO mass fractions at the mid-
point of the upper wall, (b) time required to burn 10% increments of
the fuel.
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4.2.4.2 Rate of decrease of the fuel concentration on the walls

When the flame approaches the wall, the fuel consumption rate decreases
and eventually becomes zero. Since the convective term on the wall is also
zero, only diffusion can transport the unburned gas to the burned zone.
The temporal evolution of the mass fractions of hydrogen and carbon
monoxide at the midpoint of the upper wall plotted in Fig. 4.18a shows
that YH2 drops to zero shortly after the flame is reached to the wall, while
a small amount of CO exists at the end of the simulated time.

The global progress variable based on the integral of the heat release
rate over the entire domain may be defined as

ciHRR(t) =
R t

0 iHRR(t0)dt0
R •

0 iHRR(t0)dt0
, (4.1)

and is equivalent to the burned fuel fraction. The time required for the
fuel consumption in increments of 10% plotted in Fig. 4.18b shows that
the duration for the consumption of the initial (time required for the flame
kernel to grow considerably) and the final 10% (consumption of the fuel
close to the walls and particularly near the corners) is approximately five
and three times longer than the consumption of the rest of the fuel which
is consumed at an almost constant rate.

4.2.4.3 Progress variable description

A progress variable based on the species mass fraction Yk can be defined for
any species k whose mass fraction varies monotonically across the flame
by ck = (Yk � Yk,u)/(Yk,b � Yk,u), where Yk,u and Yk,b are the mass frac-
tions in the unburned and burned mixture, respectively. The evolution of
the scatter plots of the heat release rate with respect to the cCO is shown
in Fig. 4.19; the scatter points are colored by their distance from the walls.
When the flame is away from the walls, all scatter points fall on a curve (red
circles) that is approximated well by the 1-D steady adiabatic premixed pla-
nar flame computed at the instantaneous pressure and unburned mixture
temperature (red solid lines in Fig. 4.19a-d). When the flame ‘feels’ the
presence of or is affected by the walls, scatter points start to fill the region
below this curve and the non-reactive (zero HRR) state. This wall effect has
already been seen in the local displacement speed (Fig. 4.7c at t = 32), and
is reflected in the thickening of the HRR curve plotted in terms of cCO. Dur-
ing the interaction with the walls, conditions between the strongly burning
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(a) (b)

(c) (d)

Figure 4.19: Scatter plots of the heat release rate in the whole domain with respect
to the progress variable cCO and comparison to 1D premixed flame
structure at (a) t = 30, (b) t = 35, (c) t = 40, (d) t = 60 and comparison
with the 1-D flame structure computed using (a) Tu = 861.26 K, pu =
5.36 atm, (b) Tu = 876.45 K, pu = 5.73 atm, (c) Tu = 891.29 K, pu = 6.12
atm, (d) Tu = 938.64 K, pu = 7.51 atm. Points are colored by their
distance from the walls.
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and quenched state exist and the one-to-one relation between HRR and the
progress variables is no longer valid (Fig. 4.19c-d).

It is interesting to note, however, that the scatter points are not arbitrarily
distributed, but appear to form curves on the cCO-HRR plane. It turns out
that indeed the points fall on curves of similar shape that are defined by
the distance from the walls: all points at a certain vertical distance from a
wall define a curve in progress variable space, and all points that appear
to form a curve are located at a fixed distance from the wall. The ‘maximal’
curve (red points) which can be matched well by a laminar 1-D premixed
flame is populated by most points from different locations in the domain
sufficiently far from the walls.

At a distance Dy = 30 from the wall, the 1-D adiabatic premixed flames
computed with the value of the unburned mixture temperature extracted
from the simulations matches well the scatter points from the 2-D simula-
tion Fig. 4.20b (blue circles are obtained from the DNS and the correspond-
ing solid blue line of the 1-D profile computed with Tu = 973K). Closer
to the wall reactivity is lower and non-adiabaticity needs to be accounted
for. In chemistry tabulations approaches, this is usually done by using a
lower unburned mixture temperature Tu to compute the 1-D flame struc-
tures. Fig. 4.20b shows that it is not clear how to pick this value: in order to
match the profile at a distance Dy = 2 from the upper wall (open black cir-
cles), the Tu = 761K value extracted from the simulations is too low (solid
black line) and has to be increased to Tu = 800 K (dashed black line).
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Figure 4.20: (a) Distribution of HRR in part of the upper left quarter of the domain
showing the lines where the 1-D profiles were extracted, (b) compari-
son of 1-D profiles extracted at different vertical distances Dy from the
upper wall (colored open circles) with the 1-D premixed flame struc-
tures computed using the indicated Tu (solid or dashed line with the
same color as the circles).





5
T U R B U L E N T 2 D F L A M E S

In this chapter, direct numerical simulations of turbulent premixed flames
performed in a 2D, rectangular domain are presented. Although turbu-
lence is a 3D phenomenon, the interest in 2D turbulence DNS relies on
the following partial justifications:(i) to test the soundness of hypotheses:
the goal of 2D simulations are not to draw a definite conclusion about
3D turbulence flows but, as Batchelor [119] puts it, "means of testing the
soundness of some of the hypotheses". The main argument is based on the
fact that 2D turbulent flows share the two basic properties of randomness
and nonlinearity with 3D turbulent flows [120]; (ii) flame topology: some
studies have found the topology of a propagating surface to be primarily
two-dimensional [36]. (iii) qualitative comparison: the dynamics and statis-
tics of flame surface in 2D and 3D flames are found to be qualitatively
similar [34]; (iv) parametric studies: the computational cost of a 2D prob-
lem is manageable in comparison to 3D cases and it is feasible to perform
parametric studies in 2D domains and use 2D results to guide more com-
putationally expensive 3D simulations.

In this chapter, the terms ”flame length” and ”burned area” are used
to refer to the length of the 2D flame front and the area of the burned
gas, respectively, as opposed to ”flame area” and ”burned volume” in 3D
simulations.

5.1 simulation setup

The computational setup (initial thermo-chemical condition, domain size
and geometry, solver and etc) is similar to the laminar case described in
Sec. 4.1. The initial velocity field is initialised by the random turbulent flow
field described in Sec. 3.3.

In Table 5.1 the simulated conditions are summarised and Fig. 5.1 marks
the initial conditions on the Borghi diagram [23]. Note that the random
seed number in Table 5.1 is the number used to initialise the random num-
ber generator and by changing this number, different realisations of the
initial turbulent velocity field can be created. For the sake of clarity we
note that k = 3/2u0

rms
2 in 3D domains and k = u0

rms
2 in 2D domains and

57
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Figure 5.1: Simulated conditions on the Borghi diagram based on the initial u0
rms

and lt values.

u0 ⌘
p

2k, where u0
rms and u0 are both characteristic velocities of large

scale motions found in literature ( [110, 121]). As shown in Table 5.1, u0
and lt are the two main global parameters defining the turbulent field.
Also, Rel = u0

rmslt/n, where n is the kinematic viscosity of the unburned
gas and Da = (lt/u0

rms)/(dl/Sl) and Ka = (dl/Sl)/(lt/(u0
rms

p
Rel)) [23].

A tensor mesh is used where each spectral element contains 8 Gauss–
Lobbato–Legendre quadrature points in each direction (polynomial order
7). Different mesh sizes and polynomial orders are used to ensure grid
independence. The largest mesh has around 6.5 million grid points where
the (spectral) element size at the centre of the domain is equal to d f and
mesh resolution is increased 4 times towards the walls to reflect the fact
that the flame thickness will decrease as pressure increases during propa-
gation and also to resolve the thermal boundary layer close to the walls.

5.2 results

5.2.1 Early growth

As discussed in the previous chapter, the total heat release in the closed
system is constant and a global progress variable, c, based on the iHRR
can be defined by,
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c(t) ⌘
R t

0 iHRR(t0)dt0
R •

0 iHRR(t0)dt0
, (5.1)

which is roughly equivalent to the fraction of burned fuel.
Fig. 5.2 shows the temperature distribution for different cases at c =

0.01 where the pressure and temperature of the unburned gas have not
practically changed and the flame front is away from the walls. Since the
progress variable is the same for all cases (in Fig. 5.2), the total burned
areas are roughly equal while the flame shape and the flame length are
very different and as a result, the burning rates in cases vary, as is evident
in Fig. 5.2 while this state of burning is reached at t=2.8 ms in the laminar
case while t=0.9 ms in the L1U24 case. In low u0 cases (e.g. L1U2) the flame
is less distorted and resembles the circular kernel in the laminar (L0U0)
case while for high u0 case (e.g. L1U24), the flame is distorted significantly
and as a result the flame length increased. In addition, in high-intensity
turbulent cases, average reactivity of the flame front per unit of the flame
length will increase, as is demonstrated quantitatively in Sec. 5.2.2. For
high u0 and large lt (L12U24) the flame is elongated whereas for high u0
and small lt (L1U24) the flame is propagating more symmetric. Mixing of
the cold unburned gas near the wall with the unburned gas is affected by
u0 and lt where higher u0 cases have more effective heat conduction and
heat transfer, as will be shown quantitatively in Sec. 5.2.2.2.

We can observe that during the early growth phase, the iHRR of the
L1U24 case has the fastest growth rate while the laminar case is the slow-
est (Fig. 5.3a). In addition, cases sorted based on the magnitude of iHRR,
during most of the time interval shown in Fig. 5.3a, will have the following
order: L1U24, L4U24, L8U24, L12U24, L2U12, L2U6, L4U6, L8U6S0, L1U2,
L2U2, L0U0 which indicates that during the early growth stage, u0 has
the dominant effect, and among the cases with the same u0, the case with
smaller lt has faster increase of iHRR in time. This effect is mainly due
to the fact that the velocity field in cases with smaller lt contain smaller
vortices, which are comparable in size to the flame kernel and may distort
the flame kernel more effectively as shown in the L1U24 case in Fig. 5.2.
In order to compare the total burning rate of the cases quantitatively, we
define tc10 as the time when c = 0.10, i.e. the time that 10% of the total heat
is released. tc99, tc90 are defined in similar manner. Fig. 5.3b quantifies the
point made earlier that the kernel grows faster in cases with higher initial
turbulent intensity.
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Figure 5.2: Temperature pseudocolor of cases at the same progress variable (c =
0.01). Tmin = 550 K in all cases and Tmax is 1751 K (L0U0), 1753 K
(L1U2), 1752 K (L2U2), 1765 K (L2U6), 1758 K (L4U6), 1762 K (L8U6S0),
1758 K (L1U24), 1762 K (L4U24), 1752 K (L8U24), 1764 K (L12U24).
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Figure 5.3: Early growth stage: (a) iHRR (b) variation of 1/tc10 in simulations,
where the order of cases with the same initial u0 is represented by the
labels.

In order to investigate the effect of the initial random realisation of tur-
bulent field, five cases of L8U6 are considered which have statistically the
same initial u0 and lt but different realisation of the initial turbulent field.
The cases are indicated as L8U6S0,..., L8U6S4. In Fig. 5.4 the iHRR of the
five realisations of the L8U6 cases are shown. It is noticeable that iHRR in
the initial stages of L8U6S3 is delayed compared to the rest of the cases
and the L8U6S0 has the fastest growth of iHRR. In order to investigate
this behaviour, contours of vorticity and flame front at the initial time and
at t=1.5 ms are shown in Fig. 5.5 where it is evident that the initial flame
kernel in the L8U6S3 case is located approximately in a centre of a vortex
and at the later times the flame propagated almost radially. In contrast, in
the L8U6S0 case the initial flame kernel is located between two counter
rotating vortices and at later times the flame kernel is distorted and the
flame length increased more than in the L8U6S3 case, which consequently
resulted in larger iHRR. It should be noted that although iHRR in cases
L8U6S2 and L8U6S4 are almost identical during the early growth stage
(Fig. 5.4), these cases deviate from each at later times as demonstrated in
Sec. 5.2.2.

cCO is the local progress variable based on the CO species mass fractions
(defined in Sec. 4.2.4.3). During the early growth stage of the laminar case
(c = 0.01), the scatter plot of HRR and cCO (Fig. 5.6a), when the flame is
far from the walls, indicates that HRR can be parameterised by cCO. The
deviation of scatter plot in the laminar case from the 1D laminar flame
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Figure 5.4: iHRR of L8U6 cases during the early growth stage. L8U6 cases are dif-
ferent realisations of the same turbulent consitions.

Figure 5.5: Vorticity contours and flame front (T = 1500 K) at initial time and t=1.5
ms: (left column) L8U6S0 case, (right column) L8U6S3 case
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(a) (b)

(c)

Figure 5.6: Early growth stage: Scatter of HRR and cCO in the (a) laminar (t=6.5) (b)
L2U6 (t=3.3) (c) L1U24 (t=1.4) case and comparison with 1D flame. In
all cases c = 0.01 and the flame is always away from the walls (Fig. 5.2).

is mainly due to the stretch rate and unsteady effects [122–124]. The scat-
ter plot of HRR and cCO in the L2U6 case at c = 0.01 (Fig. 5.6b) shows
higher deviation from the 1D flame and demonstrates that HRR cannot be
parametrised only by cCO. The maximum HRR is higher in the L2U6 case
relative to the laminar case. The deviation from the 1D flame is higher in
L1U24 case (Fig. 5.6c) as the initial turbulence intensity is increased and
the flame front faces larger stretch rate and consequently, maximum HRR
in L1U24 is larger than both L2U6 and the laminar case (Le < 1 and nega-
tive Markstein number). The correlation of HRR and stretch rate along the
flame front is demonstrated in Sec. 5.2.2.1.
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5.2.2 Pressure–rising phase

In Fig. 5.7 the temperature distribution are shown at c = 0.33 when the
flame has already reached the walls. The burnt areas (volume) of the dif-
ferent cases is similar, since c = 0.33 in all cases, but the flame length is
different and in the higher turbulent intensity cases the flame lengths are
larger which results in higher iHRR and as a result one third of the to-
tal heat is released at t=2.3 ms in the L1U24 case (Fig. 5.10a) compared to
t=17.6 ms in the laminar case. This point will be quantified in the following
sections. In the L1U2 and L2U2 cases it is apparent that the effect of the
small initial turbulence length scale and intensity where only small wrin-
kles are created on the flame front and the burnt area (volume) is a single
connected region while for high turbulent intensity (e.g. L2U6) cases, is-
lands of unburned gas can be seen inside the burned gas and vice versa;
in the L4U24 case some islands of burned gas inside the unburned gas. In
the L1U24 case, burned and unburned gas create spiral structures which
are due to the fact that the turbulent time scale is shorter than the chem-
ical burning time scale and the turbulent flow field has the time to twist
the flame before the front can propagate and consume the unburned gas
inside the spiral structure. The L12U24 flame propagated more towards
the lateral walls, whereas the flame in the L1U24 has propagated more
symmetrically toward the side walls. This is due to the fact that the large
integral length scale in the L12U24 is able to convect the flame kernel to
the sides more effectively.

The evolution of the temperature (T=1500 K) iso-contours in the L2U2

case is shown in Fig. 5.8 where the initial turbulence intensity is low and
the burned gas area remains as one connected unit and it is feasible to
trace the flame front evolution, whereas in the high turbulent intensity
cases the flame front is torn apart. Fig. 5.8 demonstrates the annihilation
process where flame segments with sharp turns become smooth and vice
versa, some smooth flame segments develop sharp cusps.

Flame generated turbulence in the burned gas is observed in the L12U24

case where the initial turbulence velocity field has a large integral length
scale which corresponds to the large vorticity scales shown in Fig. 5.9a.
Compared to the initial vorticity scales, small scale vortices are generated
in the burned gas (Fig. 5.9b). Also, some small scale vortices are generated
in the unburned gas close to the wall as a result of the interaction of the
large scale vortices with the walls.
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Figure 5.7: Temperature distribution of the cases at the same progress variable (c =
0.33). Tmin = 550 K in all cases and Tmax is 1861 K (L0U0), 1857 K (L1U2),
1855 K (L2U2), 1859 K (L2U6), 1861 K (L4U6), 1863 K (L8U6S0), 1864 K
(L1U24), 1877 K (L4U24), 1875 K (L8U24), 1868 K (L12U24).
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Figure 5.8: T=1500 K iso-contours in L2U2 case at different times with time–lapse
of 0.1.

The effect of the initial turbulent intensity on the iHRR profile is evident
in Fig. 5.10a where two pairs of L2U2, L2U6 and L4U6, L4U24 have the
same initial lt but different initial u0. In both cases, a significant increase
in iHRR is evident, which is mainly caused by the turbulent field modify-
ing the flame front and increasing the flame length. The pressure profile
(Fig. 5.10b), similarly to iHRR, is strongly affected by the initial turbulence
intensity. Albeit only slightly, the peak pressure (Pmax) of the high turbu-
lent intensity cases is higher than the low intensity cases since the total
heat loss in low intensity cases is larger than in the high intensity cases,
for which the duration of the consumption is shorter. The pressure drop
after the Pmax is due to the heat transfer and the rate of change of pressure
due to heat loss is larger in high intensity cases, a direct consequence of
the large turbulence intensity and effective heat transfer; these points are
quantified in Sec. 5.2.2.2.

Comparison of the iHRR profiles of cases with the same initial u0 and
different lt (Fig. 5.10a) shows that in the low turbulent intensity cases like
L1U2 and L2U2, the changes in iHRR are distinguishable whereas in the
high intensity cases of L2U6, L4U6 and L8U6S0 or L4U24, L8U24 and
L12U24 the temporal evolution of iHRR is very similar. This behaviour is
reflected in the pressure profile in Fig. 5.10b. The effect of initial turbulent
intensity on the burning rate is quantified in Fig. 5.11a where the variation
of tc90 shows that in the low turbulence intensity cases both initial integral
length scale and turbulence intensity play a role (compare the L1U2 and
L1U2 cases where the corresponding tc90 differ by 12.7). In contrast, as the
turbulence intensity increases, the integral length scale plays a less impor-
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(a)

(b)

Figure 5.9: Pseudo colour of vorticity and iso-contour of T=1500 K in the L12U24

case at (a) the initial time and at (b) t=1.4 ms. The colour bar is cropped
between min=-15 and max=15.
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Figure 5.10: Effect of initial integral length scale and initial turbulence intensity on
(a) iHRR, (b) pressure profiles.

tant role and tc90 of L1U24 and L12U24 differ only by 3.5. The relative
variation of tc90 with respect to the integral length scale in the high tur-
bulent intensity cases is also considerable. Moreover, the variation of tc90
by turbulence intensity (dtc90/du0) in the high turbulent intensity cases is
smaller than in low intensity cases. This behaviour is also known as the
"bending effect" [1, 23].

In Fig. 5.12b the pressure profile of all L8U6 cases are shown where the
delay in the early growth stage of L8U6S3 (Fig. 5.4) persists at later times.
On the other hand, the rate of pressure changes after the early growth
stage are similar, as these cases have statistically the same initial turbulence
intensity and integral length scale. Also, the rate of pressure drop of the
cases after reaching Pmax is similar since the heat transfer rate depends on
turbulent intensity and integral length scales, which are statistically similar
in the L8U6 cases. As shown earlier (Fig. 5.4), although the two cases of
L8U6S2 and L8U6S4 have almost identical iHRR profile during the early
growth stage, the iHRR profiles evolve differently at later times (Fig. 5.12a),
as they are different realisations of the same turbulent field.

iHRR and flame front surface area have been reported to be directly
correlated [23, 27, 28, 34, 36, 39–41, 45, 125] and Fig. 5.13a confirms this
trend where the Flame Length (FL) based on the iso contour of YH2

= 0.001
is similar to the iHRR profile. The ratio of iHRR to the FL (Sc = iHRR/FL)
in the laminar and three turbulent cases plotted in Fig. 5.13b resembles the
average burning rate per unit of flame length. In the laminar case (L0U0),
Sc increases mainly due to the increasing temperature and pressure of the
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Figure 5.11: (a) Effect of initial turbulent intensity on tc90. (b)Effect of initial integral
length scale and initial turbulence intensity on iHRR in c.

0 10 20 30 40 50

t

0

500

1000

1500

2000

2500

3000

3500

iH
R
R

L8U6S0

L8U6S1

L8U6S2

L8U6S3

L8U6S4

(a)

0 10 20 30 40 50

t

0.8

1

1.2

1.4

1.6

1.8

2

2.2

P

L8U6S0

L8U6S1

L8U6S2

L8U6S3

L8U6S4

(b)
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Figure 5.13: (a) Flame length and iHRR in L1U2 and L4U6 cases (b) Ratio of
iHRR/Flame length of laminar (L0U0), L1U2, L4U6 and L1U24 cases.

unburned gas and around c = 0.3, Sc decreases which corresponds to
the time when the flame has reached the top and bottom walls and HRR
is reduced. Similarly, around c = 0.9 the flame is close to the sidewalls
and HRR reduces due to flame quenching. Near c = 0, cases with higher
turbulent intensity have larger Sc which corresponds to the cases with the
higher stretch rate with higher turbulent intensity (Le <1 and negative
Markstein number). Sc in the turbulent cases increases in time similar to
the laminar case as a result of increased unburned gas temperature and
pressure. In the L1U2 case, where the initial turbulence intensity is low, Sc
is affected near c = 0.9 as a result of flame quenching near the sidewalls. In
contrast, cases with higher turbulent intensity, flame quenching is delayed
as turbulence enhances the diffusion of unburned gas away from the walls
and corners as demonstrated in Sec. 5.2.2.2.

In Fig. 5.14, scatter plots of HRR and cCO for the L2U6, L1U24, L0U0

cases are compared with the 1D planar premixed flame. The 1D planar
premixed flame is solved with PREMIX for the corresponding unburned
temperature and pressure. Compared to the same scatter plot during the
early growth stage (Fig. 5.6), HRR increased significantly and because of
FWI the distribution is changed, in particular in the laminar case where
cCO cannot parametrise the HRR distribution, as occurred during the early
growth stage (Fig. 5.6a). We can notice that some points in Fig. 5.14a form a
curve in HRR-cCO plane. It shown in the laminar 2D case (Sec. 4.2.4.3), the
points which form a curve have similar distance from the wall and in fact
are the solution of 1D premixed flame for an unburned temperature which
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(a) (b)

(c)

Figure 5.14: Scatter of HRR and cCO in (a) L0U0 (t = 41) (b) L2U6 (t=16) (c) L1U24

(t=5.4) case and comparison with 1D flame, at the corresponding un-
burned temperature and pressure, after flame has reached the walls
and c = 0.33.

is between the wall temperature and current unburned gas temperature.
The larger maximum HRR in L1U24 (Fig. 5.14c) in comparison to L2U6

(Fig. 5.14b) is consistent with the notion that the turbulent flow field with
higher turbulent intensity will create larger stretch rate and higher burning
rate (Le < 1 and negative Markstein number). This positive correlation
along the flame front is demonstrated in the following section.

5.2.2.1 Local flame front properties

Local flame properties such as HRR, curvature (k), stretch rate (K) and
density-weighted displacement speed (eSd = rSd/ru) along the flame front
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Figure 5.15: (a) iso-contour of T=1500 K in L2U2 case at t=5 and the point of s = 0,
(b) variation of stretch rate and HRR along s, (c) scatter of HRR and
stretch rate along s, (d) scatter of eSd and stretch rate along s.

are of interest, where Sd is the displacement speed, as defined in Sec. 3.2.
In Fig. 5.15a, the flame front, defined by T = 1500 K, in L2U2 case at t=5

is shown where flame front consists of one connected path which can be
parametrised. One choice for the parametrisation is the arc length (s), start-
ing from the point marked by a cross dot in Fig. 5.15a and increasing coun-
terclockwise. The variation of the stretch rate and HRR along s (Fig. 5.15b)
suggest that HRR is modulated by the stretch rate. The two large nega-
tive spikes of the stretch rate corresponds to the two segments with sharp
cusps of large negative curvature in Fig. 5.15a. The scatter plot of HRR and
stretch rate (Fig. 5.15c) confirms that HRR and stretch rate are correlated.
In contrast, eSd and stretch rate are uncorrelated (Fig. 5.15d).
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The evolution of the mean and standard deviation of the local proper-
ties along the T=1500 K iso–contour in the L2U2 case is shown in Fig. 5.16.
Iso-contour segments which are closer than 10 d f to the walls are excluded
in order to eliminate data corresponding to non-reactive flame front seg-
ments close to the walls. The mean value of curvature starts from a large
value (Fig. 5.16a) since the initial kernel has a small radius and as the
kernel grows, the mean curvature decreases. In contrast, the standard de-
viation of curvature increases as wrinkles and sharp cusps are created on
the flame front. The stretch rate (Fig. 5.16b) shows a similar trend as the
curvature. The mean value of HRR and eSd increase significantly as a result
of the increased unburned gas temperature and pressure and the standard
deviation of HRR and eSd increase similarly to the standard deviation of
curvature and stretch rate. The variation of the mean eSd and mean stretch
rate (Fig. 5.16e) shows a linear relation during the early stage, but deviates
from the linear relation as the pressure and temperature of the unburned
gas increase. The slope of the linear fitting shown in Fig. 5.16e is 0.24,
which is similar as the laminar case in the early growth stage, as is inves-
tigated comprehensively in Sec. 4.2.2. We note that the slope (0.24) during
the early stage is Markstein number defined as eSd/Sl = 1 � MKd f /Sl
[115].

5.2.2.2 Effect of turbulence on heat flux, heat transfer rate (HTR) and decay rate
of UHCs

Heat flux and HTR
Since the walls are cooler than the unburnt gas, heat is constantly con-

ducted out of the domain. First, we examine the heat flux (Qw) distribution
qualitatively and then we compare the maximum wall heat flux of the tur-
bulent cases to the laminar case and provide quantitative comparisons of
HTR.

The heat flux distribution for the L2U2, L2U12 and L8U6S0 cases at
different time instances is plotted in Fig. 5.17. The left column reports the
heat flux distribution at t=4, when the flame is far from the walls while the
right column is at a time instance after HOQ on the horizontal walls. First,
we can notice a fluctuating heat flux in Fig. 5.17a, Fig. 5.17c and Fig. 5.17e
which is a result of a fluctuating local advection velocity of the turbulent
field. The effect of the initial u0 on the heat flux is evident in Fig. 5.17a and
Fig. 5.17c where magnitude of heat flux in L2U12 is larger than in L2U2.
By comparing Fig. 5.17c and Fig. 5.17e, the effect of the different initial
integral length scale on the distribution of the heat flux can be discerned.
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Figure 5.16: Variation of the mean and standard deviation of (a) curvature, (b)
stretch rate, (c) eSd and (d) HRR along the flame front (T=1500 K in
L2U2) with respect to the global progress variable c, and (e) Scatter plot
of mean eSd and mean stretch rate, as shown in (b) and (c). Segments
of the iso-contour closer than 10d f to the walls have been excluded.
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The longer length scale of L8U6S0 is clearly visible compared to the L2U12

case. Finally, by comparing the figures on the right column and left column
we can observe that only after the flame reaches the horizontal walls, the
local heat flux increased significantly.

The maximum wall heat flux and the quenching distance are two quanti-
ties characterising flame–wall interactions (FWI) [10, 12, 67, 77, 83, 91, 118,
126]. It was observed (Fig. 5.18a) that the maximum wall heat flux in the
turbulent cases increase, up to 8 times of the laminar case, for which the
maximum wall heat flux is 0.2 MJ/(s.m2).

The quenching distance is defined as the minimum distance of the iso-
surface of T=1500 K from the wall (dq), as used in many previous FWI
studies [77, 86, 88, 94, 95]. The normal distance of T=1500 K iso-surface to
the middle of the top wall (d) is shown in Fig. 5.19a, where in the lami-
nar case the flame is quenched at dq = 1.4 and after quenching, T=1500 K
iso-surface moves away from the wall, continuously, due to the diffusion
of the cold thermal boundary layer to the burned gas. In the L2U12 case
(Fig. 5.19a), similar to the laminar case, the iso-therm approaches the wall
and then recedes from the wall but shortly after, T=1500 K is pushed to-
ward the wall and as the result, the quenching distance in the L2U12 is
smaller than in the laminar case. Moreover, the development of the cold
thermal boundary layer after quenching in the L2U12 is faster than in the
laminar case. The quenching distance, based on the normal distance of
T=1500K iso-therm to the wall, along the middle of the top wall to the
right corner, is plotted in Fig. 5.19b shows that overall the higher turbulent
intensity cases have smaller quenching distant and contrary to the laminar
case, turbulence may also increase the quenching distance along the top
wall.

The HTR is computed by integration of the wall heat flux over the do-
main boundary. In Fig. 5.20, HTR of some cases with similar initial integral
length scales and different initial turbulence intensities are shown. At ini-
tial time, HTR is large since the thermal boundary layer has not developed
fully and the large temperature gradient creates large HTR. HTR drops
quickly to a low value as the thermal boundary layer develops. Similar to
iHRR (Fig. 5.10a), the initial turbulence intensity has a significant effect on
HTR; it starts rising earlier in the high turbulence intensity cases than in
the lower intensity ones since in high intensity cases the flame reaches to
the wall sooner. The higher peak of HTR in the high intensity cases sig-
nifies a more effective heat transfer mechanism since in high turbulence
intensity cases the advection velocity is higher. The HTR of some cases
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Figure 5.17: Heat flux distribution and T=1500 K iso–surface in the L2U2 (a,b),
L2U12 (c,d) and L8U6S0 (e,f) cases at different time instances: (left
column) before and (right column) after flame reaching the top and
bottom walls. t = 4, 40, 4, 10, 4, 20 in (a) to (e) respectively.
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Figure 5.18: (a) Ratio of maximum wall heat flux in turbulent cases to the laminar
case, where the order of cases with the same initial u0 is represented
by the labels. The maximum wall heat flux in the laminar case is 0.2
MJ/(s.m2); (b) variation of maximum wall heat flux in time for the
laminar, L2U2, L2U6 and L1U24 cases.
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Figure 5.19: (a) Distance of the T=1500 K iso-therm normal to the wall in the middle
of the top wall over time in the laminar and L2U12 case, (b) variation
of the quenching distance along the top wall, from the middle of the
wall to the right corner in the laminar and turbulent cases.
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Figure 5.20: Effect of the initial integral length scale and turbulent intensity on
HTR.

with a different initial integral length scale and similar initial turbulence
intensity show that in the high turbulence intensity cases the effect of the
initial integral length scale is not as prominent as the initial turbulence
intensity.

In order to compare the total heat losses, we define

HTc90 ⌘
Z tc90

0
HTR(t)dt, (5.2)

which indicates the total heat loss up to the time instance when c = 0.9. In
Fig. 5.21, HTc90 is affected by the magnitude of HTR and the duration of in-
tegration (tc90); High turbulent intensity cases have smaller tc90 but larger
HTR, which have opposite effects on the total heat loss. From Fig. 5.21 we
can deduce that the overall trend is that the cases with higher initial turbu-
lent intensity have lower total heat loss.

Decay rate of UHCs
It has been reported that most of the unburned hydrocarbons (UHC)

in an engine are produced in crevices and corners [94]. In the laminar
case (L0U0), it has been observed that the first and last 10% of the fuel
burns 2-3 times slower than the rest of the fuel (more details in Sec. 5.2.1)
which is mainly due to the low growth rate of the small kernel and the
effect of the walls and corners during the final stage, respectively. tc99 � tc90
indicates how fast the fuel close to the walls and corners will burn. As can
be observed in Fig. 5.22, high turbulent cases consume the unburned gas
near the walls and corners faster, which is mainly due to more effective
mixing and transport of unburned gas near the corners away from the



80 turbulent 2d flames

0 5 10 15 20 25

u0

1500

2000

2500

3000

3500

4000

H
T

c
9
0

L1U2

L2U2

L2U6
L4U6

L8U6S0
L8U6S1

L8U6S2

L8U6S3
L8U6S4

L1U24
L4U24

L8U24
L12U24

Figure 5.21: Effect of turbulence on the heat loss, HTc90, where the order of cases
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Figure 5.22: Effect of turbulence on the burning time of fuels near the walls (tc99 �
tc90), where the order of cases with the same initial u0 is represented
by the labels.

walls and faster burning rate of the fuels near the corners will contribute
to the reduction of UHCs.

The decay rate of hydrogen on the walls is found (Fig. 4.18a)to be faster
than that of CO because of the larger mass transport coefficient of hydro-
gen. Fig. 5.23 shows that turbulence enhances the diffusion of CO on the
wall. In addition, in the L8U6S0 case, the turbulent velocity field is able to
push the unburned gas toward the wall after the burned gas has occupied
the space near the wall.
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cases. YCO profile in L1U2/L8U6S0 is shifted (delayed) in time by
5.0/11.8 in order to be compared to the L0U0.

5.3 high pressure 2d cases

The initial pressure at spark timing in a real engine is usually high, and
it is thus interesting to observe the effect of elevated initial pressure on
the flame propagation, under both the laminar and turbulent conditions.
For this purpose, three cases, one laminar and two turbulent cases with
initial pressure p = 14 bar are considered while all other thermo-chemical
properties (initial temperature, f and the ratio of CO/H2) are kept similar
to the previous 2d cases. The geometric parameters such as the domain
size and initial kernel size, in dimensional form, are also the same as in
the previous simulations. Due to the increase in the initial pressure, the
laminar flame thickness, computed by PREMIX, decreases to d

hp
f =0.118

mm and the laminar flame speed to Shp
l =23.06 cm/s so that thp =0.51 ms;

these parameters are used for non-dimensionalisation. It should be noted
that d f /d

hp
f = 2, Sl/Shp

l = 2.38 and t/thp=1.19. The laminar case in the
previous sections was denoted as L0U0 and in this section, the laminar
case with elevated initial pressure is referred to as L0U0hp, where the hp
suffix stands for the high-pressure case.

The iHRR profile in the L0U0hp has a similar shape as the L0U0 case
(Fig. 5.24a), where the first peak marks the time when the flame reached
the horizontal walls and the second peak occurs when the flame reached
the side walls. It should be noted that time and iHRR in Fig. 5.24a are non-
dimensionalized with respect to different values in the L0U0 and L0U0hp
cases. In Fig. 5.24b, iHRR and time are shown in dimensional form for
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Figure 5.24: Comparison of the temporal evolution of iHRR and pressure in the
low and high initial pressure cases: (a),(c) non-dimensional and (b), (d)
dimensional.

L0U0 and L0U0hp cases which shows that indeed in the L0U0 case, the
flame reaches to the upper and lower walls faster than in the high pressure
case. The total burning process in the L0U0 cases is also faster than the
L0U0hp case, with tc90 ⇡ 77 in L0U0 and tc90 ⇡ 150 in L0U0hp, consistent
with the fact that Sl/Shp

l = 2.38.
To study the effect of elevated initial pressure in the turbulent cases, two

cases of L2U6 and L2U12 are considered and the same initial velocity fields
(in the dimensional form) are used to initialize the velocity field in the high-
pressure cases, where these high-pressure turbulent cases are referred to
as L2U6hp and L2U12hp. It should be noted that in the L2U6hp (L2U12hp)
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case, the initial u0/Shp
l ⇡ 14 (29) and lt/ d

hp
f = 4 (4). In the non-dimensional

space (Borgi diagram), L2U6hp (L2U12hp) would have similar location as
L4U14 (L4U29) in the low-pressure case. Since L2U14 and L4U29 cases
were not available in the low-pressure simulations (Table 5.1), the results
are compared to the nearest comparable conditions of L2U12 and L4U24.
In Fig. 5.25d the pressure profiles of the high-pressure cases and low-
pressure cases in non-dimensional form are compared, where overall, the
pressure profiles of L2U6hp (L2U12hp) is close to L2U6 (L2U12hp), despite
what is observed in the laminar case (Fig. 5.24c) where a significant differ-
ence is observed. It should be noted that the pressure profile of L2H6hp in
Fig. 5.25d is close to L2U6, although, in the non-dimensional space (Borgi
diagram), L2U6hp is closer to the L2U12 case. In Fig. 5.25d the time axis
is used in the dimensional form where the different time scales of low and
high-pressure cases are taken into account. We can observe that the pres-
sure profile of L2U12hp and L2U12 are almost identical and far from the
L4U24, which is the nearest point to the L2U12hp in Borgi diagram. The
comparison of L0U0hp, L2U6hp and L2U12hp cases with the low-pressure
counterparts highlight the fact that in the high turbulence intensity cases
the effect u0 is more prominent than Shp

l whereas in the laminar case, the
difference in Shp

l and Sl reflects directly to the burning rate and conse-
quently on the pressure profile.
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Figure 5.25: Profile of (a) P, (b) P with time in dimensional form , (c) iHRR, and (d)
iHRR with time in dimensional form with max. iHRR is 0.6 (L2U6), 1.0
(L2U12), 1.8 (L4U24), 1.6 (L2U6hp), and 3.2 (L2U12hp) MJ/(s.m).
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6
T U R B U L E N T 3 D F L A M E S

6.1 simulation setup

The chemically inert walls, no slip, constant temperature (Tw=550 K) and
zero flux species boundary conditions are imposed.

6.1.1 Thermo-chemical conditions

The initial thermo-chemical conditions of the unburned premixed syn-
gas/air mixture are summarised in Table 6.1. The 1-D laminar flame speed
(Sl) and flame thickness (d f = (Tb � Tu)/ max(dT/dx)) of the unburned
gas are computed using PREMIX [114] where the adiabatic temperature
Tb = 1713 K and the unburned gas temperature, Tu = 822 K. Similar
to the previous sections, unless otherwise noted, all variables in the fol-
lowing will be non-dimensionalised by these reference quantities and the
unburned mixture properties (temperature Tu, pressure pu, density ru =
0.415 ⇥ 10�3 g/cm3, mixture heat capacity cp,u = 1.142 J/g/K, thermal
diffusivity au = 1.358 cm2/s, and kinematic viscosity nu = 0.905 cm2/s,
HRR = 0.47 kW/cm3, and heat flux = 0.54 MW/m2).

XCO2/XH2 f P0[bar] Tu[K] Twall [K]
3 0.3 1.0 822 550

dl [cm] d f [cm] Sl [cm/s] tl [s] –
9.84e-3 1.15e-1 1.38e+2 8.32e-4 –

Table 6.1: Summary of the initial thermo-chemical conditions

6.1.2 Geometry and mesh

The cylindrical domain has a height of 30 mm and a diameter of 75 mm
. The size of the domain is similar to the 2D rectangular DNS simula-
tions with the height of 30 mm and the width of 75 mm. The domain
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is discretised into conformal hexahedral elements. Meshes with different
resolutions and different polynomial degrees were used to study grid in-
dependence. The highest resolution mesh has 198720 elements with a dis-
tribution of elements are chosen such that there is at least one element per
flame thickness at the domain center and two elements per flame thick-
ness close to the walls. Each element contains 8 Gauss–Lobbato–Legendre
quadrature points in each direction (polynomial of degree 7) and therefore
the mesh has approximately 102 million points.

Each simulation described in the next section requires around 256 kCPUhr
on the DORA system (Cray XC40) of the Swiss National Supercomputing
Centre (CSCS).

6.1.3 Initial turbulent velocity field

The synthetic random turbulent flow generator described in Sec. 3.3 is
used to generate the initial flow field. In Table 6.2 the initial turbulence
characteristics of the simulations are summarised and Fig. 6.1 makrs the
conditions on the Borghi diagram. As already mentioned, the seed number
in Table 6.2 is used to initialise the random number generator and can be
used to create different realisations of the initial turbulent velocity field.
The initial velocity field of L2U6 and L2U6k1mm are the same and only
the size of the initial kernel is different.

10
-1

10
0

10
1

10
2

lt/δl

10
-1

10
0

10
1

10
2

u
′ rm

s
/S

l

Re=1

Da=1

Ka=1

Figure 6.1: Conducted 3D simulations in the Borghi diagram.
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6.1.4 Flame kernel

A spherical kernel containing the combustion products of a 1D steady lam-
inar flame at the centre of the domain ignites the premixed gas. The size
of the kernel is shown in Table 6.2.

6.2 results and discussions

As in the previous chapters, the global progress variable c, defined based
on iHRR, is used. The time required for c to increase by 10% (equivalent to
burning 10% of the fuel) in different cases plotted in Fig. 6.2 shows three
distinct phases: (i) early growth phase where the first 10% requires the
longest time (ii) pressure rising phase where c increases from 20 to 90%
where the majority of the unburned gas is burned and the pressure inside
the cylinder increases (iii) quenching phase where the last 10% also re-
quires a long time which signifies the quenching processes and flame wall
interactions.In the following sections some qualitative and quantitative ob-
servations are presented which highlight the effect of turbulence during
these phases.

6.2.1 Early growth phase

The effect of the initial turbulence intensity and integral length scale on
the initial flame kernel is demonstrated qualitatively in Fig. 6.3 where the
distribution of temperature on a horizontal plane through the center of
the domain when c = 0.01. The following qualitative and quantitative ob-
servations can be made: (i) in the laminar case (L0U0) and in the low tur-
bulent intensity (L2U2) case, the flame kernel remains a single connected
unit whereas in the high turbulent intensity case of L2U24 the flame ker-
nel is broken into numerous burning islands; (ii) the flame front is dis-
torted strongly in the high turbulence cases and due to the increased flame
surface area, iHRR increases ( see also Fig. 6.4); (iii) comparison of L1U6

and L2U6 shows that in cases with similar initial turbulence intensity, the
smaller turbulent integral length scale is able to distort the flame kernel
more effectively; (iv) the mixing of cold unburned gas near the wall is
more effective in the high turbulent intensity cases whereas in the low in-
tensity cases the heat transfer rate (HTR) through the walls increases. This
point will be also quantified in the following sections. The initial pressure
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Figure 6.2: The burning time required for c to increase by 10% in (a) L0U0, (b)
L2U2, (c) L2U6, (d) L2U12, (e) L2U15, (f) L2U24 cases.
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drop in the higher turbulent intensity cases is larger (Fig. 6.4a), reflecting
higher HTR through the walls are larger in comparison to the iHRR.

The times of the release of 10%, 90% and 99% of the total chemical en-
ergy (tc10, tc90 and tc99 respectivly) are used to quantify the total burning
rate (time). Fig. 6.5 shows that tc10 in the turbulent cases and it is evident
that the flame kernel grows faster in high turbulent intensity cases. More-
over, the tc10 of L1U6 is smaller than tc10 of L2U6. Not surprisingly, tc10
of L2U6k1mm is larger than tc10 of L2U6 since the initial kernel size is
smaller.

During the early growth stage of the laminar case, the scatter plot of
HRR and cCO (Fig. 6.6a), when c = 0.01 and the flame is away from the
walls, indicates that HRR can be parameterised by cCO. The deviation of
the scatter plot from the 1D laminar flame is mainly due to stretch rate
and unsteady effects [122–124]. The scatter plot of HRR and cCO in L2U2

at c = 0.01 (Fig. 6.6b) shows a stronger deviation from the 1D flame and
demonstrates the fact that HRR cannot be parametrised only by cCO. More-
over, the maximum HRR increased in L2U6 case relative to the laminar. The
deviation from the 1D flame increases further in the L2U24 case (Fig. 6.6d)
as the initial turbulence intensity is increased and the flame front faces
larger stretch rate and consequently, the maximum HRR in L2U24 is larger
than in the L2U2, L2U6 and the laminar case.

6.2.1.1 Effect of the turbulent flow field initialisation on the flame kernel

In Sec. 6.2.1, it was shown that in the 2D domain, the relative location
of the flame kernel with respect to the vortices could strongly affects the
flame kernel growth. A similar study is carried out in the 3D case where
the three random initial velocity fields of cases L2U12S0, L2U12S1, and
L2U12S3 have the same initial integral length scale and turbulent intensity,
but the relative position of the flame kernel and initial vorticity field are
different. In Fig. 6.7, as can be observed iHRR grows faster in the L2U12S1

case while L2U12S2 is the slowest. The distribution of the velocity field
on a horizontal plane through the center of the domain in Fig. 6.8 shows
that the kernel in case L2U12S2 is located nearly at the center of a vortex
while in L2U12S1 is located between a pair of counter-rotating vortices. As
a result, the flame surface is distorted faster, resulting in a faster increase
in iHRR.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.3: Distribution of T on a horizontal plane through the centre at the same
progress variable (c = 0.01) of (a) laminar [Tmax = 1729 K], (b) L2U2

[Tmax = 1728 K], (c) L1U6 [Tmax = 1674 K], (d) L2U6 [Tmax = 1708 K],
(e) L2U12S0 [Tmax = 1626 K] and (f) L2U24 [Tmax = 1493 K] cases.
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(g) (h)

(i) (j)

Figure 6.3: Distribution of T on a horizontal plane through the centre at the same
progress variable (c = 0.01) of (g) L2U4 [Tmax = 1715 K], (h) L2U9

[Tmax = 1618 K], (i) L2U15 [Tmax = 1621 K], (j) L2U18 [Tmax = 1589 K]
cases.
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Figure 6.4: Early growth phase: (a) pressure (b) iHRR
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Figure 6.5: Variation of tc10 in turbulent cases. The order of cases with the same
initial u0 is represented by the labels.
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(a) (b)

(c) (d)

Figure 6.6: Early growth stage: scatter plot of HRR and cCO in (a) L0U0, (b) L2U2,
(c) L2U6 and (d) L2U12 cases when c = 0.01. The profile for the 1D
planar flame is shown by the red line.
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Figure 6.7: (a) HRR (b) Pressure in cases L2U12S0, L2U12S1 and L2U12S2 cases,
which are different realisations of the same initial turbulent condition.

6.2.2 Pressure rising phase

The thermo-chemical properties of the unburned gas are constantly chang-
ing due to the compression of the unburned gas by the expantion of the
burned mixture in a closed system. In Fig. 6.9 the pressure and tempera-
ture of the unburned gas in the laminar case are shown where the average
temperature of the unburned gas is considered as the unburned gas tem-
perature. The one dimensional, planar premixed flame properties Sl , dl and
d f are computed using PREMIX [114] and the adiabatic flame temperature,
Tb, using EQUIL [127] for the corresponding unburned gas temperature
and pressure. The flame power is defined as Pf = ruSlcp(Tb � Tu). Al-
though temperature and pressure may have opposite effects on Sl or d f ,
overall Sl and Pf increases (after t>6) and d f decreases. The Lewis num-
bers of H2 and CO are practically constant (Fig. 6.9a).

The temperature distribution on a horizontal plane through the centre
of the domain at c=0.3 plotted in Fig. 6.10 reveals that: (i) flame fronts in
the low turbulence intensity cases (e.g. L0U0 and L2U2) are smoother in
comparison to the ones in the high turbulence intensity cases (e.g. L2U24)
where the flame surface consist of sharp edges and cusps which will result
in the high local surface curvature and increased local burning rate; this
point is quantified in Sec. 6.2.3; (ii) in the low intensity cases like L0U0 and
L2U2, the burned gas is mainly composed of a single connected volume
whereas for high turbulent intensity (L2U24), the burned gas is broken
into dispersed islands of burned and unburned gas; (iii) as a result of
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(a) (b)

(c) (d)

(e) (f)

Figure 6.8: Cross section of initial velocity vector and flame kernel of L2U12S1(left
column) and L2U12S2 (right column) cases in (a,b) yz (c,d) xy (e,f) xz
plane.
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Figure 6.9: Variation of (a) Lewis number and (b) laminar 1D flame properties, Tu
and P in the laminar case at the instantaneous pressure and unburned
mixture temperature.

two previous point, the size of the flame front area in the high turbulence
intensity cases is larger than in the low intensity cases where the size of
the flame front area directly affects the iHRR; this point is quantified in the
following paragraphs.

The effect of the initial turbulence intensity on iHRR is illustrated in
Fig. 6.12 where the faster burning rate is the main consequence. Note that
the area below the iHRR-time profile is constant in the different cases and
faster burning time also corresponds to larger maximum iHRR. The max-
imum iHRR in Fig. 6.12a corresponds closely to the time of maximum
dp/dt in Fig. 6.12b. The maximum pressure in Fig. 6.12b for the high in-
tensity cases are slightly larger than at low intensity cases, as a result of
smaller heat loss through the walls (see Sec. 6.2.4.2). The pressure drop rate
in the high intensity cases is larger than in the low intensity cases which
is as the result of the higher HTR through the walls (see Sec. 6.2.4.2). The
effect of the initial integral length scale on the burning rate (Fig. 6.11) is not
as prominent as the initial turbulent intensity. As discussed in Sec. 6.2.1,
during the early growth stage, the iHRR is larger in L1U6 than in L2U6

but later on iHRR in L2U6 becomes larger than L1U6 which may be due
to the fact that turbulence in L1U6 decays faster than L2U6.

The effect of the initial flame kernel size is apparent in Fig. 6.11 where
iHRR and pressure in L2U61mm is delayed compared to L2U6 case. The
maximum pressure and the maximum iHRR in L2U6k1mm are smaller
than L2U6 which may be due to the fact that L2U6k1mm is delayed com-
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(a) (b)

(c) (d)

(e) (f)

Figure 6.10: Cross section (at the centre) of temperature distribution at the same
progress variable (c = 0.3) of (a) laminar [Tmax = 1845 K], (b) L2U2

[Tmax = 1844 K], (c) L1U6 [Tmax = 1827 K], (d) L2U6 [Tmax = 1830 K],
(e) L2U12 [Tmax = 1807 K] and (f) L2U24 [Tmax = 1784 K] cases.
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(g) (h)

(i) (j)

Figure 6.10: Cross section (at the centre) of temperature distribution at the same
progress variable (c = 0.3) of (g) L2U4 [Tmax = 1833 K], (h) L2U9

[Tmax = 1809 K], (i) L2U15 [Tmax = 1800 K], (j) L2U18 [Tmax = 1787 K]
cases.
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Figure 6.11: Effect of lt and kernel size on (a) iHRR and (b) pressure in L1U6, L2U6

and L2U6k1mm cases.

pared to L2U6 and during this delay turbulence intensity has decayed
more and more heat is lost compared to the L2U6 case.

The effect of initial turbulent intensity on the total burning time is demon-
strated in Fig. 6.13, where variation of tc90 by the initial turbulence intensity
is shown. Similar to the 2D turbulent simulations, tc90 is reduced with in-
creasing u0 and the "bending effect" is observed as tc90 plateaus for high
u0.

In an open system, the flame fronts, defined by the temperature iso-
surface or fuel mass fraction iso surfaces are similar since the flame thick-
ness is small. In contrast, in a closed system with cold walls, the tempera-
ture iso-surface can be different than the mass fraction iso-surface due to
the effect of the cold walls and it may occur that a segment of the temper-
ature iso-surface close to the wall is surrounded by the burned gas and it
is completely inactive. This point is highlighted in Fig. 6.14 where the area
of temperature (T=1500 K) and YH2 = 0.001 iso-surfaces are compared for
the laminar case. Before the flame reaches to the horizontal walls (t<7), the
temperature and mass fraction iso-surfaces are similar but as the flame
approaches the walls, the temperature iso-surface continues to increase
while the contact surface of the flame and wall also increase. Note that
the quenching process (t>16.4) is reflected by the YH2 iso-surface profile
(Fig. 6.14), where iHRR and the area of YH2 iso-surface goes to zero at the
same time. In Fig. 6.15a we can observe that indeed iHRR is modulated by
the flame area defined by YH2 as an indication of the reactive surface.
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Figure 6.12: Effect of the initial turbulent intensity on (a) iHRR and (b) pressure.
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Figure 6.14: Comparison of the flame surface area based on the iso-surfaces of
T=1500 K and YH2 = 0.001 in the laminar case.

The ratio of iHRR to flame surface represent the Averaged Flame Power
(AFP or Sc) and reflects the intensity of flame reactivity per surface area. In
Fig. 6.15b, AFP for the laminar case increase almost linearly up to c < 0.7
which is due to the fact that the unburned gas temperature and pressure
is increasing (as shown in Fig. 6.9b) and then close to the quenching time
AFP decreases and close to c = 1 the AFP is increased since the area of
iso–level of YH2 = 0.001 goes to zero. Moreover, we can observe that in
high turbulent intensity cases AFP is lager which is due to fact that flame
front has larger local curvature and stretch rate which may also increase
the local burning rate [1]. This point is discussed in Sec. 6.2.3.

As the flame reaches the walls, the distribution of HRR and cCO changes
(Fig. 6.16 for c = 0.3, when the flame has already reached the horizontal
walls). In the laminar case (Fig. 6.16a), most points are close to the 1D
laminar profile and we can identify that the points below the 1D flame
profile are near the walls. By comparing the L2U2, L2U6 and L2U12 in
Fig. 6.16 we can observe that in cases with higher turbulence intensity, the
HRR is scattered farther more away from the 1D flame and the maximum
HRR increases more strongly.

6.2.3 Local flame properties

The local flame and flow properties such as HRR, stretch rate, and eSd are
extracted along the iso-surface of T=1500K. The mean value and standard
deviation of extracted data are computed at each time instance. Note that
points on the iso-surface which are near the walls (distance less than 2d f ,
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Figure 6.15: (a) Variation of iHRR and flame surface area based on iso-surface of
YH2 = 0.001 in L2U2 and L2U6 cases, (b) Variation of iHRR/flame
surface area based on the iso-surface of YH2 = 0.001.

which is larger than quenching distance, see Sec. 6.2.4.3) are excluded in
order to consider only the reactive part of the iso-surface. The evolution of
mean stretch rate and eSd, HRR and curvature for the laminar case is shown
in Fig. 6.17. The evolution of stretch rate is similar to curvature where the
mean value of curvature starts from a large value (small radius), and as
the flame grows radially, its value decreases. The stretch rate follows the
trend of curvature. The evolution of HRR is also similar to eSd where the
linear increase is due to the increase of unburned gas temperature and
pressure. The linear correlation of the mean stretch rate and eSd is shown
in Fig. 6.18a, and as the pressure increases, the linear correlation is not
longer valid. The slope of the linear section is 0.56 which signifies the
Markstein number as elaborated in Sec. 4.2. A similar linear correlation is
also observed in the L2U2 case (Fig. 6.18b), but is hardly recognizable in
the L2U18 case (Fig. 6.18c).

The mean value of curvature in L2U2 and L218 (Fig. 6.19) have a sim-
ilar profile to the laminar case, starting from a substantial positive value
and decreasing as the flame propagates. After c=0.4, the mean curvature in
L2U2 and L2U12 becomes negative. The maximum (minimum) mean cur-
vature in L2U2 is larger (smaller) than the laminar case and smaller (larger)
than the L2U18 case. In comparison to the laminar case, the standard de-
viation of curvature increased in the L2U2 and L2U12 cases. A striking
difference in the standard deviation of curvature in the L2U2 and L2U12

is noted that in L2U2 case the standard deviation of curvature increases
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(a) (b)

(c) (d)

Figure 6.16: Scatter plots of iHRR with cCO at c = 0.3 in (a) L0U0, (b) L2U2, (c)
L2U6 and (d) L2U12 cases.
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(a) (b)

(c) (d)

Figure 6.17: Evolution of mean and standard deviation of (a) curvature, (b) HRR, (c)
stretch rate and (d) fSd in the laminar case on the T=1500 K iso-surface.
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Figure 6.18: Correlation of mean Stretch rate and mean fSd on the T=1500 K isosur-
face in (a) laminar, (b) L2U2 and (c) L2U18 case.
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(a) (b)

(c) (d)

Figure 6.19: Evolution of mean and standard deviation of (a) curvature in L2U2,
(b) stretch rate in L2U2, (c) curvature in L2U18, and (d) stretch rate in
L2U18 on the T=1500 K isosurface.

for most of the combustion process while in the L2U18 case, the standard
deviation of curvature has a large increase at the start and then decreases
gradually while the value is mostly higher than for the L2U2 case. The
trends of stretch rate profile follow the curvature profile closely (Fig. 6.19).

The evolution of the mean HRR shows (Fig. 6.20) that the increase in the
mean HRR is primarily due to the increasing temperature and pressure
of the unburned gas. The maximum mean HRR in L2U18 (Fig. 6.20c ) is
3.1 while in L2U2 is 2.6. In comparison to the laminar case, the standard
deviation of HRR is higher in L2U2 and L2U18 while it is not significantly
changed from the L2U2 to the L2U18 case. The variation of mean eSd of
L2U2 and L2U18 (Fig. 6.20) is similar to the profile of the mean HRR, while
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(a) (b)

(c) (d)

Figure 6.20: Evolution of mean and standard deviation of (a) HRR in L2U2, (b) fSd
in L2U2, (c) HRR in L2U18, and (d) fSd in L2U18 on the T=1500 K
isosurface.

the standard deviation of eSd is similar to the standard deviation of stretch
rate in Fig. 6.19 wherein L2U2 case the standard deviation of eSd is mostly
increasing while in L2U18 case eSd increased at the beginning and then
decreased or remained almost constant.

The scatter plot of the stretch rate, HRR, and eSd on the iso-surface of
T=1500K at c=0.1 are shown for L2U2 and L2U18 cases in Fig. 6.21. At
the low turbulence intensity case of L2U2, a positive correlation between
HRR ( eSd) and stretch rate is observed while for the L2U18 case such a
correlation is not obtained. The PDF plots of HRR, eSd and stretch rate
(Fig. 6.22) reflect the points made earlier.
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(a) (b)

(c) (d)

Figure 6.21: Scatter plot of stretch rate and HRR in (a) L2U2, (b) L2U18, and stretch
rate and fSd in (c) L2U2, and (d) L2U18 on the T=1500 K iso-surface at
c = 0.1.
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(a)

(b) (c)

(d) (e)

Figure 6.22: PDF of stretch rate, fSd and HRR on the T=1500 iso-surface at c = 0.1
in the (left column) L2U2 and (right column) L2U18 cases.
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Figure 6.23: (a) Variation of HTR in turbulent cases, (b) Effect of initial turbulent
intensity on HTc90 .

6.2.4 Flame-wall interactions

6.2.4.1 Heat transfer rate and total heat loss

The heat Transfer Rate is computed by integrating the heat flux through
the walls as can be observed in Fig. 6.23 that HTR peeks sooner in the
higher turbulent intensity cases since flame reaches the upper and lower
walls earlier. Moreover, the maximum HTR in the higher turbulence in-
tensity cases is larger due to the larger advection velocity near the walls,
which enhances heat transfer. Finally, the decay of HTR after it has reached
the maximum is faster in the higher turbulent intensity cases. The term
HTc90 =

R tc90
0 HTR(t)dt indicates the heat lost during most of the combus-

tion; Fig. 6.23a suggests that HTc90 is smaller at higher turbulent intensity.
The ratio of iHRR and HTR may become as large 3.8 in the laminar case

(Fig. 6.24a) , and Fig. 6.24b suggest that in higher turbulence cases this ratio
increases which means iHRR is increased more than HTR with turbulence
intensity.

6.2.4.2 Wall heat flux

The distribution of heat flux on the top wall for two cases with low and
high turbulence intensity at c = 0.3 and c = 0.8 shown in Fig. 6.25 and
we can observe qualitatively that the heat flux length scales follow the
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Figure 6.24: Variation of HTR and ratio of iHRR/ HTR in (a) laminar case and (b)
L2U6 case.

velocity length scales; the magnitude of the heat flux increases locally as
the flame approaches the wall. The maximum wall heat flux is reported
in Fig. 6.27 and we can observe that in the laminar case, close to t = 7.5
flame reaches to the upper and lower walls and the maximum heat flux
is surged and then increase gradually due to increasing unburned and
burned gas temperature and decreasing quenching distance as illustrated
in the following section. Finally, the maximum wall heat flux is decreased
as the temperature profile near the wall becomes smoother and thermal
boundary layer becomes wider.

In Fig. 6.28, the effect of higher turbulence intensity also is demonstrated
as higher turbulence intensity will increase the maximum heat flux which
becomes as large as 5 in L2U24 case (Fig. 6.28). In order to investigate the
local distribution of properties, the results are sampled on the lines and
points, defined using the cylindrical coordinate (r, q, z). The R-line spans
from (0,0,Zmax) to (Rmax,0, Zmax) and the Z–line from (0,0,Zmax) to (0,0,
Zmin), and the A–point is located at (0,0,Zmax), where Zmin and Zmax are
the minimum and maximum of the Z coordinate. The maximum heat flux
along the R-line shown in Fig. 6.29 increases gradually as a result of in-
creasing unburned and burned gas temperature and decreasing quench-
ing distance as discussed in the following sections. It is also evident that
the maximum heat flux is reduced near the edges where the flame has not
reached close to the corners. In the L2U2 case (Fig. 6.29b) it is also evident
that the maximum heat flux increases compared to the laminar case while
the heat flux close to the wall decreases. In the literature it has been shown
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(a) (b)

(c) (d)

Figure 6.25: Distribution of wall heat flux (WHF) on the top wall at c=0.33 in (a)
L2U2 [WHFmax = 0.21] (b) L2U24 [WHFmax = 0.59] and at c=0.8 in (c)
L2U2 [WHFmax = 0.28] and (d) L2U24 [WHFmax = 0.58] case.
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(a)

(b)

Figure 6.26: Distribution of wall heat flux from the front view at c=0.8 in (a) L2U2

(b) L2U24 case.
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Figure 6.27: Variation of the maximum wall heat flux in (a) progress variable and
(b) time in turbulent cases.
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Figure 6.28: Ratio of the maximum wall heat flux in the turbulent cases to the lam-
inar case, as a function of the initial u0.

that the maximum heat flux scales with Pf [23]. In Fig. 6.30 the maximum
heat flux scaled by Pf is shown and we can deduce that Pf increases faster
than the maximum heat flux and as suggested earlier, the variation of the
maximum heat flux scaled by Pf (Fig. 6.30) is smaller than the variation of
wall heat flux in Fig. 6.29a. We can also observe in Fig. 6.31 that how fast
heat flux over the Pf is rising and decay subsequently using the constant,
initial Pf and also the instantaneous flame power which increases in time
(as shown in Fig. 6.9b).

6.2.4.3 Quenching distance

The quenching distance is defined in the literature as the minimum dis-
tance of an iso-surface to the walls. This iso-surface may be defined as an
iso-therm of T=1500 K or the progress variable cT = (T � Tu)/(Tb � Tu) =
0.9, or the location of maximum HRR are considered [9, 67, 77, 78, 88]. The
instance of the maximum wall heat flux has been defined as the quenching
time [126]. In the following the iso-therm of T=1500 K is used to compute
the quenching distance; different definitions are compared.

The temperature profiles along the Z-line at different time instances in
the laminar case (Fig. 6.32a) demonstrate that unburned gas is found only
ahead of the burned gas while in the L2U12 case (Fig. 6.32b), unburned
gas may be found on both sides of the burned gas. Moreover, it is evident
in Fig. 6.32a that the unburned gas temperature increases as a result of the
expansion of the burned gas. By finding the (first) location of T=1500 K
and computing the distance of this location from the wall, one can track
the trajectory of the flame front as shown Fig. 6.33a. It has been reported
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Figure 6.29: Variation of the maximum (in time) heat flux along the R–line in (a)
L0U0 and (b) L2U4 cases.
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in [128] that in the laminar case the flame front initially approaches the
wall and after quenching it moves away from the wall. In contrary, in the
L2U2 case (Fig. 6.33b) it may occur that the flame front moves away from
the wall even before the quenching occurs. Quenching distance along the
R-line is shown Fig. 6.34b and quenching distance reduces gradually as the
flame thickness becomes smaller, near the corners the quenching distance
increases due to the fact that the flame is quench sooner closed to the
corners. In addition, we can confirm that dq scales with dl (Pe=dq/dl) in
Fig. 6.34a.
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Figure 6.32: Temperature profile along the Z–line in the (a) laminar and (b) L2U12

cases.

The comparison flame trajectory along the Z-line based on the iso-therms
of T=1500, 1200 K and cT = 0.9 and maximum HRR is shown in Fig. 6.35b
and it is evident that the value of quenching distance may change signifi-
cantly based on the definition of quenching distance.

6.2.4.4 Rate of decay of fuel consumption on the walls

The amount of unburned hydrocarbons (fuels) exhausted is related to the
rate of decay or consumption of unburned fuel during the final stages of
combustion, which is slowed down due to interaction of flame with the
cold walls and particularly at the corners. In Fig. 6.36 it is demonstrated
that higher turbulent intensity results in higher burning rate. The distribu-
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Figure 6.33: Trajectory of T=1500 K iso-surface along the Z–lines, for different r on
R–line in (a) laminar case and (b) L2U2 case.
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Figure 6.34: Quenching distance in the laminar case along the R–line in (a) non-
dimensional (Pe) and (b) dimensional form.
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Figure 6.35: (a) Profile of HRR along the Z–line in the laminar case, (b) trajectory
of iso-surfaces along the Z–line in the laminar case.

tion of the YCO and YH2 along the Z-line at two instances, before and after
quenching reported in Fig. 6.37a show that hydrogen is consumed faster
than CO which may be contributed to higher mass transport coefficient
of hydrogen. As the time histories of YCO and YH2 at the A–point reveal
(Fig. 6.37b), hydrogen is consumed not only faster, but also earlier.

6.2.4.5 Most active reactions near the walls

In Fig. 6.38 the total heat release rate along the Z-line, before quenching
is shown and it is has been found that reactions numbers of 9, 12, 13, 25

have the largest contribution to the total HRR. We can realise that reac-
tion 9 (H+O2(+M) ⌦ HO2(+M)) has the first place over the whole range
and reactions 12 (HO2+O⌦OH+O2), 13 ( HO2+OH⌦H2O+O2) and 25

(CO+OH⌦CO2+H ) alternatively have the second and third place. Inter-
estingly, the same reactions have the highest share to the total HRR after
quenching (Fig. 6.38b).

6.2.4.6 HRR and heat diffusion profile across the flame front near the wall

HRR and thermal diffusion, Qth = r · (lrT) are the two main contribu-
tors in the right hand side of the conservation of energy equation and in
this section the distribution of these two terms along the Z-line, before and
after quenching is investigated.

At t=7.58 (Fig. 6.39a), before quenching, Qth is positive and larger than
HRR in the preheat zone and heats up the unburned gas while in the
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Figure 6.37: Profile of YCO and YH2 along the Z–line in the laminar case (b) Varia-
tion of YCO and YH2 at A–point in time.
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Figure 6.38: Profile of total HRR and HRR of reaction 9, 12, 13 and 25 along the
Z–line in the laminar case at times (a) before (b) after quenching.

reaction zone, Qth is negative and magnitude of HRR is larger than the
magnitude of Qth. At t=9.31, which is close to the quenching time, the mag-
nitude of both Qth and HRR in the reaction zone decreases significantly,
but the magnitude of Qth is as large as HRR, in contrary to t=7.58, and in
the preheat zone, positive magnitude of Qth is decreased even more which
is consistent with the notion of thermal quenching process in [69, 77].

Having computed the distribution of HRR and Qth along Z-line in time,
the ratio of contribution of these terms to Sd in (Eq. 3.12) along the flame
front of T=1500 K can be investigated. In Fig. 6.39b the ratio of Qth over
HRR at T=1500 K and the location of the flame front is shown. First, we
can observe that the ratio is negative which means Qth and HRR have
opposite contributions to Sd while the HRR increases Sd. Secondly, it is
evident that when �1 < Qth/Sd < 0, flame get closer to the wall and
when Qth/Sd < �1, the flame moves away from the wall and around
Qth/HRR⇡ �1, the flame is quenched.
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Figure 6.39: (a) Profiles of HRR and Qth terms along the Z–line in the laminar case.
(b) the ratio of Qth/HRR.
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C O N C L U S I O N A N D O U T L O O K

The effects of turbulence on the propagation of a lean premixed syngas
flame in confined domains are studied using direct numerical simulations.
The initial turbulent intensity and initial integral length scale are two pa-
rameters defining the initial turbulent field. An algorithm is developed to
generate random initial velocity field with desired turbulent intensity and
integral length scale, in 2D and 3D domains. Parametric studies are per-
formed in 2D rectangular and 3D cylindrical domains. First, during the
early growth stage, the effect of turbulent on the development of the flame
kernel is studied. The long-term interactions of flame and turbulence are
considered as the flame propagates in the confined domains and the pres-
sure and temperature of the unburned premixed gas increase affecting the
laminar flame properties. The Flame-Wall Interactions (FWI) near the cold
walls are also investigated.

7.1 laminar 2d flame

The propagation of a laminar lean premixed syngas/air flame in a large
closed rectangular (2D) domain with cold isothermal walls and at elevated
initial temperature and pressure is investigated numerically using detailed
kinetics and transport.

The confinement plays a dominant role since flame propagation takes
place under continuously increasing temperature and pressure within a
complex flow field that is created by the propagating front even though the
mixture is initially quiescent. The changing thermodynamic conditions re-
sult in an increase of the unstretched laminar flame speed of the unburned
mixture by 1.5 times and a decrease of its thickness to half in comparison
to propagation in an open domain.

The changes in the flow topology during propagation result in a non-
uniform flow field that induces non-uniform strain along the flame front
leading locally to positively and negatively strained segments which affect
the local displacement speed Sd. The stretch rate is dominated by the cur-
vature term through Sd. When the flame approaches the cold walls, the
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increased heat loss and the suppression of reactivity reduce the local dis-
placement speed to zero.

The flame ‘feels’ the presence of the wall first through the modifica-
tion of the flow field and the changing thermodynamic conditions. It then
quenches, first head on at the horizontal walls, and then propagates paral-
lel to them and towards the lateral walls. Due to side-wall quenching, the
quenched flame front ends remain at a distance from the cold walls that
during propagation decreases in absolute value but increases relative to
the flame thickness at the instantaneous pressure and unburned mixture
temperature. Close to the lateral walls, the decrease of the flame thickness
triggers thermo-diffusive instabilities and small-scale cellular structures ap-
pear along the flame front during the final stages.

The fuel is consumed at a practically constant rate, except during the
initial phase when the hot spot forms the propagating flame front and the
final stages of consumption of the fuel within the cold layers around the
walls. In the quenched layers, the fuel can no longer be consumed by the
flame, but diffuses and is consumed in the burned gases.

The scatter plots of the heat release rate with respect to the progress vari-
able show that the 1-D laminar premixed flame structures can parametrise
the flame as long as it remains sufficiently far from the walls, but additional
variables need to be introduced to account for the flame-wall interaction.
The chemical state can then be tabulated and used for modelling. It would
be interesting to use tabulations extracted from the DNS for an a posteriori
comparison for this relatively simple laminar flame.

7.2 turbulent 2d cases

DNS of turbulent premixed syngas-air combustion with detailed chemistry
and transport in a closed rectangular domain were performed to investi-
gate the effect of initial turbulent intensity and initial turbulent length scale
on the flame kernel growth and long-term profile of pressure, iHRR and
HTR.

Initial kernel growth were dominantly affected by initial turbulent inten-
sity while in cases with similar initial turbulent intensity, the cases with
smaller turbulent length scale had larger growth rate. In addition, the rel-
ative location of the hot kernel and large-scale vortices may accelerate or
delay the kernel’s growth.

Long-term profile of pressure or iHRR is strongly affected by initial tur-
bulent intensity and effect of initial turbulent length scale is evident in
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low turbulent intensity cases where the cases with the larger length scale
have higher burning rate. The reduction in the combustion time due to
effect of initial turbulent length scale is of importance in design and op-
timisation of IC engines. The ”bending effect” also is observed in high
turbulent intensity cases. Ratio of iHRR to flame length is enhanced due to
increased unburned temperature and pressure. In high turbulent intensity
cases flame encounters high stretch rates which have positive effect the
consumption rate. Heat loss rate is enhanced by initial turbulent intensity,
although the total heat loss is reduced in high turbulent intensity cases
since the total combustion time is shortened. Relative to the laminar case,
maximum wall heat flux / quenching distance is increased / decreased in
turbulent cases and unburned gas near the walls and corners are burned
faster in turbulent cases.

The high pressure simulations demonstrated that the decrease in the
laminar flame speed due to increased pressure significantly reduces the
burning rate in the laminar case while in the high turbulent intensity cases
the burning rate is controlled by turbulence.

7.3 turbulent 3d cases

DNS of turbulent premixed syngas-air combustion with detailed chemistry
and transport in a closed cylindrical domain were performed to investigate
the effect of initial turbulent intensity and initial turbulent length scale on
the flame kernel growth and long-term profile of pressure, iHRR and HTR.

Initial kernel growth were dominantly affected by initial turbulent inten-
sity while in cases with similar initial turbulent intensity, the cases with
smaller turbulent length scale had larger growth rate. In addition, the rel-
ative location of the hot kernel and large-scale vortices may accelerate or
delay the kernel’s growth, similar to findings in 2D turbulent cases.

It is shown that when the flame reaches the outer walls, the laminar
flame thickness is reduced by 30% due to the pressure rising conditions.
Also, it was demonstrated the first and last 10% of fuel burns slower be-
cause of early growth stage and flame quenching near the cold walls, re-
spectively. The first and last 10% burning times are reduced by increasing
the initial turbulent intensity.

Similar to the 2D turbulent results, scatter plot of HRR and progress vari-
able in the laminar case showed that HRR can be parametrised by progress
variable, as long as flame is far from the walls, while after flame quenching,
HRR cannot be parametrised by only progress variable. In the turbulent
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cases, before and after flame quenching, HRR cannot be parametrised by
only progress variable.

The local flame properties at the iso-surface of T=1500 K were investi-
gated. It was shown that iHRR/A is increased mainly by the raising pres-
sure conditions and the initial turbulent intensity. HTR is increased by the
initial u0

rms and maximum of iHRR/HTR is also increased. Maximum WHF
is increased by turbulence intensity, as large as 5 times the laminar case,
and quenching distance is decreased.

7.4 future work

High temporal and spatial resolution of DNS can be used for

• Validation/development of models: many models developed for
Reynolds-Averaged Navier–Stokes (RANS) and Large Eddy Simula-
tion (LES) methods can be tested using the DNS data and assess the
applicability of the models in a closed domain and in the pressure
rising conditions.

• Laminar premixed flame and FWI: in the laminar case, the effects of
turbulence on the flame are not present and it is suitable to develop
a model for the effects of walls on the flame.

• Models for low turbulence intensity cases: in the low turbulence in-
tensity cases, Sc = iHRR/A is found to be close to unity and the
effect of turbulence on the flame can be traced to the time evolution
of flame area.

The effects of piston movement on the turbulent field and the evolution
of flame can be investigated. The numerical methods used in this study
can handle moving meshes and moving boundaries.

Two extreme turbulent cases of very small length scale and very high tur-
bulence intensity are of interest. In the very small length scale cases, even-
tually turbulence can enter the reaction zone. However, this conditions are
not reported in real industrial applications. At the extreme high turbulence
intensity cases, turbulence may extinguish the initial flame kernel.

The DNS of high-pressure conditions, close to the conditions of real IC
engines, is computationally restricted due to the small flame thickness. In
order to improve the simulation capabilities, following approaches may be
considered.
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• Enhancement of time integrator: the time steps taken in the simu-
lations are extremely small and restricted by the stiffness of PDEs
and the time integrator algorithm. Any improvement on the time
integrator algorithm can have a significant effect on the overall com-
putational cost.

• Preconditioning method: efficiency of a time integrator can be greatly
improved with a suitable pre-conditioning method.

• Splitting time integrators: splitting the conservation equations to two
groups of stiff (usually chemical source terms) and non-stiff terms,
and using appropriate time integrators for each group can improve
the total computational speed, but the errors due to splitting should
be investigated.

• Modern computational hardware and codes: with the advances of
modern hardware, the computational codes should be updated to
take advantage of modern computational units and fast/large mem-
ory.
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3d random turbulent velocity field

1 func t ion [ ux , uy , uz , vx , vy , vz ] = rfg_3d ( E_f , nx , ny , nz , Lx ,
Ly , Lz )

2 %%% Inputs
3 %E_f : Model engergy spectrum
4 %nx : Number of modes in X d i r e c t i o n
5 %ny : Number of modes in Y d i r e c t i o n
6 %nz : Number of modes in X d i r e c t i o n
7 %Lx : S ize of domain in X d i r e c t i o n
8 %Ly : S ize of domain in y d i r e c t i o n
9 %Lz : S ize of domain in z d i r e c t i o n

10

11 %%% Outputs
12 % vx : v e l o c i t y f i e l d in X d i r e c t i o n
13 % vy : v e l o c i t y f i e l d in Y d i r e c t i o n
14 % vz : v e l o c i t y f i e l d in Z d i r e c t i o n
15 % ux : v e l o c i t y f i e l d in X d i r e c t i o n in the f o u r i e r

domain
16 % uy : v e l o c i t y f i e l d in Y d i r e c t i o n in the f o u r i e r

domain
17 % uz : v e l o c i t y f i e l d in Z d i r e c t i o n in the f o u r i e r

domain
18

19

20 i f ( nargin == 0 )
21 L = 1 . 0 ;
22 k0 = s q r t (8/ pi ) / L * 2/3 ;
23 E_f = @( k ) ( ( k / k0 ) . ^ 4 ) . * exp ( �2 .0 * ( k ./ k0 )

. ^ 2 ) ;
24 Lx = 1 0 ;
25 Ly = 1 0 ;
26 Lz = 1 0 ;
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27 nx = 1 0 ;
28 ny = 1 0 ;
29 nz = 10 ;
30 end
31 Nx = 2* nx + 1 ;
32 Ny = 2*ny + 1 ;
33 Nz = 2* nz + 1 ;
34 dx = Lx/Nx ;
35 dy = Ly/Ny;
36 dz = Lz/Nz ;
37 x = l i n s p a c e ( 0 , Lx � dx , Nx) ;
38 y = l i n s p a c e ( 0 , Ly � dy ,Ny) ;
39 z = l i n s p a c e ( 0 , Lz � dz , Nz) ;
40 [X , Y , Z] = meshgrid ( x , y , z ) ;
41 kx = 2* pi / Lx * (�nx : 1 : nx ) ;
42 ky = 2* pi / Ly * (�ny : 1 : ny ) ;
43 kz = 2* pi / Lz * (�nz : 1 : nz ) ;
44 [Kx , Ky , Kz] = meshgrid ( kx , ky , kz ) ;
45 Kx2 = Kx . * Kx ;
46 Ky2 = Ky . * Ky ;
47 Kz2 = Kz . * Kz ;
48 K2 = Kx2 + Ky2 + Kz2 ;
49 k = s q r t (K2 ) ;
50 kInv = 1 . 0 ./ k ;
51 dk = kx ( 2 ) � kx ( 1 ) ;
52 dkx = kx ( 2 ) � kx ( 1 ) ;
53 dky = ky ( 2 ) � ky ( 1 ) ;
54 dkz = kz ( 2 ) � kz ( 1 ) ;
55 Ebar = E_f ( k ) ;
56 E = ( dkx * dky * dkz ) /(4* pi ) * Ebar ./ K2 ;
57 E ( ny+1 ,nx+1 , nz +1) = 0 . 0 ;
58 %% Random v e l o c i t i e s r and s :
59 Emag = s q r t ( 2 . 0 * E ) ;
60 [ phi , theta , alpha ] = get_three_random_angles (Nx, Ny, Nz) ;
61 cx = cosd ( phi ) ;
62 sx = sind ( phi ) ;
63 cy = cosd ( t h e t a ) ;
64 sy = sind ( t h e t a ) ;
65 cz = cosd ( alpha ) ;
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66 sz = sind ( alpha ) ;
67 Kx_safe = Kx ;
68 Kx_safe (Kx==0) = eps ;
69 Ky_safe = Ky ;
70 Ky_safe (Ky==0) = eps ;
71 Kz_safe = Kz ;
72 Kz_safe (Kz==0) = eps ;
73 [A, B ,C] = s o l v e _ d i v _ f r e e ( cx . * Kx_safe , cy . * Ky_safe , cz . *

Kz_safe , sx . * Kx_safe , sy . * Ky_safe , sz . * Kz_safe , Emag) ;
74 %%
75 phi = f l i p _ m a t r i c e s ( phi , nx , ny , nz , �1 .0 ) ;
76 t h e t a = f l i p _ m a t r i c e s ( theta , nx , ny , nz , �1 .0 ) ;
77 alpha = f l i p _ m a t r i c e s ( alpha , nx , ny , nz , �1 .0 ) ;
78 A = f l i p _ m a t r i c e s (A, nx , ny , nz , 1 . 0 ) ;
79 B = f l i p _ m a t r i c e s ( B , nx , ny , nz , 1 . 0 ) ;
80 C = f l i p _ m a t r i c e s (C, nx , ny , nz , 1 . 0 ) ;
81 cx = cosd ( phi ) ;
82 sx = sind ( phi ) ;
83 cy = cosd ( t h e t a ) ;
84 sy = sind ( t h e t a ) ;
85 cz = cosd ( alpha ) ;
86 sz = sind ( alpha ) ;
87 %%
88 ux = A . * cx + 1 i * A. * sx ;
89 uy = B . * cy + 1 i * B . * sy ;
90 uz = C . * cz + 1 i * C . * sz ;
91 ux ( ny+1 ,nx+1 , nz +1) = 0 + 1 i * 0 ;
92 uy ( ny+1 ,nx+1 , nz +1) = 0 + 1 i * 0 ;
93 uz ( ny+1 ,nx+1 , nz +1) = 0 + 1 i * 0 ;
94 %%
95 vx = i f f t n ( i f f t s h i f t ( ux * (Nx * Ny * Nz) ) ) ;
96 vy = i f f t n ( i f f t s h i f t ( uy * (Nx * Ny * Nz) ) ) ;
97 vz = i f f t n ( i f f t s h i f t ( uz * (Nx * Ny * Nz) ) ) ;
98 %%
99 i f max(max( abs ( imag ( vx ) ) ) ) >1e�10

100 e r r o r ( ’ vx i s not r e a l ’ )
101 end
102 i f max(max( abs ( imag ( vy ) ) ) ) >1e�10

103 e r r o r ( ’ vy i s not r e a l ’ )
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104 end
105 i f max(max( abs ( imag ( vz ) ) ) ) >1e�10

106 e r r o r ( ’ vz i s not r e a l ’ )
107 end
108 vx = r e a l ( vx ) ;
109 vy = r e a l ( vy ) ;
110 vz = r e a l ( vz ) ;
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2d random turbulent velocity field

1 func t ion [ ux , uy , vx , vy ] = rfg_2d ( E_f , nx , ny , Lx , Ly )
2 %%% Inputs
3 %E_f : Model engergy spectrum
4 %nx : Number of modes in X d i r e c t i o n
5 %ny : Number of modes in Y d i r e c t i o n
6 %Lx : S ize of domain in X d i r e c t i o n
7 %Ly : S ize of domain in y d i r e c t i o n
8

9 %%% Outputs
10 % vx : v e l o c i t y f i e l d in X d i r e c t i o n
11 % vy : v e l o c i t y f i e l d in Y d i r e c t i o n
12 % ux : v e l o c i t y f i e l d in X d i r e c t i o n in the f o u r i e r

domain
13 % uy : v e l o c i t y f i e l d in Y d i r e c t i o n in the f o u r i e r

domain
14 %%
15 i f ( nargin == 0 )
16 l _ I = 1 . 0 ;
17 k0 = 2* pi/ l _ I ;
18 E_f = @( k ) ( ( k / k0 ) . ^ 2 ) . * exp ( �2 .0 * ( k ./ k0 ) . ^ 2 )

;
19 Lx = 2 5 ;
20 Ly = 2 5 ;
21 nx = 4 0 ;
22 ny = 4 0 ;
23 end
24 %%
25 Nx = 2* nx + 1 ;
26 Ny = 2*ny + 1 ;
27 dx = Lx/Nx ;
28 dy = Ly/Ny;
29 x = l i n s p a c e ( 0 , Lx � dx , Nx) ;
30 y = l i n s p a c e ( 0 , Ly � dy ,Ny) ;
31 [X , Y] = meshgrid ( x , y ) ;
32 kx = 2* pi / Lx * (�nx : 1 : nx ) ;
33 ky = 2* pi / Ly * (�ny : 1 : ny ) ;
34 [Kx , Ky] = meshgrid ( kx , ky ) ;



136 appendix

35 Kx2 = Kx . * Kx ;
36 Ky2 = Ky . * Ky ;
37 K2 = Kx2 + Ky2 ;
38 KxKy = Kx . * Ky ;
39 k = s q r t (K2 ) ;
40 kInv = 1 . 0 ./ k ;
41 dk = kx ( 2 ) � kx ( 1 ) ;
42 dkx = kx ( 2 ) � kx ( 1 ) ;
43 dky = ky ( 2 ) � ky ( 1 ) ;
44 Ebar = E_f ( k ) ;
45 E = ( dkx * dky ) /(2* pi ) * Ebar ./ k ;
46 E ( ny+1 ,nx+1) = 0 . 0 ;
47 %% Random v e l o c i t i e s r and s :
48 Emag = s q r t ( 2 . 0 * E ) ;
49 Kx_over_K_y = Kx ./ Ky ;
50 Kx_over_K_y ( ny+1 ,nx+1) = 0 . 0 ;
51 angles = atan(�Kx_over_K_y + eps ) ;
52 A = Emag . * cos ( angles ) ;
53 B = Emag . * s i n ( angles ) ;
54 B ( ny + 1 , : ) = abs ( B ( ny + 1 , : ) ) ;
55 I I = 1 :Ny;
56 J J = 1 :Nx ;
57 indexI = 2*ny+2� I I ;
58 indexJ = 2* nx+2� J J ;
59 the ta_x = �1.0 + 2 . 0 * rand (Ny, Nx) ;
60 theta_y = �1.0 + 2 . 0 * rand (Ny, Nx) ;
61 t h e t a = atan2 ( theta_y , the ta_x ) * 180 . 0 / pi + 1 8 0 . 0 ;
62 thetaB = t h e t a ( indexI , indexJ ) ;
63 t h e t a ( ( ny+2) : end , : ) = thetaB ( ( ny+2) : end , : ) ;
64 t h e t a ( ny + 1 , 1 : nx ) = thetaB ( ny + 1 , 1 : nx ) ;
65 t h e t a ( ( ny+2) : end , : ) = t h e t a ( ( ny+2) : end , : ) * �1 .0 ;
66 t h e t a ( ny + 1 , 1 : ( nx+1) ) = � f l i p ( t h e t a ( ny +1 , ( nx+1) : end ) ) ;
67 t h e t a ( ny+1 ,nx + 1 ) = 0 . 0 ;
68 s i n _ t h e t a = sind ( t h e t a ) ;
69 c o s _ t h e t a = cosd ( t h e t a ) ;
70 ux = A . * c o s _ t h e t a + 1 i * A. * s i n _ t h e t a ;
71 uy = B . * c o s _ t h e t a + 1 i * B . * s i n _ t h e t a ;
72 ux ( ny+1 ,nx+1) = 0 + 1 i * 0 ;
73 uy ( ny+1 ,nx+1) = 0 + 1 i * 0 ;
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74 vx = i f f t 2 ( i f f t s h i f t ( ux * (Nx * Ny) ) ) ;
75 vy = i f f t 2 ( i f f t s h i f t ( uy * (Nx * Ny) ) ) ;
76 i f max(max( abs ( imag ( vx ) ) ) ) >1e�10

77 e r r o r ( ’ vx i s not r e a l ’ )
78 end
79 i f max(max( abs ( imag ( vy ) ) ) ) >1e�10

80 e r r o r ( ’ vy i s not r e a l ’ )
81 end
82 vx = r e a l ( vx ) ;
83 vy = r e a l ( vy ) ;
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Table 5.1 Initial turbulent conditions considered in the simu-
lations. The seed number refers to the random num-
ber which initialises the random number generator.
Tu = 822.7K and P0 = 4.487atm. 59

Table 6.1 Summary of the initial thermo-chemical conditions 87

Table 6.2 Summary of initial turbulent conditions. dker is the
kernel diameter. The seed number is used to ini-
tialise the random number generator. 89
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L I S T O F F I G U R E S

Figure 3.1 Comparison of computed energy spectrum from the
velocity field initialised by random synthetic turbu-
lent flow generator and the prescribed energy model
for different lt. in (a) 2D and (b) 3D domains. 29

Figure 4.1 Schematic of the computational domain centered at
(0,0) indicating the location and numbering of the
sampling lines. All lines extend till the correspond-
ing middle of the domain, and the distance between
two sampling lines is equal to 10d0

f . 32

Figure 4.2 Iso-countours of OH mass fraction at (a) t1=15 (max=9.172⇥
10�4), (b) t2=36.6 (max=9.648 ⇥ 10�4), (c) t3=45.2
(max=9.950 ⇥ 10�4), and (d) t4=73.8 (max=1.139 ⇥
10�3). 33

Figure 4.3 (a) Temporal evolution of the iHRR for a flame prop-
agating in a closed (black solid line) and an open
(black dot-dashed line) domain, and the lengths of
the flame defined by either the T=1500K isotherm
(red solid line) or the YH2 = 10�3 isoline (blue dashed
line), both normalized by d0

f . (b) Flame front shapes
at t1 to t4 corresponding to the time instances marked
in (a) and shown in Fig. 4.2 (top: T=1500K isotherm,
bottom: YH2 = 10�3 isoline). 33

Figure 4.4 (a) Temporal variation of the laminar flame speed
and thickness due to the change of the unburned
gas pressure and temperature (all quantities are nor-
malized with their initial value). The unburned gas
temperature is sampled from a point far from the
walls, in the unburned side. (b) Density-weighted
flame displacement speed eSd and flame radius r f
as a function of the flame stretch rate K during the
early flame propagation (t <15) (flame front defined
by the T=1500K isotherm). 36
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Figure 4.5 Instantaneous velocity vector plots colored by the
velocity magnitude during the propagation of the
flame front defined by the T = 1500 K isotherm at
(a) t = 6 (max = 0.972), (b) t = 18 (max = 1.072),
(c) t = 32 (max = 1.135), (d) t = 40 (max = 0.810),
(e) t = 48 (max = 0.764), (f) t = 60 (max = 0.949),
(g) t = 76 (max = 1.208), (h) t = 87 (max = 0.439).
Selected streamlines are superimposed to clarify the
flow field. 37

Figure 4.6 Flame speed of the T = 1500 K isotherm along the
x� (black dashed line) and the y�axis (red dashed
line) computed from the location of the xmax (black
solid line) and ymax points (red solid line). Open
symbols: normal component of the absolute propa-
gation speed Sa for the corresponding points along
the front calculated from eqn. (Eq. 3.13). 38

Figure 4.7 (a) Instantaneous flame fronts defined by the T =
1500 K isoline; (b) normal component of the ab-
solute flame propagation speed; (c) displacement
speed; (d) normal and (e) tangential flow velocity
component; (f) curvature; (g) strain rate, and (h)
stretch rate along the fronts plotted as function of
the angle q = atan2(y f /x f ) along the fronts shown
in (a). 39

Figure 4.7 (a) Instantaneous flame fronts defined by the T =
1500 K isoline; (b) normal component of the ab-
solute flame propagation speed; (c) displacement
speed; (d) normal and (e) tangential flow velocity
component; (f) curvature; (g) strain rate, and (h)
stretch rate as function of the angle q = atan2(y f /x f )
along the fronts shown in (a). 40

Figure 4.8 Profiles along the probing line L1 for times 20  t 
42 at intervals of dt = 2 (from right to left) as a func-
tion of the distance from the upper wall: (a) tem-
perature , (b) HRR (solid lines) together with the
trace of the instantaneous maximum HRR (dashed
line). 42
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Figure 4.9 Left column: Distribution of YOH superimposed on
the velocity vectors during flame propagation to-
wards the upper wall (from top to bottom: YOH,max =
9.549⇥ 10�4, 9.625⇥ 10�4, 9.702⇥ 10�4, 9.775⇥ 10�4

at t = 34, 36, 38, 40, respectively). Right column:
flame propagation towards the left wall showing the
cellular structures that form along the front (from
top to bottom YOH,max = 1.077 ⇥ 10�3, 1.146 ⇥ 10�3

at t = 68, 75, respectively). Vectors are colored by
the velocity magnitude with maximum values 1.092,
1.015, 0.9223, 0.8104 (left column, top to bottom)
and 1.093, 1.220 (right column, top to bottom). 44

Figure 4.10 Distance of the T = 1500K point normalized by d0
f

along (a) the vertical lines L1 to L15 (from left to
right), (b) the horizontal lines L16 to L21 (from left
to right). 45

Figure 4.11 (a) Dimensional quenching distance along the top
and the right wall based on the contours of T =
1500K, (b) Pe number (Pe= dQ/dl), on the top wall
based on the instantaneous flame thickness dl . 45

Figure 4.12 Heat flux distribution and flame location at the in-
dicated time instants. 46

Figure 4.13 Heat flux distribution along the (a) upper wall, and
(b) right (solid line with open symbols) and left
(dashed lines with filled symbols) lateral walls at
the indicated time instants. 47

Figure 4.14 (a) Wall heat flux along line L1 normalized by the
initial, P0

f , and the instantaneous flame power, Pf
(solid and dashed lines, respectively), (b) Dimen-
sional (dashed line with open circles) and normal-
ized (solid line with closed circles) maximum heat
flux along the upper wall (measured from the cen-
ter). 48

Figure 4.15 (a) Variation of the characteristic quenching time
Dtq along the upper wall. (b) Temporal evolution
of the total heat transfer rate HTRw (solid line) and
ratio between integral heat release rate iHRR and
HTRw (dashed line). 49
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Figure 4.16 (a) Distribution of HRR and heat conduction at two
time instances near the quenching time along line
L1; (b) ratio of thermal diffusion to HRR at the T =
1500 K point on line L1. 50

Figure 4.17 Identification of most active reactions with the largest
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t = 35 (before quenching) (b) t = 40 (after quench-
ing). 51

Figure 4.18 (a) Temporal evolution of the H2 and CO mass frac-
tions at the midpoint of the upper wall, (b) time
required to burn 10% increments of the fuel. 51

Figure 4.19 Scatter plots of the heat release rate in the whole
domain with respect to the progress variable cCO
and comparison to 1D premixed flame structure at
(a) t = 30, (b) t = 35, (c) t = 40, (d) t = 60 and
comparison with the 1-D flame structure computed
using (a) Tu = 861.26 K, pu = 5.36 atm, (b) Tu =
876.45 K, pu = 5.73 atm, (c) Tu = 891.29 K, pu = 6.12
atm, (d) Tu = 938.64 K, pu = 7.51 atm. Points are
colored by their distance from the walls. 53

Figure 4.20 (a) Distribution of HRR in part of the upper left
quarter of the domain showing the lines where the
1-D profiles were extracted, (b) comparison of 1-D
profiles extracted at different vertical distances Dy
from the upper wall (colored open circles) with the
1-D premixed flame structures computed using the
indicated Tu (solid or dashed line with the same
color as the circles). 55
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rms and lt values. 58

Figure 5.2 Temperature pseudocolor of cases at the same progress
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Figure 5.3 Early growth stage: (a) iHRR (b) variation of 1/tc10
in simulations, where the order of cases with the
same initial u0 is represented by the labels. 62
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Figure 5.4 iHRR of L8U6 cases during the early growth stage.
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