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Abstract

For the transition to a CO2-neutral energy economy, it is necessary to adapt technical
combustion systems for low-emissions and highly efficient operation with alternative
fuels from renewable sources. In the design of these novel combustors, numerical
simulations can be a powerful tool. However, the key to a simulation-aided design
process is the comprehension of the fundamental physical processes and their integration
into predictive combustion models. The interaction of flames with combustor walls is
one of these crucial physical phenomena. Flame-wall interactions result in heat losses
that decrease the combustion efficiency and increase pollutant formation.
In this thesis, the modeling of flame-wall interactions with chemistry manifolds is
investigated in several generic configurations. The starting point is the investigation
of laminar, premixed flame-wall interaction under atmospheric conditions. Previous
findings of methane-air flames are extended to more complex oxygenated fuels. Sub-
sequently, the complexity of the configuration is progressively increased. In a second
configuration, the effect of turbulence on the quenching flame is addressed. On the
one hand, flame-vortex interaction is analyzed. This mixing phenomenon is caused
by the interaction of turbulent vortices with the flame tip and alters the near-wall
flame structure and pollutant formation. A novel chemistry manifold is presented and
validated that captures the effect of flame-vortex interactions by an additional manifold
dimension. On the other hand, a novel turbulence-chemistry interaction closure model
is presented. The model accounts for the effect of unresolved fluctuations in Reynolds-
averaged Navier-Stokes and large eddy simulations. In two further configurations,
the impact of external mixture stratification and pressure effects is investigated. The
relevant physical phenomena, that must be integrated into existing closure models, are
identified. The insights gained provide the foundation for future model development.
In conclusion, this thesis presents significant advancements in the modeling of flame-
wall interaction using chemistry manifolds that pave the path toward the simulation
of partially premixed, turbulent flame-wall interactions under pressurized conditions
within technical combustors.
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Kurzfassung

Für den Umstieg zu einer CO2-neutralen Energiewirtschaft ist es zwingend erforderlich
technische Verbrennungssysteme für einen emissionsarmen und hocheffizienten Betrieb
mit alternativen Brennstoffen aus erneuerbaren Quellen anzupassen. Beim der Entwick-
lung dieser neuen Brennkammern können numerische Simulationen ein sehr mächtiges
Werkzeug sein. Jedoch liegt der Schlüssel für eine simulationsgestützte Auslegung dieser
Brennkammern im Verständnis der grundlegenden physikalischen Prozesse und deren
Integration in prädiktive Verbrennungsmodelle. Die Wechselwirkung von Flammen
mit Brennkammerwänden ist eines dieser entscheidenden physikalischen Phänomene.
Flamme-Wand-Wechselwirkungen führen zu Enthalpieverlusten, die den Wirkungsgrad
verringern und die Schadstoffbildung erhöhen.
In dieser Arbeit wird die Modellierung der Flamme-Wand-Wechselwirkung mithilfe von
Chemietabellen in verschiedenen generischen Konfigurationen untersucht. Der Start-
punkt ist die Analyse der laminaren, vorgemischten Flamme-Wand-Wechselwirkung
unter atmosphärischen Bedingungen. Hier werden die bisherigen Erkenntnisse über
Methan-Luft-Flammen auf komplexere sauerstoffhaltige Brennstoffe erweitert. An-
schließend wird die Komplexität der Konfigurationen schrittweise erhöht. In einer
zweiten Konfiguration wird der Einfluss von Turbulenz auf die Flamme-Wand-
Wechselwirkung untersucht. Zunächst wird die Flamme-Wirbel-Interaktion analysiert.
Dieses Mischungsphänomen wird durch die Interaktion turbulenter Wirbelstrukturen
mit der Flammenspitze verursacht und beeinflusst die wandnahe Flammenstruktur
und die Schadstoffbildung. Eine neuartige Chemietabelle wird vorgestellt und vali-
diert, welche die Wirkung von Flamme-Wirbel-Interaktionen durch eine zusätzliche
Tabellendimension abbildet. Des Weiteren wird ein Schließungsmodell für die Turbulenz-
Chemie-Interaktion präsentiert. Das Modell berücksichtigt den Einfluss nicht aufgelöster
turbulenter Fluktuationen in Reynolds-gemittelten Navier-Stokes und Grobstruktur-
simulationen. In zwei weiteren Konfigurationen wird der Einfluss von einer externen
Flammenstratifizierung und Druckeffekten auf die Flamme-Wand-Wechselwirkung un-
tersucht. Dabei werden relevante physikalische Prozesse herausgearbeitet, die in die
bestehenden Schließungsmodelle integriert werden müssen. Die gewonnenen Erkennt-
nisse bilden die Grundlage für zukünftige Modellentwicklungen.
Zusammenfassend stellt diese Arbeit einen bedeutenden Fortschritt in der Modellierung
der Flamme-Wand-Wechselwirkung mit Hilfe von Chemietabellierung dar. Die Erkent-
nisse ebnen den Weg für prädiktive Simulationsmodelle für partiell vorgemischte, turbu-
lente Flamme-Wand-Wechselwirkungen unter Druck, wie sie in technischen Brennkam-
mern vorkommen.
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1 Introduction

The emission of greenhouse gases needs to be drastically reduced to mitigate the effects of global
warming [1]. While the increase of renewable energy resources and the electrification of the
transport sector and industrial processes are essential for the transition to a CO2-neutral energy
system [2], the development of low-emission and highly efficient combustion applications remains
to be of utmost importance. In that respect, chemical energy carriers are promising options for
energy storage to compensate for temporal fluctuations of wind and solar power [3]. Further, the
high energy density of chemical energy carriers is beneficial for a range of applications, like heavy-
duty and aero engines [2]. In this context, alternative fuels generated from renewable sources,
like hydrogen, ammonia, or oxygenated fuels, can be used for CO2-neutral energy conversion [2].
These fuels have different combustion properties that require the adaption of technical combustion
systems [4, 5]. In the redesign of these combustors, computational fluid dynamics (CFD) is a
powerful tool that can yield profound insights into the technical combustors. However, to enable a
simulation-driven design process, first, the fundamental physical processes need to be understood
and incorporated into predictive combustion models [6, 7].
One particularly important phenomenon is flame-wall interaction (FWI) [7, 8]. Technical combus-
tors for power generation, such as internal combustion (IC) engines or gas turbines, are typically
enclosed by walls. The interaction of flames with combustor walls leads to heat losses that inhibit
the chemical reactions within the flame and, finally, result in flame extinguishment, the so-called
quenching. This lowers combustion efficiency and enhances pollutant formation [9]. The complex
interplay between the (turbulent) flow, the combustion chemistry, and the combustor walls has to
be understood to accurately predict the impact of FWI on the combustion process.
In the literature, generic FWI scenarios are used to study the underlying physics of the quenching
processes in technical combustors [7]. Figure 1.1 illustrates the most prominent canonical FWI
scenarios that incorporate two types of quenching:

1. Head-on quenching (HOQ): In a HOQ scenario, the flame propagates perpendicular to the
wall. In the vicinity of the wall, the flame gradually loses heat to the wall until it finally
extinguishes [9]. The quenching process is transient and occurs at a certain instance, the
quenching time. In HOQ, the amount of heat loss peaks at the quenching time.

2. Side-wall quenching (SWQ): In a SWQ scenario, the flame propagates tangential to the
wall into the wall boundary layer. The flame quenching occurs locally at a certain quenching
distance at the near-wall flame edge [9]. While in HOQ, the heat loss increases with time,
in SWQ, the heat loss increases with decreasing wall distance. Note that laminar SWQ is a
stationary process.
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Fig. 1.1: Schematic depiction of generic FWI scenarios. The dashed lines show different time
instances of the flame. The flame front is colored by the amount of heat loss: undisturbed
(orange) → quenched (blue) and sD shows the propagation direction.

In the past, various aspects of FWI were investigated in generic FWI configurations. The review
article of Dreizler and Böhm [7] presents experimental studies and corresponding numerical
investigations emphasizing laser diagnostic applications. Luo and Liu [10] summarize studies
of FWI in the context of soot and pollutant formation. The experimental studies related to this
work conducted measurements of the flame front topologies, the local heat release rates, and the
near-wall thermochemical states in both laminar [A3, 11–13] and turbulent [13, 14] SWQ flames.
In addition to the experimental investigations, numerical experiments of FWI were carried out using
flame-resolved simulations (FRSs) with single-step and finite-rate chemistry (FRC). Starting with
one-dimensional simulations of laminar, transient HOQ [15–19], wall heat fluxes, surface reactions,
the formation of unburnt hydrocarbons and pollutants, as well as the impact of the employed
transport model, were studied. With increasing computational resources, studies of turbulent
HOQ [20–28] became possible and gave deeper insights into the interplay of the combustion
chemistry with the turbulent flow field. Similar studies also exist for laminar [A1, A2, 29–32] and
turbulent [A5, 26, 33–37] SWQ.
While the FRSs give detailed insights into the underlying physics, the simulations require high
computational efforts, which restricts them to generic cases and simple geometries. For the
simulation of combustors employed in technical systems, Reynolds-averaged Navier-Stokes (RANS)
and large eddy simulations (LESs) coupled with chemistry manifold approaches [38–42] are often
employed. For this kind of simulation, two major modeling challenges are faced:

1. Modeling of the chemical source terms: In FRC simulations, the chemical source terms
are determined by analytical models that describe the chemical system. While this approach
has low modeling efforts, a large (and stiff) set of equations needs to be solved, which
results in high computational costs. To overcome these limitations, chemistry manifold
approaches [38–42], also known as tabulated chemistry (TC), aim to combine the model
accuracy of FRC with reduced computational costs. In the models, the chemical system is
precalculated and stored in a chemistry manifold that is parametrized by a reduced number
of scalars, the control variables. Instead of solving the whole chemical system, only the

2



transport equations for the control variables are solved. The remaining thermochemical
quantities are then retrieved from the manifold.
Recent studies [43–45] of fully premixed laminar SWQ methane-air flames showed that the
chemistry manifolds need to be adjusted to accurately capture the near-wall flame structure,
especially the pollutant formation. This work extends these findings to different operation
conditions, like oxygenated fuels, turbulent FWI, and, partially premixed FWI. A more
detailed overview of the different modeling approaches for the description of the chemical
system, in general, and chemistry manifolds for FWI, in particular, is given in Section 2.2.

2. Turbulence-chemistry interaction (TCI) closure: In turbulent flames, the turbulence
introduces small-scale fluctuations that need to be accounted for in the simulation. In
FRSs, these fluctuations are resolved by a fine computational grid that results in large
computational efforts. To overcome these limitations, RANS and LESs capture the impact of
unresolved temporal and spatial fluctuations in TCI closure models. This lowers the resolution
requirements and computational costs of these simulations.
In the literature, studies of FWI using RANS [46] and LESs [47–49] coupled with chemistry
manifolds exist. However, a detailed assessment of the capabilities of TCI closure models to
capture the near-wall flame dynamics and pollutant formation was not performed previously
but is addressed in this thesis. A detailed overview of TCI closure models, in general, and
studies of TCI closure models for FWI, in particular, is given in Section 2.4.

Aim and structure of this work

This dissertation elucidates modeling approaches and challenges for the simulation of FWI using
chemistry manifolds. Specific aspects of turbulent, partially premixed FWI under pressurized
conditions in technical combustors are analyzed in simplified configurations.
The main focus of this work is the investigation of fully premixed FWI under atmospheric condi-
tions. Starting from a laminar flow (→ laminar, premixed FWI), the complexity is increased by
considering a more complex flow field caused by turbulence (→ turbulent, premixed FWI). The
corresponding publications [P1, P2, P4, P5] cover the entire range of model development from
the analysis of physical phenomena and the derivation of closure models to model validation and
application in LESs. The remaining part focuses on the physical analysis of additional phenomena
occurring in technical combustors, namely mixture stratification from an active wall (→ partially
premixed FWI) and pressure effects (→ pressurized FWI). The incorporation of these phenomena
in manifold closure models will be the next step toward predictive models for FWI effects in
technical combustors.
Figure 1.2 shows an overview of the publications that originated from this thesis, classified by the
configurations investigated. The scientific objectives of the investigated configurations are:

• Configuration 1: Laminar, premixed flame-wall interaction (see Section 3.1)
The first configuration is a fully premixed, laminar SWQ burner under atmospheric conditions,
which was also used in previous studies of methane-air flames [11, 30, 43–45, 50]. In these
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studies, the main modeling challenge was to capture the effect of heat losses to the wall on the
near-wall flame structure, particularly, the prediction of the near-wall CO formation. For this,
the classical manifold approaches need to be adapted (see Section 2.3). The investigations
performed in the context of this thesis [P1, A1–A3, A6, A7] extend previous findings of
methane flames to the more complex oxygenated fuels. In particular, dimethyl ether (DME)
air flames are investigated.

• Configuration 2: Turbulent, premixed flame-wall interaction (see Section 3.2)
In the second configuration, the physical complexity is increased by a more complex flow field
due to turbulence. An FRS of a stationary premixed methane-air flame in a fully developed
turbulent channel flow is performed. The FRS is investigated to gain a more profound
understanding of the complex phenomena in turbulent, premixed FWI and to derive and
validate corresponding closure models. The first phenomenon considered is flame-vortex
interaction (FVI) [14]. FVI is caused by the interaction of the flame tip with the near-wall
vortices, which results in an additional mixing phenomenon that does not occur in the laminar
counterpart. To capture these effects, a novel manifold is presented [P4] and validated [P4,
P5] by comparing to the FRS reference data. Further, when applying these manifolds in
RANS and LESs, the unresolved fluctuations of the control variables need to be considered.
These are analyzed in [P2] and a TCI closure model based on the conditional quadrature
method of moments (CQMOM) [51] is derived. Finally, in [A5] an FRS with DME as fuel is
performed and the characteristics of the oxygenated fuel are analyzed and outlined.

• Configuration 3: Partially premixed flame-wall interaction (see Section 3.3)
In the third configuration, the laminar SWQ configuration (Section 3.1) is extended by an
inlet in the wall that allows the seeding of additional gases. Using this configuration, the
combined effects of heat loss and flame stratification are analyzed in the context of fire safety.
More specifically, additional fuel is seeded from the wall, resulting in a partially premixed
SWQ flame that is characterized both experimentally [P3, A8] and numerically [P3]. In
the second part of publication [P3], the effect of flame retardants on the near-wall flame
structure is considered.

• Configuration 4: Pressurized flame-wall interaction (see Section 3.4)
The final configuration is the subject of an ongoing investigation elucidating FWI in enclosed
combustion vessels, like IC engines. In these enclosed vessels, the combustion occurs under
pressure-rising conditions. Consequently, the strong coupling of pressure, local temperature,
and flame structure and propagation must be taken into account. The study explores the
resulting physical effects that need to be considered in the closure models for isochoric FWI
in IC engines.

This thesis is structured in the following manner: Firstly, the fundamental concepts crucial to this
thesis are outlined in Chapter 2. Then the findings derived from each simplified configuration are
examined in Chapter 3. Lastly, in Chapter 4 an overall conclusion is given.
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Fig. 1.2: Overview of the four simplified FWI configurations investigated in this thesis and the cor-
responding main [P1–P5] and related co-author [A1–A8] publications.1 Publication [P6],
written in a cursive font, is an ongoing work. The complexity of the configurations in-
creases from top to bottom. The graphics are taken from [52].

1In the references of this dissertation the leading "P" denotes the main publications [P1–P5], which form the basis of
this thesis and the leading "A" marks related co-author publications [A1–A8].
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2 Fundamentals

In this chapter, the most relevant fundamentals for this dissertation are briefly outlined. More
detailed descriptions can be found in the literature of chemically reacting flows [6, 9, 53, 54].
In the following, the instantaneous conservation equations for mass, momentum, species mass
fraction, and energy are outlined in Section 2.1. Building upon these equations, the description of
the chemically reacting system is discussed in Section 2.2. Section 2.3 delves into the chemistry
manifold approaches for FWI that are used in [P1, P2, P4, P5]. Finally, Section 2.4 addresses
turbulence-chemistry interaction (TCI) closure. In addition to the descriptions presented here,
more specific fundamentals are provided in the publications associated with this thesis.

2.1 Instantaneous conservation equations

Mass and momentum conservation

In the publications included in this work, Newtonian fluids are considered. In addition, low Mach
number is assumed and all body forces except gravity are neglected. Given these assumptions, the
equations for mass and momentum read

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 , (2.1)

∂

∂t
(ρuj) +

∂

∂xi
(ρuiuj) =

∂

∂xi

(︃
ρν

(︃
∂ui
∂xj

+
∂uj
∂xi

)︃
− 2

3
ρν

∂uk
∂xk

δij

)︃

⏞ ⏟⏟ ⏞
stress tensor: τij

− ∂p

∂xj
+ ρgj , (2.2)

where ρ is the density, u the flow velocity, p the pressure, xi the i-th component of the spatial
coordinate, gj the j-th component of the gravitational acceleration and ν the kinematic viscosity.

Species conservation

In addition to the mass and momentum conservation, the composition of the fluid is described by
additional transport equations for the species mass fractions Yk

∂

∂t
(ρYk) +

∂

∂xi
(ρuiYk) +

∂

∂xi

(︁
ρYkV

tot
k,i

)︁
= ω̇k , (2.3)

6



with Yk being the mass fraction, ω̇k the source term and V totk,i the i-th component of the diffusion
velocity of species k. For the description of the species diffusion velocity, multiple closure models
are reported in the literature [9]. In this work, the diffusion velocity of the species is modeled
using two different approaches:

• Unity Lewis number diffusion: In this approach, the species and enthalpy diffusion are
assumed to be equal. As the name suggests, the Lewis number that describes the ratio of the
thermal diffusivity α and species diffusivity ρDk is assumed to be unity:

Le = α

ρDk
= 1 → ρDk = α (2.4)

Using Fick’s Law [55], the species diffusion flux ρYkV totk,i is given by

ρYkV
tot
k,i = −α

∂Yk
∂xi

. (2.5)

• Mixture-averaged diffusion: In mixture average diffusion, the Hirschfelder and Curtiss
approximation [56] is employed. Given this approximation, the diffusive flux ρYkVk,i is given
by

ρYkVk,i = −ρDmixk

∂Yk
∂xi

− ρDmixk Yk
1

W

∂W

∂xi⏞ ⏟⏟ ⏞
Species diffusion

− Dthermk

1

T

∂T

∂xi⏞ ⏟⏟ ⏞
Thermal diffusion

, (2.6)

with W being the mean molecular mass of the mixture, T the temperature and Dmixk and
Dthermk the mixture-averaged and thermal diffusion coefficient of species k, respectively. The
equation above is a first-order approximation, hence, a correction velocity V corri is employed
to ensure mass conservation and the total species mass flux ρYkV totk,i is given by

ρYkV
tot
k,i = ρYkVk,i − ρYkV

corr
i , (2.7)

with

ρYkV
corr
i = Yk

Ns∑︂

k=1

ρYkVk,i . (2.8)

In this work, the diffusion coefficients are calculated either with the open-source chemistry
library Cantera in version 2.6 [57] or the EGLIB transport library [58].
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Energy conservation

Finally, the energy balance needs to be considered. Among other things, the energy balance
accounts for heat losses (e.g., at cold walls) and mixing processes of gases with different energy
levels (e.g., fresh gases and cold exhaust gases) and, hence, has a major significance in processes
involving FWI. In this work, the energy is described by either the enthalpy h (TC) or the sensible
enthalpy hs (FRC) that are defined as

h = hs +∆hreff with hs =
∫︂ T

Tref
cpdT and ∆hreff =

Ns∑︂

k=1

Yk∆hreff,k . (2.9)

In the equation above∆hreff is the enthalpy of formation of the mixture at the reference temperature
Tref. Following the derivation by Poinsot et al. [9], the transport equation for the enthalpy h reads

∂

∂t
(ρh) +

∂

∂xi
(ρuih) =

Dp

Dt
− ∂qi

∂xi
+ τij

∂ui
∂xi

+ Q̇+ ρ

Ns∑︂

k=1

Ykfk,iV
tot
k,i , (2.10)

with Q̇ being the heat source term from external sources, qi the enthalpy flux and fk,i volume
forces acting on species k. In the configurations considered in this work, some of these terms can
be neglected

Q̇ ≈ 0⏞ ⏟⏟ ⏞
No external heat source

and τij
∂ui
∂xi

≈ 0

⏞ ⏟⏟ ⏞
Low Mach

and ρ

Ns∑︂

k=1

Ykfk,iV
tot
k,i = ρgi

Ns∑︂

k=1

YkV
tot
k,i

⏞ ⏟⏟ ⏞
=0

= 0 .

Finally, the transport equation for the enthalpy h and the sensible enthalpy hs read

∂

∂t
(ρh) +

∂

∂xi
(ρuih)−

Dp

Dt
− ∂

∂xi

(︃
λ
∂T

∂xi

)︃

⏞ ⏟⏟ ⏞
Heat diffusion

+

(︄
∂

∂xi
ρ

Ns∑︂

k=1

(︁
hkYkV

tot
k,i

)︁
)︄

⏞ ⏟⏟ ⏞
Species diffusion

= 0 , (2.11)

∂

∂t
(ρhs) +

∂

∂xi
(ρuihs)−

Dp

Dt
− ∂

∂xi

(︃
λ
∂T

∂xi

)︃

⏞ ⏟⏟ ⏞
Heat diffusion

+

(︄
∂

∂xi
ρ

Ns∑︂

k=1

(︁
hs,kYkV totk,i

)︁
)︄

⏞ ⏟⏟ ⏞
Species diffusion

= ω̇hs . (2.12)

Note that in the equation for the sensible enthalpy an additional source term ω̇hs appears, which is
the heat release rate due to combustion that is defined as

ω̇hs = −
Ns∑︂

k=1

∆hreff,kω̇k . (2.13)
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2.2 Description of the chemical system

In the simulation of chemically reacting flows, one of the central challenges is the accurate
description of the chemical system [9]. In general, such a chemical system consists of Ns species
that react with one another through Nr reactions

Ns∑︂

k=1

ν ′k,jXk ⇌
Ns∑︂

k=1

ν ′′k,jXk for j = 1, . . . , Nr . (2.14)

In the equation above, Xk denotes the chemical formular for species k while ν ′kj and ν ′′k,j are the
molar stoichiometric coefficients of species k in reaction j. In a chemical reaction flow simulation,
the relevant species Xk and their reaction pathways are defined in reaction mechanisms that are
tailored for specific fuel-oxidizer compositions, as well as, specific operation conditions.
Given the reaction mechanism, the thermochemical stateΨ of the chemical system can be described
by the species composition Yk, sensible enthalpy hs and the pressure p

Ψ = f (Y1, . . . , YNs , hs, p) . (2.15)

From the thermochemical state, the mixture properties consisting of the thermophysical and
transport properties and the reaction rates ω̇k can be calculated.1

2.2.1 Finite-rate chemistry (FRC) closure

In FRC simulations, all variables that describe a full thermochemical state [Y1, . . . , YNs , hs, p] are
directly transported. This means, in addition to the flow field, a transport equation for each species
Yk and the sensible enthalpy hs is solved that are given in Eq. (2.3) and (2.12), respectively. The
resulting system of differential equations is stiff with complex dependencies on the thermochemical
state. Furthermore, the temporal and spatial scales that need to be considered in the simulations
cover a wide range leading to temporal and spatial resolution requirements that can be orders of
magnitude higher than in non-reacting flows [9].
While FRC simulations provide a detailed description of the interaction between flow and chemistry
with few modeling assumptions, they necessitate high computational costs. This restricts FRC
simulations to simple fuels or generic configurations. In the publications included in this thesis,
FRC simulations are used to (i) gain detailed insights into the underlying physics of FWI that need
to be captured by chemistry manifold models and (ii) for the model validation of novel chemistry
manifolds for FWI.

1The dependency of the thermochemical states will be denoted by Ψ(Y1, . . . , YNs , hs, p) in the following.
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2.2.2 Chemistry manifold closure

Chemistry manifold models aim to combine the model accuracy of FRC with reduced computational
costs. In the literature, multiple approaches for the generation of chemistry manifolds are reported,
including intrinsic low-dimensional manifolds (ILDM) [38], flame prolongation of ILDM (FPI) [39],
reaction-diffusion manifolds (REDIMs) [40], flamelet-generated manifolds (FGMs) [41] and the
flamelet/progress variable (FPV) approach [42]. In all of the approaches, a separation of chemical
and flow time scales is assumed. While in chemical systems, a broad range of time scales ranging
from 10−9 to 102 s are present, flow time scales are usually in a much smaller range [38]. The
ratio of the flow τflow and the chemical time scales τchemistry is described by the Damköhler number

Da = τflow
τchemistry

. (2.16)

The tabulated chemistry (TC) approaches assume fast chemical time scales when compared to the
flow time scales (Da≫ 1). Given this assumption, the interaction of the flow with the inner flame
structure is neglectable which leads to a thin flame sheet. The changes perpendicular to the flame
are significant, while in the tangential direction, only small changes are expected. One-dimensional
structures known as flamelets emerge along the normal direction of the flame sheet. As a result, the
thermodynamic state of a multidimensional turbulent flame can be precalculated using simplified
(flamelet) configurations. Note that during FWI the heat loss at the wall introduces non-neglectable
changes in the flame tangential direction. Therefore, one-dimensional flame structures are not
sufficient to capture the thermodynamic state during FWI and the chemistry manifold models need
to be extended to account for these two-dimensional effects. This is discussed in Section 2.3.
The precalculated thermochemical states are represented by a reduced set of input parameters,
the control variables ξi, i.e.,

Ψ(Y1, . . . , YNs , hs, p) ≈ Ψ(ξ1, . . . , ξM ) with M ≪ Ns . (2.17)

Typically, these manifolds are stored in normalized look-up tables for fast and efficient retrieval
of the thermochemical states during simulation runtime. Therefore, the control variables are
normalized to allow the storage of the output variables on a rectilinear M -dimensional grid
from which they can be extracted with non-searching algorithms. The main challenges in the
construction of chemistry manifolds are the selection of a simplified configuration that incorporates
the relevant physical effects, and the parametrization of the reduced thermochemical state space
on the rectilinear grid.
In comparison to FRC simulations, in the simulations with chemistry manifolds a lower number
of transport equations needs to be solved and, additionally, the chemical system and mixture
properties are not calculated during runtime. This results in significantly reduced computational
costs that can be orders of magnitude lower than in FRC simulations.
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2.2.3 Numerical implementation

Figure 2.1 illustrates the numerical procedure followed in FRC simulation (top) and simulations
with chemistry manifolds (bottom). In the FRC simulation, the source terms and mixture properties
are calculated from the thermochemical state in each time iteration while in chemistry manifold
closure, the chemical system is determined in a pre-processing step in which the thermochemical
state is approximated using simplified configurations. The reduced state space is stored in a look-up
table, from where the source terms and mixture properties are retrieved during simulation runtime.
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, ⇢, µ, cp,�, D⇠i

, . . .

Fig. 2.1: Schematic depiction of the numerical procedure followed in FRC simulations (top) and
simulations using chemistry manifolds (bottom). Note that the chemistry manifold
generation is a pre-processing step that is performed prior to the simulation.
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2.3 Chemistry manifolds for flame-wall interaction

As stated before, FWI requires more advanced manifold generation techniques, particularly ad-
dressing heat loss effects. Before describing the corresponding modeling approaches of the present
work in Section 2.3.2 and 2.3.3, it is worthwhile to briefly revisit the state of the art of manifold
generation for FWI documented in the literature.

2.3.1 Literature review

An early approach for the incorporation of heat loss effects in chemistry manifolds was presented by
van Oijen et al. [41, 59]. In the studies, a two-dimensional FGM, parametrized by a progress variable
Yc and the enthalpy h, was employed. For the enthalpy variation, a series of one-dimensional,
adiabatic flames with different enthalpy levels was calculated using two different approaches: (i)
exhaust gas recirculation (EGR) [41], i.e., different amounts of cooled exhaust gases are mixed with
the fresh gases and (ii) burner-stabilized flames with varying mass flow rates [59].2 The FGMs were
validated in one-dimensional and two-dimensional burner-stabilized flames and a ceramic-foam
surface burner. Fiorina et al. [60] followed a similar approach and extended a two-dimensional FPI
model based on mixture fraction Z and a progress variable Yc to a three-dimensional FPI including
the enthalpy h as an additional dimension. Similar to van Oijen et al. [59] the enthalpy variation
was achieved by a series of burner-stabilized flames. The manifold was successfully applied for
the calculation of a one-dimensional flame influenced by radiative heat loss and fully premixed
and partially premixed laminar bunsen-like burners. Subsequently, Ketelheun et al. [61] extended
the standard FGM approach to allow for the representation of non-adiabatic boundaries. At these
boundaries, the wall heat flux and the enthalpy are typically unknown, while the wall temperature
is more accessible. Therefore, an inverse tabulation procedure was presented that obtains the
unknown enthalpy, density and viscosity using a boundary look-up table parametrized by the
temperature instead of the enthalpy. The new approach was validated in bunsen-like flames and
the LES of three-dimensional, turbulent premixed swirl flames with heat losses to cold walls.
Following the methodology introduced by Ketelheun et al. [61], Heinrich et al. [50] performed
both two-dimensional and three-dimensional simulations of a laminar methane-air flame in an
SWQ burner [11]. The simulations showed a good agreement with experimental measurements of
the global flame properties, such as the temperature. However, the near-wall CO formation was
significantly underpredicted. Using the detailed insights from FRC simulations, Ganter et al. [30,
43] found that the high amount of CO at the wall originates from diffusive transport processes
that accumulate CO produced in regions away from the wall in the near-wall region.
To further elaborate on the findings of Ganter et al. [30, 43], Fig. 2.2 illustrates the CO distribution
in state space for a FGM similar to the ones employed in [41, 50, 59–61] (left) and a transient
HOQ (right) for a methane-air flame.3 Since the FGM is based on a series of adiabatic flames, the
enthalpy gradient along the progress variable is implicitly set to the gradient present in a freely
propagating flame. In the case of Unity Lewis transport, this gradient is zero (∂h/∂Yc = 0). Hence,
2While the flamelet configurations of these two approaches differ, they lead to a similar thermochemical state [59].
3Transport model: Unity Lewis, Equivalence ratio: Φ = 1, Wall temperature: Twall = 300 K, Pressure: p = 1 atm
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the progress variable and the enthalpy dimension are fully decoupled. During FWI, however, the
reaction progress and the heat loss to the wall are closely coupled (∂h/∂Yc ̸= 0). This results in
non-neglectable changes tangential to the progress variable dimension. In contrast to the FGMs,
the transient HOQ simulation spans an inherently two-dimensional manifold over space and time,
see also Fig. 2.4. In this configuration, the species diffusion along the enthalpy direction, i.e., from
regions far off the wall (high enthalpy) to the near-wall region (low enthalpy), is captured. The
impact of these changes perpendicular to the flame front on the near-wall CO formation becomes
apparent when comparing the CO mass fractions of the FGM with the transient HOQ simulation in
Fig. 2.2. Since the species diffusion in the enthalpy direction cannot be captured with adiabatic
flames, the FGM underpredicts the near-wall CO formation significantly.

Fig. 2.2: Mass fraction of CO in the state space for an FGM based on adiabatic flames (left) and
a transient HOQ (right). The white lines correspond to the flamelets that are used for
manifold generation that are also shown in physical space in Fig. 2.3 and 2.4. The solid
orange line depicts the temperature isoline that corresponds to the wall temperature.

Based on the findings of Ganter et al. [30, 43], novel chemistry manifolds [44, 45] for the prediction
of FWI phenomena were presented, namely a REDIM [44] and the quenching flamelet-generated
manifold (QFM) [45]. Instead of using a series of adiabatic one-dimensional laminar flames, the
manifolds are based on transient one-dimensional HOQ flames that incorporate diffusive transport
processes in the enthalpy direction. This leads to a significant improvement in the prediction
of the near-wall CO formation. The novel manifolds were validated with FRC simulations and
measurements of the near-wall thermochemical states in premixed, laminar SWQ and HOQ flames
and showed very good prediction accuracy [44, 45]. In the following, the manifold generation for
the FGM and QFM used in in [P1, P2, P4, P5] is described in more detail.

13



2.3.2 Flamelet-generated manifold (FGM) generation

As described above, the FGM is based on a series of adiabatic one-dimensional freely propagating
flames with varying enthalpy levels. Similar to [41], in [P1, P5] the enthalpy variation is achieved
by EGR. For each flame, different amounts of exhaust gases at fresh gas temperature are mixed
into the fresh gases resulting in an inflow mixture with a lower enthalpy. The ratio of exhaust and
fresh gases in the inflow mixture YEGR is described by

YEGR =
mexhaust

mfresh +mexhaust
, (2.18)

with mfresh and mexhaust denoting the amounts of fresh and cooled exhaust gases in the inflow
mixture, respectively. Additionally, the upper enthalpy limit of the manifold can be expanded
using one-dimensional preheated freely propagating flames with YEGR = 0 and increased fresh gas
temperatures.
Figure 2.3 shows an exemplary mixture fraction plane of the flamelet database used for the manifold
generation for a methane-air flame. The physical state space is spanned along the axial coordinate
x and the ratio YEGR. At a certain percentage of EGR, the flammability limit is reached and no
burning flame simulations can be performed. Beyond this point, the calculation of the state space
simplifies into a mixing problem. These remaining thermodynamic states can be calculated by an
interpolation in state space using the last burning flamelet and the point of exhaust gases at fresh
gas temperature (YEGR = 1).
The reaction progress, represented by a progress variable Yc, changes along the axial direction x
along each flamelet. The enthalpy, however, is constant along the flame and only changes in the
YEGR-direction. This makes the coordinate transformation from the physical space Ψ(YEGR, x) to
the state space stored in the manifold Ψ(H,C) straightforward. For the generation of the look-up
table, the normalized enthalpy H and the normalized progress variable C are calculated

H =
h− hmin (Z)

hmax (Z)− hmin (Z)
, (2.19)

C =
Yc − Yc, min (Z,H)

Yc, max (Z,H)− Yc, min (Z,H)
, (2.20)

with hmin and hmax being the minimum and maximum value of the enthalpy h for a given mixture
fraction Z, respectively. The minimum Yc, min and maximum Yc, max of the progress variable Yc
depend on the mixture fraction Z and normalized enthalpyH. Finally, two independent coordinate
transformations are performed. First, the axial coordinate x is mapped to the normalized progress
variable

Ψ(Z, YEGR, x) → Ψ(Z, YEGR, C) . (2.21)
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Then, the YEGR coordinate is transformed into the normalized enthalpy H, leading to the final
representation of the manifold

Ψ(Z, YEGR, C) → Ψ(Z,H,C) . (2.22)
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Fig. 2.3: Flamelet database for a mixture fraction slice of an FGM in physical space Ψ(x, YEGR)
(left) and state space (right). The interpolated flamelets are calculated in state space
and, therefore, are not shown in physical space.
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2.3.3 Quenching flamelet-generated manifold (QFM) generation

For the generation of QFMs [45], one-dimensional, transient HOQ flames are employed. Again, the
upper enthalpy limit of the manifold can be expanded using one-dimensional freely propagating
flames with increased fresh gas temperatures. Figure 2.4 shows the numerical results of a transient
HOQ in physical (left) and state space (right). In the plot, tq is the time relative to the time of
quenching, i.e., the time instance of the maximum wall heat-flux. The HOQ simulation spans a
two-dimensional space Ψ(x, t) along the axial coordinate x and time t. In the simulation, the
reaction progress and heat loss are closely related to one another during the quenching process. As
a result, changes tangential to the flame front, like the species diffusion in the enthalpy direction,
can be captured by the HOQ configuration.

0.0000 0.0025 0.0050 0.0075 0.0100
tq (s)

0.0

0.1

Y
c

(-
)

Physical space

500

1000

1500

2000

T
(K

)

State space

1000

2000

T
(K

)

0.00 0.05 0.10 0.15

Yc (-)

−3

−2

−1

0

h
(J

/k
g)

×106

Preheated
HOQ

0 1 2 3

x (m) ×10−3

−2

0

h
(J

/k
g)

×106

Fig. 2.4: Flamelet database for a mixture fraction slice of a QFM in physical space Ψ(x, t) (left)
and state space (right). tq is the time relative to the time of quenching.
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While the two-dimensional nature of the transient HOQ enables the incorporation of FWI effects
into the manifold, it poses additional challenges during table generation. For the FGMs presented
above, the coordinate transformation from the physical into the state space could be performed as
two individual one-dimensional transformations. Unfortunately, this is not possible for the QFMs,
because the enthalpy and the progress variable are a function of both space and time (see Fig. 2.4).
Therefore, a two-dimensional coordinate transformation needs to be performed

Ψ(Z, x, t) → Ψ(Z,H,C) . (2.23)

The procedure used for the manifolds used in this thesis [P1, P2, P4] consists of multiple steps:

1. Extract the position of the enthalpy isolines from the physical space: [xi, ti] = f (hiso).
2. Calculate the thermodynamic state along the isoline: Ψi (hiso) = f ([xi, ti]).
3. Calculate the normalized progress variable C and interpolate the thermodynamic state onto
the normalized progress variable grid assuming Ψi = f (Ci) along the enthalpy isoline.

2.3.4 Closing remarks

Even though the QFM and the FGM have similar dimensions in state space and are used similarly
in a coupled simulation, the two manifolds incorporate different ways of heat loss to the flame.
While the FGM flamelets experience enthalpy variations caused by a change in the unburnt mixture
composition, the QFM incorporates quenching-induced heat losses. In publications [P4, P5], a
novel manifold is validated in turbulent FWI that incorporates both causes of enthalpy loss at the
cost of an additional manifold dimension. More details are given in Section 3.2.
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2.4 Turbulence-chemistry interaction (TCI) closure

The simulation approaches for turbulent (reacting) flows are usually characterized based on the
range of resolved length and time scales in the simulations:

• Flame-resolved simulations (FRSs)4 resolve all relevant time and length scales and no
additional closure models are required. For a turbulent reacting flow, the instantaneous
balance equations given in Section 2.1 are solved and the complex interplay of turbulence
and combustion chemistry is resolved by the simulation.

• Large eddy simulations (LESs) resolve the large turbulent structures, while the effect of
small-scale turbulence is accounted for in subgrid-scale closure models. The scale separation in
LES is achieved by spatially filtering the instantaneous balance equations given in Section 2.1.
A filtered quantity f is given by

f (x) =

∫︂
f
(︁
x′)︁F

(︁
x− x′)︁ dx′ . (2.24)

For the LES filter operation F (x− x′), different formulations exist both in physical and
spectral space and an overview is given in [9, 62].5

• Reynolds-averaged Navier-Stokes (RANS) simulations solve for the time-averaged flow
fields and corresponding reactive and non-reactive scalars. The balance equations are
obtained by temporally averaging the instantaneous balance equations given in Section 2.1.

In RANS and LESs of turbulent flames, not only the effect of turbulence needs to be modeled, but
also the two-way interaction of turbulence and chemistry [9]. On the one hand, turbulence is
influenced by the combustion process. The heat release in the flame front results in a change in
viscosity and temperature and, finally, leads to a strong flow acceleration that affects the turbulent
flow. On the other hand, turbulence alters the flame structure, which can enhance the chemical
reaction, but in extreme cases can also inhibit it, leading to flame quenching.
Due to the highly non-linear dependency of the reaction rates on the reaction progress, i.e., the
mean reaction rate ω̇Yc is unequal to the reaction rate ω̇Yc of the mean reaction progress variable Yc

ω̇Yc (Yc) ̸= ω̇Yc
(︁
Yc
)︁
, (2.25)

it is necessary to account for the effect of the unresolved fluctuations caused by turbulence on the
combustion chemistry in RANS and LESs. Therefore, numerous TCI closure models are reported in
the literature [6, 9, 63–65]. In the following, only a short overview of TCI closure models that
were applied to FWI scenarios is given.

4In the literature for this kind of simulation often the term direct numerical simulation (DNS) is employed.
5In this thesis, the notation from Vervisch and Veynante [6] is followed, with Q and Q′ denoting the Reynolds mean
and fluctuations of a quantity Q, respectively, while ˜︁Q and Q′′ correspond to the Favre-averaged counterparts. The
definitions are connected by ˜︁Q = ρQ/ρ.
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In the existing literature, multiple TCI closure models were applied to FWI phenomena:

• Geometrical closure: In geometrical closure models, the flame is described as a geometrical
surface. In a premixed flame, the flame surface is envisioned as an interface between the
fresh and exhaust gases. The geometrical closure models account for the effect of unresolved
wrinkling on the burning velocity to ensure correct flame propagation.

◦ Flame surface density (FSD): The FSD model describes the flame as a propagating
surface and an FSD that defines the flame area per unit volume. In recent studies, FRSs
of turbulent HOQ [21, 23, 25, 26] and SWQ [26, 36, 37] were used to analyze the
validity of the FSD closure in the vicinity of the wall. Based on the findings, wall-adapted
formulations of the FSD model were derived.

◦ Artificially thickened flame (ATF): The ATF [66] model is often employed for the
TCI closure in LES of premixed flames. In the model, the reaction zone of the flame
is artificially thickened to allow the resolution on a coarser grid. In a turbulent flow,
the unresolved wrinkling of the flame surface is then accounted for by an efficiency
function. The ATF model was used for the simulation of FWI phenomena [P5, 47–49] in
the past. However, in all of the studies, the wall boundary layer is highly resolved and,
therefore, the artificial thickening is only applied in the free flame branch unaffected by
the wall. In the near-wall region no artificial flame thickening, i.e., no TCI closure, is
used.

• Statistical closure: Statistical approaches model the effects of the unresolved fluctuations
of the reactive and non-reactive scalars6 by their statistical behavior that is captured by
probability density functions (PDFs) and filtered density functions (FDFs) in the context of
RANS and LES, respectively. They can be classified as:

◦ Presumed PDF: In presumed PDF approaches, the PDF/FDF shape is determined prior
to the simulation and parameterized by low-order moments of the control variables ξi,
e.g., the mean and the variance that are calculated during runtime. In the context of
FWI, multiple studies [46, 67, 68] used presumed PDF closure models for the simulation
of turbulent premixed flames with enthalpy losses. However, only Fiorina et al. [46]
focused particularly on FWI. In the study, a RANS simulation was performed and the
prediction accuracy of global flame parameters, like the temperature and major species,
was assessed. The pollutant formation, which is very sensitive to FWI effects, however,
was not considered.

◦ Transported PDF: In transported PDF models, the PDF/FDF is solved during run-
time [69]. Hence, in contrast to presumed PDF approaches, these models do not
need to prescribe the PDF/FDF shape prior to the simulation. This makes transported
PDF approaches suitable for the description of complex PDFs/FDFs. Multiple trans-
ported PDF models exist that rely on Monte-Carlo-based methods, like the Lagrangian
approach [70] and the Eulerian stochastic fields approach [71]. In this thesis, an alter-
native and very efficient mathematical approach to solve PDF-based systems is employed,
namely quadrature-based moment methods (QbMMs) [72] that describe the unknown
PDF/FDF by a set of integral PDF properties, the moments.

6When coupled to a chemistry manifold these scalars correspond to the control variables of the manifold ξi.
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Recently, Pollack et al. [73] successfully applied QbMMs for the simulation of a one-dimensional
premixed turbulent flame. In [P2], a novel TCI closure approach is presented that extends the work
of Pollack et al. [73] to turbulent FWI. The closure approach is based on CQMOM. The CQMOM
approach is then compared to a presumed PDF approach [46]. These two closure approaches are
briefly outlined in the following.7

2.4.1 Presumed probability density function (PDF) closure

In the presumed PDF methods, the filtered transport equations of the control variables ξk are solved

∂

∂t

(︂
ρ˜︁ξk
)︂
+

∂

∂xi

(︂
ρ˜︁ui˜︁ξk

)︂
+

∂

∂xi

[︄(︃
ρDξk +

µt

Sct

)︃
∂˜︁ξk
∂xi

]︄
= ω̇ξk , (2.26)

with Dξk being the diffusion coefficient of the k-th control variable, µt the eddy viscosity that
is determined by the turbulence model employed, and, Sct the turbulent Schmidt number. The
unclosed filtered quantities, like the mean density ρ or the mean source term ω̇ξk , are calculated
based on an integral in state space Rξ

˜︁Q =

∫︂

Rξ

Q (ξ) ˜︁P (ξ) dξ (2.27)

or

Q = ρ

∫︂

Rξ

Q (ξ)

ρ (ξ)
˜︁P (ξ) dξ with ρ =

[︄∫︂

Rξ

1

ρ (ξ)
˜︁P (ξ) dξ

]︄−1

, (2.28)

assuming a sub-grid distribution ˜︁P (ξ) with ξ being the vector of the control variables of the
chemistry manifold employed. The main modeling effort for this method is to find a proper
description for the joint presumed PDF ˜︁P (ξ) that represents the distribution of the unresolved
fluctuations. Here, usually, the unknown PDF is described as the product of individual marginal
scalar PDFs

P (ξ1, ξ2, . . . , ξN ) ≈
N∏︂

k=1

P (ξk) , (2.29)

assuming the statistical independence of the control variables.
In the studies of premixed flames with heat losses [46, 67, 68], the distribution of the progress
variable Yc is modeled by a β-PDF described by the mean ˜︁Yc and the variance˜︃Y ′′2c , while for the
remaining control variables a δ-peak is used.
7For better readability, the term PDF will be used interchangeably for both PDFs and FDFs in the following.
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2.4.2 Quadrature-based moment methods (QbMMs)

Instead of assuming the distribution of the control variables directly, the QbMMs solve for integral
properties of the unknown distribution ˜︁P (ξ). These mixed moments ˜︂Mk are given by

˜︂Mk = ˜︂Mk1,k2,...,kM =

∫︂

Rξ

ξk11 , ξk22 , . . . , ξkMM
˜︁P (ξ) dξ , (2.30)

with ki being the order of the moment for the control parameter ξi andM the dimension of the
control variable vector ξ, i.e., the dimension of the chemical manifold employed. The transport
equation for the moments can be derived from the transport equation of the Favre-averaged joint
PDF ˜︁P (x, t; ξ). Under the assumption of unity Lewis-number and the gradient-diffusion hypothesis
this transport equation reads [74]

∂

∂t

(︂
ρ ˜︁P (ξ)

)︂
+

∂

∂xi

(︂
ρ˜︁ui ˜︁P (ξ)

)︂
+

∂

∂xi

[︄(︃
ρD +

µt

Sct

)︃
∂ ˜︁P (ξ)

∂xi

]︄

=
∂

∂ξd

(︂
ρω̇d (ξ) ˜︁P (ξ)

)︂

⏞ ⏟⏟ ⏞
Mean chemical source term

− ∂2

∂ξdξd′

(︃⟨︃
D
∂ξd
∂xi

∂ξd′

∂xi

⃓⃓
⃓⃓Ξ = ξ

⟩︃
˜︁P (ξ)

)︃

⏞ ⏟⏟ ⏞
Micro mixing term

,
(2.31)

with ω̇d being the source term of the control variable ξd and Ξ indicating an instance of the control
variable vector ξ. The transport equation of the moments is obtained by applying the moment
definition of Eq. (2.30) to Eq. (2.31)

∂

∂t

(︂
ρ˜︂Mk

)︂
+

∂

∂xi

(︂
ρ˜︁ui˜︂Mk

)︂
− ∂

∂xi

[︄(︃
ρD +

µt

Sct

)︃
∂˜︂Mk

∂xi

]︄

= kd

∫︂

Rξ

ξkd−1
d ξ

k′d
d′ ρω̇d (ξ) ˜︁P (ξ) dξ

⏞ ⏟⏟ ⏞
Mean chemical source term ˜︁ω̇Mk

+MM ∀k′d ̸= kd ,
(2.32)

withMM indicating the micro-mixing contribution. In the transport equation, the chemical source
term and the micro-mixing term appear in unclosed form.
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Closure of the micro-mixing term

For the description of the micro-mixing term, different closure models exist [53]. In this work, the
well-established interaction by exchange with the mean (IEM) [75] model was employed. The
IEM model relies on a mixing time scale τMM that is dependent on the description of the turbulent
flow field by the turbulence model employed.

Closure of the mean chemical source term

The mean chemical source term ˜︁ω̇Mk
contains the unknown distribution ˜︁P (ξ). In the quadrature

method of moments (QMOM) closure [72], such integral quantities ˜︁Q are approximated using
Gaussian quadrature

˜︁Q =

∫︂

RΨ

˜︁P (ξ) fQ (ξ) dξ ≈
N∑︂

α=1

wαfQ (ξα) , (2.33)

with wα being the integration weights and ξα the corresponding integration nodes. The function
fQ (ξ) describes the dependency of the parameter Q on the integration nodes. Note that the
function fQ (ξ) corresponds to a table lookup when a chemistry manifold is employed.
The integration nodes wα and weights ξα are obtained by a moment conversion based on the
Wheeler algorithm [53, 76] using the transported system of moments Mk as input parameters.
Thereby, the number of transported moments determines the accuracy of the integral approximation.
Additional information on the system of moments and QbMM closure is given in [53, 77].
Finally, Fig. 2.5 shows a presumed PDF approach (top) in comparison with a QMOM closure
(bottom) for a one-dimensional manifold with the control variable ξ. In the presumed PDF
approach, the mean ˜︁ξ and variance ˜︂ξ′′2 of the control variable are solved. They parametrize the
presumed β-PDF that is prescribed prior to the simulation. In the QMOM approach, a certain
number of moments ˜︂Mk are transported. From these moments, integration nodes and weights
are determined to approximate the integral quantities. Here, the PDF shape is not fixed and the
approximation accuracy can be increased by transporting a higher number of moments.
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3 Results and discussion

In the following, the publications that are included in this thesis are embedded in their respec-
tive scientific context. The results are discussed in terms of four simplified configurations each
incorporating a particular challenge for the simulation of near-wall combustion using chemistry
manifolds. Each section first presents the simplified configuration and the scientific challenges
related to it. This is followed by an analysis of physical phenomena, that clarifies the essential
factors that must be incorporated into the combustion models. Given the physical insights, the
implications for chemistry manifold models are elucidated and novel closure models are presented.
Finally, future challenges for chemistry manifold simulations in the respective configuration are
shortly discussed.
For a detailed description of the scientific results, the reader is referred to the original publications.
This chapter is intended as a review that highlights the overall scientific progress that has been
made during the period of the dissertation with particular emphasis on publications included or
related to this thesis. If not explicitly mentioned, one can recognize the main publications [P1–P5]
by the leading "P", and the publications that have been co-authored [A1–A8] by the leading "A".

3.1 Laminar, premixed flame-wall interaction

Figure 3.1 shows the first configuration investigated. From the bottom, a fully premixed fuel-air
mixture enters through the nozzle and a flame is stabilized at a ceramic rod. The flame propagates
towards a temperature-controlled wall where it undergoes SWQ. The laminar SWQ burner was
investigated both experimentally [A3, 11–13] and numerically using FRC [P1, A1, A2, 30, 43] and
chemistry manifold approaches [P1, A7, 44, 45, 50, 78, 79]. In most of the numerical studies, a
reduced two-dimensional subdomain that covers the quenching flame branch is employed. This
subdomain was first introduced by Ganter et al. [30] and is depicted in Fig. 3.1.
The scientific challenge in this configuration is to understand the interplay between the heat
losses to the wall, species diffusion and combustion chemistry and to capture these effects in
suitable chemistry manifolds. The quenching of the flame at the wall significantly influences the
chemical reaction pathways and thereby alters the flame structure and the formation of pollutants.
Previous investigations that were focused on methane flames are summarized in Section 2.3. The
investigations in this section focus on laminar DME flames.
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Fig. 3.1: Setup of the laminar, premixed SWQ burner configuration adapted from [P1]. The numeri-
cal subdomain is depicted by the contour plot of the OH mass fraction. The dimensions
are given in units of mm.

Physical phenomena

Publication [P1] extends previous investigations of methane-air flames [30, 43, 50] to more complex
oxygenated fuels. In the study, FRC simulations are performed and compared to measurements of
the local heat release rate [13], as well as simultaneous measurements of the temperature and
CO mass fraction [12]. In the experimental study [13], the local heat release rate is determined
using the normalized product of OH-LIF (laser-induced fluorescence) and CH2O-LIF measurements.
In [P1], the validity of the experimental heat release rate definition is confirmed using computed
signals that calculate the OH-LIF and CH2O-LIF signal based on the full thermochemical state of
the simulations. A very good agreement between the experimental heat release rate definition
HHRexp based on the computed signal SOH-LIF and SCH2O-LIF

HHRexp =
⟨SOH-LIF⟩ · ⟨SCH2O-LIF⟩

max (⟨SOH-LIF⟩ · ⟨SCH2O-LIF⟩)
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and the numerical heat release rate definition HHRnum based on the species source term ω̇k and
the enthalpy of formation ∆hf,k

HHRnum =

∑︁Ns
k=1 ω̇k∆hf,k

max
(︂∑︁Ns

k=1 ω̇k∆hf,k
)︂

was found in the SWQ configuration. Further, the flame structure and CO formation in the
simulations and experiments are similar. Nonetheless, the simulations predict a higher quenching
distance compared to the experiments, resulting in a shift in the wall-normal direction. The shift is
consistent in both the heat release profiles, as well as in the thermochemical states of the flame.
Multiple measurement uncertainties were considered and superimposed onto the simulations,
however, the shift in the wall-normal direction could not be explained.
Zirwes et al. [A1] observed similar deviations comparing simulations of methane-air and propane-
air flames to corresponding experimental measurements [11, 80]. In their study, the quenching
distance of the experiments and simulations differed by a factor of 1.8, independently of the fuel
and equivalence ratio employed. A systematic parameter variation was conducted to elucidate the
effect of multiple influence factors on the quenching distance. However, none of the investigated
phenomena could explain the observed deviations.
Subsequently, Zentgraf et al. [A3] performed novel measurements of the thermochemical state of
DME-air flames in the SWQ configuration and compared them to FRC simulations based on the
numerical setup used in [P1].1 In the measurements, a much better agreement of the experimental
and numerical wall-normal flame position is observed. The shift in wall-normal direction decreased
from 150 µm to only 20 µm. Zentgraf et al. [A3] explain the remaining shift by beam steering. In
the subsequent comparison between the experiments and numerical results in state space, this
shift is accounted for.
The main novelty of the study presented in [A3] is the extension of the two-scalar measurements
(XCO, T ) that were performed in previous studies [11, 13] to three-scalar measurements of the
CO2 and CO mole fractions and gas phase temperature T . The inclusion of the CO2 mole fraction
presents a superior description of the near-wall thermochemical states compared to previous
measurements. Figure 3.2 shows a comparison of the measurement data with two FRC simulations
using a unity Lewis number diffusion model and the mixture-averaged approach. The results
correspond to a wall distance of 120 µm. In the evaluation of numerical simulations against the
experiments, the mixture-averaged transport approach shows an improved agreement compared
to the unity Lewis number model. This reveals the importance of differential diffusion effects in
oxygenated fuels, which is especially visible in the XCO2-T and the XCO2-XCO space that was not
available in previous measurements [12].

1The numerical simulations in [A3] were provided by the author of this thesis.
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Fig. 3.2: Thermochemical state of laminar SWQ of a DME-air flame at a wall distance of 120 µm
based on the data published in [A3]. The experimental data is shifted by 20 µm to match
the numerical T -XCO2 profiles. The experimental means are calculated along the wall-
parallel direction and the error bars show the respective standard deviations.

Finally, Stagni et al. [A2] investigated the role of low-temperature chemistry in the near-wall
region. They found that the decomposition pathways of the low-temperature and high-temperature
chemistry exhibit similar significance. However, due to the overall low reactivity in the near-wall
region, the flame structure is dominated by convective and diffusive processes and not chemical
reactions. As a result, the low-temperature chemistry does not affect the near-wall flame structure
and the quenching parameter, like the quenching distance or the wall heat flux, to a significant
extent. Based on these findings, a reduced reaction mechanism with 20 species and 93 reactions is
derived that allows the simulation of DME flames with FRC closure with a high degree of accuracy
and relatively low computing cost. Further, a similar mechanism was also created for methane
flames with 24 species and 165 reactions. These mechanisms were later employed in the FRSs of
turbulent FWI [P2, P4, P5, A5] in Section 3.2.

Modeling using chemistry manifolds

In addition to the physical analysis, simulations using chemistry manifolds were conducted in
publication [P1], marking the first analysis of the laminar SWQ of a DME flame with chemistry
manifold closure. With the FRC simulations as a reference, the validation of three chemistry
manifold models, namely a flamelet-generated manifold (FGM) [61], a reaction-diffusion manifold
(REDIM) [44] and a two-dimensional quenching flamelet-generated manifold (QFM) [45], is
performed.2 The latter two are based on a HOQ flame and were specifically designed to capture
the effects of FWI. Note that publication [P1] contains the first direct comparison of all three
2A more detailed description of the manifold generation is given in Section 2.3.
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manifolds: the FGM, the REDIM, and the QFM. Figure 3.3 shows the temperature and the CO mass
fraction profiles in the vicinity of the quenching point from the FRC reference and the simulations
using chemistry manifolds. While all three manifolds show a good agreement for the major flame
structure characterized by the local heat release rate or the temperature, only the QFM and REDIM
can capture the CO formation in the near-wall region. This finding extends the previous knowledge
based on laminar methane-air flames [30, 43–45] to more complex oxygenated fuels.

Fig. 3.3: Temperature and CO mass fraction profiles in laminar SWQ of FRC simulations and
simulations using chemistry manifolds. The plot shows a zoom of the quenching region
shown in Fig. 3.1 and is based on the results published in [P1].

Future challenges

Considering the transition to a CO2-neutral energy conversion, the chemistry manifold models
need to be adapted for alternative fuels. While the impact of differential diffusion is already
noticeable in oxygenated fuels, it is particularly important in hydrogen combustion. Here, the
mixture stratification caused by differential diffusion induces additional physical phenomena, such
as thermo-diffusive instabilities.
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Different chemistry manifold approaches [A6, 81–83] were recently presented that aim to ac-
count for the effect of differential diffusion in laminar hydrogen flames. These novel manifold
approaches [A6, 81–83] aim to capture the effect of ignition, local mixture stratification, and
curvature effects. In [A6, 83] the enthalpy h is also included as a manifold dimension. However,
in none of these studies, FWI was considered. To incorporate the effects of FWI in the manifolds,
a better physical understanding of the interplay between differential diffusion effects and heat
losses at the walls is required as a first step. In the second step, the relevant physical phenomena
need to be integrated into the existing manifold models. Achieving this likely involves increasing
the dimensionality of the manifolds, leading to higher computational costs and increased memory
requirements. Moreover, the manifold parametrization becomes progressively challenging due to
the strong coupling of mixture stratification and enthalpy. As an example, Fig. 3.4 displays the
state space that is spanned by a one-dimensional HOQ simulation of a hydrogen-air (left) and
methane-air (right) flame over the progress variable Yc, the enthalpy h and the local equivalence
ratio Φ. While the methane flame is only slightly affected by mixture stratification induced by dif-
ferential diffusion, the state space spanned by the hydrogen flame is inherently three-dimensional,
which complicates the parametrization of the manifold in a normalized state space for efficient
table access.
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Fig. 3.4: Three-dimensional state spaceΨ(Φ, h, Yc) of HOQ flames with differential diffusion. The
grey lines show the projection of the colored lines in the 2D space. The lightness of the
colored lines indicates the time (bright → dark).

To overcome these issues, in multiple studies [A7, 84–89] the manifold representation based on
neural networks is analyzed. As universal approximators, neural networks can represent any given
correlation between arbitrary control variables and corresponding outputs. In contrast to look-up
tables, a normalization of the control variables is not necessary for the network inference. Further,
the memory requirements to store the neural network change only slightly with an increasing
number of control variables. These benefits of neural networks can be exploited to represent
the increasingly complex thermochemical state space spanned by the chemistry manifold models
for hydrogen flames. In the context of FWI, Bissantz et al. [A7] present a neural-network-based
QFM for a methane flame that could be a promising alternative to the normalized look-up table
representation in hydrogen flames.
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3.2 Turbulent, premixed flame-wall interaction

In the second configuration, the physical complexity is increased by an intricate flow field induced
by turbulence. Figure 3.5 depicts the turbulent SWQ configuration that is investigated in [P2, P4,
P5, A5]. A fully premixed fuel-air mixture is stabilized in a fully developed turbulent channel flow
with a friction Reynolds number of

Reτ =
UτH

ν
= 180 , (3.1)

withH being the channel half width, Uτ the wall shear velocity and ν the kinematic viscosity of the
unburnt fuel-air mixture at inflow temperature. The setup is inspired by a previous study of Gruber
et al. [34]. In the channel flow, a V-shaped flame is stabilized at a flame holder that is modeled as
a cylindrical region with burnt gas temperature. Note that in contrast to the study of Gruber et
al. [34], the flame holder is not placed in the middle of the channel at H, but H/2 above the lower
channel wall.3 The wall temperature is fixed and equal to the inflow temperature of the fresh gas
mixture entering from the left (Twall = Tinflow). From the flame holder, the lower flame branch
propagates to the isothermal walls where it undergoes SWQ. In the context of this study, two FRSs
are performed. Table 3.1 summarizes the most important operation conditions and closure models
employed in the numerical studies. The fuel, equivalence ratio, and wall temperatures are chosen
to allow a comparison of the physical phenomena with recent experimental investigations [11,
14]. While Zentgraf et al. [14] focus on DME flames, a stoichiometric methane-air flame was also
investigated in the experimental campaign. In their study, the equivalence ratio of the DME flame
was chosen to match the flame speed of a stoichiometric methane-air flame.

Ubulk

Lx

Hflame holder

H

H/2

z

x•y

isothermal wall

isothermal wall

Fig. 3.5: Schematic illustration of the turbulent, premixed SWQ configuration adapted from [P4].
In the (statistically independent) lateral direction (y) the channel width is 3H . The region
shown in Fig. 3.6 is highlighted as a blue rectangle.

3The placement of the flame holder closer to the bottom wall allows a shorter channel width and thereby reduces the
required grid size. The placement in the middle of the channel, however, results in two statistically independent
flame branches (upper and lower) that can be used for the generation of flame statistics. Therefore, a reduced
number of time steps is necessary to reach statistical convergence.
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Tab. 3.1: Overview of the operation conditions and closure models for the turbulent SWQ simula-
tions performed in this thesis.

Parameter Studies [P2, P4, P5] Study [A5]

Inlet / wall temperature 300 K 300 K
Friction Reynolds number 180 180

Gas mixture Methane-air (Φ = 1) DME-air (Φ = 0.83)
Diffusion model Unity Lewis Mixture-averaged

Reaction mechanism Reduced CRECK [90] based on the findings in [A2]
24 species / 165 reactions 20 species / 93 reactions

Chemistry closure FRC [P2, P4] FRCChemistry manifolds [P4, P5]
Turbulence closure FRS [P2, P4] / CQMOM [P2] / ATF [P5] FRS

The FRSs serve as the starting point for various analyses of turbulent SWQ. In the publications, the
underlying physical processes are analyzed and compared to respective experimental findings [14].
Based on the insights, closure models for both chemistry manifolds and TCI are derived and
validated. In the following, two modeling challenges are addressed that arise through the complex
interplay between the turbulence, the combustion chemistry and the combustor walls, namely
flame-vortex interaction (FVI) and the closure of the joint PDF in FWI.

3.2.1 Flame-vortex interaction (FVI)

The first investigated phenomenon is FVI, a mixing process during FWI in transient and turbulent
flows. The additional mixing results in a change in the thermochemical state space that needs to
be considered in the chemistry closure using chemistry manifolds.

Physical phenomena

In recent numerical [32, 35] and experimental [14] studies, FWI in transient flows was investigated.
The studies show a high dependency of the near-wall flame structure and pollutant formation on
the velocity perturbations interacting with the quenching flame tip. Palluli et al. [32] investigated
two-dimensional SWQ flames distorted by velocity perturbations at the inlet over a range of
different forcing frequencies. In the study the near-wall flame structures, more specifically, the
local heat release rate and CO formation were analyzed. At low and high forcing frequencies the
flame behaved similarly to a SWQ flame without velocity perturbations. However, at intermediate
frequencies, the flame showed both HOQ and SWQ-like quenching that significantly affects the CO
formation at the wall. Similar to the simulations performed in the context of this work [P2, P4,
A5], Jiang et al. [35] investigated a turbulent SWQ flame stabilized in a fully developed turbulent
channel flow. As a fuel, they employed methane diluted by hot combustion products. Among
other findings, they reported that the near-wall CO formation is mainly influenced by diffusive
and convective transport processes and not chemical reactions.
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On the experimental side, Zentgraf et al. [14] investigated the thermochemical state during
turbulent atmospheric SWQ. The thermochemical state is characterized by the simultaneous mea-
surement of the CO and CO2 mole fractions and gas temperature T . The observed thermochemical
states in the turbulent scenario differed significantly from the laminar counterpart [A3]. Similar to
the findings reported in [32], the turbulent flame showed HOQ and SWQ-like behavior, leading
to different thermochemical states. In the study, an FVI mechanism is proposed that explains the
differences between the observed laminar and turbulent states. In the vicinity of the wall, the
interaction of the turbulent flow (vortices) with the flame tip results in the mixing of unburnt gases
with cold exhaust gases. This so-called FVI results in thermochemical states that are not present in
the laminar (stationary) flame. Figure 3.6 shows a time series of an FVI event adapted from [P4]
that is in agreement with the mechanism reported in the experiments [14]. The flame front is
visualized by an isocontour of the progress variable CO2 that is shown in orange. In addition,
the area of FVI is shown in blue and vortical structures in front of the flame are shown as grey
isocontours.

burnt gas

fresh gas
exhaust gas recirculation

uTip

fresh gas

burnt gas

FVI area

fresh gas

burnt gas

FVI area

fresh gas

burnt gas

fresh gas

uTip

Fig. 3.6: Schematic illustration of FVI adapted from [P4]. The flame front visualized by a contour
of ω̇Yc is depicted in orange, while the area of FVI is colored in blue and the vortical
structures are shown in grey. The time increases from top to bottom.
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The mechanism depicted in Fig. 3.6 starts from a SWQ-like state with no EGR. However, a turbulent
vortex is present downstream of the quenching flame tip. With increasing time, the flame tip
propagates into the vortical structure and pushes the vortex in the streamwise direction. The
forward motion results in an entrainment of hot exhaust gases at the wall that are cooled down
and mixed with the fresh gases in the vicinity of the flame tip (blue FVI areas). The change in fresh
gas composition results in a reduced reactivity of the flame, i.e., a lower heat release rate and local
flame speed. Finally, the vortical structure spreads over a wide area above the flame and pushes
the flame against the wall. The result is a HOQ-like event with the quenching region parallel to
the wall. After the flame has been extinguished, it spreads out again in a SWQ-like manner and
the described procedure repeats itself.

Modeling using chemistry manifolds

The interaction of the quenching flame with the transient flow in premixed FWI results in heat
losses through two physical processes:

• Exhaust gas recirculation (EGR): Downstream of the reaction front, the burnt gases are
cooled down when approaching the thermal boundary layer (Twall < Tburnt). This lowers
the enthalpy level of the burnt gases in the vicinity of the wall. A transient velocity field,
for example, caused by turbulent vortices, can lead to the mixing of the cold burnt gases
with the fresh gases in the vicinity of the quenching flame tip. This results in a change in the
unburnt gas composition upstream of the flame. When these unburnt gases are ignited and
form a reaction front, the thermochemical states differ from the flame observed when only
fresh gases are present. During EGR, the heat loss and the chemical reactions are decoupled,
i.e., the chemical reactions that take place in the flame front are not directly affected by heat
losses, but only by the change in mixture composition. Hence, this kind of enthalpy loss can
be well captured by the FGM based on adiabatic one-dimensional flames with EGR presented
in Section 2.3.

• Flame quenching: During flame quenching, the CO formation at the wall is strongly influ-
enced by species diffusion in the enthalpy direction [30]. During enthalpy-induced flame
quenching, the effect of heat loss and the chemical reaction are very closely coupled. To
capture the effect of flame quenching in laminar flames, QFM based on laminar HOQ flames
are derived in [45]. These are presented in Section 2.3 and extended to oxygenated fuels in
Section 3.1.

Both of the above causes of enthalpy loss need to be incorporated into the chemistry manifold for
an accurate prediction of the thermochemical state during turbulent FWI. Following the work of
Ganter et al. [91], in publication [P4] such a chemistry manifold is presented that is based on a
series of HOQ flames. Each HOQ flame simulation is initialized with a freely propagating flame.
Similar to the FGM presented in Section 2.3, the unburnt gas composition of the initial flame is
adapted by mixing a certain amount of cold exhaust gases with the fresh gases given by the ratio
YEGR in Eq. (2.18).
The initial flame front then propagates towards an isothermal wall where it undergoes HOQ
spaning a two-dimensional state in space and time, that describes the effect of heat-loss-induced
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flame quenching. The final flamelet database used to generate the novel manifold spans a three-
dimensional state space Ψ depending on the position x, the time t and the ratio EGR YEGR

Ψ(x, t, YEGR) . (3.2)

The manifold is then mapped into state space using two normalized progress variables C ′ and C2

and the normalized enthalpy H ′ that are defined as4

C ′ =
Yc − Yc, min (Z)

Yc, max (Z)− Yc, min (Z)
, (3.3)

C2 =
Yc2 − Yc2, min (Z,C)

Yc2, max (Z,C)− Yc2, min (Z,C)
, (3.4)

H ′ =
h− hmin (Z,C,C2)

hmax (Z,C,C2)− hmin (Z,C,C2)
. (3.5)

The mapping from the physical into the normalized state-space is performed in a two-stage process
that consists of two individual two-dimensional mapping procedures:

Ψ(x, t, YEGR) → Ψ
(︁
C ′, Tnorm, YEGR

)︁
→ Ψ

(︁
C ′, C2, H

′)︁ . (3.6)

The novel manifold is first validated a-priori [P4] and finally a-posteriori in a LES [P5]. Thereby,
the publications [P4, P5] cover the full range of chemistry manifold development. In [P4], first,
physical analyses of the turbulent flame are performed to gain a deeper understanding of the
significant physical phenomena. A novel manifold is presented that incorporates these effects and
extends the work of Ganter et al. [91] to turbulent flames. Finally, in [P5] the manifold prediction
capabilities are assessed and compared to existing counterparts in a fully coupled simulation. In this
context, Luo et al. [P5] present the first LESs employing chemistry manifolds that were specifically
designed for FWI, namely FGMs [60], QFMs [45] and the novel QFM with EGR (QFM-EGR) [P4].
The publication gives insights into the manifolds’ prediction capabilities and, thus, guidance for
the selection of a suitable manifold for the simulation of more complex combustion configurations
affected by FWI.

Future challenges

The generic configurations of turbulent FWI that were investigated concerning FVI have a moderate
turbulence level. The level of turbulence in technical combustors is usually much higher. That begs
the question of how the FVI is influenced by higher levels of turbulence. In this context, it could
be valuable to analyze if the importance of FVI is dependent on the ratio between the turbulent
scales, i.e., the size of the small-scale vortices close to the wall, and the quenching distance of the
fuel-air mixture. This would give an indication that can help to decide which manifold complexity
is necessary for turbulent FWI.
4Note that the normalized progress variable and enthalpy are defined differently than in Section 2.3.
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Finally, similar to the laminar case, the incorporation of differential diffusion effects in the chemistry
manifolds needs to be considered, especially for highly diffusive fuels like hydrogen. The FRS
of Kaddar et al. [A5] gives a first idea of the combined effects of heat loss and curvature in a
turbulent DME flame. Figure 3.7 shows the normalized local heat release rate at the wall parallel
plane in the undisturbed part of the flame and the near-wall region. The undisturbed part of
the flame shows a negative correlation of flame curvature with the local heat release rate, i.e., a
positive curvature leads to a decrease in the local heat release rate. This finding is similar to the
experimental data from Kosaka et al. [12]. However, in the near-wall region, this correlation is no
longer present due to the combined effect of heat loss and curvature. The incorporation of these
effects in the chemistry manifolds not only results in additional manifold dimensions but, similar
to the laminar flame, also leads to technical difficulties in the manifold generation. These start
with the identification of suitable generic configurations for the table generation and end with the
strong coupling of differential diffusion, curvature and enthalpy in the physical space.

Fig. 3.7: Normalized heat release rate of a turbulent DME flame undergoing SWQ at different
wall-parallel planes: undisturbed flame (left) and near-wall region (right). Regions of
negative and positive curvature κc are indicated by the circles. The figure was adapted
from [A5].
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3.2.2 Closure of the joint PDF in flame-wall interaction

The second modeling challenge that is addressed in the turbulent SWQ configuration is the closure
of the joint PDFs of the unresolved fluctuations of the control variables in RANS and LES. This
closure is relevant in TCI closure models based on presumed or transported PDFs.

Physical phenomena

In publication [P2], a two-dimensional QFM for the chemistry closure is employed. Hence, the
unresolved fluctuations are described by a multivariate PDF of the control variables

˜︁P (H,Yc) , (3.7)

with H being the normalized enthalpy and Yc the progress variable. In presumed and transported
PDF approaches this distribution is modeled to account for the effect of the unresolved fluctuations
caused by turbulence on the flame structure and pollutant formation (see also Section 2.4).
To gain insight into the complexity of the underlying distributions, i.e., the model complexity
required to capture the flame structure, the PDFs are extracted from the FRS. Figure 3.8 shows
the corresponding multivariate PDFs in the context of RANS. The PDFs are extracted at different
representative locations in the turbulent flame. The positions correspond to a fixed wall distance z,
while the streamwise direction is given by the position of the mean, normalized progress variable C
at the given wall distance. In the core flow (z = 2.0mm, top), the flame is unaffected by heat losses
to the wall and a univariate PDF solely dependent on the progress variable can be observed. With
decreasing wall distance (z < 0.6 mm), the PDF becomes bivariate varying in both the progress
variable and enthalpy direction due to the increasing heat loss to the wall. These bivariate PDFs
present a challenge for the TCI closure models in the near-wall region.

Modeling using presumed and transported PDFs

For an accurate prediction, the closure model needs to consider all of the manifestations of the
unresolved fluctuations in the simulations, i.e., all of the possible PDF shapes need to be taken into
account. Therefore, a novel closure approach is presented that is based on the CQMOM [51]. In
the model, the bivariate PDFs are described by a conditional PDF

˜︁P (H,Yc) = ˜︁P (Yc) ˜︁P (H|Yc) , (3.8)

with ˜︁P (Yc) being the distribution of the progress variable Yc and ˜︁P (H|Yc) the conditional PDF for
the normalized enthalpy at a given value of the progress variable. In the simulation, the unknown
PDFs are then described by their statistical moments

˜︂Mk,l =

∫︂

Rψ

Y k
c H

l ˜︁P (H,Yc) dYcdH . (3.9)
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Fig. 3.8: PDF of the unresolved fluctuations of the control variables in the context of RANS [P2].

The unclosed terms in the moment transport equations, which contain the unknown distribution
˜︁P (H,Yc) are finally closed using Gaussian quadrature.5

˜︁Q =

∫︂

Yc

∫︂

H
fQ (Yc, H) ˜︁P (Yc, H) dYcdH ≈

Nα∑︂

α=1

Nβ∑︂

β=1

wαwα;βfQ (ξα, ξα;β) . (3.10)

In the equation above, the primary ξα and secondary (conditional) ξα;β nodes approximate the PDF.
The subscript α describes the index of the primary direction, while (α;β) reads as index β of the
secondary direction for a given index in the primary direction α. For each Nα node in the primary
direction, Nβ nodes in the secondary direction are defined. Given Eq. (3.8) the primary and
secondary (conditional) direction correspond to the progress variable Yc and normalized enthalpy
H, respectively. Finally, fQ (Yc, H) is the approximation of the quantity Q from the chemistry
manifold employed.
5For more information see Section 2.4.
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Finally, the novel CQMOM approach is validated and compared to a presumed PDF approach [46]
that uses a β-PDF for the normalized progress variable and a δ-peak for the enthalpy. While both
models show a good prediction accuracy in the core flow region unaffected by wall heat losses,
near the wall only the CQMOM approach can predict the complex distributions in the context of
RANS and for coarse LES resolutions. These results give a good indication of the high prediction
accuracy that can be achieved by the novel closure model.

Future challenges

The model validation that is presented in [P2] is based on an a-priori assessment, i.e., the moments
˜︂Mk,l that describe the sub-grid fluctuations of the control variables are directly calculated from the
FRS. In RANS or LESs that use the QMOM approach for TCI closure, a transport equation for the
moments is solved. Given the moment transport equation (2.32), additional quantities that are
dependent on the turbulent flow field need to be defined, like the turbulent diffusivity DT or the
decay time scale τMM. In a RANS or LES of turbulent FWI, these quantities are calculated based
on the turbulence model employed. This means, that in a FWI configuration, not only the TCI
closure needs to be considered, but also the description of the near-wall turbulence in the reacting
boundary layer by the turbulence model applied.
Given the insights gained in [P4, P5], the chemistry manifold in [P2] needs to be extended by
an additional dimension. This means, that instead of the two-dimensional PDF ˜︁P (Yc, H) a three-
dimensional PDF ˜︁P (Yc, Yc,2, H) needs to be modeled by the CQMOM model to capture the effect
of FVI. When considering oxygenated fuels or hydrogen, additionally the effect of local mixture
stratification needs to be considered.
Finally, similar to the FVI phenomena, the analysis performed in [P2] is based on a relatively low
level of turbulence. If suitable FRSs can be conducted, the impact of higher turbulence intensities
on the unresolved fluctuations of the control variables and the model accuracy of the CQMOM
closure can be investigated.
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3.3 Partially premixed flame-wall interaction

The third configuration that is investigated in this thesis addresses the combined effects of flame
stratification and heat loss to the wall, namely partially premixed FWI. These quenching phenomena
are relevant in different combustion applications, for example, in effusion cooling at low inflow
rates or fire safety. In effusion cooling, the mixture stratification is caused by the cooling air that is
inserted through the combustor walls while in a fire scenario, gases can be released from pyrolysis
reactions at the burning surface. Figure 3.9 shows the configuration that is employed in this thesis
to study these phenomena. The burner that was investigated in Section 3.1 is extended by an
additional inlet in the wall. The wall inlet allows the seeding of additional gases and, thereby, a
controlled mixture stratification in the near-wall region. Depending on the inflow from the wall,
the operation conditions can be adapted to mimic effusion cooling effects or an active wall that
releases burnable compounds. So far, the burner configuration was investigated in the context of
fire safety both numerically [P3] and experimentally [A8, 92].
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Fig. 3.9: Setup of the partially premixed SWQ burner configuration adapted from [P3]. The white
dash-dotted lines correspond to isolines of the local mixture fraction.
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Physical phenomena

In the first investigations of the novel burner configuration [P3, A8], pure methane is seeded from
the wall at different flow rates to mimic the pyrolysis of a wall-embedded polymer. In contrast to a
real polymer, the methane flow has a reduced chemical complexity, which results in well-controlled
boundary conditions. This simplifies the interplay between experiments and simulations. In
publication [P3], FRC simulations were performed that are compared to corresponding planar
OH-LIF measurements [92] at different inflow rates. In a follow-up study, Greifenstein et al. [A8]
extended the experimental data by measurements of the CO2 mole fraction, gas temperature
T and the local equivalence ratio Φ. The additional measurement data reveal discrepancies in
the development of the concentration boundary layer between the experiments and simulations
that originate from inhomogeneities in the inflow from the wall.6 When accounting for these
inhomogeneities, an excellent agreement between the numerical results and measurements is
found.
Even with the simplified methane inflow from the wall, the high complexity of the configuration
becomes apparent in the reported results. Figure 3.10 shows the flame structures in the config-
uration at increasing inflow rates (left → right) from the wall. In the top panel, isocontours of
the local mixture fraction Φ depict the local mixture stratification. Further, the enthalpy loss that
originates from heat losses to the wall is shown by the enthalpy difference ∆h

∆hi = hi − hFP (Φi, Yc,i) , (3.11)

with hFP being the enthalpy of a freely propagating (FP) flame for the local equivalence ratio Φi

and reaction progress variable Yc,i at a given point i. As individual phenomena, the impact of
mixing and heat loss on the flame structure are well understood in laminar flames. However, the
additional inflow from the wall results in a concentration boundary layer that is formed at the
wall and affects the quenching flame branch. At high inflow rates (right; 4.5 L/h), a non-reactive
boundary layer is formed at the wall and the flame is mostly quenched by mixture stratification.
At intermediate inflow rates (middle; 2.0, 3.5 L/h), flame quenching and mixture stratification
occur simultaneously, leading to a complex interplay between mixing and heat loss to the wall.
This is reflected in the experimental results [A8] that show a significant change towards lower
temperatures and CO2 mole fractions in the near-wall thermochemical state compared to the
fully premixed counterpart caused by the mixture stratification that results in a decrease in the
local heat release rates. Further, the OH-LIF signal SOH-LIF, which is usually used for flame front
visualization, is not only affected by heat losses to the wall but also by the mixture stratification.
Hence, an increasing methane inflow from the wall results in an increase in the deviation of the
flame position indicated by the computed OH-LIF signal SOH-LIF and the actual flame front that is
visualized by the local heat release rate in Fig. 3.10 (bottom). As a result, some of the established
measurement techniques, e.g., the determination of the quenching point based on the gradient of
SOH-LIF, are not applicable in the novel configuration [P3, A8].

6The differences reported in [A8] are not reflected in the OH-LIF measurements in [P3]. Due to the low reactivity in
this area, the normalized OH-LIF signal is not sensitive to the differences observed.
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Fig. 3.10: Partially premixed SWQ at different inflow rates from the wall V̇ adapted from [P3]. In
the top panel the enthalpy difference ∆h is shown together with isocontours of the
local mixture fraction Φ. The bottom panel depicts the heat release rate (HRR) with
isocontours of the OH-LIF signal SOH-LIF. The data is plotted relative to the quenching
point of the case without inflow from the wall.

In the second part of publication [P3], the effect of flame retardants is investigated numerically.
Flame retardants are fire-suppressing substances that are used as polymer additives to reduce the
ignition probability of the polymer and slow the fire spread [93]. This provides more time to escape
or for fire suppression activities. Specifically, the effect of dimethylmethylphosphonat (DMMP),
a phosphorous flame retardant, is analyzed. The methane inflow from the wall is replaced by a
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mixture of methane and DMMP. The inflow rate is kept constant, while the amount of DMMP
YDMMP = 1 − YCH4 in the inflow mixture from the wall is gradually increased. This mimics the
pyrolysis of a wall-embedded polymer with different amounts of flame retardant addition or a
change in the pyrolysis gas composition over time.

Fig. 3.11: Partially premixed SWQ with different amounts of flame retardants YDMMP, in added to
the mixture entering from the wall at a fixed inflow rate V̇ = 2 L/h. The right part depicts
the heat-release rate with isocontours of the local mixture fraction Φ and the elemental
mass fraction of phosphor ZP. On the left, the wall heat-flux q̇wall is depicted. The data
is plotted relative to the quenching point of the case without DMMP addition.

Figure 3.11 shows the local heat release rate together with isocontours of the local equivalence ratio
and the elemental mass fraction of phosphor (ZP) that indicates the amount of flame retardant
in the flame. Similar to the pure methane case, a concentration boundary layer is formed that
influences the quenching flame branch. However, the addition of flame retardants results in a
two-dimensional mixture stratification. Since the inflow rate from the wall is kept constant, the
fuel-air ratio is mostly unaffected by the variation of inflow mixture composition. The major
difference is the amount of flame retardant compounds that lower the reactivity of the flame in
the near-wall region. This leads to a change in different quenching parameters, like an increased
quenching distance or a decrease in the peak heat-flux to the wall q̇wall (right column in Fig. 3.11).
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Note that the variation of mixture composition from the wall is a simplification of the processes
that occur during the pyrolysis of a wall-embedded polymer. Here, both the mixture composition
(YDMMP) and the rate at which burnable compounds are released from the wall (V̇ ) are expected
to change simultaneously. The decoupling of the two phenomena allows an easier analysis of the
underlying physics, which is particularly important for future model development. The insights
gained serve as a starting point for more detailed investigations of near-wall flame structures at
active walls that release flame-retardant compounds and corresponding model development.

Future challenges

For the generation of chemistry manifolds that describe the effects in partially premixed FWI,
multiple challenges need to be overcome. First, the combined effect of flame stratification and heat
loss to the wall on the near-wall flame structure needs to be better understood. In this context, it is
necessary to investigate which generic flame configurations, like adiabatic freely propagating flames
or transient HOQ, can be used to capture the thermochemical state. These generic configurations
can then be used to generate the flamelet database that is used for manifold derivation. In the
context of flame-cooling-air interaction, Palluli et al. [31, 94] present such an analysis for the CO
formation and compare the state space from a FRC simulation with freely propagating flames at
different equivalence ratios. On the experimental side, Greifenstein et al. [95–98] investigated
turbulent flame-cooling-air interaction in an effusion-cooled model gas turbine combustor. These
measurement data can be used for the model verification of novel manifold approaches.
Once a flamelet database can be calculated that represents the thermochemical state, the state
space needs to be represented by a suitable control variable vector ξ. For a general description of
the phenomena occurring in the case of flame retardant addition, the physical state space will be
at least four-dimensional Ψ(YFR, Z, Yc, h), with YFR being the amount of flame retardant released
into the mixture, Z describing the mixture stratification caused by the release of burnable gases
that are not flame retardant compounds. The reaction progress is captured by Yc and the heat
loss to the walls by h. In this case, the amount of flame retardant can be seen as an additional
co-flow with a different fuel composition. In the literature, multiple approaches [99–103] exist
that describe such state spaces by a second mixture fraction. In turbulent operation conditions a
similar extension to the manifolds as presented in Section 3.2 might be necessary to capture the
mixing phenomena induced by FVI introducing an additional manifold dimension.
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3.4 Isochoric, premixed flame-wall interaction

The final configuration is the subject of an ongoing investigation [P6]. Therefore, this section is
intended as an outlook on the ongoing inquiries rather than a detailed discussion of the results.
This planned investigation represents a crucial next step in modeling FWI processes with chemistry
manifolds in technical combustion systems.
The previous sections focused on the examination of FWI under atmospheric pressure. However,
many technical combustors operate in pressurized environments. For example, in an aero-engine,
combustion takes place at constant, but elevated pressures. In this regard, Johe et al. [A4]
introduced a novel SWQ burner designed to operate at pressures from 3 to 5 bar. The presented test
rig allows the investigation of the influence of pressure on FWI phenomena, including the near-wall
thermochemical states and pollutant formation. Additionally, the experimental measurements with
the aforementioned novel burner [A4, 104] offer valuable reference data for model validation, like
near-wall flow velocities, flame front imaging and FSD statistics. Moving beyond aero-engines,
the complexity amplifies in enclosed combustion vessels like IC engines. Here, the combustion
takes place in pressure-rising conditions which significantly influence chemical reactions, fluid
dynamics, flame propagations and heat loss characteristics. In several FRSs [105–109] the effect
of these pressure-rising conditions on FWI in isochoric configurations was explored, focusing on
local heat release rates and flame propagation. However, the impact of pressure effects in isochoric
combustion on pollutant formation, and whether it can be captured by existing manifold models
has not been investigated yet. This gap is addressed by the planned publication [P6].
Therefore, a laminar, isochoric HOQ configuration is investigated, which is shown in Fig. 3.12. The
one-dimensional domain is enclosed by isothermal walls. In the center of the domain, a flame
kernel is initialized using the temperature and species profile of a freely propagating flame. The
initial pressure p0 is constant and for the velocity profile an initial guess is used that is depicted
in Fig. 3.12. From the middle of the domain, the flame propagates toward the isothermal walls
where it undergoes HOQ. For the FRC simulations the species diffusion is modeled using the
mixture-averaged approach including thermal diffusion, see Section 2.1.
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Fig. 3.12: Schematic depiction of the laminar, isochoric HOQ setup. A hot spot is initialized in
the domain center using the temperature and species (not shown here) profiles of a
freely propagating flame. ∆u0L is the difference between the fresh and burnt gas velocity
of the freely propagating flame and Tnorm the normalized temperature with T 0

u and T 0
b

being the initial unburnt and burnt gas temperature, respectively.
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Figure 3.13 shows the spatially averaged temperature T and pressure p, the fresh gas temperature
Tu, the wall heat flux q̇wall and the maximum heat release rate HRRmax over time for the isochoric
HOQ of a stoichiometric ammonia-hydrogen-air mixture7.
The global quantities in Fig. 3.13 reveal certain aspects of isochoric FWI that complicate the
modeling of isochoric quenching phenomena. In constant-volume vessels, the heat released by
the combustion process increases the average temperature T in the combustion chamber. This
temperature increase results in a rise in pressure p, see the top panel of Fig. 3.13. The pressure
increase can be determined by the equation of state for an ideal gas mixture for an isochoric process

p = p0
T

T
0 , (3.12)

with the superscript ⟨·⟩0 defining the initial state. Further, the pressure increase affects the thermo-
chemical state throughout the whole domain, resulting in a rise of the local temperature T in
regions with low heat release (e.g., fresh and burnt gases). In areas unaffected by heat losses, the
effect of pressure on the local temperature is given by the equation of state of an ideal gas mixture
during an adiabatic process

T = T 0

(︃
p

p0

)︃ γ−1
γ

, (3.13)

with γ = cp/cv and cp and cv being the specific heat capacity at constant pressure and constant
volume, respectively. Until the flame experiences heat loss effects (grey area in Fig. 3.13), the
correlation given in Eq. (3.13) matches the increase in the fresh gas temperature. Finally, the
time-varying pressure and fresh gas temperature conditions significantly influence the flame
characteristics. As an example, the maximum heat release rate HRRmax is shown in the bottom
panel of Fig. 3.13. During the isochoric flame propagation, the maximum heat release rate increases
by a factor of six.
The characteristics found in the isochoric HOQ flame are consistent with findings reported in
previous works. Yenerdag et al. [105–107] found an increase in local heat release rate and wall heat
fluxes as well as a decrease in flame thickness in both laminar and turbulent isochoric HOQ flames.
Similar trends are also reported by Jafargholi et al. [108] who investigated a premixed syngas-air
flame in an enclosed two-dimensional domain. Generally, the isochoric flame propagation and the
heat release rates are similar to one-dimensional, isobaric laminar flames when accounting for the
increase in pressure and fresh gas temperature as long as the flame is unaffected by heat losses
(grey area in Fig. 3.13). However, to capture the FWI phenomena and the pollutant formation in
chemistry manifold models, it is necessary to include the effects of heat loss under varying pressure
and fresh gas temperature conditions, which is the subject of ongoing research.

7Fuel composition: XNH3 = 0.44, XH2 = 0.42, XN2 = 0.14, Twall = T 0
u = 750 K, p0 = 1 atm, Lx = 0.01 m
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Fig. 3.13: Transient evolution of global flame properties for a laminar, isochoric HOQ of an
ammonia-hydrogen flame. In the top panel, the spatially averaged temperature T and
pressure p are depicted. The middle panels depict the fresh gas temperature Tu and the
wall heat flux q̇wall and the bottom panel the maximum heat-release rate HRRmax. The
grey box indicates the time of isochoric flame propagation without heat loss effects.
In the white area, the flame is influenced by heat losses from flame-boundary layer
interaction (FBLI) and FWI. tBL and tQ mark the onset of FBLI and FWI, respectively.
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In addition to Fig. 3.13, Fig. 3.14 shows a time series of the local temperature T (top) and H2
mass fraction YH2 (bottom) profiles including a zoom into the near-wall region. In the top panel,
the location of the flame tip at which the fresh gas temperature is extracted is indicated by circular
markers. To gain a better understanding of the interplay of pressure and heat loss effects, the
isochoric quenching process is subdivided into three stages based on the fresh gas temperature:8

• Isochoric flame propagation: (t < tBL; increasing Tu; grey)
In the initial phase, the flame front remains unaffected by heat loss to the wall. As outlined
above, the heat generated from combustion causes an elevation in pressure p that leads to an
increase of the local temperatures, as governed by Eq. (3.13). The isochoric flame propagation
and local heat release rates can be captured by an ensemble of isobaric freely propagating
flames that consider the varying pressure and fresh gas temperature conditions [106, 108].
However, for a detailed description of the isochoric FWI, additional phenomena need to be
incorporated into chemistry manifold closure models:

◦ Overheating of exhaust gases: In the burnt area of the flame the exhaust gases overheat.
This effect is strongest close to the domain center. Here, the burnt gas temperature Tb
found in the isochoric flame exceeds the adiabatic flame temperature of a corresponding
freely propagating flame Tb, fp by up to 200 K. For a detailed description of the isochoric
FWI, these overheated states need to be considered in the chemistry manifold models.

◦ Temperature boundary layer: In the near-wall region, a temperature boundary layer
is formed due to the combined effect of increasing fresh gas temperatures and heat loss
to the combustor walls, see top panel of Fig. 3.14. When thermal diffusion is considered,
the temperature gradient at the wall also induces the development of a concentration
boundary layer. This is shown exemplarly for the H2 mass fraction in the bottom panel
of Fig. 3.14. In most of the previous studies [105–108] thermal diffusion was neglected,
hence, no concentration boundary layer was present.

• Flame-boundary layer interaction (FBLI): (tBL < t < tQ; decreasing Tu; orange)
At a certain wall distance, the flame is affected by the changing flow field and thermodynamic
conditions in the wall boundary layer. The interaction with the temperature boundary layer
leads to a decrease in fresh gas temperature and mixture composition that affects the flame
structure. During FBLI, the heat flux to the wall q̇wall is not affected by the reaction front of
the flame, i.e., the decrease in flame temperature is caused by the interaction with the cold
mixture in the vicinity of the wall and not directly by heat losses to the wall.

• Flame-wall interaction (FWI): (t > tQ, Tu = Twall; blue)
After traversing the temperature boundary layer, the flame tip finally reaches the wall. Here,
the unburnt flame temperature is constant and similar to the wall temperature. The flame
experiences heat loss from the wall, which leads to flame quenching. The FWI results in a
significant rise in wall heat flux with the peak indicating the quenching time.

8The description in the brackets for each item read:
• the time interval where the state is found, i.e., t < tBL
• the condition based on which the time interval is defined, i.e., increasing Tu
• the color of the lines in Fig. 3.14, i.e., grey
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In study [P6], the three phases of the quenching process will be investigated in the laminar,
isochoric configuration with a focus on pollutant formation. Additionally, the isochoric HOQ will
be compared to isobaric HOQ that is used for the creation of state-of-the-art chemistry manifolds
for FWI to elaborate on how these manifolds need to be adapted for isochoric FWI. Further, given
the insights of the laminar configuration, the influence of turbulence will be analyzed in an FRS of
a turbulent, isochoric ammonia-air flame ignited in a box initialized with isotropic turbulence and
initial conditions corresponding to the laminar counterpart.9
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The variable Tmax

b, fp corresponds to the maximum adiabatic flame temperature over all
time instances to indicate the overheating of exhaust gases.

9The FRS was already conducted, and the processing of the data is ongoing.
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4 Conclusions and outlook

In this thesis, multiple aspects of FWI in combustion systems are comprehensively analyzed, namely
the physical characteristics of alternative fuels, the effect of turbulence, the mixture stratification
introduced by an active wall and pressure-rising conditions. The analyses are performed in four
configurations specifically designed to highlight the effect under investigation. In each configu-
ration, the determining physical phenomena are studied and the resulting modeling challenges
for chemistry manifold closure models are identified. Based on the physical insights novel closure
models are derived and validated before future challenges are outlined. The gained insights are:

• Configuration 1: Laminar, premixed flame-wall interaction
The first configuration is used to investigate the specifics of FWI when alternative fuels are
employed. More specifically, previous work of laminar, premixed SWQ methane-air flames is
extended to oxygenated fuels.
Publication [P1] comprises the first numerical investigation of such flames in the SWQ burner.
FRC simulations were performed and a good agreement with measurements of the local
heat release rate and the near-wall CO formation was found. Additionally, the prediction
capabilities of three different chemistry manifolds, namely FGM, REDIM and QFM, were
assessed using the FRC simulations as a reference. While the FGM is not able to capture the
near-wall CO formation, the REDIM and the QFM show an improved prediction capability.
These results are consistent with the previous investigations of methane-air flames, which
show that the classical manifold approaches need to be adapted to capture the effects of FWI.
Further, additional phenomena occurring in oxygenated fuels were investigated. While the
role of low-temperature chemistry is neglectable [A2], differential diffusion [A2, A3] impacts
the near-wall flame structure. Besides oxygenated fuels, differential diffusion is also relevant
for hydrogen combustion systems. Chemistry manifold models need to be adapted to meet
this future challenge. Therefore, a novel manifold approach was developed for hydrogen
flames unaffected by walls [A6]. The integration of FWI effects in this approach leads to
technical difficulties. In this context, the usage of a neural-network-based manifold, like the
one employed in [A7], could be a promising alternative to the commonly used look-up tables.

• Configuration 2: Turbulent, premixed flame-wall interaction
The second configuration is a turbulent, premixed SWQ flame stabilized in a fully developed
turbulent channel flow. An FRS of a methane-air flame is performed and the complex interplay
of the combustion chemistry with the turbulent flow is analyzed.
Publications [P4, P5] cover FVI, a mixing phenomenon that is caused by the interaction of
the flame tip with the near-wall vortical structures. FVI leads to a mixing-induced enthalpy
loss that results in thermochemical states in the turbulent flame that are not present in the
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laminar counterpart. To capture this effect a novel manifold that accounts for FVI by an
additional manifold dimension is presented and validated a-priori and a-posteriori. Compared
to FGM and QFM it shows an improved prediction capability of the near-wall flame dynamics
and pollutant formation. In the turbulent SWQ configuration, the whole range of model
development was covered from model derivation, application and validation. Now, the novel
manifold approach can be applied to the simulation of more complex configurations and
higher turbulence intensities.
In addition to chemistry manifold closure, the TCI closure based on statistical closure models
was investigated in [P2]. In the FRS, complex two-dimensional joint PDFs of the progress
variable and the enthalpy are found in the near-wall region that cannot be captured by the
classical presumed PDF approaches reported in the literature. Therefore, a novel closure
approach based on the CQMOM is derived and validated a-priori using the FRS as a reference.
The CQMOM approach shows an improved prediction capability and can correctly capture
the near-wall flame structure and pollutant formation. Future work should focus on the
a-posteriori validation of the CQMOM closure in the context of RANS or LES.
While the above publications focus on methane as a fuel, the first investigation of oxygenated
fuels in the turbulent configuration was performed in [A5]. Similar to the findings in the
laminar configuration, for these alternative fuels, differential diffusion needs to be considered
and incorporated into the chemistry manifolds in the future to improve the prediction of FWI
characteristics in technical combustors.

• Configuration 3: Partially premixed flame-wall interaction
In the third configuration, the effect of mixture stratification on FWI is studied. Therefore,
the laminar SWQ burner is extended by a wall inlet, which mimics an active wall that releases
additional gases.
In [P3] the configuration is investigated in the context of fire safety by employing a methane
inflow from the wall. The partially premixed SWQ flame is characterized both experimentally
and numerically. The results exhibit the combined effect of flame stratification and heat loss
to the wall. In the second step, the effect of flame retardants on the near-wall flame structure
is analyzed. The gained insights serve as the starting point for the development of improved
chemistry manifold models in the context of fire safety.
These chemistry manifolds need to incorporate not only the effect of mixture stratification
but also the amount of flame retardant compound in the burning mixture. Further, the
configuration can be adapted to study the effect of flame-cooling-air interaction in the future.

• Configuration 4: Pressurized flame-wall interaction
The fourth configuration is dedicated to IC engines where combustion takes place under
pressure-rising conditions. The underlying physical processes are investigated in laminar,
isochoric HOQ. The unique aspects of the configuration are described in Section 3.4. The
analysis of the results is ongoing and will focus on pollutant formation. Further, isobaric and
isochoric quenching will be compared to elaborate on how the existing chemistry manifolds
can be adapted for isochoric FWI in IC engines.

The insights gained in this thesis present significant advancements in the modeling of various
FWI scenarios using chemistry manifolds. They pave the path toward the simulation of partially
premixed, turbulent FWI under pressurized conditions in technical combustors.
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Scientific advancements of the main publications

In addition to the aforementioned conclusions, this section emphasizes the scientific progress made
in the main publications of this thesis [P1–P5], illustrated in Fig. 4.1. In the plot, the horizontal
position indicates the level of model maturity, ranging from the initial phase of gaining physical
insight through model derivation to the ultimate stages of model validation and application.
The investigations of premixed FWI cover diverse physical aspects, including oxygenated fuels [P1],
TCI [P2], and FVI [P4, P5]. Innovative closure models are introduced and validated, using FRS
and experiments as references. The closure models show a high accuracy and can now be applied
to more complex configurations. Publication [P3] expands upon premixed FWI and considers
the mixture stratification by an active wall in the context of fire safety. The analysis deepens
the understanding of the combined effects of heat loss and mixture stratification, laying the
groundwork for the extension of the existing manifold models to partially premixed FWI. Overall,
these publications significantly enhance the understanding of FWI, providing detailed physical
insights. Furthermore, they present and validate novel closure approaches for FWI phenomena.

FRC: Finite-rate chemistry
TC: Tabulated chemistry

Physical understanding Model applicationModel derivation

Section 3.1: Laminar, premixed FWI

Steinhausen et al. 2021 [P1]

Oxygenated fuels

FRC TC

Section 3.2: Turbulent, premixed FWI

Steinhausen et al. 2022 [P2]

Turbulence-chemistry interaction

FRC TC

Steinhausen et al. 2023 [P4]

Flame-vortex interaction

FRC TC

Luo et al. 2023 [P5]

Flame-vortex interaction

TC

Section 3.3: Partially premixed FWI
Steinhausen et al. 2023 [P3]

Flame retardants Active walls

FRC

Chemistry Turbulence Stratification

Fig. 4.1: Overview of the topics covered in the main publications of this dissertation. The publica-
tions are arranged according to the model maturity. The topics are given in the colored
boxes below and the chemistry closure approach is in the boxes above the publication.
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Abstract
The local heat-release rate and the thermo-chemical state of laminar methane and dimethyl 
ether flames in a side-wall quenching configuration are analyzed. Both, detailed chemis-
try simulations and reduced chemistry manifolds, namely Flamelet-Generated Manifolds 
(FGM), Quenching Flamelet-generated Manifolds (QFM) and Reaction-Diffusion Mani-
folds (REDIM), are compared to experimental data of local heat-release rate imaging of 
the lab-scale side-wall quenching burner at Technical University of Darmstadt. To enable a 
direct comparison between the measurements and the numerical simulations, the measure-
ment signals are computed in all numerical approaches. Considering experimental uncer-
tainties, the detailed chemistry simulations show a reasonable agreement with the experi-
mental heat-release rate. The comparison of the FGM, QFM and REDIM with the detailed 
simulations shows the high prediction quality of the chemistry manifolds. For the first time, 
the thermo-chemical state during quenching of a dimethyl ether-air flame is examined 
numerically. Therefore, the carbon monoxide and temperature predictions are analyzed in 
the vicinity of the wall. The obtained results are consistent with previous studies for meth-
ane-air flames and extend these findings to more complex oxygenated fuels. Furthermore, 
this work presents the first comparison of the QFM and the REDIM in a side-wall quench-
ing burner.

Keywords Flame-wall interaction · Side-wall quenching · REDIM · FGM · QFM · DME
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1 Introduction

In the context of global warming and limited resources, the development of low-emission 
and high-efficiency combustion applications arises. Additionally, for the transformation to 
a CO2-neutral energy system, it is essential to find replacements for fossil fuels like diesel 
or gasoline. These alternative fuels are produced from biomass or by using H2 from renew-
able electricity and CO2 from the atmosphere and thereby allow for a CO2-neutral com-
bustion process. Dimethyl ether (DME) is a promising low-emission and environmentally-
friendly alternative fuel (Semelsberger et al. 2006) and possesses the potential to become 
an important fuel in the future since it can be produced from biomass (Fleisch et al. 2012) 
or H2 (Matzen and Demirel 2016). Furthermore, for more complex flame configurations, 
like flame-wall interactions, DME can serve as a starting point for systematic studies of 
more complex oxygenated fuels.

To optimize current combustors for alternative fuels, a more profound understanding 
of the main combustion characteristics and especially flame-wall interactions is necessary. 
Thereby, numerical simulations play an important role. The description of a combustion 
process in a numerical simulation, however, requires the accurate modeling of the com-
bustion chemistry. The detailed chemistry (DC) simulation solves the conservation equa-
tions of all combustion-related species directly. This, however, includes solving a large set 
of equations and requires a high spatial resolution which restricts the method to generic 
cases and simple geometries. To simulate technically relevant combustion configurations 
it is essential to reduce the combustion chemistry. Reduced chemistry approaches based 
on tabulated manifolds combine the high prediction accuracy of the chemical state of a DC 
simulation with low computational costs. Due to the numerous benefits of this method, sev-
eral different approaches exist including FGM (van Oijen and de Goey 2000), FPI (Gicquel 
et al. 2000), ILDM (Maas and Pope 1992) and REDIM (Bykov and Maas 2007). The meth-
ods are based on the pre-calculation of a thermo-chemical state which is stored in a table 
that is accessed by control parameters. During the simulation, only the transport equations 
of these control parameters need to be solved to account for the chemical reaction.

Technical combustion systems are enclosed by (cold) walls, hence, the investiga-
tion of flame-wall interaction is a relevant research area. In the vicinity of the wall, the 
thermo-chemical reaction within the flame stagnates, leading to incomplete combustion 
which results in a lowered efficiency and the formation of pollutants (Poinsot and Vey-
nante 2011). Therefore, flame-wall interaction effects have practical relevance for several 
thermo-chemical processes, e.g. in internal combustion engines and gas turbines (Dec and 
Tree 2001; Drake and Haworth 2007; Hyvönen et al. 2005). The importance of flame-wall 
interactions increases even further with the concept of downsizing in internal combustion 
engines (Dreizler and Böhm 2015) or lean-burn technologies in aero engines (Lazik et al. 
2008).

Detailed investigations of flame-wall interaction are often carried out in generic con-
figurations. Recently, flame-wall interactions in a side-wall quenching (SWQ) geom-
etry were studied experimentally (Jainski et al. 2017a, b; Kosaka et al. 2019, 2018) and 
numerically (Ganter et al. 2017, 2018; Efimov et al. 2019) for methane-air flames. In the 
experimental studies of Kosaka et al. (2018, 2019) DME was considered for the first time. 
The first study  (Kosaka et al. 2018) analyzed the near-wall thermo-chemical state of the 
flames using Coherent anti-Stokes Raman spectroscopy (CARS) for temperature and two-
photon laser-induced fluorescence (LIF) of the CO molecule. In a second measurement 
campaign (Kosaka et al. 2019), the local heat-release rate (HRR) and its correlation with 
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the flame structure of laminar and turbulent methane-air and DME-air flames in a SWQ 
geometry were analyzed using HRR imaging with simultaneous OH-LIF and CH2O-LIF 
measurements. This work is the first complementary numerical investigation based on 
these experiments using DC simulations, as well as chemistry manifolds, namely Flamelet-
generated Manifolds (FGM), Quenching Flamelet-generated Manifolds (QFM) and Reac-
tion-Diffusion Manifolds (REDIM).

This paper is structured as follows. Section 2 describes the table generation procedure 
and the computation of the measurement signals. In Sect. 3, the experimental and numeri-
cal setups are outlined. Section 4 analyzes the local HRR of a stoichiometric methane-air 
and DME-air flame. In the first step, the DC simulations are compared to the measurement 
data using computed signals. Afterwards, the reduced chemistry manifolds FGM, QFM 
and REDIM are investigated. Finally, the near-wall thermo-chemical state of the flames is 
discussed in Sect. 5 and conclusions are drawn in Sect. 6.

2  Numerical Methods and Modeling

In this work, DC simulations are compared with approaches using reduced chemistry 
manifolds, specifically FGM, QFM and REDIM. The DC implementation and the reduced 
chemistry approaches are described below.

2.1  Detailed Chemistry (DC)

In the DC simulation the laminar flow field is described by the conservation equation for 
mass and momentum. Neglecting body forces, the equations read

where ! is the density, u the flow velocity, p the pressure and ! the kinematic viscosity 
obtained through Sutherland’s law (Saksena and Saxena 1963). The laminar flow is treated 
as incompressible using the low Mach number assumption. Besides these two equations, a 
transport equation for each species considered in the reaction mechanism has to be solved. 
Assuming unity Lewis number for all species, the balance equation reads

where Yk and "̇k are the mass fraction and the species source term for species k, and D is 
the diffusion coefficient, respectively. Finally, the transport equation of the enthalpy h as 
sum of sensible and enthalpy of formation reads
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For the simulations, the GRI 3.0 mechanism (Smith et al. 1999) (53 species and 325 reac-
tions) and the Zhao mechanism (Zhao et al. 2008) (55 species and 290 reactions) are used 
for the methane-air and the DME-air flame, respectively.

2.2  Chemistry Manifolds

Three models for the description of mixing-chemistry interaction, namely Flamelet-gen-
erated Manifolds (FGM), Quenching Flamelet-generated Manifolds (QFM) and Reac-
tion-Diffusion Manifolds (REDIM), are considered. The manifolds are stored in so-called 
flamelet look-up tables (FLUTs) based on two control variables: the progress variable and 
the enthalpy. The latter is important since heat transfer to the wall must be accounted for. 
Thereby, the thermo-chemical quantities, the source term of the progress variable, and the 
computed signals are parameterized as a function of enthalpy h and progress variable Yc

The progress variable Yc for methane and DME is chosen to be the mass fraction of CO2 , 
which is consistent with previous studies of flame-wall interactions (Ganter et  al. 2017, 
2018). The construction of FGM, QFM and REDIM is described in Sects.  2.2.1,   2.2.2 
and 2.2.3, respectively.

In a coupled simulation using FLUTs the flow field is described by the mass and 
momentum transport, see Eqs. (1) and (2), respectively. To account for the chemical pro-
cesses, additional transport equations for the control variables are solved: The equation for 
the enthalpy is given in Eq. (4), while for the progress variable the balance equation reads

After solving the transport equations, the progress variables can be used to access the 
thermo-chemical state stored in the FLUT. All other thermo-chemical quantities, the 
reaction rate and computed signals (see Sect. 2.3) are retrieved from the tabulated mani-
fold. Figure 1 shows the look-up procedure during a coupled simulation using chemistry 
manifolds.
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Fig. 1  Illustration of the look-up procedure of a coupled simulation using chemistry manifolds. The full 
thermo-chemical state is estimated by the chemistry manifold including computed signals and incorporated 
into a FLUT. During the coupled simulation, the transport equations of the control parameters are solved 
and the thermodynamic and transport properties are updated by a table look-up during runtime
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2.2.1  Flamelet-Generated Manifolds (FGM)

The FGM table generation procedure is detailed in van Oijen and de Goey (2000) and Ket-
elheun et al. (2013, 2009). The FLUT is based on a series of 1D calculations of adiabatic 
freely propagating flames. The corresponding simulations are performed with the in-house 
DC solver ULF (Universal Laminar Flame Solver) (Zschutschke et  al. 2017). The wall 
heat transfer leads to different local enthalpy levels in the flow field that need to be con-
sidered during the flamelet generation procedure. The enthalpy variation is realized using 
exhaust gas recirculation. This approach has been used previously (van Oijen et al. 2016). 
To change the enthalpy of the specific flamelet, exhaust gases at the temperature of the 
unburnt gases are mixed with the fresh gas mixture. The enthalpy of the flamelet can be 
controlled by the ratio between fresh and burned gases. Note that the particular method to 
generate the different enthalpy levels has only a small influence on the resulting chemistry 
manifold, mostly because the flame structures do not show significant differences (Fiorina 
et al. 2003).

2.2.2  Quenching Flamelet-Generated Manifolds (QFM)

QFM are an extension of FGM which account for effects of flame quenching during flame-
wall interactions. In contrast to FGM, QFM are based on a transient Head-On Quench-
ing (HOQ) flame, where the flame front of a premixed laminar flame (here methane-air 
or DME-air) propagates perpendicular to the wall and extinguishes due to heat losses. 
Thereby, the scalar diffusion due to the enthalpy gradient is incorporated into the chemistry 
manifold. In this study, a 2D QFM is used that consists of a single transient HOQ simula-
tion performed with the in-house solver ULF. The resulting HOQ solution is a function of 
the spatial coordinate x and the time t and can be interpolated onto the progress variable/
enthalpy space and stored in a two-dimensional FLUT. The tabulation approach is further 
described in Efimov et al. (2019).

2.2.3  Reaction-Diffusion Manifolds (REDIM)

REDIM are an approach for reduced kinetics that accounts for both chemical reaction and 
molecular diffusion (Bykov and Maas 2007). It is based on the invariance condition (Gor-
ban and Karlin 2003), and the manifold is generated by solving the REDIM evolution 
equation

to a stationary state (Bykov and Maas 2007). Here, !  is the state vector consisting of spe-
cific enthalpy, pressure and species, ̄̄D is the transport matrix with thermal conductivity 
and diffusion coefficients, I is the identity matrix, ! !(") is the matrix of partial derivatives 
of !  with respect to ! and !+

!
(") is the Moore-Penrose pseudo-inverse of ! !(") , see e.g. 

Golub and van Loan (1989). ! !(") spans the tangential subspace to the manifold which 
means that the projection operator (I − ! !(")!

+
!
(")) projects the vector field consisting 
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of source term and diffusion term onto the normal subspace of the manifold. Due to this 
projection, the convective term of the evolution equation is canceled out in the REDIM 
evolution equation (Bykov and Maas 2007).

Before the REDIM evolution equation is solved, an initial guess and a gradient estima-
tion need to be specified. Both are obtained from a detailed sample solution of a HOQ 
flame similar to the ones used for QFM. Due to the symmetry of this model system, the 
model configuration can be assumed to be one-dimensional and the system is described by 
one spatial coordinate. This means that a one-dimensional gradient estimation is obtained 
and all assessed states during the transient HOQ-phenomenon are used for the generation 
of the REDIM. Note that the gradient estimation has only a small influence on the REDIM 
for FWI. This has been shown in Steinhilber et  al. (2017) and Strassacker et  al. (2019) 
where the gradient estimation has been changed drastically while the results of the reduced 
computations only changed slightly. Therefore, even if the REDIM is generated with the 
gradient estimation of a HOQ flame, it can be used for computations of the SWQ configu-
ration (Steinhilber et al. 2017; Ganter et al. 2018; Strassacker et al. 2019).

For the parametrization of the initial guess of the manifold, the specific enthalpy as well 
as the species CO2 are used. Note that this specification is only important for the genera-
tion of the initial guess, not for the integration procedure of the REDIM, because it is scale 
invariant (Bykov and Maas 2007).

The molecular transport is modeled with equal diffusivities and unity Lewis number. It 
should be mentioned that this assumption is made for simplicity. The use of more detailed 
transport models is possible (Maas and Bykov 2011; Strassacker et al. 2018a).

At the boundaries of the REDIM, boundary conditions that allow the REDIM to evolve 
are applied (Neagos et al. 2017; Strassacker et al. 2018b).

The computed REDIM table contains the source terms and the transport properties that 
are both projected onto the tangential subspace of the manifold to solve the reduced com-
putation in the generalized coordinates ! . To implement the reduced model equation in 
physical variables, the REDIM is reparametrized in physical variables and the source term 
as well as the diffusion coefficients are appropriately reformulated to use them in Eqs. (4) 
and (6). The progress variables for the look-up, in the following sections referred to as 
control variables to be consistent with the FGM approach, are chosen to be the progress 
variable Yc and the enthalpy h.

2.3  Co-simulation of Computed Signals

For the DC simulations, as well as the reduced manifolds, the OH-LIF and CH2O-LIF 
signals are computed based on the numerical thermo-chemical state. For the chemistry 
manifolds, the signals are incorporated in the FLUT as a function of progress variable and 
enthalpy. OH  (Popp et  al. 2015; Hunger et  al. 2017) and CH2O-LIF  (Popp et  al. 2015) 
computed signals were used previously. Within these studies a detailed description of the 
underlying method is given. In this section, the method is briefly introduced.

The OH-LIF signal for the Q1(6) transition of the A2!+ ← X2
∏+ band is calculated 

for the linear LIF regime with the excited-state decay rate that is dominated by collisional 
quenching (Kosaka et al. 2019),

(8)SOH-LIF ∝ NOHfJ
A

A + Q
,
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with NOH being the OH number density, fJ the Boltzmann fraction population of the absorb-
ing state with rotational quantum number J. The spontaneous emission rate is described by 
A; Q is the total collisional quenching rate of the excited state, which is the sum of the 
quenching rates for each collisional partner and is dependent on the composition and the 
local temperature. The total collisional quenching rate is given by

with Ntot being the total number density. The parameters kB , Xi , !i and !i are the Boltzmann 
constant, the mole fraction, the quenching cross-section and the reduced mass of the spe-
cies i, respectively. The quenching cross sections are obtained from Tamura et al. (1998).

The calculation of the CH2O-LIF signal is very challenging since it involves excitation 
of overlapping transitions and complex temperature and species-dependent cross sections. 
The CH2O-LIF signal is calculated following the methodology described by Kosaka et al. 
(2019), which goes back to the procedure proposed in Coriton et al. (2015) and Popp et al. 
(2015). The CH2O-LIF signal is obtained using Eqs. (8) and (9) with an additional term 
accounting for the temperature dependence of the quenching cross-sections and the pop-
ulations of overlapping transitions. The temperature dependence is considered using the 
same polynomial fit as in the experiments by Kosaka et al. (2019) that is based on spec-
tral simulations using the simulation code AsyrotWin (Birss and Ramsay 1985; Judge and 
Clouthier 2001). Within the simulations, the transitions near the 339 nm excitation of the 
Ã1A2 ← X̃1A1 system are considered.

3  Experimental and Numerical Setup

Figure 2 shows the setup used in the experimental studies by Kosaka et al. (2018, 2019) 
that are examined in this work and the numerical subdomain. A homogeneous mixture of 
dry air and fuel enters the experimental domain from the nozzle at ambient conditions. 
The Reynolds number is 5.000 based on nozzle exit conditions of the fuel-air jet. The flow 
passes a rod with a diameter of approximately 1 mm , where a V-flame stabilizes. The left 
branch of the flame approaches the wall, where the flame is quenched. The wall tempera-
ture in the experiments is controlled at the axial position z = 48 mm by a bath-thermostat 
with thermal oil. The wall temperature considered in this work is 330 K . The experimental 
setup is described in more detail in Kosaka et al. (2019) and Jainski et al. (2017).

In this work two experimental studies are considered. In the first one  (Kosaka et  al. 
2018), Coherent anti-Stokes Raman spectroscopy (CARS) and two-photon laser-induced 
fluorescence (LIF) of the CO molecule are used to determine the thermo-chemical state 
of methane-air and DME-air flames with respect to the point-wise gas phase temperatures 
and CO concentrations. Wall-normal profiles of species concentrations are measured using 
this technique in order to validate CFD predictions. The second one (Kosaka et al. 2019) 
focuses on the characterization of the local HRR. Therefore, simultaneous formaldehyde 
and hydroxyl radical planar laser-induced fluorescence (PLIF) measurements are used. 
The calculation of the measured signals is described in Sect. 2.3 and incorporated into the 
numerical simulations.

Following the approach by  Ganter et  al. (2017, 2018), the simulation domain 
is reduced to a two-dimensional subdomain which covers approximately 80% of 
the left flame branch. Consistent with previous studies for the methane-air flame, 

(9)Q = Ntot

∑

i

Xi!i

(
8kBT

"#i

)0.5

,
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the computational mesh consists of a rectilinear mesh with a uniform grid size of 
! = 50 μm . Due to the reduced flame thickness of the DME-air flame, the grid resolu-
tion for the DME simulations is increased towards the wall using a uniform grading. 
The cell size at the wall is ! = 24 μm to ensure a sufficient resolution of the flame in 
the near-wall region. The computational domain is shown on the right in Fig. 2 where 
the DME case discussed below is displayed. The white lines depict the boundary of the 
domain of the LIF-measurements performed in Kosaka et al. (2019).

The numerical simulations are performed using a coupled solver using tabulated 
chemistry manifolds (Popp et al. 2015; Gierth et al. 2018) as well as a DC solver based 
on OpenFOAM. For the discretization of spatial gradients, an interpolation method 
from third-degree polynomials is used, while the time is discretized implicitly using the 
second-order backward Euler method. For all simulations, a Courant-Friedrich-Lewy 
number of CFL ≈ 0.1 is employed. Since laminar flames are analyzed, the simulation is 
conducted until a steady solution is obtained.

Fig. 2  Illustration of the SWQ burner geometry (left) and the numerical subdomain (right) showing the 
simulated temperature of the DME case. The coordinate system of the numerical domain is defined relative 
to the quenching height of the flame. The wall is located at y = 0 . The area within the white lines in the 
numerical domain marks the region of the LIF-measurements by Kosaka et al. (2019)
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For all simulations, the wall is assumed to have a constant temperature of 330 K . For the 
velocity, a no-slip condition is applied, while for the species mass fractions a zero gradient 
boundary condition is chosen at the wall. At the top and right outlet, zero gradient boundary 
conditions are applied for enthalpy, species mass fractions, and velocity. Similar to Ganter 
et  al. (2017, 2018), a generic parabolic inflow velocity profile is used. The flame is stabi-
lized by injecting hot exhaust gases at equilibrium conditions in a 0.5 mm wide section of 
the inlet. The inflow velocity of the hot exhaust gases is set to 3.81 m/s for the methane-air 
flame to compensate partially for the density difference of the fresh and burned inlet gases. 
For the DME-air flame the velocity profile of the inlet gases is scaled according to the inflow 
Reynolds number. For the burned gases a constant velocity of 4.98 m/s is used. The inlet gas 
mixture temperature and pressure are set to ambient conditions ( T = 300 K ; p = 1 atm ). The 
numerical results are analyzed in a relative coordinate system, that uses the quenching point 
as the origin of the wall-parallel direction. The quenching height is defined based on the OH 
gradient within the flame which is described in more detail in Ganter et al. (2017).

4  Analysis of the Local Heat-Release Rate

In the following, the DC simulations are compared to the experimental data from Kosaka et al. 
(2018, 2019) as well as the chemistry manifolds. In this section the local HRR is analyzed as a 
global flame property starting with a comparison of the DC simulations and the experimental 
findings. Afterwards, the results obtained using chemistry manifolds are compared to corre-
sponding DC simulations. In Sect. 5, the thermo-chemical state of the flame is analyzed with 
particular emphasis on the near-wall processes.

4.1  Definition of Heat-Release Rate

In the study by Kosaka et al. (2019), a correlation based on the product of the normalized LIF 
signals of OH and CH2O is used to predict the HRR. Based on the product of the measure-
ment signals a normalized local HRR of the flame can be defined

with ⟨SOH-LIF⟩ and ⟨SCH2O-LIF
⟩ being the normalized averaged measured signal intensity of 

OH and CH2O , respectively. The product is normalized using the maximum value along 
the flame front in the lower part of the measurement domain ( zq < −3 mm ) corresponding 
to an unstretched flame region. To allow a direct comparison between the DC simulations 
and the experiments, the above HRR definition is used in both. In the DC simulation the 
HRR is calculated using computed signals (see Sect. 2.3). The HRR definition was vali-
dated in Kosaka et al. (2019) using three different flame configurations (1) an unstretched 
planar flame (2) a curved and stretched flame and (3) a HOQ configuration. For the first 
two configurations, the results agree qualitatively with the normalized HRR defined as

(10)HRRexp =
⟨SOH-LIF⟩ ⋅ ⟨SCH2O-LIF

⟩

max
(
⟨SOH-LIF⟩ ⋅ ⟨SCH2O-LIF

⟩
)

(11)HRRnum =

∑N

i=1
"̇ihf ,i

max
(∑N

i=1
"̇ihf ,i

) ,
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where "̇i is the source term and hf ,i is the enthalpy of formation of the species i. For the 
unsteady HOQ configuration, the HRR correlations agree reasonably well until the point 
where the flame is quenched at the wall. During the quenching process the radicals in the 
vicinity of the wall are consumed faster than the HRR declines and the correlation dete-
riorates (Kosaka et al. 2019). In this work, the validation is extended to the steady SWQ 
scenario, which will be discussed further for the methane-air flame next.

4.2  Comparison to Experimental Findings

In "Appendix" the flame structure and the specifics of the methane-air and DME-air flame 
are discussed. Thereby, the fundamental flame characteristics of the two fuels are outlined. 
In the following, we focus on the local HRR during SWQ. Figure 3 shows the local HRR 
over the wall-normal direction y and the relative quenching height zq for the methane case. 
The experimental results are displayed in subfigure (a), while (b) and (c) correspond to the 
DC simulation with the HRR definition based on Eqs.  (10) and  (11), respectively. Addi-
tionally, the white line in the Fig.  3c displays the isoline of HRRnum = 0.05 . The HRR 
definition used in the experiments HRRexp is in very good agreement with HRRnum consid-
ering HRR values greater than 5% (see Fig. 3b, c). At the edges of the reaction zone, how-
ever, the formaldehyde vanishes and the prediction based on HRRexp deteriorates. These 
results are consistent with the HOQ scenario analyzed in Kosaka et al. (2019) and extend 
those findings to the more complex SWQ configuration. Similar results are obtained for the 
DME-air flame that are not shown here for brevity.

For a consistent comparison with the experimental data, HRRexp is used. The HRR pre-
diction of the DC simulation in Fig. 3b shows an overall good agreement with the meas-
urements shown in Fig. 3a. Nevertheless, the experimental results show a broader reaction 
zone. This is particularly evident in the lower part of the flame where the flame structure 
should correspond to an unperturbed laminar flame. Potential reasons for these differences 
are (1) the measurement resolution, (2) the measurement uncertainties caused by the image 
intensifiers, and (3) fluctuations in the instantaneous flame position and flame angle of the 
laminar flame due to Helmholtz resonances originating from the plenum of the burner. 

(a) (b) (c)

Fig. 3  Local HRR in the methane-air flame. The experimental results are taken from Kosaka et al. (2019). 
The HRR definitions HRRexp and HRRnum correspond to Eqs. (10) and (11), respectively. The white isoline 
in c shows a HRR value of 5% of the maximum HRR. The black solid lines in a display the wall-normal 
lines along which the HRR profiles are extracted. The thermo-chemical state that is discussed in Sect. 5 is 
analyzed along the black dotted lines
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Even though these fluctuations are accounted for in the post-processing of the measure-
ments by shifting the individual images vertically on the average quenching point, uncer-
tainties regarding the exact flame position and flame angle remain (Jainski et al. 2017a, b; 
Kosaka et al. 2018, 2019).

To further investigate potential reasons for the differences in the numerical simulation 
and the experimental findings, the HRR based on Eq. (10) is analyzed along wall-normal 
profiles that are shown as black solid lines in Fig. 3a. The obtained HRR profiles are nor-
malized such that the integral of the numerical simulations and the experimental data 
match. This allows a comparison of the shape of the HRR distribution along the wall nor-
mal lines. Then, artificial measurement uncertainties are superimposed onto the simulation 
results using a box filter with a variable filter width ! . Since the measurement uncertainties 
cannot be specified, the use of a box filter presents a worst-case estimation of errors origi-
nating from the measurement uncertainties. Figure 4 displays the corresponding profiles 
of the methane case in a coordinate system relative to the HRR peak. While in the undis-
turbed part of the flame the HRR peak position differs by over 200 μm , in the near-wall 
region the shift vanishes. Therefore, the thermo-chemical state during quenching is unaf-
fected by this shift.

The filtering of the signals leads to a broadening of the HRR profile in the y-direction. In 
the unperturbed part of the flame ( zq = −3 mm ), a filter width of ! > 300 μm is necessary 
to match the width of the experimental profile. With decreasing distance from the quench-
ing height, however, the required filter width decreases. In the vicinity of the quenching 
height ( zq = −0.5 mm ), a filter with of ! = 200 μm is sufficient. Assuming remaining 
uncertainties in the flame angle in the post-processed measurement results, the measure-
ment uncertainty would increase with increasing distance from the quenching point, since 
the spatial distortion increases proportionally with the distance. This leads to an increasing 
filter width with increasing distance to the quenching height.

Figure  5 shows the corresponding HRR profiles of the DME case. In contrast to the 
methane-air flame, the DC simulation of the DME case predicts the thickness of the HRR 
profile in the undisturbed part of the flame satisfactorily using a filter width of ! ≈ 250 μm . 
Additionally, the position of the HRR peak in the numerical simulations of the DME-air 
flame is shifted between 60 μm and 140 μm to larger wall distances over the whole flame 

Fig. 4  Local HRR profiles of the methane-air flame based on HRRexp [see Eq.  (10)]. The experimental 
results are taken from  Kosaka et  al. (2019). The profiles are extracted along wall-normal lines at differ-
ent heights z

q
 that are displayed as black solid lines in Fig. 3a. The extracted profiles are scaled to match 

the integral of the experimental signal. The obtained signal is filtered using a box filter with variable fil-
ter widths ! . The numerical profiles are shifted towards the wall by !

y
= 50 μm , 225 μm and 250 μm for 

z
q
= −0.5 mm , −2 mm and −3 mm , respectively
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front. Other than in the methane case, the shift does not decrease in the near-wall region 
( !y = 140 μm ). The thermo-chemical state that is discussed in Sect.  5 shows a similar 
shift. Even though great care has been taken to determine the exact distance to the wall in 
the experiments, thermal disturbances and beam steering, that affect the determination of 
the horizontal position of the wall, cannot be avoided. The resulting uncertainties lie in the 
range of the deviations.

Compared to the methane-air flame (Fig. 4), the DME-air flame shows a thinner HRR 
zone in the undisturbed part of the flame. This is related to the flame thickness of a sto-
chiometric DME-air flame compared to a methane-air flame and can already be observed 
in a simple freely propagating flame, see "Appendix" for further detail. During quenching, 
the HRR peak decreases, while the width of the HRR zone is unaffected by the quenching 
process. It is interesting to note that the different flame thickness of the methane-air and 
DME-air flame during quenching can be explained by fuel characteristics that can already 
be observed in very simple flame configurations, like a freely propagating flame.

Finally, Fig. 6a, b display the 2D profiles of the unfiltered and filtered HRR using a fil-
ter width of ! = 300 μm and ! = 250 μm for the methane-air and DME-air flame, respec-
tively. The filtered and unfiltered signals agree reasonably well with the measurement data. 
Based on the discussion above, filtered signals result in a thickened HRR profile in the 
undisturbed part of the flame which better reflect the measurement results. This finding, 
however, does not imply that the measurement resolution is only ! , rather we believe that 
the potential reasons (1)-(3) are responsible for the experimentally observed broadening. 
As mentioned above, the agreement between the experiment and simulation deteriorates 
with increasing distance from the quenching height for the methane case. This could be 
related to the fluctuations in the instantaneous flame position.

4.3  Prediction of the Heat-Release Rate Using Tabulated Manifold Approaches

While in the previous section DC simulations for the HRR were compared to experimental 
data, in the following the suitability of manifold-based approaches to predict the near-wall 
HRR, is investigated. Therefore, the manifold-based approaches are compared to their cor-
responding DC simulations. The HRR definition used for the comparison is based on Eq. (11). 

Fig. 5  Local HRR profiles of the DME-air flame based on HRRexp [see Eq. (10)]. The experimental results 
are taken from Kosaka et al. (2019). The profiles are extracted along wall-normal lines at different heights 
z
q
 that are displayed as black solid lines in Fig. 3a. The extracted profiles are scaled to match the integral 

of the experimental signal. The obtained signal is filtered using a box filter with variable filter widths ! . 
The numerical profiles are shifted towards the wall by !

y
= 140 μm , 115 μm and 60 μm for z

q
= −0.5 mm , 

−2 mm and −3 mm , respectively
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Figure 7 displays the obtained results for the methane-air (top) and DME-air (bottom) flame 
along wall-normal lines. For both fuels, FGM, QFM and REDIM compare favorably with the 
DC results. This is not a trivial finding, since within the near-wall region the enthalpy level in 
the flame varies due to heat transfer to the wall. These different enthalpy levels in the flame 
are considered in the manifolds by using the enthalpy as a control variable of the FLUT. The 
agreement of the manifolds with the DC simulations reveals, that the manifolds, even though 
they use different approaches to obtain the thermo-chemical state, are suitable to predict the 
HRR in the near-wall region and thereby to account for the enthalpy losses to the wall. This 
is consistent with previous findings that showed a good prediction quality for the tabulation 
strategies regarding global flame properties in methane-air flames (Ganter et al. 2017, 2018; 
Efimov et al. 2019).

(a)

(b)

Fig. 6  2D plot of the local HRR based on HRRexp [see Eq.  (10)]. In the figure, the experimental results 
(left) and two versions of the DC simulations, filtered (middle) using a box filter with the filter width ! and 
unfiltered (right) are shown. The experimental results are taken from Kosaka et al. (2019)
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5  Analysis of the Thermo-Chemical State

In this section, the thermo-chemical state of the flames is analyzed. The thermo-chemical 
state, specifically looking at CO and temperature, of methane-air flames in the SWQ burner 
was discussed previously in various studies (Ganter et al. 2017, 2018; Efimov et al. 2019). 
Thereby laminar flames and different tabulation strategies were considered. This is the first 
study for DME-air flames in the SWQ configuration.

5.1  Comparison to Experimental Findings

The numerical simulations of the methane-air flame conducted here, confirm the observa-
tions published in the previous studies and, therefore, are not shown for brevity. In the 
following we focus on the DC simulation of the DME-air flame by first comparing with 
the available experimental data. Afterwards, the suitability of the chemistry manifolds to 
describe the near-wall thermo-chemical state is analyzed. The analysis is performed using 
FGM, QFM, an extension of FGM, and REDIM. The latter two have been specifically 
designed to model the thermo-chemical state during flame-wall interactions (Strassacker 
et al. 2018a, b; Efimov et al. 2019). Note, as stated above, REDIM are not very sensitive 
with respect to the gradient estimation.

(a)

(b)

Fig. 7  Local HRR profiles based on the HRR definition HRRnum [see Eq. (11)] for the DC, REDIM, FGM 
and QFM simulation. The profiles are extracted along wall-normal lines at different heights z

q
 that are dis-

played as black solid lines in Fig. 3a
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In the experimental study by  Kosaka et  al. (2018) (see also Sect.  3) the thermo-
chemical state of the flame was characterized using the CO concentration from CO-
LIF measurements and the temperature based on CARS. Figure  8 shows the thermo-
chemical state for the DME-air flame at wall distances of y = 0.1 mm , y = 0.3 mm and 
y = 0.5 mm along a wall-normal line at quenching height. The experimental data is 
shown as scatter. The conditional mean as well as the standard deviation is included, 
separated into a CO formation (blue dots) and a CO oxidation (black dots) branch, based 
on the CO-T probe volume position. As mentioned previously, the flame tip is not sta-
tionary in the experiments, but it fluctuates around the quenching point reported to be in 
the range of ±200 μm (Kosaka et al. 2018). These flame tip fluctuations are not present 
in the DC simulations. To allow a comparison with the experimental data, the CO-T 
state of the DC simulation is plotted along wall-parallel lines. Thereby, the flame fluc-
tuations are captured, since both, the CO formation, as well as the oxidation branch, are 
crossed. The thick solid part of the lines corresponds to the area ±200 μm around the 
quenching height. Even though the majority of the points lies within this range, it seems 
that the measurement uncertainty of the flame tip position is higher than anticipated in 
the near-wall region ( y = 0.1 mm and y = 0.3 mm ). Similar observations were made in a 
recent numerical study of the SWQ burner (Zirwes et al. 2019). Therefore, the numeri-
cal results are plotted also over the entire simulation domain.

Additionally, as discussed in the previous section, the analysis of the local HRR 
reveals a deviation between the measurement data and the simulations results regard-
ing the wall-normal position of the HRR peak of around 140 μm . This difference in the 
flame position effects the thermo-chemical state of the flame. To asses the sensitivity of 
the wall-normal flame distance to the wall on the thermo-chemical state, the extraction 
lines of the DC simulations are shifted in wall-normal direction by 100 μm and 150 μm . 
While the region far away from the wall ( y = 0.5 mm ) shows a small sensitivity, the 
near-wall region is strongly affected by uncertainties in the wall position. This dem-
onstrates the high complexity of the near-wall diagnostics, since on the one hand, the 
thermo-chemical state is very sensitive to the wall-normal position, on the other hand, 
the measurements very close to the wall are especially challenging. After correcting for 

Fig. 8  Thermo-chemical state of the DME-air flame at different axial positions. The measurement data pre-
viously reported in  Kosaka et  al. (2018) is shown as scatter together with the conditional mean and the 
standard deviation separated into a CO formation (blue) and oxidation branch (black). In addition, the DC 
simulation results are plotted along wall-parallel lines for different axial shifts !

y
 . The thick part of the DC 

lines corresponds to an area ±200 μm around the quenching height. The wall-parallel lines are displayed as 
dotted black lines in Fig. 3a. Here, the shifted wall-parallel lines are not displayed
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the observed shift, the DC results achieve good agreement with the experimental data in 
the near-wall region ( y = 0.1 mm and y = 0.3 mm).

5.2  Prediction of the Thermo-Chemical State Using Tabulated Manifold Approaches

In the following, near-wall CO predictions for the reduced chemistry manifolds, namely 
FGM, QFM and REDIM, are compared and analyzed. Thereby, the DC simulations serve 
as a reference solution. While FGM are based on a series of freely propagating flames with 
different enthalpy levels, QFM and REDIM are based on a transient 1D HOQ simulation, 
see Sect. 2. Diffusive effects in enthalpy direction that are not captured in the FGM tab-
ulation can be accounted for. Figure 9 shows the CO mass fraction in the enthalpy pro-
gress variable space for the chemistry manifolds. While QFM and REDIM do not show 
significant differences, FGM predict a lower CO concentration in the near-wall region 
(left boundary). It is interesting to note that QFM as well as REDIM lead to a similar 
thermo-chemical state, even though the table generation procedure differs between the two 
methods.

In Fig. 10, the tabulated chemistry simulations are compared with the DC simulation 
results for different wall distances. In the undisturbed region of the flame ( y > 0.3 mm ) the 
FGM prediction is of comparable accuracy to REDIM and QFM. All manifolds over-pre-
dict the CO concentration of the flame slightly. In the near-wall region, however, the FGM 
prediction, deteriorates with decreasing wall-normal distance. This is caused by diffusive 

Fig. 9  Mass fraction of CO for FGM (left), QFM (middle) and REDIM (right) shown in the enthalpy pro-
gress variable space

Fig. 10  Thermo-chemical state of the DME-air flame for the DC simulation, REDIM and FGM at different 
axial positions. The extracted lines are parallel to the black dotted lines displayed in Fig  3a
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effects in enthalpy direction that are not captured by the FGM creation procedure described 
in Sect.  2.2.1. Similar observations were made for methane-air flames in previous stud-
ies (Strassacker et al. 2018b; Ganter et al. 2017, 2018; Efimov et al. 2019). As mentioned 
above, QFM and REDIM are able to capture these effects and, hence, show a significantly 
improved prediction of the CO concentration at the wall. While, the peak CO concentra-
tion is still over-predicted. This is evident in the near-wall region and the undisturbed part 
of the flame. Efimov et al. (2019) showed (for methane-air) that even though the species 
diffusion in the direction of the enthalpy gradient is included in an HOQ configuration, 
its rate might be over-predicted leading to an increased CO concentration in the vicinity 
of the wall. This is caused by the rate of heat loss to the wall which is up to a factor of two 
lower in the SWQ scenario compared to HOQ. To model these effects, a third control vari-
able accounting for the varying heat transfer rate to the wall could be introduced in future 
REDIM tabulations or QFM (Efimov et al. 2019).

6  Conclusion

This work is the first comparison of experimental and numerical data of local HRR imag-
ing in an SWQ configuration of methane-air and DME-air flames considering DC simu-
lations and reduced chemistry simulations using FGM, QFM and REDIM. Additionally, 
the thermo-chemical state during quenching of a DME-air flame is analyzed with respect 
to the prediction of carbon monoxide and temperature in the near-wall region. Previously, 
this was only performed for other fuels, especially methane. The main conclusions are as 
follows: 

1. The HRR definition based on the normalized product of OH-LIF and CH2O-LIF signals 
used in the measurements shows very good agreement with a HRR definition based on 
the species source term and the enthalpy of formation for HRR>5% in the SWQ con-
figuration.

2. The experimental HRR results are compared to DC simulations using computed signals. 
Measurement uncertainties are superimposed on the numerical simulation which results 
in a favorable comparison with the experiments.

3. The normalized HRR prediction using reduced chemistry manifolds, namely FGM, 
QFM and REDIM, are in very good agreement with the DC simulations.

4. The thermo-chemical state shows a high sensitivity towards the wall-normal position 
of the flame in the near-wall region.

5. In the numerical simulations, the DME-air flame burns further away from the wall. 
This shift is observed in the measurement of the HRR profiles, as well as in the thermo-
chemical state of the flame. Correcting for the shift, the thermo-chemical states of the 
DC simulations show satisfactory agreement with the experimental results.

6. FGM show a systematic prediction deficiency of the near-wall CO concentration, 
while REDIM and QFM are able to capture the thermo-chemical state more accurately. 
REDIM and QFM do not show a significant difference regarding the CO prediction 
capability. This extends previous findings for methane-air flames. This is the first direct 
comparison of QFM and REDIM.

Overall, the combined analysis of experimental and numerical data for the HRR using 
computed signals allows for a direct comparison with the measurements, including 
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measurement uncertainties. The analysis of different chemistry manifolds shows con-
sistent trends with previous studies using methane-air flames, however, these findings 
have now been extended to more complex oxygenated fuels such as DME.
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Appendix: Flame Structure of Freely Propagating Methane-Air 
and DME-Air Flames

Figure  11 displays the thermo-chemical structure of a freely propagating methane-
air (left) and DME-air (right) flame under stoichiometric conditions calculated under 
unity Lewis number assumption. The DME-air flame has a higher burning velocity 
and a decreased flame thickness. Using the definition of the thermal flame thickness 
based on the temperature gradient in Poinsot and Veynante (2011), the flame thickness 
of the displayed methane-air and DME-air flame are 0.5 mm and 0.4 mm , respectively. 
The DME-air flame has an overall increased fuel and CO2 mass fraction and shows 
steeper gradients. A similar observation can be made for CO and OH . As a result of 
the more complex fuel structure, the combustion of DME produces a higher amount of 

Fig. 11  Flame structure of a freely propagating methane-air (left) and DME-air (right) flame. The species 
mass fractions of major species are shown in grey, minor species in black and the local HRR of the flame is 
shown in orange. The mass fraction of CO is multiplied by a factor of 2, while CH2O and OH are multiplied 
by 20
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hydrocarbons, which is apparent in the amount of formaldehyde that is by a factor of 6 
higher in the DME-air flame.

In addition to the species mass fractions, the local HRR defined as HRR = −
∑N

i=1
"̇ihf ,i 

is shown in Fig. 11. The DME-air flame shows a higher local HRR rate and steeper gra-
dients compared to the methane-air flame. Similar observations can be made in the SWQ 
configuration, where the DME-air flame has a thinner and steeper HRR zone in the undis-
turbed part of the flame, see e.g. Figs. 4 and 5 on the right. The characteristics in the unper-
turbed part of the flame can also be observed in the near-wall region of the two flames.
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A B S T R A C T   

Presumed probability density function (PDF) and transported PDF methods are commonly applied to model the 
turbulence chemistry interaction in turbulent reacting flows. However, little focus has been given to the tur-
bulence chemistry interaction PDF closure for flame-wall interaction. In this study, a quasi-DNS of a turbulent 
premixed, stoichiometric methane-air flame ignited in a fully developed turbulent channel flow undergoing side- 
wall quenching is investigated. The objective of this study is twofold. First, the joint PDF of the progress variable 
and enthalpy that needs to be accounted for in turbulence chemistry interaction closure models is analyzed in the 
quasi-DNS configuration, both in the core flow and the near-wall region. Secondly, a transported PDF closure 
model, based on a Conditional Quadrature Method of Moments approach, and a presumed PDF approach are 
examined in an a priori analysis using the quasi-DNS as a reference both in the context of Reynolds-Averaged 
Navier Stokes (RANS) and Large-Eddy Simulations (LESs). The analysis of the joint PDF demonstrates the high 
complexity of the reactive scalar distribution in the near-wall region. Here, a high correlation between the 
progress variable and enthalpy is found, where the flame propagation and quenching are present simultaneously. 
The transported PDF approach presented in this work, based on the Conditional Quadrature Method of Moments, 
accounts for the moments of the joint PDF of progress variable and enthalpy coupled to a Quenching-Flamelet 
Generated Manifold. In the a priori analysis both turbulence chemistry interaction PDF closure models show a 
high accuracy in the core flow. In the near-wall region, however, only the Conditional Quadrature Method of 
Moments approach is suitable to predict the flame structures.   

1. Introduction 

In most industrial systems the combustion takes place in a vessel to 
allow the generation of power. In the vessel, flames develop in the vi-
cinity of walls and interact with them, leading to flame-wall interactions 
(FWIs) that lower the overall combustion efficiency, impact the 
pollutant formation (Poinsot and Denis, 2005) and can also lead to un-
desired flame behavior, such as flame flashback (Fritz et al., 2001). In 
turbulent FWIs, turbulence increases the complexity even further. 

Numerical simulations of turbulent flames in the close vicinity of 
walls pose two major challenges. First, the thermochemical reactions 
inside the flame that are influenced by heat losses to the (cold) walls 
need to be considered and, secondly, it is necessary to account for the 

fluctuations of the reactive scalars caused by the turbulence. In direct 
numerical simulations (DNSs) of turbulent FWI (Gruber et al., 2010; 
Ahmed et al., 2021), typically, finite-rate chemistry is used to model the 
reactions in the flame, while the fluctuations of the reactive scalars are 
resolved by the simulation. This, however, leads to high computational 
costs and is not suitable for real combustion applications. Here, 
Reynolds-Averaged Navier Stokes (RANS) or Large-Eddy Simulations 
(LESs) are employed that use reduced or tabulated chemistry ap-
proaches and require turbulence chemistry interaction (TCI) closure 
models to account for the unresolved fluctuations of the reactive scalars. 
In the context of tabulated chemistry approaches, chemistry manifolds 
for FWI have been studied extensively (van Oijen and de Goey, 2000; 
Ganter et al., 2017, 2018; Strassacker et al., 2019; Efimov et al., 2019; 
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Steinhausen et al., 2021) using mostly experiments of premixed, laminar 
methane-air flames (Jainski et al., 2017a; Jainski et al., 2017b; Kosaka 
et al., 2018, 2019) as a reference. These manifolds have also been 
applied for the simulation of turbulent flames using RANS (Fiorina et al., 
2005) and LES (Heinrich et al., 2018a,b; Wu and Ihme, 2015). 

For the TCI closure, multiple approaches are reported in the litera-
ture. In the context of this work, TCI closure models for the joint prob-
ability density function (PDF) are discussed. In these PDF based methods 
the unresolved fluctuations of the reactive scalars are modeled by their 
statistical behavior that is captured in a PDF in the context of RANS and 
a filtered density function (FDF) in the context of LES. In presumed PDF 
(pPDF) approaches, the PDF shape is assumed and parameterized by low 
order moments, e.g. the mean and the variance. They have been applied 
in multiple studies of turbulent premixed flames (Fiorina et al., 2005; 
Bray et al., 2006; Jin et al., 2008; Fiorina et al., 2010; Salehi et al., 2013; 
Donini et al., 2017; Zhang et al., 2021) also considering enthalpy losses 
in the flame using a β-PDF for the progress variable and a δ-peak for the 
enthalpy (Fiorina et al., 2005; Donini et al., 2017; Zhang et al., 2021). 
However, it is only in (Fiorina et al., 2005) that the focus is particularly 
on FWI. In transported PDF (tPDF) models the whole (joint) PDF is 
solved for during runtime and the statistical behavior of the unresolved 
fluctuations is represented by a one-point, one-time joint PDF of relevant 
flow variables (Muradoglu et al., 1999). Different Monte-Carlo methods 
were established to solve the high-dimensional PDF efficiently. The 
Lagrangian approach (Pope, 1981) models the PDF transport equation 
by the evolution of a large set of stochastic particles, while the Eulerian 
stochastic fields (SF) approach (Valiño, 1998) solves for a set of sto-
chastic fields. Both Lagrangian and Eulerian PDF methods are con-
structed such that their one-point one-time joint PDF corresponds to that 
of a real turbulent reacting system (Haworth, 2010). Using these 
methods, non-premixed (Jones and Prasad, 2010; Cao and Pope, 2005; 
Ferraro et al., 2019), partially premixed (Jones and Navarro-Martinez, 
2009) and premixed flames (Avdić et al., 2016; Tirunagari and Pope, 
2016) have been simulated. 

A computationally more efficient approach to solve PDF-based sys-
tems is the Method of Moments. In contrast to the Monte-Carlo methods, 
a set of integral PDF properties, i.e., its moments, are solved. The 
Method of Moments has been successfully applied to various applica-
tions, including nano-particles and aerosols (McGraw, 1997), sprays 
(Pollack et al., 2016) and combustion-related problems, such as soot 
formation (Salenbauch et al., 2019; Wick et al., 2017; Ferraro et al., 
2021). For the closure of the joint PDF, similarly to Monte-Carlo trans-
ported PDF methods, the Method of Moments was primarily applied to 
turbulent non-premixed flames (Raman et al., 2006; Tang et al., 2007; 
Koo et al., 2011; Jaishree and Haworth, 2012; Donde et al., 2012; 
Madadi Kandjani, 2017). In (Pollack et al., 2021), the Quadrature 
Method of Moments (QMOM) (McGraw, 1997) was applied to premixed 
turbulent flames. In the study, the thermochemical state ϕ is recon-
structed from a chemistry manifold f as a function of the progress var-
iable Yc, i.e. ϕ = f(Yc). Closure of the joint PDF reduces to a univariate 

representation of the PDF, in this case for the progress variable Yc. The 
QMOM approach showed similar accuracy to previous Monte-Carlo 
simulations while reducing the computational costs. 

As outlined above, TCI in premixed flames has been studied exten-
sively, however, the closure of the joint PDF for FWI has received little 
attention. This work focuses on the analysis and modeling of the joint 
PDF of the progress variable and enthalpy in the context of turbulent 
FWI. A quasi-DNS of a stoichiometric methane-air flame ignited in a 
fully developed turbulent channel flow is performed. Note that the term 
quasi-DNS (Zirwes et al., 2020) indicates that all scales in the region of 
interest are resolved (Kolmogorov length, flame thickness, y+), but the 
convergence-order of the numerical schemes are limited to fourth-order 
for spatial schemes and second-order for the time discretization. The 
setup is inspired by the DNS of a hydrogen-air flame by Gruber et al. 
(2010). Using the quasi-DNS data, both the marginal PDFs/FDFs of the 
progress variable and enthalpy and their joint PDF/FDF are analyzed in 
the context of RANS/LES and the unresolved fluctuations in the near- 
wall region are taken into particular consideration. The open question 
posed in (Fiorina et al., 2005) of the statistical independence of the 
progress variable and enthalpy in the close vicinity of the wall is 
addressed, giving useful insights for closure models of the joint PDF in 
the context of FWI. Based on these insights, a novel tPDF approach is 
presented and compared to a pPDF approach from the literature (Fiorina 
et al., 2005; Donini et al., 2017; Zhang et al., 2021). The tPDF closure 
model is an extension of the work of Pollack et al. (2021). It couples the 
joint PDF of the progress variable and enthalpy using a Conditional 
QMOM (CQMOM) approach (Cheng et al., 2010) with a Quenching- 
Flamelet Generated Manifold (QFM) (Efimov et al., 2019). The suit-
ability of the CQMOM closure is assessed by means of an a priori analysis 
(Bray et al., 2006; Jin et al., 2008). 

In the first part of this work, the quasi-DNS of the generic side-wall 
quenching configuration is introduced. Then, the chemistry manifold 
employed in this work is presented together with the novel CQMOM 
approach for the closure of the joint PDF. Using the quasi-DNS data the 
PDFs/FDFs of the progress variable and enthalpy are analyzed in the 
context of RANS/LES. In the second part, the CQMOM approach is 
evaluated in an a priori analysis with a special focus on the near-wall 
region and how it differs from the core region with unconstrained 
flame propagation. 

2. Quasi-DNS of a turbulent side-wall quenching configuration 

The generic side-wall quenching case analyzed in this work is 
inspired by Gruber et al. (2010). A V-shaped, premixed stoichiometric 
methane-air flame anchored in a fully developed turbulent channel flow 
is simulated. Fig. 1 shows a sketch of the quasi-DNS setup. At the inlet 
the unburnt stochiometric methane-air mixture at T = 300 K enters the 
channel with an inflow velocity corresponding to a fully developed 
channel flow at a flow Reynolds number of Re = (UbulkH)/ν ≈ 2770, 
with Ubulk being the mean flow velocity, H the channel half-width and ν 
the dynamic viscosity. This corresponds to Reτ = H/δv = 180, with δv =

ν⋅
̅̅̅̅̅̅̅̅̅̅
ρ/τw

√
being the viscous length scale, ρ the density of the unburnt 

methane-air mixture and τw the wall shear stress. The mean inflow ve-
locity is chosen to be Ubulk = 4.4 ms− 1, leading to a channel half-width of 
H = 10 mm. The flame is anchored at H/2 above the bottom wall inside 
the core flow of the channel. The flame holder is not modeled as a 
physical object (i.e. a wall-boundary in the simulation), but instead 
simply as a cylindrical region (r = 0.09⋅H) of burnt gas temperature. 
Because of this, the influence of the numerical flame holder on the flow 
field is given by thermal expansion and thus acceleration of the flow. A 
similar flame anchor has also been used in previous studies (Gruber 
et al., 2010). At the flame holder a V-shaped flame is formed that 
propagates through the turbulent boundary layer to the isothermal 
channel walls (Twall = 300 K), where it finally quenches. 

The quasi-DNS consists of two parts: a non-reactive simulation of the 

Fig. 1. 2D sketch of the reactive quasi-DNS. The flame is depicted in red and 
the boundaries of the domain are labeled in gray. In the lateral direction (y) the 
channel width is 3H and the flow is assumed to be statistically independent, 
hence, periodic boundary conditions are applied. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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turbulent channel flow to generate appropriate turbulent inflow condi-
tions and a reactive simulation of the V-shaped flame. The simulation 
domain of the non-reactive case is a channel with a length of 14H,  3H 
and 2H in stream-wise (x), lateral (y) and wall-normal (z) direction, 
respectively. The flow is periodic in stream-wise and lateral direction, 
with a no-slip boundary condition applied at the walls. The computa-
tional mesh consists of 60 million hexahedral cells and is refined to-
wards the walls, with a minimum grid size of 25 μm or y+ = 0.24. The 
inflow velocity fields at the boundary are stored at an interval corre-
sponding to the simulation time step of 3 μs and serve as an inflow 
condition for the reactive case. In the reactive simulation, the channel 
dimensions match the non-reactive counterpart, except for the channel 
length, which is reduced to 10H. The computational mesh consists of 
200 million cells (purely hexahedral, orthogonal mesh) refined towards 
the bottom wall with a minimum grid size of 12 μm at the wall in the 
wall-normal direction or y+ = 0.14. In this region, the Kolmogorov 
length scale η has a minimum value of 45 μm and the laminar flame 
thickness of the methane-air flame is 

δL =
Tburnt − Tunburnt

max
(

δT
δx

) ≈ 0.5 mm, (1)  

ensuring a sufficient grid resolution. The fine resolution near the bottom 
wall is not motivated by the resolution of the Kolmogorov length or the 
flame thickness, but by the sufficient resolution of the FWI zone, because 
the flame can move as close as 100 μm toward the cold wall (Zirwes 
et al., 2021a). In the center of the domain (height of 1 cm), the wall- 
normal resolution is 100 μm and the Kolmogorov length at that posi-
tion is 150 μm. The velocity fields at the inlet boundary generated by the 
inert channel flow simulation are spatially and temporally interpolated 
to the inlet boundary face at every time step of the reactive simulation, 
which is about Δt = 0.3 μs or CFL = 0.15. In the lateral direction, pe-
riodic boundary conditions are applied. At the outlet a zero-gradient 
boundary condition is used for the velocity and the reactive scalars, 
while a Dirichlet boundary condition is employed for the pressure. The 

molecular diffusion coefficients for all species are assumed to be equal 
using a unity Lewis number assumption. The employed reaction mech-
anism is a reduced version of the CRECK mechanism (Ranzi et al., 2012) 
consisting of 24 species and 165 chemical reactions. The most important 
parameters of the numerical setup of the reactive simulation are sum-
marized in Table 1. Fig. 2 shows the instantaneous flame front of the 
reactive simulation, depicted by the YCO2 = 0.1 isoline. 

The quasi-DNS are performed with an in-house solver (Zirwes et al., 
2017, 2018) implemented in the open-source CFD code OpenFOAM 
(Weller et al., 2017), Version v1712. The solver uses finite-rate chem-
istry and was validated to be suitable for quasi-DNS in (Zirwes et al., 
2017) using multiple DNS reference cases from the literature. The spatial 
discretization is based on a fourth-order interpolation scheme, and a 
second-order fully implicit backward scheme is used for the temporal 
discretization. The solver was used successfully for quasi-DNS of tur-
bulent flames, examples are reported in (Zirwes et al., 2020; Hansinger 
et al., 2020; Zirwes et al., 2021b). The reactive quasi-DNS was averaged 
over the duration of 20 flow trough times 20⋅(10H)/Ubulk ≈ 20⋅0.02 s. 
The simulations were performed on approximately 32,000 cores and 
more than 18 million core-h were consumed. 

3. Modeling of turbulent flames using chemistry manifolds 

In the context of turbulent combustion modeling using chemistry 
manifolds two major challenges need to be tackled; (i) a suitable 
chemistry manifold needs to be found that is able to reproduce the flame 
structure, and (ii) a TCI closure model is necessary that accounts for the 
unresolved contributions of the reactive scalars, which in this particular 
context is the closure of the joint PDF. While the generation of a suitable 
manifold for FWI has been addressed in multiple studies of laminar 
(Ganter et al., 2017, 2018; Strassacker et al., 2019; Efimov et al., 2019) 
and turbulent (Heinrich et al., 2018a,b; Wu and Ihme, 2015) flames, the 
TCI closure in the close vicinity of the wall has received less attention. 
This work focuses primarily on the closure of the joint PDF, hence, a 
state-of-the-art manifold is used. Its suitability is demonstrated in Ap-
pendix B. 

The remainder of this section first introduces the manifold used in 
this work. Then, the modeling approaches for unresolved contributions 
of the reactive scalars are discussed in the context of both RANS and LES. 
Finally, the coupled CQMOM closure model employed in this work is 
presented. 

3.1. Chemistry manifolds for FWI 

Chemistry manifolds for FWI have been validated in multiple studies 
of laminar side-wall quenching flames (Ganter et al., 2018; Steinhausen 
et al., 2021; Strassacker et al., 2019) using detailed chemistry simula-
tions and experiments. However, a comparison of the tabulated ther-
mochemical states of the manifolds with a (quasi-)DNS of a turbulent 
side-wall quenching flame has not been investigated, yet. In this work, 

Table 1 
Numerical setup of the reactive case.  

Parameter Property 

Gas mixture Stoichiometric methane-air flame 
Reaction mechanism Reduced CRECK (Ranzi et al., 2012) 
Species diffusion model Unity Lewis number transport 
Dimensions (x× y× z)  100 mm× 30 mm× 20 mm  
Flame anchor position (axial, wall-normal) (10 mm, 5 mm)  
Flame anchor radius 0.9 mm  
Mean inflow velocity 4.4 ms− 1  

Gas inlet temperature 300 K  
Wall temperature 300 K  
Reynolds number 2770   

Fig. 2. Snapshot of the reactive flow simulation. 
The flame surface is visualized by the iso-contour 
of YCO2 = 0.1 and colored by temperature. The 
flame holder is indicated by the gray cylinder. At 
z = 0 mm the wall is shown in gray. The simula-
tion domain is shown as a gray bounding box. The 
slice close to the bottom wall corresponds to the 
area depicted in Fig. 6 and is colored by temper-
ature. (For interpretation of the references to color 
in this figure legend, the reader is referred to the 
web version of this article.)   
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a two-dimensional Quenching Flamelet-Generated Manifold (QFM) 
(Efimov et al., 2019) is used, a state-of-the-art manifold for FWI. It 
consists of a single, transient head-on quenching simulation and a series 
of preheated, one-dimensional freely propagating flames that extend the 
manifold at the upper enthalpy range. The simulation results are map-
ped on the normalized progress variable-enthalpy space ϕ = ϕ(C,H), 
with the normalized enthalpy H and progress variable C given by 

H =
h − hmin

hmax − hmin
, (2)  

C =
Yc − Yc,min(H)

Yc,max(H) − Yc,min(H)
. (3) 

In the equation above, hmin and hmax are the minimum and maximum 
enthalpy in the chemistry manifold, respectively, while Yc,min(H) and 
Yc,max(H) are the minimum and maximum progress variable for a given 
enthalpy level. The progress variable Yc is defined as the mass fraction of 
CO2. Further details regarding the thermochemical manifold and the 
table generation can be found in (Steinhausen et al., 2021; Efimov et al., 
2019). The suitability of the manifold for turbulent side-wall quenching 
flames is studied in Appendix B. 

3.2. Closure of the joint PDF in the context of RANS and LES 

In the context of RANS/LES averaged/filtered balance equations are 
solved. Thereby, the local fluctuations and turbulent structures are in-
tegrated into mean/filtered quantities and do not need to be resolved in 
the simulation (Vervisch and Veynante, 2002). In the simulation of 
turbulent reacting flows instead of the commonly used Reynolds- 
average usually a Favre-average (mass-weighted) is used. In this work, 
the notation from Vervisch and Veynante (2002) is employed, with Q 
and Q′ denoting the Reynolds mean and fluctuations of a quantity Q, 
respectively, while Q̃ and Q’’ correspond to the Favre-averaged coun-
terparts. In the context of RANS, the averaging corresponds to a tem-
poral average. Note that in the investigated channel flow, the temporal 
averaging is additionally performed in the statistical independent lateral 
direction. In the context of LES, a spatial filter operation is performed 
using a box filter. A detailed description of the operations performed in 
the context of RANS and LES can be found in Appendix A. 

To capture the correct behavior of the turbulent flame, the unre-
solved fluctuations of the reactive scalars can be described by their joint 
probability density function (PDF) that accounts for the temporal sta-
tistic in the flow in the context of RANS and the filtered density function 
(FDF) that considers the spatial fluctuations in the context of LES. For 
the two-dimensional QFM employed in this work the bivariate PDF/FDF 
of the progress variable and enthalpy needs to be accounted for. In the 
following, both PDF and FDF are denoted by ̃P. Given the PDF/FDF ̃P(Yc,

H) of the progress variable Yc and normalized enthalpy H a mean/ 
filtered quantity Q̃ can be calculated in the context of RANS/LES 

Q̃ =

∫

Yc

∫

H
fQ(Yc,H)P̃(Yc,H)dYcdH. (4) 

Here fQ is a function that describes the dependency of Q on the 
progress variable and normalized enthalpy (i.e. the thermochemical 
manifold) and P̃ denotes the Favre-weighted PDF/FDF, which can be 
determined from the non-density weighted PDF/FDF P as 

P̃(Yc,H) =
ρ
ρ P(Yc,H). (5)  

3.3. Closure of the joint PDF with CQMOM 

The Quadrature Method of Moments (QMOM) (McGraw, 1997) is 
based on Gaussian quadrature and approximates the unclosed integrals 
in the moment transport equations containing the unknown PDF/FDF. 

The approximation is accurate up to the order 2N − 1 with N being the 
number of integration nodes employed. In this work, a Conditional 
Quadrature Method of Moments (CQMOM) (Cheng et al., 2010) is 
employed to model the moments of the bivariate PDF/FDF ̃P(Yc,H); this 
represents an extension of the standard (univariate) QMOM approach 
(McGraw, 1997) to multivariate PDFs/FDFs based on the concept of a 
conditional PDF/FDF (Yuan and Fox, 2011), i.e. the bivariate PDF/FDF 
is given as 

P̃(Yc,H) = P̃(Yc)P(H|Yc), (6)  

where P̃(Yc) is the marginal PDF/FDF of the progress variable and 
P(H|Yc) indicates the conditional PDF/FDF of the normalized enthalpy 
for a given value of the progress variable. The CQMOM uses a set of 
primary ϕα and secondary (conditional) ϕα;β nodes to approximate the 
joint PDF. The subscript α hereby describes the index of the primary 
direction, while (α; β) reads as index β of the secondary direction for a 
given index in the primary direction α. In the approximation, for each Nα 
nodes in the primary direction, Nβ nodes in the secondary direction are 
defined that model the conditional PDF/FDF P(H|Yc). Thus, a single 
node in secondary direction implies that for every integration node in 
primary direction a single integration node in secondary direction is 
used. In this work, the primary and secondary (conditional) direction 
correspond to the progress variable Yc and normalized enthalpy H, 
respectively. The integral approximation can be written as 

∫

R ψ

q
(
ϕα,ϕα;β

)
P̃
(
ϕα,ϕα;β

)
dϕαdϕα;β ≈

∑Nα

α=1

∑Nβ

β=1
wαwα;βq

(
ϕα,ϕα;β

)
, (7)  

with wα and wα;β being the primary and conditional weights of the 
bivariate PDF/FDF and q

(
ϕα,ϕα;β

)
containing all terms except the PDF/ 

FDF itself. Using q
(
ϕα,ϕα;β

)
= ϕk

αϕl
α;β yields the moment definition 

m̃k,l =

∫

R ψ

ϕk
αϕl

α;βP̃
(
ϕα,ϕα;β

)
dϕαdϕα;β ≈

∑Nα

α=1

∑Nβ

β=1
wαwα;βϕk

αϕl
α;β. (8) 

To perform the moment conversion (calculation of integration nodes 
and weights) a system of moments is used that is solved for in a coupled 
CFD simulation. To reach a fully determined system of moments for the 
bivariate PDF/FDF, a minimum of 2⋅Nα primary moments and 
Nα⋅(2⋅Nβ − 1) conditional moments are necessary. For additional infor-
mation on the system of moments, the reader is referred to (Marchisio 
and Fox, 2013). The nodes and weights of the PDF/FDF are computed 
using a two-stage Wheeler algorithm that is described in (Wheeler, 
1974; Marchisio and Fox, 2013). First, the primary nodes ϕα are 
computed corresponding to the progress variable direction. The results 
are then used to calculate the nodes of the conditional moments in the 
enthalpy direction ϕα;β. Finally, the PDF/FDF is represented as a 
weighted sum of Dirac delta functions 

P̃(Yc,H) ≈
∑Nα

α=1

∑Nβ

β=1
wαwα;βδ(Yc − ϕα)δ

(
H − ϕα;β

)
. (9) 

Note that in the equation above, the PDF/FDF is modeled using a 
conditional PDF/FDF in the secondary direction, since the nodes in the 
secondary (conditional) direction are defined for every primary node 
separately, indicated by the subscript (α; β). An integral quantity Q̃, can 
then be approximated by 

Q̃ ≈
∑Nα

α=1

∑Nβ

β=1
wαwα;βfQ

(
ϕα,ϕα;β

)
. (10) 

In a coupled simulation, the algorithm presented in (Madadi Kand-
jani, 2017; Fox, 2018; Pollack et al., 2021) can be used to solve the 
moment transport equations. 
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4. PDFs and FDFs in the context of flame-wall interaction 

In the following, the particular challenges of the closure of the joint 
PDF in the context of FWI are examined. First, the joint PDF of the 
progress variable and enthalpy to be modeled in the context of RANS is 
examined for various wall distances. Secondly, selected FDFs at specific 
flame positions are discussed in the context of LES. 

4.1. Analysis of the joint PDF in the context of RANS 

To calculate the joint PDF the quasi-DNS is sampled with a time-step 
of Δt = 2.5⋅10− 4 s over the duration of two flow-through times (0.04 s). 
Additionally, the data is averaged over the statistically independent 
lateral channel dimension. The PDF is extracted at different positions (xi,

zi) defined by the wall-normal distance and a stream-wise location:  

• Wall-normal distance (z): Different wall-normal distances are 
examined to investigate the impact of wall-heat losses on the joint 
PDF.  

• Stream-wise location (x): Different stream-wise locations are 
extracted to analyze the influence of the reaction progress on the 
PDF. The stream-wise location is defined for every wall-normal po-
sition, separately, and is based on the time-averaged normalized 
progress variable C. 

Fig. 3 shows a contour plot of the time-averaged normalized progress 
variable C (top) and a zoomed image of the near-wall region (bottom). In 
the zoomed image the sample positions for data extraction are indicated 
by the markers and the wall-normal extraction heights are shown as 
dash-dotted lines. Note that for the methane-air flame (δL ≈ 0.5 mm) 
investigated in this work the wall distance normalized by the laminar 
flame thickness z/δL is equivalent to approximately twice the wall dis-
tance z. 

Fig. 4 shows the extracted temporal joint PDFs of the progress vari-
able and normalized enthalpy and their respective marginal PDFs at the 
figure borders for the progress variable (top) and normalized enthalpy 
(right). First, the joint PDFs are discussed with respect to the wall dis-
tance. Therefore, the isoline C = 0.5 is considered and the plots are 
analyzed from the core flow (top) to the close vicinity of the wall (bot-
tom). In the core flow (z = 2.0 mm, top row), the flame is unaffected by 
enthalpy losses to the wall and a univariate PDF solely dependent on the 
progress variable can be observed, i.e. the enthalpy is constant as ex-
pected for a unity Lewis number case. With decreasing wall distance, the 
PDF shape changes. Due to enthalpy losses to the wall the PDF becomes 
bivariate varying with both progress variable and enthalpy. At z =

0.6 mm (middle row), only high values of the progress variable 
(Yc > 0.1) are significantly affected by the wall heat losses, showing a 
decrease in normalized enthalpy. In these regions, the PDF broadens in 
enthalpy direction. For lower progress variables (Yc < 0.1), however, 

Fig. 3. Contour plot of the time-averaged normalized progress variable C (top) 
and a zoomed image of the near-wall region (bottom). The white rectangle in 
the top plot shows the magnified region in the bottom. In the zoomed image, 
the iso-contours of C = [0.1,0.3,0.5, 0.7,0.9] are shown as solid lines. The dash- 
dotted lines correspond to z = [0.2, 0.6, 2] mm. The markers indicate the 
extraction points for the PDFs that are shown in Fig. 4. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 4. PDFs at a wall distance of z = 2.0 mm (top) z = 0.6 mm (middle) and z = 0.2 mm (bottom). Each subplot shows the joint PDF of the progress variable Yc and 
normalized enthalpy H as a contour colored according to the probability normalized by its maximum. The marginal PDF of the progress variable (top) and normalized 
enthalpy (right) are shown at the figure borders as bar plots with a bin size of 20. The mean reaction progress increases from left to right. The dash-dotted line 
corresponds to the global maximum value of Yc and the minimum is 0. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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the PDF retains its univariate character of the core flow. Finally, in the 
close vicinity to the wall (z = 0.2 mm, bottom row), a bivariate PDF can 
be observed for all values of the mean progress variable. 

Secondly, the influence of mean reaction progress on the PDF is 
discussed at different stream-wise locations shown in Fig. 4 from left to 
right. At the unburnt (C = 0.1) edges of the flame the fluctuations in 
both the progress variable and enthalpy direction vanish and the PDF 
can be approximated by a single point in the progress variable-enthalpy 
space. With increasing reaction progress, first the PDF widens in prog-
ress variable direction, still showing mainly low progress variable values 
(C = 0.3). Then, a typical double peak PDF of the progress variable can 
be observed (C = 0.5/0.7), showing a high probability of low and high 
values of the progress variable and few occurrences of intermediate 
values. This shape of the distribution is a direct effect of the thin reaction 
zones in premixed flames. With further increasing reaction progress, the 
PDF shows mainly high values of progress variable, before it approaches 
a single peak PDF with a small variance towards the burnt state. 

In summary, the influence of enthalpy losses at the wall increases 
with both, increasing reaction progress and decreasing wall distance due 
to higher temperature gradients in the flow. These enthalpy losses in the 
near-wall region yield a complex bivariate PDF in the reaction zone of 
the flame that need to be accounted for in TCI closure. The trends of the 
joint PDFs are also reflected in their marginal counterparts leading to a 
broadening of the univariate distributions of the progress variable and 
enthalpy. However, the correlation of the progress variable and 
enthalpy, as e.g. observed for z = 0.2 mm, is not captured by the mar-
ginal PDFs. In particular, statistical independence (Fiorina et al., 2005; 
Donini et al., 2017; Zhang et al., 2021) as often used in presumed PDF 
methods, is not applicable for FWI. In this context, the CQMOM 

approach that models the joint PDF as a marginal PDF of the progress 
variable and a conditional PDF of the enthalpy, see Eq. (6) is advanta-
geous. Fig. 5 shows the conditional mean and normalized standard de-
viation of the normalized enthalpy for a given progress variable at 
different wall distances. The conditional quantities clearly reflect the 
correlation of progress variable and enthalpy in the joint PDFs, indi-
cating the benefit of the CQMOM method over the pPDF approach. 
Additionally, the wall normal distance affected by enthalpy losses to the 
wall can be deduced from the left plot in Fig. 5. While for laminar flames 
(Zhang et al., 2021) an influence of the wall on the flame can be 
observed for z/δL < 1, in the turbulent flame investigated here z/δL < 2. 

4.2. Analysis of the joint FDF in the context of LES 

In the context of LES, the flame is filtered locally for instantaneous 
fields using a box filter operation (Eq. (A.4)). Therefore, transient pro-
cesses in the flame affect the FDF and need to be considered in the 
analysis. In Fig. 2 a snapshot of the DNS is shown and distinctive flame 
tongues can be observed at different lateral positions. Over time, these 
flame tongues emerge at different lateral locations in the flame, slowly 
propagate forward and are finally rapidly pushed back to the position of 
the main reaction front. This results in a locally high-intensity wall heat 
flux. A similar behavior is also described in (Gruber et al., 2010) for a 
hydrogen-air flame and in (Heinrich et al., 2018a) for a methane-air 
flame and can be explained by the interaction of the flame with the 
near-wall vortices. Fig. 6 shows a wall-parallel cut at z = 0.2 mm of the 
flame snapshot in Fig. 2. In the figure, two representative flame zones 
are depicted as dotted lines: a flame flank (A) and a flame tip (B). The 
flame flank (A) is characterized by a position in the flame with a high 
progress variable gradient in the lateral direction, while the flame tip (B) 
corresponds to the maximum of the flame front in the stream-wise di-
rection. Furthermore, similar to Fig. 3, the box filter’s center points of 
the FDFs analyzed in the following are shown. The center points (xi,center,

yi,center, zi,center) are determined as follows:  

• Wall-normal distance (zcenter): Different wall-normal distances are 
examined to investigate the impact of wall-heat losses on the joint 
FDF.  

• Lateral location (ycenter): Other than in the context of RANS, in LES 
the lateral direction is relevant for the flame, since the data is not 
averaged over time, but resolved locally (3D). Two respective lateral 
positions are chosen corresponding to a flame tip and a flame flank.  

• Stream-wise location (xcenter): Different stream-wise locations are 
extracted to analyze the influence of the reaction progress on the 
FDF. The stream-wise location is defined for every wall-normal and 
lateral position, separately, and is based on the instantaneous 
normalized progress variable C. Different stream-wise locations were 
analyzed that showed the highest challenges for the closure of the 
joint PDF in the reaction zone of the flame. In the following, only a 
representative position is discussed with C = 0.5. At the other 
stream-wise locations similar observation can be made. 

In the following analysis different exemplary filter kernels are 
employed to show the influence of the LES resolution on the FDF closure. 
The filter kernel size is given by 
(
Δx,Δy,Δz

)
= (AR⋅δz,AR⋅δz, δz), (11)  

with δz being the filter width in wall-normal direction and AR the aspect 
ratio of the filter kernel, indicating the influence of a grid refinement at 
the wall in an LES simulation. Note that even though the mesh is 
(formally) unstructured, due to its purely hexahedral and orthogonal 
structure the application of a box filter is a straight forward operation. In 
the following, first the FDF is discussed for different lateral positions and 
wall normal filter width δz. Then, the influence of the apect ratio is 
analyzed. 

Fig. 5. Conditional mean and normalized standard deviation of the normalized 
enthalpy for a given progress variable at different wall distances z and C = 0.5. 

Fig. 6. Snapshot of a wall-parallel cut through the domain at z = 0.2 mm 
colored by the normalized progress variable. Two representative flame posi-
tions are indicated by the dotted lines: flame flank (A), flame tip (B). The 
markers depict the center points of the box-samples used to calculate the FDFs. 
The slice is also shown in the 3D view of the flame in Fig. 2. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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The marginal and joint Favre-weighted FDFs of the progress variable 
and enthalpy are shown in Fig. 7 for different δz and AR = 2.5. The 
flame flank (A) shows a wide distribution for the progress variable and 
enthalpy and no significant correlation between the two variables can be 
observed. The flame tip (B), on the other hand, shows a line-like dis-
tribution that indicates a strong correlation between the progress vari-
able and enthalpy in this area of the flame. These two completely 
different FDF shapes show the challenge for any TCI closure model for 
FWI, which must be able to describe both FDF shapes. Note that the 
marginal FDFs (subfigure borders) that are used in pPDF approaches, do 
not reflect the correlations of progress variable and enthalpy in the joint 
FDFs. In the context of CQMOM, the FDFs at the flame tip (B) are 
straightforward due to the use of a conditional FDF for the enthalpy. For 
classical pPDF approaches from literature (Fiorina et al., 2005; Donini 
et al., 2017; Zhang et al., 2021), however, the high correlation between 
progress variable and enthalpy is in contradiction to the modeling as-
sumptions of independence of the progress variable and enthalpy. The 
flame flank (A), on the other hand, features a more challenging FDF for 

the CQMOM approach due to the low correlation between the progress 
variable and enthalpy and this is investigated in the following section. 

Secondly, the impact of wall-normal filter width δz on the FDF 
complexity is discussed. In Fig. 7 the filter width is increased from left to 
right by a factor of two for each subplot. While the FDF shape is mostly 
dependent on the specific flame area (flame flank/flame tip), the FDF 
widens with increasing filter width and shows increasing variance in the 
progress variable and enthalpy direction leading to a more complex FDF 
that needs to be accounted for by the TCI closure model. This aspect of 
TCI closure is also discussed in Section 5.3. 

Finally, the influence of the aspect ratio AR is discussed. Fig. 8 shows 
the FDFs corresponding to δz = 0.2 mm and varying aspect ratio. At the 
flame flank (A) the FDF is significantly influenced by the aspect ratio. 
While for small aspect ratios, a relatively uniform distribution is present, 
with increasing aspect ratio the FDF approaches a double peak FDF, 
similar to the ones observed in the context of RANS with a high prob-
ability of fresh and burnt gas states. The flame tip (B) on the other hand 
is not significantly influenced by the aspect ratio remaining its general 

Fig. 7. FDFs in the context of LES at a wall distance of z = 0.2 mm and a normalized progress variable of C = 0.5. At the top the FDFs at the flame flank (A) are 
shown, while at the bottom the FDFs at the flame tip (B) are depicted. From left to right the box-size (LES filter width) increases. The aspect ratio of the box filter is 
AR = 2.5. Each subplot shows the joint FDF of the progress variable Yc and normalized enthalpy H as a contour (middle) colored according to the probability 
normalized by its maximum. The marginal FDF of the progress variable (top) and normalized enthalpy (right) are shown at the figure borders as bar plots with a bin 
size of 20. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. FDFs in the context of LES at a wall distance of z = 0.2 mm and a normalized progress variable of C = 0.5. At the top the FDFs at the flame flank (A) are 
shown, while at the bottom the FDFs at the flame tip (B) are depicted. From left to right the aspect ratio increases. The wall-normal filter width is δz = 0.2 mm. Each 
subplot shows the joint FDF of the progress variable Yc and normalized enthalpy H as a contour (middle) colored according to the probability normalized by its 
maximum. The marginal FDF of the progress variable (top) and normalized enthalpy (right) are shown at the figure borders as bar plots with a bin size of 20. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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shape, showing only a broadening of the FDF with increasing aspect 
ratio. 

Note that the filter widths discussed above have a maximum value of 
2 mm (four time the laminar flame thickness δL) in the stream-wise and 
lateral direction and 0.4 mm in the wall-normal direction. Dependent on 
the configuration considered the LES filter widths can be even larger in a 
coupled simulation. 

5. A priori validation of the CQMOM closure of the joint PDF 

In this section, the suitability of the CQMOM approach to model the 
unresolved PDFs/FDFs is assessed in an a priori analysis and compared to 
a pPDF approach from the literature (Fiorina et al., 2005) that uses a 
β-PDF for the progress variable and a δ-peak for the enthalpy. The 
analysis focuses on the PDFs/FDFs in the reaction zone. Here, the 
modeling challenges for the closure of the joint PDF are the highest due 
the very complex PDF/FDF shapes as discussed in the previous section. 

It is important to note that this a priori analysis differs from other 
analyses performed in the literature (Bray et al., 2006; Jin et al., 2008) 
that directly compare the PDF/FDF shapes of the DNS reference with the 
presumed PDF/FDF counterpart. The CQMOM approach does not pre-
dict the PDF/FDF itself but instead estimates integrals based on the 
unknown PDF/FDF. Hence, the shape of the PDF/FDF cannot be directly 
analyzed (or compared) in the context of the QMOM method used here. 
Thus, the a priori analysis examines the prediction accuracy of Favre- 
averaged/Favre-filtered quantities originating from the respective 
PDFs/FDFs. Such an approach is particularly advantageous for the latter 
use in LES or RANS. Fig. 9 illustrates the workflow of the a priori analysis 
performed in this work. 

To ensure a fully consistent comparison of the closure models of the 
joint PDF/FDF, all thermochemical quantities are taken directly from 
the QFM manifold, i.e. we also perform a lookup using the DNS values of 
progress variable and enthalpy. This effectively decouples the error in 
the manifold from the TCI analysis. Starting from the quasi-DNS data-
base, the data is sampled according to the respective context. In the 
context of RANS the Favre-averaged quantities are calculated on the 
same samples that are used to calculate a temporal PDF as described in 
Section 4.1, while in the context of LES the filtered quantites are based 
on the FDF data extraction, described in Section 4.2. From these sam-
ples, the Favre-averaged/Favre-filtered quantities can be calculated as 
follows for the quasi-DNS, the pPDF approach and the CQMOM closure:  

• (DNS) Reference: The quasi-DNS reference values are calculated 
from the N samples that estimate the unresolved PDFs/FDFs, see 
Section 4: 

Q̃ref =
1
ρ
∑N

i=0
fρ(Ci,Hi)
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

from QFM

fQ(Ci,Hi)
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟

from QFM

. (12)  

Note that both the density and the quantity Q are estimated from 
the thermochemical manifold indicated by fρ and fQ, respectively.  

• pPDF approach: The approach by Fiorina et al. (Fiorina et al., 2005) 
using a β-PDF for the normalized progress variable and a δ-peak for 
the normalized enthalpy results in: 

Q̃ = f
(
C̃, C̃’’2, H̃

)
=

∫ ∫

fQ(C,H)⋅P̃(C)P̃(H)dCdH, (13)  

where the β-PDF P̃(C) is defined by the first and second moment 
(
C̃,

̃C’’2),  and  P̃(H) ≈ δ(H − H̃) is a δ-PDF centered at H̃.  
• CQMOM: In the a priori CQMOM closure, only part of the algorithm 

described in (Madadi Kandjani, 2017; Fox, 2018; Pollack et al., 
2021) needs to be used. In particular, instead of solving transport 
equations for the moments, they are directly calculated from the 
quasi-DNS samples (step i. below) and used as input parameters for 
the CQMOM algorithm. The CQMOM approximation, for a Favre- 
averaged/Favre-filtered quantity Q̃, is calculated in a multi-step 
process: 

i. Moment calculation: The Favre-averaged/Favre-filted mo-
ments m̃k,j are calculated directly from N sample points acquired 
from the quasi-DNS result: 

m̃k,j =

∑N
i=0fρ(Ci,Hi)Yk

c,iH
j
i

∑N
i=0fρ(Ci,Hi)

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟
from QFM

. (14)    

ii. Moment inversion: The nodes 
(
ϕα; ϕα;β

)
and weights 

(
wα; wα;β

)

corresponding to the given moment set m̃k,j are calculated.  
iii. Table lookup: For each node, the flow quantity can be extracted 

from the chemistry manifold fQ
(
ϕα,ϕα;β

)
. Note here that the PDF/ 

FDF nodes correspond to a point in the progress variable- 
enthalpy state.  

iv. Calculate the means: Finally, the Favre-averaged/Favre-filtered 
quantity Q̃ can be calculated using the interpolation weights and 
nodes corresponding to the Favre-averaged moments using Eq. 
(10). 

For the analysis two flow quantities are examined that show a strong 

Fig. 9. Schematic view of the a priori analysis for a flow quantity Q. The steps of the analysis are illustrated from left to right, starting from the quasi-DNS database 
and resulting in an approximation of a Favre-averaged/Favre-filtered quantity Q̃. In the context of RANS, a temporal average is performed, while in the context of 
LES, Favre-filtered quantities are considered. Note that the PDF/FDF approximation step of the pPDF approach can be performed prior to a simulation, while the 
CQMOM calculations of nodes and weights are performed during runtime. 
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sensitivity to wall heat losses, namely the temperature and the mass 
fraction of CO. These two quantities have also been of central interest in 
multiple studies of laminar (Ganter et al., 2017, 2018; Kosaka et al., 
2018; Jainski et al., 2017a,b) and turbulent (Jainski et al., 2018; Kosaka 
et al., 2018) side-wall quenching. Even though the source term of the 
progress variable is a central quantity for the closure of the joint PDF it is 
not used for the analysis performed in the following, since (i) the suit-
ability of the QMOM approach to predict the source term of the progress 
variable are discussed in a previous study of laminar freely propagating 
flames (Pollack et al., 2021) and (ii) due to flame quenching the reaction 
in the flame stagnates in the close vicinity to the wall leading to a 
vanishing source term in the FWI area. In the following, after a 
convergence study in Section 5.1, the CQMOM closure is discussed in the 
context of RANS (Section 5.2) and and LES (Section 5.3). 

5.1. CQMOM moment convergence study 

Before the CQMOM approach is compared to the pPDF approach 

from the literature the necessary number of integration nodes in the 
progress variable nYc and normalized enthalpy nH direction needs to be 
assessed. Therefore, the prediction of the Favre-averaged/Favre-filtered 
CO mass fraction is analyzed in the context of RANS/LES. 

Fig. 10 shows the convergence for the Favre-averaged CO mass 
fraction for an increasing number of nodes in the direction of the 
progress variable nYc and with one node in the direction of the enthalpy 
(nH = 1). When only a single node in the progress variable direction is 
employed, the CQMOM approach shows a high model deviation 
compared to the reference DNS results. In this particular case, only the 
Favre-averaged mean of the progress variable Ỹc and normalized 
enthalpy H̃ are used for the determination of the Favre-averaged CO 
mass fraction. Using two integration nodes, the CQMOM approach 
already shows a high prediction accuracy both in the core flow and in 
the proximity to the wall. With four integration nodes in the progress 
variable direction and a single node in the enthalpy direction, a nearly 
perfect agreement between the CQMOM estimate and the quasi-DNS 
reference can be observed. For the context of LES a corresponding 

Fig. 10. Prediction of the Favre-averaged CO mass fraction ỸCO as a function of the wall distance in the context of RANS. The CQMOM approximation is performed 
using a different number of nodes in the progress variable direction nYc , while in the enthalpy direction only a single node is used (nH = 1). The different columns 
show different stream-wise locations in the flame defined by C at the respective wall distance, see Section 4. At the top the absolute value is shown, while at the 
bottom the relative deviation from the quasi-DNS reference is depicted. 

Fig. 11. Prediction of the Favre-averaged CO mass fraction ỸCO as a function of the wall distance in the context of RANS. Next to the CQMOM a pPDF approach from 
the literature (Fiorina et al., 2005) is shown. The different columns show different stream-wise locations in the flame defined by C at the respective wall distance, see 
Section 4. At the top the absolute value is shown, while at the bottom the relative deviation from the quasi-DNS reference is depicted. 
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study was performed, using the respective spatially filtered values, 
leading to similar results that are not shown here for brevity. In the 
following analysis, all RANS and LES CQMOM results are shown for four 
nodes in the progress variable direction and a single node in the 
enthalpy direction. 

5.2. A priori assessment of the CQMOM approach in the context of RANS 

Figs. 11 and 12 show the CQMOM prediction of the Favre-averaged 
CO mass fraction and temperature in comparison to the pPDF approach 
from the literature (Fiorina et al., 2005). At the top row, the Favre- 
averaged quantity is shown, while the relative deviation from the 
quasi-DNS reference is depicted at the bottom. 

Different stream-wise locations in the reaction zone of the flame are 
displayed, with increasing reaction progress from left to right. The free 
flow region (z > 1 mm) that is unaffected by enthalpy losses to the wall 
confirms that in this region both models are in excellent agreement with 
the reference, both for the CO mass fraction and the temperature. Due to 
negligible enthalpy losses, the PDFs reduce to a univariate distribution 

solely dependent on the progress variable, see Section 4.1. With 
decreasing distance to the wall (z < 1 mm), the flame is affected by 
increasing enthalpy losses leading to a bivariate PDF of the progress 
variable and enthalpy. In this close proximity to the wall, the prediction 
accuracy of the pPDF approach deteriorates substantially with de-
viations up to 50% from the quasi-DNS reference. Here, the pPDF 
approach suffers from two drawbacks: (i) the enthalpy PDF cannot be 
modeled by a simple δ-peak and (ii) the modeling assumption of inde-
pendence of the normalized progress variable and normalized enthalpy 
(Fiorina et al., 2005) is no longer valid in the close vicinity of the wall. 
Contrary, the CQMOM approach can capture the near-wall behavior 
accurately by accounting for the conditional PDF of the enthalpy for a 
given progress variable P(Yc|H) using only a single node in the enthalpy 
direction. In the close vicinity to the wall the CQMOM approach makes 
use of the additional moment information compared to the pPDF 
approach and is able to approximate the complex bivariate PDF of the 
progress variable and enthalpy leading to an excellent agreement with 
the quasi-DNS reference. 

Fig. 12. Prediction of the Favre-averaged temperature T̃ as a function of the wall distance in the context of RANS. Next to the CQMOM a pPDF approach from the 
literature (Fiorina et al., 2005) is shown. The different columns show different stream-wise locations in the flame defined by C at the respective wall distance, see 
Section 4. At the top the absolute value is shown, while at the bottom the relative deviation from the quasi-DNS reference is depicted. 

Fig. 13. Prediction of the instantaneous Favre-filtered CO mass fraction as a function of the wall distance in the context of LES. The data is extracted at the flame 
flank (A) at a stream-wise direction corresponding to C = 0.5, see Section 4.2. The different columns show different box filter width, see Eq. (11), with varying wall- 
normal filter width δz and AR = 2.5. At the top the absolute value is shown, while at the bottom the relative deviation from the quasi-DNS reference is depicted. 
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5.3. A priori assessment of the CQMOM approach in the context of LES 

Finally, the suitability of the CQMOM approach to model the 
different FDF shapes presented in Section 4.2 is discussed. The predic-
tion accuracy of the Favre-filtered CO mass fraction is assessed, since it 
showed the highest deviations in the context of RANS and, hence, is most 
challenging to model. Two scenarios are studied, the flame flank (A) and 
the flame tip (B) for different wall distances and wall-normal filter width 
δz. Furthermore, the influence of the filter kernel’s aspect ratio AR is 
discussed for δz = 0.2 mm. The stream-wise location of the box filer’s 
center point corresponds to a value of C = 0.5. 

Figs. 13 and 14 show the results for varying wall-normal filter width 
and an aspect ratio of AR = 2.5 for the flame flank and the flame tip, 
respectively. Again, both closure models show a high prediction accu-
racy in the free flow (z > 1.0 mm). However, closer to the wall 
(z < 0.5 mm) the prediction accuracy deteriorates particularly for the 
pPDF approach. At the flame flank in Fig. 13, the CQMOM predictions 
show a relative difference of up to 2.5% from the DNS reference for the 
highest wall-normal filter width δz = 0.4 mm, while still remaining a 

higher prediction accuracy compared to the pPDF approach. With 
decreasing filter width the prediction of the PDF models improves 
significantly. As discussed in the previous section, the flame flank has a 
wide FDF of the progress variable and enthalpy and, therefore, it is 
particularly challenging to model with the CQMOM approach. This can 
be overcome in two ways: (i) the number of nodes in the enthalpy di-
rection can be increased and (ii) the filter width at the wall can be 
decreased (e.g. the grid resolution is increased), leading to less complex 
FDFs. At the flame tip in Fig. 14 the progress variable and enthalpy show 
a very high correlation. In this area, the CQMOM modeling assumption 
of a conditional FDF of enthalpy for a given progress variable is espe-
cially advantageous. Here, the CQMOM shows a nearly perfect agree-
ment with the reference. The pPDF approach, on the other hand, 
assuming the independence of progress variable and enthalpy is not able 
to predict the correct Favre-filtered CO mass fraction in the close vicinity 
of the wall. 

Finally, the influence of the box filter’s aspect ratio is discussed. As 
discussed in Section 4.2, the FDF shape at the flame flank is significantly 
influenced by the aspect ratio. In Fig. 15 the results for the flame flank 

Fig. 14. Prediction of the instantaneous Favre-filtered CO mass fraction as a function of the wall distance in the context of LES. The data is extracted at the flame tip 
(B) at a stream-wise direction corresponding to C = 0.5, see Section 4.2. The different columns show different box filter width, see Eq. (11), with varying wall-normal 
filter width δz and AR = 2.5. At the top the absolute value is shown, while at the bottom the relative deviation from the quasi-DNS reference is depicted. 

Fig. 15. Prediction of the instantaneous Favre-filtered CO mass fraction as a function of the wall distance in the context of LES. The data is extracted at the flame 
flank (A) at a stream-wise direction corresponding to C = 0.5, see Section 4.2. The different columns show different box filter aspect ratios, see Eq. (11), for δz =

0.2 mm. At the top the absolute value is shown, while at the bottom the relative deviation from the quasi-DNS reference is depicted. 
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are shown. While the prediction accuracy of the pPDF approach de-
teriorates with increasing aspect ratio, the CQMOM is able to correctly 
model the FDF showing a high accuracy for all aspect ratios. This em-
phasises the importance of a suitable FDF closure model with decreasing 
LES resolution. For the flame tip the aspect ratio has only a small in-
fluence on the prediction accuracy of both PDF closure models. The 
corresponding results are therefore not shown. 

6. Conclusion 

Turbulent FWI in a generic turbulent side-wall quenching configu-
ration is investigated in this work. A quasi-DNS of a stoichiometric 
methane-air flame was performed. From the quasi-DNS data the joint 
PDFs/FDFs of the progress variable and normalized enthalpy were 
extracted and analyzed in the context of RANS/LES. The influence of 
enthalpy losses at the wall on the joint PDFs/FDFs was assessed for 
different wall distances and mean reaction progress in the flame. 
Analyzing the PDFs in the context of RANS clearly showed that the wall 
distance has a strong influence on the PDF shape and dimension. While 
in the core flow a univariate PDF solely dependent on the progress 
variable is observed, the PDF shape becomes increasingly complex and 
bivariate closer to the wall. In the context of LES, the FDF has a high 
dependency on the spatial position in the flow and two representative 
flame positions were discussed: a flame flank (A) and a flame tip (B). At 
the flame flank a wide FDF was present that showed a high dependency 
on the box filter’s aspect ratio and size (e.g. LES grid resolution). At the 
flame tip the FDF is less affected by the box filter’s shape, however, a 
strong correlation was observed between the progress variable and 
normalized enthalpy close to the wall. This finding is in contradiction to 
the often used modeling assumption of statistical independence, i.e. in 
pPDF approaches (Fiorina et al., 2005; Donini et al., 2017; Zhang et al., 
2021). 

In the second part of this work, a novel CQMOM approach, coupled 
to a Quenching-Flamelet Generated manifold is assessed in an a priori 
analysis in the context of RANS and LES. The results are compared to the 
quasi-DNS data and a pPDF approach from the literature using a β-PDF 
for the progress variable and a δ-peak for enthalpy. First, a moment 
convergence study was performed, showing very good agreement with 
the quasi-DNS reference for four nodes in the progress variable direction 
and a single node in the enthalpy direction. In the core flow region 
unaffected by wall heat losses, both models are in good agreement with 
the quasi-DNS reference. In close proximity to the wall, however, the 
pPDF approach is not able to capture the correct flame behavior in the 

context of RANS and for coarse LES (large box filter sizes). The CQMOM 
approach, on the other hand, shows excellent agreement with the quasi- 
DNS reference both in the near-wall region and in the core flow. These 
results are very promising for future fully coupled LES or RANS simu-
lations and provide an alternative approach to pPDF to account for TCI. 
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Appendix A. Favre-averaging in the context of RANS and LES 

To calculate a Favre-averaged quantity in the context of RANS a temporal average is performed and the Favre-averaged quantity Q̃(x, t) is given by 

Q̃RANS(x) =
∫ T/2
− T/2 ρ(x, t)Q(x, t)dt
∫ T/2
− T/2 ρ(x, t)dt

, (A.1)  

where t corresponds to the time, T is the temporal integration interval and ρ the density. In the investigated channel flow in this work, the averaging is 
additionally performed in the statistical independent lateral direction, leading to 

Q̃RANS(x) =
∫ ymax

ymin

∫ T/2
− T/2 ρ(x, t)Q(x, t)dtdy

∫ ymax
ymin

∫ T/2
− T/2 ρ(x, t)dtdy

, (A.2)  

with ymin and ymax being the minimum and maximum lateral coordinate, respectively. In LES a spatial filter operation is performed and Q̃(x, t) is given 
by 

Q̃LES(x, t) =
∫

ρ(x*, t)Q(x*, t)F(x − x*)dx*
∫

ρ(x*, t)F(x − x*)dx* , (A.3) 
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where x = (x1, x2, x3) is the spatial coordinate and F(x − x*) is a normalized spatial filter function. In the following analysis a box filter is applied given 
by 

F(x1, x2, x3) =

{ (
Δx1 ⋅Δx2 ⋅Δx3

)
− 1 if |xi|⩽Δxi/2, i = 1, 2, 3

0 otherwise . (A.4)  

Appendix B. QFM validation in turbulent side-wall quenching 

In this section, the QFM manifold is validated for the turbulent side-wall quenching. Therefore, Figs. B.16 and B.17 show the Favre-filtered 
temperature and CO mass fraction calculated directly from the quasi-DNS and estimated with the QFM through a table lookup. The data is extrac-
ted with a wall normal filter width of δz = 0.2 mm and AR = 2.5 at different stream-wise locations defined by the normalized progress variable, see Eq. 
(2). The quasi-DNS reference quantity Q̃ is calculated as 

Fig. B.16. Instantaneous Favre-filtered temperature (left) and CO mass fraction (right) calculated directly from the quasi-DNS and using a lookup with the QFM (top) 
and the relative error of the means (bottom). The plot shown corresponds to the flame flank (A), see Fig. 6. 

Fig. B.17. Instantaneous Favre-filtered temperature (left) and CO mass fraction (right) calculated directly from the quasi-DNS and using a lookup with the QFM (top) 
and the relative error of the means (bottom). The plot shown corresponds to the flame tip (B), see Fig. 6. 
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Q̃ =

∑N
i=0ρiQi

∑N
i=0ρi

, (B.1) 

while, for the QFM value, both the density and the quantity are estimated from the chemistry manifold: 

Q̃QFM =

∑N
i=0fρ(Ci,Hi)fQ(Ci,Hi)
∑N

i=0fρ(Ci,Hi)
. (B.2) 

While the manifold shows very good agreement with the quasi-DNS in the free flow and at the flame flank (A), at the flame tip (B) the manifold 
shows a deviation from the quasi-DNS reference in the near-wall region. These deviations in the manifold are due to turbulent mixing processes that do 
not occur in the laminar flames and are subject to future investigations. 
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Abstract 

A combined experimental and numerical investigation of partially premixed laminar methane-air flames un- 
dergoing side-wall quenching (SWQ) is performed. A well-established SWQ burner is adapted to allow the 
seeding of the main flow with additional gaseous products issued from a (secondary) wall inlet close to the 
flame’s quenching point. First, the characteristics of the partially premixed flame that quenches at the wall are 
assessed using planar laser-induced fluorescence measurements of the OH radical, and a corresponding nu- 
merical simulation with fully-resolved transport and chemistry is conducted. A boundary layer of enriched 

mixture is formed at the wall, leading to a reaction zone parallel to the wall for high injection rates from 

the wall inlet. Subsequently, in a numerical study, the wall inflow is mixed with dimethylmethylphosphonat 
(DMMP), a phosphor-based flame retardant. The DMMP addition allows the assessment of the combined 

effects of heat loss and flame retardants on the flame structure during flame-wall interaction. With an increas- 
ing amount of DMMP in the injected mixture, the flame stabilizes further away from the wall and shows a 
decrease in the local heat-release rate. Thereby, the maximum wall heat flux is significantly reduced. That re- 
sults in a lower thermal load on the quenching wall. The flame structure analysis shows an accumulation of 
the intermediate species HOPO at the wall similar to the CO accumulation during the quenching of premixed 

flames without flame retardant addition. The study shows how the structure of a partially premixed flame is 
influenced by a wall that releases either additional fuel or a mixture of fuel and flame retardant. The insights 
gained from the canonical configuration can lead to a better understanding of the combined effects of flame 
retardants and heat losses in near-wall flames. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Chemical inhibition of combustion processes is 
of considerable scientific and practical relevance 
for the prevention and suppression of fire haz- 
ards [1] . Fire retardant compounds are commonly 
used as additives to polymers to enhance their re- 
sistance to ignition and to reduce the flame spread 

without significantly affecting their properties [2] . 
They contribute to the gas phase decomposition 

products with flame extinguishing effects but may 
also promote the char formation on the polymer 
surface, which acts as a protective coating [3] . The 
flame retardant (FR) addition reduces the igni- 
tion probability of the material and slows the fire 
spread, providing more time to escape or for fire 
suppression activities. Due to their advantageous 
properties, polymer materials with FR are largely 
used in construction, furniture, technical equip- 
ment, and transportation. 

Previous scientific investigations of FRs were 
mostly related to the search for suitable chemi- 
cal substances that meet certain criteria, such as 
flame inhibition, non-hazardousness, and climate 
friendliness. For example, CF 3 Br , also known as 
Halon 1301, one of the most used FR, has been 

phased out after the Montreal Protocol in 1987 for 
its ozone-depleting potential. Several agents have 
been investigated to identify suitable Halon sub- 
stitutes with a similar fire suppression efficiency. 
Phosphorous-containing compounds (PCCs) are 
one of the most prominent groups of FRs, es- 
pecially due to their low toxicity and high ef- 
ficiency [4] . The inhibition mechanism and ef- 
fectiveness of gaseous FRs are usually investi- 
gated in canonical flames. Spherically expanding 
flames [5] , co-flow diffusion flames [6,7] , coun- 
terflow flames [8,9] and premixed flames [10–
12] doped with PCCs have been experimentally in- 
vestigated to analyze the combustion suppression 

capability of different PCCs. The ignition delay 
time has been also investigated in a heated shock 

tube by Mathieu et al. [13] . Numerical simula- 
tions of one-dimensional laminar flames have of- 
ten been reported in these works to analyze the ef- 
fects of FR on the flame structure and to validate 
kinetic mechanisms [11,14–16] for phosphorous- 
containing mixtures. It has been observed that the 
effectiveness of PCCs as gas-phase combustion in- 
hibitors varies widely with the flame type [7] . 

In a fire scenario, the onset of the fire is usu- 
ally at the surface of a burnable compound and, 
hence, in proximity to cold walls. In these con- 
figurations, the flames are additionally influenced 

by heat losses to the walls that affect the com- 
bustion chemistry. In recent years, detailed exper- 
imental and numerical investigations of the com- 
bustion chemistry during flame-wall interactions 
(FWIs) have been carried out in generic configu- 
rations. Experimental studies of head-on quench- 
ing and side-wall quenching (SWQ) flames were re- 

cently reviewed in [17] . Jainski et al. [18] introduced 

an atmospheric SWQ burner that was extended and 

used in multiple experimental investigations [19–
22] of the thermochemical state and local heat- 
release rate (HRR) in laminar and turbulent flames. 
In the most recent studies, Zentgraf et al. measured 

the thermochemical state, represented by the tem- 
perature and the mole fractions of CO and CO 2 
(measured simultaneously), in laminar [22] and tur- 
bulent [21] flames. In addition to the experiments, 
corresponding numerical investigations with fully- 
resolved chemistry and transport were conducted. 
Ganter et al. [23] investigated the CO production 

mechanism close to the wall in a two-dimensional 
subdomain of the SWQ burner, and the authors 
were able to achieve very good agreement with the 
measurement results [18] . In a similar numerical 
configuration, Steinhausen et al. [24] assessed the 
local HRR in a dimethyl ether-air flame using the 
measurements performed in [20] as validation data. 
Palulli et al. [25] assessed the CO formation in lam- 
inar SWQ flames prone to velocity fluctuations us- 
ing a similar setup. Further, the thermochemical 
state during turbulent FWI has been investigated 

in multiple direct numerical simulations in a fully 
developed channel flow [26–28] . 

Even though FWI and FR have been indepen- 
dently investigated in generic configurations in de- 
tailed numerical and experimental studies, only a 
few combined investigations of the effects of FR 

and heat losses on the near-wall flame structure 
are reported in the literature. This study aims to 

narrow this gap by investigating a partially pre- 
mixed methane-air flame mixed with dimethyl- 
methylphosphonat (DMMP) undergoing SWQ in a 
combined numerical and experimental study. First, 
the SWQ configuration investigated in [22] is ex- 
tended by a secondary inlet at the wall that allows 
seeding of the main flow with gaseous products 
close to the flame’s quenching point. This adaption 

of the burner results in a partially-premixed flame 
structure that is significantly different from the pre- 
mixed flames investigated previously [18–22] and 

enables the assessment of the effect of an active 
wall releasing fuel or flame retardants towards the 
flame. With a pure methane inflow at the wall, the 
behavior of the partially premixed flame during 
SWQ is assessed with planar laser-induced fluores- 
cence (PLIF) measurements of the OH radical and 

a corresponding numerical simulation. In a numeri- 
cal study, the methane inflow from the wall is mixed 

with DMMP, a PCC, and the combined effects of 
FR and heat losses on the combustion chemistry 
are investigated. 

2. Experimental and numerical setup 

In the following, first, the experimental SWQ 

burner and the measurement setup are outlined. 
Secondly, the numerical setup is described. Figure 1 
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Fig. 1. Schematic view of the SWQ burner and the nu- 
merical subdomain used for simulation. In section A-A 

(right), a slice through the wall is shown. The wall inlet 
is a porous media through which the methane(-DMMP) 
mixture is seeded to the main flow. The simulation and 
measurements are performed in a 2D subdomain that is 
located in the middle of the wall, i.e., in the middle of the 
porous media. All scales are given in mm. 

shows a schematic view of the SWQ burner and 

the numerical subdomain investigated in this work. 
The burner configuration and measurement setup 

are similar to the one investigated in [22] with a 
modification of the quenching wall for additional 
fuel seeding. The burner is operated at ambient 
conditions (around 293.15 K, 1 atm) and with lam- 
inar inflow. At the nozzle exit a fully premixed stoi- 
chiometric methane-air flow enters the domain at a 
Reynolds-number of Re = u bulk d h /ν ≈ 5900 , with 

u bulk being the bulk velocity, d h the hydraulic diam- 
eter of the nozzle and ν the kinematic viscosity of 
the mixture. A V-flame is stabilized at a ceramic rod 

with a diameter of 1 mm. One flame branch is then 

quenched at the wall with a temperature stabilized 

at around 333 K. A porous media (sintered struc- 
ture inlay) is placed inside the wall to allow a sec- 
ondary inflow close to the flame’s quenching point. 
The wall inlet is located 30.5 mm downstream of 
the nozzle exit and has a height of 5 mm. The de- 
tailed geometry is shown in the sectional drawing 
A-A in Fig. 1 . Through the porous media, methane 
at around 293.15 K is seeded to the premixed main 

flow, resulting in a partially premixed methane-air 
flame in the vicinity of the wall. The volume flow 

of methane at the wall is controlled by a mass flow 

controller. In the experimental campaign, the flame 
is visualized using PLIF measurements of the OH 

radical, shown in Fig. 2 . For the PLIF measure- 
ments, the Q 1 (9)+Q 2 (8) line pair of OH was ex- 
cited by pulsed UV-radiation around 284 nm us- 
ing a frequency-doubled dye laser (pumped by a 
Nd:YAG at 532 nm, 10 Hz). The UV beam was 
formed to a light sheet with approximately 220 μm 

thickness. The emission was collected by a UV lens 
(Sodern, Cerco 2073, 100 mm) equipped with a 
bandpass filter, and detected by an intensified relay 
optic (LaVision GmbH) coupled to a CCD camera 
(LaVision GmbH, Imager E-Lite 1.4M). For more 
details on the burner geometry and the measure- 
ment setup, the reader is referred to the partially 
premixed investigations performed in [29] . 

Following previous numerical investigations of 
the SWQ burner [23,24] , the numerical setup con- 
sists of a two-dimensional subdomain of the 
quenching flame branch. The computational mesh 

is a rectilinear grid with a uniform grid size of 
50 μm. The computational domain has a length of 
6 mm in the wall-normal direction and a height of 
40 mm in the wall-parallel direction as shown in 

Fig. 1 . Similar to Ganter et al. [23] and Steinhausen 

et al. [24] , the inlet is modeled using a generic 
parabolic velocity profile. Hot exhaust gases are 
injected in a 0.5 mm wide section to stabilize the 
flame. In this area, the inflow velocity is increased 

by a factor of 2.244 to compensate for the density 
difference of the fresh and burnt gases. The top 

and right outlets are modeled using zero gradient 
boundary conditions for enthalpy, species, and ve- 
locity. For the pressure, a Dirichlet boundary con- 
dition is employed. The wall is modeled using a 
constant temperature of 333 K, a no-slip bound- 
ary condition for the velocity and for the species, a 
zero gradient boundary condition is employed. At 
the wall inlet (WI), a zero gradient boundary con- 
dition for the pressure is used, while the inflow ve- 
locity is assumed to be uniform over the inlet and 

therefore given by 

u WI = 

˙ V 

A WI 
, (1) 

with A WI being the total area of the wall inlet and 

˙ V 

the volume flow through the wall inlet. The species 
are modeled with a Robin boundary condition that 
accounts for both diffusive and convective fluxes at 
the wall 

˙ m 

′′ 
i = ˙ m 

′′ 
tot Y i − ρD i 

∂Y i 

∂y 
, (2) 

with ˙ m 

′′ 
tot being the total mass flux per area, ρ the 

density of the injected gas and ˙ m 

′′ 
i , D i and Y i be- 

ing the mass flux per area, the diffusion coefficient 
and the mass fraction of the species i in the in- 
jected gas, respectively. The simulations are per- 
formed using an in-house solver with fully-resolved 

transport and chemistry (FTC) based on Open- 
FOAM (v2006). The species diffusion coefficients 
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Fig. 2. Normalized OH-PLIF measurements (top), computed OH-PLIF signals (middle) and local HRR (bottom) based 
on the numerical simulations. Different methane wall inflow rates (left to right) are shown, given in norm liter per hour. In 
the middle row, the 1450 K temperature isoline is shown together with two quenching point (QP) definitions, based on the 
OH-gradient and the maximum heat flux to the wall. In the bottom row, isolines of the local equivalence ratio are shown 
as dashed-dotted lines. 

are modeled using a mixture-averaged transport 
approach [30,31] , and the reaction mechanism of 
Babushok et al. [16] is employed. Due to the minor 
effect on the results, radiative heat transfer is ne- 
glected in the simulations shown in the main part of 
the paper. For the interested reader, the radiation 

effects are discussed in the appendix. The results 

are plotted in a coordinate system relative to the 
quenching height. Two definitions of the quench- 
ing height are used: 

• OH-gradient: The quenching height is based 

on the OH-gradient as used in [22–24] . This 
definition has been mainly used in experi- 
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Fig. 3. Mass fraction of OH (top) and local heat-relase rate (bottom). From left to right the amount of DMMP in the 
injected mixture was increased. In the top row, the 1450 K temperature isoline is shown together with the quenching point 
based on the maximum heat flux to the wall. In the bottom row, isolines of the DMMP mass fraction are shown as dashed- 
dotted lines. 

mental investigations, where the flame posi- 
tion was determined by qualitative OH-PLIF 

measurements. 
• Wall heat flux: The quenching height is lo- 

cated at the maximum heat flux at the wall 

˙ q wall = −λ

∣∣∣∣
∂T 

∂y 

∣∣∣∣
wall 

, (3) 

with λ being the thermal conductivity and y 
the wall normal direction. This has also been 

used in [19] . 

For both quenching height definitions, the quench- 
ing distance y q is then defined by the wall distance 
of the 1450 K temperature isoline at the respective 
quenching height [19] . 

3. Laminar side-wall quenching with methane 
addition 

Before the effect of flame retardants is dis- 
cussed, the numerical setup for laminar SWQ with 

an additional CH 4 wall inflow is validated utilizing 

OH-PLIF measurements. Furthermore, the char- 
acteristics of the partially premixed flame are dis- 
cussed. Figure 2 shows the measured normalized 

OH-PLIF signal (top, ensemble-average based on 

400 samples) and its numerical counterpart (mid- 
dle) that is calculated from the thermochemical 
state of the simulation, following [24] . At the bot- 
tom of the plot, the local HRR of the flame is 
shown together with isolines of the local equiva- 
lence ratio (dashed-dotted lines) taken from the nu- 
merical simulations. From left to right different in- 
jection rates of CH 4 are shown. Note that the wall 
inflow is very small in comparison to the inflow at 
the nozzle. For the maximum volume flow shown 

in Fig. 2 the ratio of the inlet velocities is 

u WI 

u bulk 
= 

0 . 014 ms −1 

2 . 12 ms −1 
≈ 0 . 6 % . (4) 

The data are plotted relative to the quenching 
height based on the OH-gradient of the case with- 
out CH 4 addition at the wall ( ̇  V = 0 L/h ). The ex- 
perimental (top) and numerical (middle) data are 
in excellent agreement for all investigated inflow 

rates. The two quenching point definitions intro- 
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duced above are shown as white (OH-gradient) and 

orange (maximum heat flux) markers in the mid- 
dle row of Fig. 2 . While for the flame without an 

additional wall inflow, the quenching point defini- 
tions lead to similar quenching heights, they devi- 
ate with increasing methane inflow at the wall (left 
to right). That is a result of the enrichment of the 
flame close to the wall. The richer flames produce 
less OH compared to the stoichiometric flame, re- 
sulting in a lowered OH-PLIF signal in the reac- 
tion zone of the flame. For these partially premixed 

flames, the quenching point definition based on the 
OH-gradient fails to predict the correct quench- 
ing location, since the flame is not only affected 

by heat losses to the wall, but also by the change 
in the local equivalence ratio. For low inflow rates 
( ̇  V = 2 . 0 L/h ), the flame is only slightly affected, 
showing a slight increase in quenching height and 

distance. At higher inflow rates ( ̇  V ≥ 3 . 5 L/h ), how- 
ever, a concentration boundary layer of enriched 

mixture is formed, leading to a reaction front par- 
allel to the wall at increased quenching height and 

distance. 

4. Effect of flame retardants on side-wall 
quenching flames 

In the following, the effect of FR on the par- 
tially premixed methane-air flame is investigated. 
The case with a wall inflow of 2.0 L/h is chosen 

as the base case for the analysis since it already 
shows an influence of the concentration boundary 
layer on the flame. However, compared to higher 
inflow rates, the flame shape and quenching dis- 
tance of the flame are only slightly affected (see 
Fig. 2 ), allowing the investigation of the combined 

effect of heat loss and FR at the wall. In this study, 
the methane inflow is gradually mixed with the 
flame retardant DMMP ( Y CH 4 , in = 1 − Y DMMP, in ) 
while keeping the volume flow through the wall in- 
let constant. The inflow temperature is increased 

to 373.15 K to prevent condensation of DMMP. 
Figure 3 shows the simulation results for different 
compositions of the gas mixture injected at the wall 
inlet with an increasing amount of DMMP from 

left to right. Note that the amount of DMMP in the 
inlet mixture at the wall ( Y DMMP, in ) is much larger 
than the amount of DMMP in the concentration 

boundary layer due to the low inflow velocity at the 
wall inlet ( u WI /u bulk < 0 . 3 % ). For Y DMMP, in = 0 . 5 
the maximum mass fraction of DMMP in the sim- 
ulation domain is smaller than 0.1, which is further 
reduced when approaching the reaction zone of the 
flame (see the isolines in Fig. 3 ). The data are plot- 
ted relative to the quenching height based on the 
maximum heat flux of the case without DMMP ad- 
dition. At the top of the figure, the mass fraction of 
OH is shown together with the 1450 K temperature 
isoline and the quenching point based on the maxi- 
mum wall heat flux for each case. At the bottom, the 

Fig. 4. Quenching distance to the wall based on the max- 
imum wall heat flux and the 1450 K temperature isoline. 
Additionally, the peak wall heat flux is shown. 

Fig. 5. Wall heat flux over the wall-parallel coordinate for 
different inflow mixtures injected at the wall inlet. 

local HRR of the flame is shown together with iso- 
contours of the DMMP mass fraction. Similar to 

the pure methane case, a boundary layer of DMMP 

develops at the wall, which changes the chemical 
composition of the burning mixture near the wall. 
This variation in mixture composition is decreasing 
the local HRR at the flame tip, which also affects 
the quenching at the wall. 

Figure 4 shows the quenching distance and the 
maximum wall heat flux as a function of the mass 
fraction of DMMP in the gas mixture injected 

at the wall inlet. With an increasing amount of 
DMMP the quenching point moves downstream 

(see Fig. 3 ) and further away from the wall. At 
the same time, the maximum wall heat flux is de- 
creased. This decrease can be explained by two phe- 
nomena: (i) close to the wall a non-flammable mix- 
ture is present due to the high amount of FR in the 
mixture; (ii) the enrichment of FR leads to a lower 
HRR and subsequently lower temperatures of the 
mixture with FR. In addition to the maximum wall 
heat flux, Fig. 5 shows the heat flux profile over the 
wall-parallel coordinate relative to the quenching 
height. The addition of FR to the flame results in 

a significantly lowered peak heat flux at the wall, 
while the integral heat flux in the quenching region 

is approximately constant. The lowered peak heat 
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Fig. 6. Flame structure at different stream-wise positions relative to the quenching point based on the maximum heat flux 
to the wall (orange marker in Fig. 3 ). The top panel corresponds to the case without DMMP addition at the inlet, while 
the lower panel corresponds to Y DMMP, in = 0 . 3 . In the top subplots, the local HRR and the enthalpy are shown, while in 
the bottom the mass fractions of OH and the most important phosphorous species are depicted. The grey box in the plots 
depicts the reaction zone of the flame ( HRR > 2 · 10 8 W/m 

3 ). 

flux to the wall reduces the thermal load on the wall 
and thereby the risk of fire outbreaks. 

Figure 6 shows the flame structure at different 
stream-wise locations for a reference case without 
the addition of FR (top) and with DMMP addi- 
tion (bottom), where a mixture of methane and 

DMMP is injected at the wall inlet. In the individ- 
ual subplots, the local HRR and total enthalpy h 
are shown in the top subplot, while at the bottom, 
the mass fractions of OH, DMMP, PO 2 , HOPO 

and HOPO 2 are depicted. Note that the H radi- 
cal shows a similar trend to the OH radical and is 
therefore not shown for clarity in the figures. The 
species were chosen following Babushok et al. [16] , 
who identified these species as those involved in 

the most relevant reaction pathways of methane- 
air freely propagating flames diluted with PCCs. In 

their work, they also provided an illustrative path- 
way analysis for the reaction pathway of the phos- 
phorous species. First, the local HRR and the en- 
thalpy loss to the wall (top subplots) are discussed 

for both flames. Then, the flame structure with 

DMMP addition is assessed in more detail using 
the mass fraction of OH and the temperature pro- 
file of the flame without DMMP addition as a ref- 
erence. In the region upstream the quenching point 
( z q = −3 mm ) both flames are not yet affected by 
enthalpy losses to the wall, showing an approxi- 
mately constant enthalpy profile in the wall-normal 
direction y . In the flame with DMMP addition, the 
HRR already shows a lowered peak due to the en- 
richment of FR in the reaction zone. Once entering 
the reaction zone, the DMMP is consumed, HOPO 

is formed and further converted to HOPO 2 and 

PO 2 , resulting in a lowered mass fraction of OH 

and thereby inhibition of the flame. Note, however, 
that the phosphorous products are only present in- 
side the reaction zone and the burnt part of the 
flame at higher temperatures and not in the near- 
wall region. At the quenching point ( z q = 0 mm ) 
both flames are affected by enthalpy losses to the 
wall, resulting in a lowered enthalpy in the near- 
wall region and a lowered HRR in both flames. 
Again, the flame with DMMP addition shows a 
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significantly reduced HRR and mass fraction of 
OH. It burns further away from the wall, result- 
ing in a decreased temperature gradient and thereby 
a reduced heat flux to the wall (see Fig. 5 ). A 

high amount of the DMMP is already consumed 

by the flame. In the reaction zone, the amount of 
the phosphorous species is increased compared to 

the upstream location. Similar to the upstream di- 
rection, PO 2 and HOPO 2 are only present in the 
high-temperature part of the flame. In contrast to 

that the intermediate phosphorous species HOPO 

is built up at the wall. Finally, downstream the 
quenching point ( z q = 2 mm ) both flames are fully 
quenched. In this region, DMMP is almost entirely 
consumed, while HOPO is (still) accumulated at 
the wall. A similar accumulation can also be ob- 
served for CO during laminar SWQ of fully pre- 
mixed flames [23] . 

5. Conclusion 

In this study, the effect of a (cold) wall, which 

either releases additional fuel or a mixture of fuel 
and flame retardant, on a partially premixed flame 
is assessed in a canonical side-wall quenching con- 
figuration. First, the effect of pure fuel addition is 
considered. Therefore, an established experimental 
SWQ burner [22] has been adapted to allow seeding 
of the main flow with gaseous components at the 
wall near the quenching point. The OH-PLIF mea- 
surements are compared to corresponding numeri- 
cal simulations, which show a very good agreement. 
The local enrichment at the wall leads to complex 
partially premixed flames. These flames show an in- 
creased quenching distance with increasing inflow 

rates from the wall inlet and build up a wide reac- 
tion zone parallel to the wall at high injection rates. 
Subsequently, the combined effect of flame retar- 
dant and heat loss to the wall is assessed by adding 
the phosphor-based flame retardant DMMP to the 
mixture injected at the wall inlet. The addition of 
DMMP leads to lower local heat-release rates in the 
flame, which result in higher quenching distances 
and reduced maximum wall heat fluxes, i.e., a re- 
duced thermal load. Further, the analysis of the 
structure of the flame with DMMP addition at the 
wall inlet shows an accumulation of intermediate 
phosphorous product species (HOPO) in the near- 
wall region. A similar observation has been made 
for CO in laminar flames undergoing SWQ without 
flame retardant addition. The insights gained from 

this canonical configuration lead to a better under- 
standing of the effect of flame retardants on near- 
wall combustion, which is of relevance to fire safety 
and prevention. Future work should address the in- 
fluence of flame retardants on turbulent boundary 
layer flames, which could be realized by an exten- 
sion of the present active wall configuration. To- 
gether with suitable experiments, numerical simu- 

lations of such configurations could lead to impor- 
tant insights in the field of fire safety. 
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Appendix A. Impact of radiative heat transfer 

To assess the role of radiation, the case without 
the additional wall inlet ( ̇  V = 0 . 0 L/h) is simulated 

with and without modeling radiative heat transfer. 
The radiation model employed is described in [32] . 
For the optically thin model (OTM), the radiative 
heat loss between a given fluid element in the flame 
and the cold surroundings is given by 

˙ Q = 4 σ · (
T 

4 − T 

4 
b 

)∑ 

i 

(
p i a p,i 

)
, (A.1) 

with σ = 5 . 669 e −8 W / m 

2 K 

4 , T and T b being the lo- 
cal flame temperature and the background temper- 
ature, and p i and a p,i being the partial pressure and 

the Planck mean absorption coefficient of species i, 
respectively. The most important radiating species 
for hydrocarbon flames, i.e. H 2 O, CO 2 , CO and 

CH 4 , are accounted for and their mean Planck 

absorption coefficients are calculated using RAD- 
CAL [33] . Figure A.1 shows the wall heat flux with 

and without radiative heat transfer. The inclusion 

of radiative heat transfer has only a minor effect on 

the results, which is also confirmed in the maximum 

heat flux, quenching distance, quenching height, 
and overall flame structure (not shown here). These 
findings are in accordance with the typical model- 
ing assumption in flame-wall interactions that "ra- 
diative fluxes are neglected [... ] because they are 
small compared to the maximum heat flux obtained 

when the flame touches the wall" [34] . In the flames 
diluted with DMMP, the amount of phosphorous 
species is very small, i.e. the elemental mass frac- 
tion is smaller than 1% in the reaction zone of the 
flame. For this reason, the radiation of the phos- 
phorous species is not expected to be of high rele- 
vance due to the low amount of phosphor in the 
flame. However, the information on the radiative 
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Fig. A.1. Wall heat flux over the wall-parallel coordinate 
with and without accounting for radiative heat transfer 
for the case without additional wall inlet ( ̇  V = 0 . 0 L/h). 

properties of the phosphorous species is very sparse 
and their role in radiative heat transfer could be ex- 
plored in future experimental studies. 
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Abstract 

In this study, the thermochemical state during turbulent flame-wall interaction of a stoichiometric methane- 
air flame is investigated using a fully resolved simulation with detailed chemistry. The turbulent side-wall 
quenching flame shows both head-on quenching and side-wall quenching-like behavior that significantly af- 
fects the CO formation in the near-wall region. The detailed insights from the simulation are used to eval- 
uate a recently proposed flame (tip) vortex interaction mechanism identified from experiments on turbulent 
side-wall quenching. It describes the entrainment of burnt gases into the fresh gas mixture near the flame’s 
quenching point. The flame behavior and thermochemical states observed in the simulation are similar to the 
phenomena observed in the experiments. A novel chemistry manifold is presented that accounts for both the 
effects of flame dilution due to exhaust gas recirculation in the flame vortex interaction area and enthalpy 
losses to the wall. The manifold is validated in an a-priori analysis using the simulation results as a refer- 
ence. The incorporation of exhaust gas recirculation effects in the manifold leads to a significantly increased 

prediction accuracy in the near-wall regions of flame-vortex interactions. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: Flame-wall interaction; Side-wall quenching (SWQ); Flame-vortex interaction; Chemistry manifold; 
Turbulence 
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1. Introduction 

Technical combustors for power generation, 
such as internal combustion engines or gas tur- 
bines, are typically operated under turbulent flow 

conditions and enclosed by walls. The turbulent 
combustion process in the combustion chamber is 
a complex multi-scale, multi-physics phenomenon 

https://doi.org/10.1016/j.proci.2022.09.026 
1540-7489 © 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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that still poses a challenge for numerical simu- 
lations. During turbulent flame-wall interactions 
(FWIs), the complexity increases even further. 
In technical systems, the temperature of the 
combustor walls is often lower than the gas tem- 
perature. In these cases, the flame is affected by 
enthalpy losses at the walls, leading to incomplete 
combustion, which lowers the overall efficiency and 

enhances pollutant formation [1] . Additionally, 
FWI can lead to undesired flame behavior, such as 
flame flashback [2] . 

Two major effects need to be considered to sim- 
ulate turbulent FWI processes: (i) the fluctuations 
of the reactive scalars and (ii) the influence of the 
cold walls on the combustion chemistry. In Direct 
Numerical Simulations (DNS) of FWIs [3–6] , all 
relevant scales of transport and finite-rate chem- 
istry are resolved, resulting in high computational 
costs that render this approach unfeasible for the 
simulation of real combustion applications. In 

the simulation of practical systems, Reynolds- 
Averaged Navier-Stokes (RANS) and Large Eddy 
Simulations (LESs) are typically used, which re- 
quire a suitable turbulence chemistry interaction 

(TCI) closure model and a reduction of the com- 
bustion chemistry. While TCI closure approaches 
for FWI have been addressed recently [5] , this study 
focuses on the latter using chemistry manifolds [7–
10] that combine the high prediction accuracy of 
the thermochemical state of a finite-rate chemistry 
simulation with low computational costs. 

Chemistry manifolds for FWI have been devel- 
oped and validated in multiple studies of laminar 
flames [11–14] against fully resolved finite-rate 
chemistry simulations and measurements of the 
near-wall thermochemical states [15,16] . These 
studies showed that the near-wall flame structure 
cannot be fully captured by 1D laminar flamelets 
based on burner-stabilized flames. However, tran- 
sient head-on quenching (HOQ) flames are suitable 
to describe the flame structure during FWI. It was 
validated in quenching laminar flames [11–14] and 

is extended to turbulent flames in the present 
work. Recent numerical [6,17] and experimen- 
tal [18] studies also show a high dependency of the 
thermochemical state in transient and turbulent 
FWIs caused by velocity perturbations interacting 
with the quenching flame. Palulli et al. [17] inves- 
tigated the influence of velocity perturbations on 

the near-wall thermochemical state, more specific 
the local heat-release rate and the CO formation. 
In that work, a 2D finite-rate chemistry simula- 
tion of a side-wall quenching (SWQ) flame was 
performed that is prone to velocity perturbations 
of varying frequencies. While at low and high 

forcing frequency, only SWQ-like behavior was 
observed, at an intermediate frequency, the flame 
showed both head-on quenching (HOQ) and 

SWQ-like behavior that significantly affects the 
CO formation at the wall. In [6] a 3D DNS of a 
diluted methane-air flame undergoing SWQ was 

performed and the CO formation in the flame was 
analyzed. In the study, the thermochemical state of 
the DNS was compared to 1D freely propagating 
flames with different amounts of exhaust gas 
added to the fresh gas mixture and opposed-flow 

flames with different strain rates. In the core flow, a 
good agreement of the thermochemical states was 
observed. In close vicinity to the wall, however, 
the thermochemical state was not captured by 
the adiabatic flame configurations. Finally, Zent- 
graf et al. [18] investigated the thermochemical 
state during turbulent atmospheric SWQ using 
simultaneous quantitative measurements of CO , 
CO 2 and temperature. They demonstrated that the 
observed thermochemical states in the turbulent 
SWQ scenario differ significantly from the laminar 
configuration investigated in [16] . In accordance to 

Palulli et al. [17] HOQ and SWQ-like behavior was 
observed in the turbulent flames. Furthermore, the 
authors proposed a possible flame-vortex interac- 
tion (FVI) mechanism that explains the differences 
between the observed laminar and turbulent states 
as originating from the recirculation of burnt 
exhaust gases into the unburnt part of the flame. 

In the present study a three-dimensional fully- 
resolved simulation with detailed chemistry of 
the FWI of a stoichiometric methane-air flame 
in a fully developed turbulent channel flow is 
performed. The objective of this work is threefold: 

(i) to investigate the FVI mechanism proposed 

in [18] for a turbulent SWQ with a focus on 

the observed thermochemical states. In this 
context, the FVI mechanism is numerically 
verified and analyzed based on a time series 
of the performed simulation; 

(ii) to model the effects of FVI using a novel 
chemistry manifold that accounts for the ef- 
fects of exhaust gas recirculation (EGR) and 

enthalpy losses at the wall; 
(iii) to validate the manifold in an a-priori man- 

ner using the detailed simulation results as a 
reference. 

2. Numerical setup 

2.1. Turbulent side-wall quenching flame 

In the following, the numerical setup of the 
turbulent SWQ flame analyzed in this work is out- 
lined. The setup is inspired by Gruber et al. [3] and 

was used for the analysis of TCI closure in [5] . 
Figure 1 shows a schematic view of the numerical 
setup. In a fully developed turbulent channel flow, 
a V-shaped premixed stoichiometric methane-air 
flame is stabilized at a flame holder and undergoes 
side-wall quenching at the (cold) channel walls. The 
wall temperature is fixed and equal to the inflow 

temperature T in = T wall = 300 K . The channel flow 

has a Reynolds number of Re = (U bulk H ) /ν ≈
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Fig. 1. Schematic of the numerical setup. In the (statisti- 
cally independent) lateral direction ( y ) the channel width 
is 3 cm. The region of interest analyzed in Figs. 3 and 8 is 
shown as a blue rectangle. All measurements are given in 
mm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of 
this article.) 

2770 , with U bulk being the mean flow velocity, H 

the channel half-width and ν the kinematic viscos- 
ity. The mean inflow velocity is U bulk = 4 . 4 ms −1 . 
The flame holder is modeled as a cylindrical region 

of burnt gas temperature with the center at H/ 2 
above the bottom wall. Note that the equivalence 
ratio and wall temperatures are chosen to allow a 
comparison of the physical phenomena with recent 
experimental investigations [18,19] . While the work 

of Zentgraf et al. [18] focuses on dimethyl ether 
flames, a methane-air flame was also investigated 

in the experimental campaign. In their study, the 
equivalence ratio of the dimethyl ether flame was 
chosen to match the flame speed of a stoichiomet- 
ric methane-air flame, which is investigated in this 
study. 

A non-reactive simulation of the turbulent 
channel flow is performed to generate appropri- 
ate inflow conditions for the reactive case. The 
channel dimensions of the non-reactive case are 
x × y × z = 14 H × 3 H × 2 H , with x being the 
stream-wise, y the lateral, and z the wall-normal 
direction. In the stream-wise and lateral direction, 
periodic boundary conditions are applied, while 
the wall is modeled with a no-slip boundary condi- 
tion. The computational grid is refined towards the 
walls with a wall resolution of 25 μm ( y + = 0 . 24 ), 
resulting in a total of 60 million hexahedral cells. 
The inflow velocity fields at the boundary serve 
as inflow conditions for the reactive case and are 
stored with a time-step of �t = 3 μs . 

The reactive simulation has a reduced channel 
dimension in stream-wise direction of 10 H . The 
purely hexahedral, orthogonal mesh is refined 

towards the bottom wall with a wall resolution of 
12 μm ( y + = 0 . 14 ) and a total of 200 million cells 
is used, ensuring a sufficient grid resolution (Kol- 
mogorov length scale η > 45 μm , laminar flame 
thickness δL = (T burnt − T unburnt ) / | δT /δx | max ≈
0 . 5 mm ). Note that the resolution at the bottom 

wall is motivated by the flame-wall interaction 

zone, where the flame can move as close as 100 μm 

Table 1 
Numerical setup of the reactive case. 

Parameter Property 

Gas mixture Methane-air ( � = 1 ) 
Reaction mechanism Reduced CRECK [21] 
Diffusion model Le = 1 transport 
( x × y × z ) ( 100 × 30 × 20 ) mm 

Anchor position ( x , z ) (10 mm, 5 mm) 
Anchor radius 0 . 9 mm 

Bulk velocity 4 . 4 ms −1 

Inlet temperature 300 K 

Wall temperature 300 K 

Reynolds number 2770 

towards the cold wall [20] . The boundary condi- 
tions of the domain are set as follows: At the inlet, 
the inflow velocity fields from the non-reactive 
simulation are employed. Therefore, the velocity 
fields are spatially and temporally interpolated to 

the inlet boundary face at every time step of the 
reacting simulation. In the lateral direction, peri- 
odic boundary conditions are applied, while the 
walls are modeled using a no-slip boundary con- 
dition for the velocity, a zero-gradient boundary 
condition for the species, and a fixed temperature 
boundary condition ( T wall = 300 K ). Finally, at the 
outlet, a Dirichlet boundary condition is employed 

for the pressure, while a zero-gradient boundary 
condition is used for the reactive scalars and the 
velocity. The source terms are described using a re- 
duced version of the CRECK mechanism [21] that 
consists of 24 species and 165 reactions and a 
unity Lewis number assumption for the molecular 
diffusion coefficients. Table 1 summarises the most 
important setup parameters. 

The simulations are performed with an in- 
house solver [22,23] that uses finite-rate chemistry. 
In [22] the solver was validated to be suitable 
for DNS-like simulations using multiple DNS 

reference cases from the literature. The spatial dis- 
cretization is of fourth-order, and a second-order 
fully implicit backward scheme is used for the 
temporal discretization. The reactive simulation 

was performed on 32,678 CPU cores (AMD EPYC 

7742), and more than 18 million core-h have been 

consumed. 

2.2. Laminar side-wall quenching flame 

In addition to the turbulent case, a correspond- 
ing laminar SWQ simulation is performed. The 
setup of the laminar case is similar to the one 
presented in [5,11] . The simulation is performed in 

a two-dimensional domain, where a flame is sta- 
bilized at the inlet away from the wall by injecting 
hot exhaust gases at equilibrium conditions. The 
flame approaches the wall with a wall temperature 
of 300 K, where it undergoes SWQ. The numerical 
solver employed is similar to the turbulent simu- 
lation described above. The boundary conditions 
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Fig. 2. Thermochemical states in the turbulent SWQ simulation colored by wall distance z . For reference, a 1D freely 
propagating (fp) flame and lines extracted parallel to the wall from a laminar SWQ are shown. 

and the numerical grid of the simulations are 
equal to the one described in [5] except for the wall 
temperature. 

3. Thermochemical state in turbulent SWQ 

In this section, the thermochemical state of 
the turbulent SWQ simulation is analyzed in the 
near-wall region up to a normalized wall distance 
of z/δL = 6 and compared to the thermochemical 
states of laminar SWQ and a freely propagating 
(fp) flame for reference. 

Figures 2 (a-c) show the thermochemical states 
from the turbulent SWQ represented by tempera- 
ture T and CO 2 and CO mass fractions. The data 
is colored by the normalized wall distance z/δL . In 

addition to the turbulent SWQ, a corresponding 
laminar SWQ is shown. The spanned thermochem- 
ical state is bounded by the cold wall boundary 
(solid black line) and a freely propagating flame 
(dashed black line). Furthermore, different lines 
extracted parallel to the wall are shown to vi- 
sualize the influence of the wall distance on the 
thermochemical state (gray dotted lines). 

In the T - Y CO 2 plane ( Fig. 2 (a)), the state space 
spanned by the turbulent SWQ is also fully covered 

by its laminar counterpart. Similar observations 
can be made for T - Y CO 

in Fig. 2 (b). Only for low 

temperatures, the turbulent case shows states with 

higher Y CO 

compared with its laminar counterpart. 
Finally, the Y CO 2 - Y CO 

plane ( Fig. 2 (c)) is addressed. 
In the laminar SWQ, Y CO 

shows a conditional max- 
imum and minimum for a given value of Y CO 2 

max 
(
Y CO 

| Y CO 2 

) = 

(
Y CO 

| Y CO 2 

)
fp-flame (1) 

min 

(
Y CO 

| Y CO 2 

) = 

(
Y CO 

| Y CO 2 

)
z=0 mm 

(2) 

with 

(
Y CO 

| Y CO 2 

)
being the value of Y CO 

for a 
given value of Y CO 2 . While the highest 

(
Y CO 

| Y CO 2 

)

is present in the undisturbed part of the flame 
(freely propagating flame / high wall distance), (
Y CO 

| Y CO 2 

)
decreases with the wall distance and 

reaches a minimum at the wall ( z = 0 mm ), where 
the flame is quenched and cooled down to wall 
temperature. In the turbulent SWQ, the minimum 

value of 
(
Y CO 

| Y CO 2 

)
is lower compared to the 

laminar counterpart, showing values comparable 
to the unburnt and burnt gas state over the whole 
range of Y CO 2 . A flame-vortex interaction (FVI) 
mechanism was proposed in [18] that explains the 
differences in the observed states of the laminar 
and turbulent SWQ originating from the mixing 
of (cold) burnt products with unburnt gases in the 
close vicinity of the quenching point. 

To assess this hypothesis, Fig. 3 shows a time se- 
ries for a slice of the flame in the lateral direction 

that displays a representative time series found in 

the turbulent SWQ flame. The area shown in the 
slice is marked by the blue box in Fig. 1 . On the 
left, the flame is visualized by the reaction rate of 
CO 2 , together with vortical structures indicated by 
the Q-criterion [24] (white lines). On the right, Y CO 2 

is shown, as well as the reaction zone of the flame 
(black isoline of ˙ ω CO 2 = 400 1/s ). Furthermore, the 
area where Y CO 

falls below the conditional mini- 
mum of the laminar SWQ flame ( Fig. 2 (c)) is in- 
dicated by a white isoline. In the following, this 
area is referred to as the area of FVI. In Fig. 4 , a 
schematic representation of the FVI mechanism is 
shown for the same area and time steps that are de- 
picted in Fig. 3 . At t = 0 ms the flame is in a SWQ- 
like state, and no areas of FVI are observed. A vor- 
tical structure is present downstream of the flame 
tip. The flame tip propagates into the vortical struc- 
ture, pushing the vortex in the stream-wise direc- 
tion. This forwards motion, together with the en- 
trainment of hot exhaust gases at the wall, leads to 

the mixing of cold, burnt products and fresh gases 
below the reaction zone and thus between the flame 
branch and the cold wall (see t = [ 0 . 55 , 1 . 1 ] ms ). 
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Fig. 3. Time series of a slice in lateral direction through the turbulent flame. On the left, the reaction rate of CO 2 is shown 
together with vortical structures visualized by the Q-criterion (white lines). On the right, Y CO 2 is shown and the flame front 
is visualized by a contour of ˙ ω CO 2 (black). Additionally, the white isocontour represents the area of FVI. The area shown 
in the slices is also depicted Fig. 1 as a blue rectangle. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

The mixing changes the flame velocity at the flame 
tip, leading to decreased heat release at the flame tip 

( t = 1 . 65 ms ). At the same time, the vortex above 
the flame front spreads over a wide area and pushes 
the flame against the wall, resulting in a HOQ-like 
quenching region parallel to the wall ( t = 2 . 2 ms ). 
After the flame has been pushed back, it spreads 
out again, and the FVI mechanism described is re- 
peated. The observed flame behavior is in agree- 
ment with the experimental hypothesis by Zentgraf 
et al. [18] and is mainly driven by the interaction of 
the flame with the near-wall vortical structures. It is 
not restricted to the equivalence ratio or even fuel. 
A video of the temporal evolution of the flame can 

be found in the supplementary material, including 
two additional lateral positions. 

To assess the importance of the FVI mecha- 
nism, Fig. 5 shows a wall-parallel cut through the 
simulation domain at z/δL = 0 . 2 and t = 1 . 1 ms . 
The investigated flow configuration is statistically 
independent in the lateral direction. Therefore, 
the lateral direction can be understood as multiple 
realizations of the temporal flame evolution, and 

the wall-normal cut is a reasonable indication for 
the likelihood of the exhaust gas recirculation 

events caused by FVI at a given wall distance. In 

the figure, the area of FVI, indicated by the white 
isoline, is distributed over most of the reaction 

zone of the flame. A similar picture can also be 
observed at other time instances of the flame. With 

increasing distance from the wall, the area affected 

by FVI decreases, see also Fig. 9 . This shows the 
importance of FVI events in turbulent FWI, since 
in the near-wall region most of the reaction zone 
of the flame is prone to exhaust gas recirculation 

effects. Twenty simulation time steps throughout 
5 ms have been analyzed concerning the probability 
of a FVI event to emphasize this aspect even fur- 
ther. Thereby, a FVI event was counted for every 
time step and lateral direction, if 

(
Y CO 

| Y CO 2 

)
falls 

below the laminar SWQ simulation counterpart 
for more than one stream-wise location. In the 
analysis more than 80 % of the lateral locations are 
prone to exhaust gas recirculation, confirming the 
observations made in the single time step shown in 

Fig. 5 . In the supplementary material the temporal 
evolution of three wall-normal slices at different 
wall distances are provided, additionally. 
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Fig. 4. Annotated visualization of the FVI mechanism 

shown in Fig. 3 . In orange, the flame front visualized by a 
contour of ˙ ω CO 2 is shown, while the area of FVI is colored 
in blue. The vertical structures are shown in grey. (For in- 
terpretation of the references to colour in this figure leg- 
end, the reader is referred to the web version of this arti- 
cle.) 

Fig. 5. Wall-parallel cut through the simulation domain 
at z/δL = 0 . 2 and t = 1 . 1 ms . The FVI area is indicated 
by the white isoline. The statistically independent lateral 
direction ( y ) can be understood as multiple realizations of 
the temporal flame evolution. 

4. Flamelet manifolds for turbulent SWQ 

Based on the above discussion, a novel mani- 
fold is proposed for turbulent SWQ as an exten- 
sion of Quenching Flamelet-Generated Manifolds 
(QFMs) [13,14] . In particular, an additional di- 
mension is introduced to include the effects of ex- 
haust gas recirculation (EGR) on the thermochem- 
ical state. The manifold consists of an ensemble 
of 1D HOQ flames. Starting from a freely prop- 
agating flame with fresh mixture on the unburnt 
side, the flame is gradually diluted with cold ex- 
haust gases at inflow temperature. Each of the di- 
luted flames is then used as the initial condition 

for a transient HOQ simulation with a wall tem- 

Fig. 6. Thermochemical states in the SWQ simulation 
colored by normalized wall distance z/δL . Additionally, 
reference data from 1D Head-On Quenching (HOQ) sim- 
ulations and a freely propagating (fp) flame is shown. 

perature of 300 K. The numerical setup for the 
HOQ flames is described in detail in [13] . In total, 
63 HOQ flames are calculated with varying EGR 

levels from 0 to 0.3. Further, the upper boundary 
of the manifold is extended using preheated HOQ 

flames ranging from 300 K to 750 K. The ensem- 
ble of HOQ flames spans a 3D manifold in ( x , t, 
Y EGR 

) space, with x being the spatial coordinate, 
t the time, and Y EGR 

the amount of (cold) burnt 
gases mixed into the fresh gases. Figure 6 shows the 
thermochemical state from the HOQ manifold with 

and without EGR compared against the turbulent 
SWQ. The diluted flamelets exhibit a lowered limit 
of 

(
Y CO 

| Y CO 2 

)
and can cover the complete thermo- 

chemical state of the turbulent SWQ configuration. 
The newly developed manifold is mapped in a 

three-step procedure onto a ( c , c 2 , h norm 

) state with 

a resolution of ( 150 × 201 × 101 ). The variables c 
and c 2 are normalized progress variables and h norm 

is the normalized enthalpy based on the total en- 
thalpy h as sum of sensible and enthalpy of forma- 
tion 

c = 

Y c − Y c , min 

Y c , max − Y c , min 
(3) 

c 2 = 

Y c , 2 − Y c , 2 , min ( c ) 
Y c , 2 , max ( c ) − Y c , 2 , min ( c ) 

(4) 

h norm 

= 

h − h min ( c, c 2 ) 
h max ( c, c 2 ) − h min ( c, c 2 ) 

(5) 

The mapped manifold can then be accessed in a 
three-step look-up with c being the first, c 2 the 
second, and h norm 

the third look-up parameter. 
The first and second progress variable Y c and Y c , 2 
are chosen to be the mass fraction of CO 2 and 

CO, respectively. The final manifold is referred 

to as QFM-EGR (Quenching Flamelet-Generated 

Manifold with Exhaust Gas Recirculation). 
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Fig. 7. Schematic representation of an a-priori analysis in comparison to an a-posteriori assessment in a fully coupled 
simulation. The approximated thermochemical states are compared to the reference data (here: turbulent SWQ simulation). 
The control variables shown in the figures correspond to the 3D QFM-EGR. For other manifolds the choice of control 
variables may differ. Note that in the CFD, the non-normalized progress variables are solved for. The normalized progress 
variables as shown in Eqs. (3) - (5) are calculated during the lookup on the manifold. 

5. A-priori validation of the extended manifold 

The extended 3D QFM-EGR is validated in an 

a-priori analysis using the turbulent SWQ simula- 
tion data as a reference. Figure 7 shows the proce- 
dure of the a-priori manifold assessment in com- 
parison to a fully coupled ( a-posteriori ) validation. 
While in the fully coupled simulation transport 
equations for the control variables of the manifold 

are solved, in the a-priori validation, the control 
variables are taken directly from the reference data. 
This allows a detailed validation of the tabulated 

thermochemical state without the interference of 
errors caused by the inaccuracies in the solution of 
the transport equations in a coupled simulation. 

Figure 8 shows the results of the a-priori vali- 
dation for a QFM with two table dimensions and 

the extended three-dimensional QFM-EGR on the 
slice shown in Fig. 3 at t = 1 . 10 ms . The QFM con- 
sists of a single HOQ simulation of a freely prop- 
agating flame without EGR and, therefore, repre- 
sents a subset of the QFM-EGR. The manifold 

generation of the QFM is described in more detail 
in [13,14] . The color code shows the relative devia- 
tion of the approximated quantity q from the refer- 
ence data (turbulent SWQ simulation). 

�q = 

q ref − q Manifold 

q ref 
(6) 

In accordance with Fig. 3 , the flame front is visual- 
ized (orange contour), and the area of FVI is shown 

Fig. 8. Normalized difference between a-priori lookup 
quantities and the validation state at t = 1 . 10 ms . The 
plot shows results from 2D QFM (left) and the novel 
QFM-EGR (right) derived in this work. Note that the fig- 
ure shows a zoom of the relevant area depicted in Fig. 3 . 

(black isoline). On the left, the lookup result for a 
QFM is shown, while on the right the QFM-EGR 

is depicted. Both manifolds show good agreement 
outside the area of FVI. Inside that area, however, 
the QFM shows discrepancies of up to 70 % for all 
species studied, indicating that not only the mass 
fraction of CO is incorrectly predicted, but the mix- 
ture at the wall in the reference data is not consis- 
tent with the tabulated states in the QFM. This re- 
sults in an incorrect prediction of the composition 

space as a whole. The new tabulation approach ac- 
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Fig. 9. Mean relative error of the a-priori lookup quanti- 
ties and the reference simulation as a function of the nor- 
malized wall distance z/δL . 

counts for this shift in mixture caused by the EGR 

by introducing the additional table dimension c 2 , 
leading to a very good agreement with the reference 
simulation. In addition to the data shown, further 
time series of the a-priori validation are provided in 

the supplementary material for different lateral and 

wall-normal slices. The data also includes radicals 
and reaction rate predictions. The supplementary 
videos show the reference simulation and the pre- 
diction by the manifolds on the left, while the man- 
ifold deviations from the reference are depicted on 

the right. 
Finally, Fig. 9 shows the mean relative error for 

a quantity q 

εq ( z ) = 

1 
N 

∑ 

	( z ) 

∣
∣q i, ref − q i, Manifold 

∣
∣

∑ 

	( z ) 

∣
∣q i, ref 

∣
∣ , (7) 

with N being the number of samples in 	 (reaction 

zone of the flame) and 

	( z ) = { (t, x, y, z ) | c ∗ ∈ [0 . 3 , 0 . 7] ∧ z = z } (8) 

with 

c ∗ = 

Y CO 2 − Y CO 2 ,min ( h ) 

Y CO 2 , max ( h ) − Y CO 2 ,min ( h ) 
(9) 

being the normalized progress variable based on 

a given enthalpy. This definition was also used 

in [5] to track the reaction zone of the flame. The 
time average is calculated using twenty simulation 

time steps throughout 5 ms. In addition to the 
quantities discussed above, the mass fraction of 
the OH-radical Y OH 

and the reaction rate of CO 2 
are depicted. Again, the QFM prediction capabil- 
ity worsens in the areas of FVI close to the wall. 
Outside the FVI area ( z/δL > 2 ), the prediction ac- 
curacy of the QFM is very good, only slight devia- 
tions are found for the CO and H 2 O mass fraction. 
The QFM-EGR shows an excellent agreement with 

the reference solution. Note that the observed in- 
crease in prediction error of the radicals and reac- 
tion rates in the near-wall region is not due to an 

increase in the absolute prediction error, but due to 

the fact, that the value of both the OH-radical mass 
fraction and reaction rate approach zero due to the 
high enthalpy losses at the wall. 

6. Conclusion 

In the present study, the thermochemical state 
of a turbulent methane-air flame interacting with 

a cold wall is investigated using a fully resolved 

simulation with detailed chemistry. The detailed in- 
sights from the simulation are used to confirm a 
recently proposed flame-vortex interaction mech- 
anism, which describes the entrainment of burnt 
gases into the fresh gas mixture near the flame’s 
quenching point. Based on these findings, an ex- 
tended flamelet manifold generated from an ensem- 
ble of 1D HOQ flames is presented, accounting for 
this particular mixing process. In the manifold, the 
effects of flame-vortex interaction on the thermo- 
chemical state are accounted for by introducing a 
new dimension to the manifold, which accounts for 
the shift in mixture caused by exhaust gas recircu- 
lation. The new manifold is validated in an a-priori 
analysis. Without the additional dimension, large 
deviations between the previous manifold predic- 
tion (QFM) and the detailed reference simulation 

are observed in the flame-vortex interaction area 
near the cold wall. Accounting for exhaust gas re- 
circulation in the manifold leads to significant im- 
provements in the prediction of the thermochem- 
ical states. The improved manifold (QFM-EGR) 
constitutes a significant advance for the modeling 
of turbulent SWQ and will be further evaluated in 

coupled LES in future work. 
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a b s t r a c t 

A turbulent side-wall quenching (SWQ) flame in a fully developed channel flow is studied using Large- 

Eddy Simulation (LES) with a tabulated chemistry approach. Three different flamelet manifolds with in- 

creasing levels of complexity are applied: the Flamelet-Generated Manifold (FGM) considering varying 

enthalpy levels, the Quenching Flamelet-Generated Manifold (QFM), and the recently proposed Quench- 

ing Flamelet-Generated Manifold with Exhaust Gas Recirculation (QFM-EGR), with the purpose being to 

assess their capability to predict turbulent flame-wall interactions (FWIs), which are highly relevant to 

numerical simulations of real devices such as gas turbines and internal combustion engines. 

The accuracy of the three manifolds is evaluated and compared a posteriori, using the data from a 

previously published flame-resolved simulation with detailed chemistry for reference. For LES with the 

FGM, the main characteristics such as the mean flow field, temperature, and major species can be cap- 

tured well, while notable deviations from the reference results are observed for the near-wall region, 

especially for pollutant species such as CO. In accordance with the findings from laminar FWI, improve- 

ment is also observed in the simulation with QFM under turbulent flow conditions. Although LES with 

the QFM-EGR shows a similar performance in the prediction of mean quantities as LES with QFM, it 

presents significantly better agreement with the reference data regarding instantaneous thermo-chemical 

states near the quenching point. This indicates the necessity to take into account the mixing effects in the 

flamelet manifold to correctly capture the flame-vortex interaction near the flame tip in turbulent con- 

figurations. Based on the findings from this study, suitable flamelet manifolds can be chosen depending 

on the aspects of interest in practical applications. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

Combustion is a major way to generate power in modern soci- 

ety. Practical applications are usually operated in turbulent condi- 

tions. This results in a multi-physics phenomenon covering a wide 

range of length and time scales. When the combustion occurs in a 

confined space, the process becomes even more complicated due 

to flame-wall interactions (FWIs) [1] . Strong heat losses occur at 

the combustor wall, which can alter the flame structure and lead 

to flame quenching. This results in a lowered combustion efficiency 

and increased pollutant formation. 

Turbulent FWI has a practical relevance for internal combustion 

devices such as power plant burners, gas turbines, and internal 

combustion engines. Therefore, extensive numerical investigations 

have been conducted to understand and model the underlying 

∗ Corresponding author. 

E-mail address: luo@stfs.tu-darmstadt.de (Y. Luo) . 

processes based on generic configurations, including both head- 

on quenching (HOQ) [2–8] and side-wall quenching (SWQ) [9–

16] flames. Among them, studies using direct numerical simula- 

tions (DNS) can be found in Lai and Chakraborty [3] , Lai et al. 

[4,5] , Zhao et al. [6,7] , Lai et al. [8] , Alshaalan and Rutland [9] , 

Gruber et al. [10] , Steinhausen et al. [13] , Jiang et al. [14] , Ahmed 

et al. [15,16] . However, it must be noted that the current appli- 

cation of DNS mainly focuses on simple fuels such as H 2 [10] , 

or simplified chemical mechanisms such as single-step Arrhenius 

type reaction mechanisms [3–7,9] , or simple geometries [8,13–

17] . Their application in real devices is usually prohibited due to 

the large computational cost. In this context, models based on 

chemistry manifolds can be a good alternative since they help 

to reduce the number of transport equations to be solved while 

maintaining a detailed chemistry representation. Such methods in- 

clude the Flamelet/Progress Variable (FPV) model [18] , Flamelet- 

Generated Manifolds (FGMs) [19] , Intrinsic Low-Dimensional Man- 

ifolds (ILDMs) [20] , flame prolongation of ILDM (FPI) [21] , and 

https://doi.org/10.1016/j.combustflame.2023.112923 

0010-2180/© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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Reaction-Diffusion Manifolds (REDIMs) [22] . With these methods, 

thermo-chemical states are pre-calculated and stored in look-up 

tables that are accessed by the control variables during the CFD 

simulation. Since FWI presents unique characteristics compared to 

unconfined combustion, these models need to be extended and 

validated before they can be applied to the simulation of near- 

wall combustion processes in real devices. For example, com- 

plex physics such as the substantial heat losses and the tran- 

sient effects in turbulent flows needs to be additionally accounted 

for. 

The earliest attempts to describe the heat loss in FWI em- 

ployed FGM, with the lower limit of the enthalpy level extended 

by burner stablized flamelets. Heinrich et al. [23] performed both 

two-dimensional and three-dimensional simulations of the SWQ 

of a laminar premixed CH 4 -air flame, which was experimentally 

measured by Jainski et al. [24] . The results show that FGM can 

reproduce the flame structure correctly and capture major char- 

acteristics such as CO 2 and temperature. However, the near-wall 

CO is significantly underpredicted. The unsuitability of FGM in CO 

prediction was also found by Ganter et al. [25] , who performed 

simulations on a two-dimensional subdomain of the configura- 

tion in Heinrich et al. [23] with a finer grid resolution. They also 

concluded that the near-wall CO accumulation results from trans- 

port originating from CO produced in regions away from the wall. 

To explore the root cause of the deficiencies of FGM, SWQ pro- 

cesses were taken into account in the composition space in Gan- 

ter et al. [26] to quantify the deviations from exact solutions em- 

ploying scalar dissipation rates. It was found that the discrepan- 

cies in CO predicted by FGM are due to improper considerations of 

species diffusion in the enthalpy direction. To remedy this draw- 

back, an improved chemistry manifold was developed: a REDIM 

based on one-dimensional detailed chemistry head-on quenching 

(HOQ) solutions. Similarly, Efimov et al. [27] proposed a Quench- 

ing Flamelet-Generated Manifold (QFM) to improve the accuracy 

of CO prediction in FWI. Based on HOQ flamelets, the effects of 

scalar dissipation in the direction of enthalpy can be included in 

the manifold. The method was validated against a detailed chem- 

istry simulation of the SWQ of a two-dimensional premixed lami- 

nar CH 4 -air flame. A comparison of the performance of REDIM and 

QFM was conducted by Steinhausen et al. [28] , based on the SWQ 

of laminar CH 4 -air and DME-air flames that were experimentally 

investigated by Kosaka et al. [29,30] . It was observed that REDIM 

and QFM do not exhibit a significant difference in CO prediction, 

and both are more accurate than FGM. Luo et al. [31–33] pro- 

posed the REDIM method formulated and constructed in general- 

ized coordinates for FWI processes. The method performs well in 

predicting the SWQ of the laminar CH 4 -air flame experimentally 

studied in Jainski et al. [24] , and the SWQ of the laminar DME-air 

flame measured by Zentgraf et al. [34] . Note that the advantages of 

REDIM and QFM compared with FGM have mostly been proven in 

laminar SWQ flames. However, to the best of the authors’ knowl- 

edge, these improved manifolds have not yet been validated and 

assessed in coupled simulations of turbulent FWI. For the Large- 

Eddy Simulation (LES) of turbulent FWI, FGM is the only method 

reported in the literature. For example, Heinrich et al. [11,12] per- 

formed LESs on an experimental SWQ burner [35] using FGM, cou- 

pled with the artificial thickened flame (ATF) approach [36,37] . 

Donini et al. [38] , Proch et al. [39] , and Tang et al. [40] simulated a 

generic lab scale burner [41] for high-velocity preheated jets with 

FGM considering heat losses. These studies only investigated veloc- 

ities and global quenching quantities; information related to pollu- 

tant formation was not reported. Pantangi et al. [2] conducted sim- 

ulations on an experimental HOQ burner [42] using similar meth- 

ods, and found that the near-wall CO prediction shows discrepan- 

cies from the experimental data. This is consistent with the find- 

ings from the laminar studies [25,27,28] . 

In turbulent FWI, besides heat loss, the effects of turbulent mix- 

ing have to be considered. Jiang et al. [14] performed a three- 

dimensional DNS of FWI in the case of CH 4 -air flames diluted 

by hot burned products. It was shown that solutions of one- 

dimensional freely propagating flames cannot describe the varia- 

tion of CO in the region close to the wall. This was attributed to 

turbulent mixing and diffusion effects. The effect of turbulent mix- 

ing was also reported in a recent experimental study conducted 

by Zentgraf et al. [43] . Similarly to the findings in [12,44] , both 

SWQ-like and HOQ-like behaviors were observed. Focusing on the 

SWQ-like scenarios, thermo-chemical states that have not been 

encountered in laminar conditions were observed in the near- 

wall region. To explain the phenomenon, a flame-vortex interac- 

tion (FVI) mechanism was proposed. According to this explana- 

tion, the flame interacts with the near-wall vortical structures, 

entraining the burned gases into the fresh gas mixture near the 

flame’s quenching point. More recently, this mechanism was con- 

firmed in a numerical study based on a three-dimensional flame- 

resolved simulation (FRS) with detailed chemistry of the turbu- 

lent FWI of a stoichiometric CH 4 -air flame in a fully developed 

channel flow [45] . To take into account the effects of flame di- 

lution due to exhaust gas recirculation in the FVI area, as well 

as substantial heat losses to the wall, a novel flamelet manifold, 

the QFM with Exhaust Gas Recirculation (QFM-EGR) was proposed. 

Moreover, the QFM and QFM-EGR were validated in an a-priori 

manner. 

Although there are plenty of studies focusing on the validation 

of manifold-based models in turbulent combustion [46–48] , the in- 

vestigation of chemistry manifolds for turbulent FWI is rather rare. 

It has been shown for laminar FWI that the choice and the suit- 

ability of the manifold are crucial to capturing physical processes 

such as pollutant formation near the wall in fully coupled simula- 

tions, however this has not been investigated in turbulent FWI yet. 

To fill this gap, the performance of chemistry manifolds for FWI: 

FGM, QFM [27] , and QFM-EGR [45] are evaluated in the LES of a 

turbulent CH 4 -air SWQ, using the FRS performed by Steinhausen 

et al. [13] as a reference. The two main objectives of the paper 

are: 

1. to assess the predictive capabilities of the existing flamelet 

manifolds for FWI in the context of LES. To our knowledge, this 

is the first attempt to apply both the QFM and QFM-EGR in a 

coupled LES, and compare the performance of FGM, QFM, and 

QFM-EGR following an a-posteriori approach; 

2. to evaluate the relevance and statistical importance of the FVI 

mechanism in turbulent FWI, based on comparison between 

QFM and QFM-EGR, with the latter taking into account the ef- 

fects of burned gas recirculation. 

In the following, the numerical methods adopted are introduced 

in Section 2 , including descriptions of the FGM, QFM, QFM-EGR, 

and the governing equations for the coupled simulations. The nu- 

merical configuration is outlined in Section 3 . Section 4 contains 

results and discussions. Firstly, LES results for FGM, QFM, and QFM- 

EGR are presented and compared with data from the FRS. After- 

wards, the influences of the FVI mechanism are discussed. Finally, 

conclusions are drawn in Section 5 . 

2. Numerical methods 

In this study, a turbulent, premixed CH 4 -air flame ignited in a 

fully developed channel flow undergoing SWQ at the channel wall 

is simulated using LES. The computations are performed with a re- 

duced version of the CRECK mechanism [49] , which was reduced 

ad hoc for FWI conditions using the approach described in Stagni 

et al. [50] and consists of 24 species and 165 chemical reactions. 

The mechanism was designed to capture all relevant combustion 
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Table 1 

Characteristics of FGM, QFM, and QFM-EGR. 

Tabulation strategy Flamelet types Physics included 

FGM (1) 1D freely propagating flames with T inflow � 300 K, Mixing-induced enthalpy variations 

(2) 1D freely propagating flames with different EGR levels and T inflow = 300 K 

QFM (1) 1D freely propagating flames with T inflow > 300 K, Quenching-induced heat losses 

(2) 1D HOQ flame with T inflow = 300 K 

QFM-EGR (1) 1D HOQ of 1D freely propagating flames with T inflow � 300 K, Quenching-induced heat losses and 

mixing with cooled exhaust gas (2) 1D HOQ of 1D freely propagating flames with different EGR levels and T inflow = 300 K 

physics in the investigated configuration. The unity Lewis number 

assumption is adopted for the calculation of molecular diffusion. 

To enable comparison between different models, the choice of the 

chemical mechanism and the transport model is consistent with 

the FRS studies [13,45] . Note that the chemistry manifold is not 

restricted to the choice of the reaction mechanism. 

Turbulent combustion is modeled with flamelet manifolds in 

combination with the ATF approach. Specifically, three flamelet 

manifolds are assessed: (1) FGM [19,51] , (2) QFM [27] , and (3) 

QFM-EGR [45] , an extension of QFM. The table generation pro- 

cedure of the FGM and QFM follows the work of Steinhausen 

et al. [28] , while the QFM-EGR table is generated similarly to Stein- 

hausen et al. [45] , as shown in Table 1 . Note that the a-priori re- 

sults based on QFM-EGR already showed a very good agreement 

with the FRS [45] , therefore additional effects such as the flame 

stretch are not included in the manifolds. More details will be dis- 

cussed in the following. 

2.1. Generation of flamelet manifolds 

To generate the FGM, a series of independent one-dimensional 

freely propagating flames with varying enthalpy levels are com- 

puted. Enthalpy reduction is achieved by exhaust gas recircula- 

tion, i.e., different amounts of cooled burned gases are added to 

the inflow mixture of the flame. The amount of burned gases is 

given by EGR = m bg / (m fg + m bg ) , where m bg denotes the mass 

flux of the cooled burned gas and m fg the mass flux of the fresh 

gases. Additionally, the upper enthalpy limit is expanded using 

one-dimensional freely propagating flames with EGR = 0 and in- 

creased inflow temperatures. Finally, the spanned manifold ψ = 

ψ ( x, EGR ) is parameterized by a progress variable ( Y PV ) and the 

enthalpy ( h ), with the former one characterizing the progress of 

the chemical reaction and the latter the heat loss to the wall. 

Here x is the spatial coordinate. Therefore, the enthalpy varia- 

tion is decoupled from the reaction progress variable variation for 

FGM. Note that the choice of enthalpy-reduction method has only 

small influences on the resulting chemistry manifold [52] , indicat- 

ing that other methods, such as one-dimensional burner stablized 

flames [53] , can also be used here. When generating the QFM, in 

order to take into account the substantial heat loss to the wall, 

a single transient HOQ flame is tabulated, resulting in a thermo- 

chemical state ψ = ψ ( x, t ) , where t is the time. The wall and the 

fresh gas temperature are set to 300 K, while the fresh gas com- 

position is set according to the inflow conditions of the reference 

simulation. Similarly to the FGM, this two-dimensional manifold is 

mapped to a progress variable-enthalpy state, i.e., ψ = ψ ( Y PV , h ) , 

with the upper enthalpy limit extended by one-dimensional freely 

propagating flames with increased inflow temperatures. However, 

in this case, the enthlapy dimension and the reaction progress di- 

mension are closely related by the quenching process. For efficient 

access to the manifold, the control variables of both the FGM and 

the QFM are normalized, namely 

h 

∗ = 

h − h min 

h max − h min 

(1) 

Y ∗PV = 

Y PV − Y PV , min ( h 

∗) 
Y PV , max ( h 

∗) − Y PV , min ( h 

∗) 
. (2) 

The thermo-chemical states are stored in a table as ψ = ψ 

(
Y ∗

PV 
, h ∗

)
with a resolution of 101 × 101 for Y ∗PV × h ∗. 

To generate the QFM-EGR, a series of transient, one- 

dimensional HOQ flames are calculated. The transient HOQ flames 

are initialized with one-dimensional freely propagating flames 

with different fresh gas compositions, leading to different thermo- 

chemical states. The initial freely propagating flames consist of (1) 

61 flames with varying EGR levels from 0 to 0.3 and the same 

inflow temperature, with the fresh gas mixture gradually diluted 

with cold exhaust gases, similarly to FGM, and (2) 19 preheated 

one-dimensional flames with increased inflow temperatures. Note 

that the temperature of the cooled exhaust gas is set to be similar 

to the fresh gas temperature since it is reported in Zentgraf et al. 

[43] that the burned gas cools down significantly by heat trans- 

fer to the wall and mixes with fresh gas upstream the quench- 

ing point during its passage in the gap between the flame tip 

and the wall. The 80 individual HOQ simulations result in a three- 

dimensional manifold ψ = ψ(x, t, EGR ) , which is then mapped to 

ψ = ψ ( Y PV , Y PV2 , h ) . Consistent with [45] , CO is chosen as the sec- 

ond progress variable, i.e., Y PV2 = Y CO , to account for the amount 

of exhaust gases added to the flame. Note that the choice of the 

second progress variable is not restricted to the CO value, and the- 

oretically any other variables that fulfill the condition of unique 

parametrization of the EGR dimension can be used. Similarly to be- 

fore, normalization is applied to all control variables, which reads 

Y ∗PV = 

Y PV − Y PV , min 

Y PV , max − Y PV , min 

(3) 

Y ∗PV2 = 

Y PV2 − Y PV2 , min 

(
Y ∗PV 

)
Y PV2 , max 

(
Y ∗

PV 

)
− Y PV2 , min 

(
Y ∗

PV 

) (4) 

h 

∗ = 

h − h min 

(
Y ∗PV , Y 

∗
PV2 

)
h max 

(
Y ∗

PV 
, Y ∗

PV2 

)
− h min 

(
Y ∗

PV 
, Y ∗

PV2 

) . (5) 

In this case, the thermo-chemical states stored in the flamelet 

table can be expressed as ψ = ψ 

(
Y ∗PV , Y 

∗
PV2 , h 

∗). The manifold di- 

mensions are 150 × 201 × 101 for Y ∗
PV 

× Y ∗
PV2 

× h ∗. 

2.1.1. Governing equations for coupled simulations 

Within the LES framework, the conservation equations for mass 

and momentum read 

∂ ρ

∂t 
+ 

∂ ρ˜ u i 

∂x i 
= 0 (6) 

∂ ρ˜ u i 

∂t 
+ 

∂ ρ˜ u i ̃  u j 

∂x j 
= 

∂ 

∂x j 

(
τ i j − ρ˜ u 

′′ 
i 
u 

′′ 
j 

)
− ∂ p 

∂x i 
(7) 

where ρ is the density, u i the i th component of the velocity, u 
′′ 
i 

the 

i th subgrid component of the velocity, p the pressure, and τi j the 

component of the shear stress tensor. The operators · and ̃  · repre- 

sent the filtering and the Favre filtering, respectively. The subgrid 

stresses ˜ u 
′′ 
i 

u 
′′ 
j 

are closed using the σ model [54,55] . 
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The ATF approach [36,37] is adopted to correctly capture the 

turbulence-chemistry interaction. For the coupled simulations, the 

governing equations for the control variables read 

∂ ρ˜ Y PV 

∂t 
+ 

∂ ρ˜ u i ̃
 Y PV 

∂x i 
= 

∂ 

∂x i 

(
F E ρD 

∂ ̃  Y PV 

∂x i 

)

+ 

∂ 

∂x i 

[
(1 − �) ρD t 

∂ ̃  Y PV 

∂x i 

]
+ 

E 

F 
˙ ω PV (8) 

∂ ρ˜ h 

∂t 
+ 

∂ ρ˜ u i ̃
 h 

∂x i 
= 

∂ 

∂x i 

(
F E ρD 

∂ ̃  h 

∂x i 

)
+ 

∂ 

∂x i 

[
(1 − �) ρD t 

∂ ̃  h 

∂x i 

]
(9) 

∂ ρ˜ Y PV2 

∂t 
+ 

∂ ρ˜ u i ̃
 Y PV2 

∂x i 
= 

∂ 

∂x i 

(
F E ρD 

∂ ̃  Y PV2 

∂x i 

)

+ 

∂ 

∂x i 

[
(1 − �) ρD t 

∂ ̃  Y PV2 

∂x i 

]
+ 

E 

F 
˙ ω PV2 . (10) 

Here, � denotes the flame sensor, which is used to avoid non- 

physical thickening outside the flame. The flame sensor employed 

here is an adaptation of the one in Heinrich et al. [11] , using a 

second-order polynomial with the maximum located at the max- 

imum reaction rate of the progress variable for each enthalpy 

level. In the non-reactive regions of the flame, the flame sensor is 

blended to zero to avoid thickening. F is the thickening factor, and 

it is dynamically evaluated based on � and the grid-dependent 

maximum thickening factor F max [2] . E is the efficiency function, 

which is defined as the ratio between the total flame surface and 

its resolved part in the filtered volume. It is introduced to compen- 

sate for the flame surface loss due to the thickening, and the value 

is calculated using the analytical model developed by Charlette 

et al. [56] . D is the molecular diffusivity of the scalar. D t is the 

subgrid diffusivity calculated as D t = μt / Sc t , where μt is the tur- 

bulent viscosity and the turbulent Schmidt number Sc t is chosen 

as 0.4. For the first progress variable ( Y PV = Y CO 2 
), the reaction rate 

˙ ω PV is directly obtained from the flamelet manifold. For the second 

progress variable ( Y PV2 = Y CO ), the reaction rate is calculated based 

on the production rate ˙ ω 

+ and the consumption rate ˙ ω 

− taken 

from the flamelet manifold, namely ˙ ω PV2 = ˙ ω 

+ 
CO 

+ Y PV2 ( ̇ ω 

−
CO 

/ Y FLT 
CO ) , 

allowing CO to evolve based on its own time scale [57] . Note 

that for FGM and QFM, equations only need to be solved for the 

first progress variable ( Eq. (8) ) and the enthalpy ( Eq. (9) ). For 

QFM-EGR, all three control variables need to be transported, i.e., 

Eqs. (8) –(10) need to be solved. 

3. Numerical setup 

The configuration has been studied by Steinhausen 

et al. [13,45] with an FRS. A V-shaped premixed flame stabi- 

lized by a flame holder in a fully developed turbulent channel 

undergoes FWI at the channel walls, as shown in Fig. 1 . The 

coordinates are defined as follows: x , y , and z correspond to 

streamwise, lateral, and wall-normal directions, respectively. The 

inflow is a stoichiometric CH 4 -air mixture at 300 K. The Reynolds 

number of the inert channel flow is Re = (U bulk H) /ν ≈ 5540 , 

where U bulk is the mean axial flow velocity (4.4 m/s), H the 

channel height (20 mm), and ν the kinematic viscosity of the 

inflow. Similarly to Gruber et al. [10] , the flame holder is modeled 

as a cylindrical region ( r = 0.9 mm) filled with burned gases. It 

is placed at a distance of H/4 from the bottom wall. Both the 

upper and lower walls are assumed to be inert and have a fixed 

temperature that is equal to the inflow temperature, namely T wall 

= 300 K. 

An inert turbulent channel flow is simulated in a pre-processing 

step to provide proper inflow boundary conditions for the reactive 

case. For the inert case, the dimensions of the computational do- 

main are 7 H , 1 . 5 H , and H in x , y , and z directions, respectively. A 

stretched structured grid is adopted, which is uniform in x and y 

directions and refined towards the wall in z direction. In the core 

flow, the non-dimensional grid resolution in x , y , and z directions 

is 
x + = 
y + = 
z + = 5.14, where the superscript + denotes non- 

dimensionalization with the viscous length scale. The finest grid 

spacing in the z direction is 
z + = 1. The total number of cells 

is 7.4 million. A no-slip boundary condition is applied to the chan- 

nel walls, and a periodic boundary condition is used for lateral and 

streamwise boundaries. The inflow velocity field is used as the in- 

flow boundary condition for the reactive case, and it is stored with 

a time interval of 17 μs. 

Regarding the reactive case, the computational domain is sim- 

ilar to the inert case, except that the length is reduced from 7 H

to 5 H. With the same grid resolution as the inert case, the result- 

ing total number of cells is 5.3 million. The boundary conditions 

employed are as follows: at the inlet, the inflow velocity field ob- 

tained from the inert case is spatially and temporally interpolated 

at every time step, which is about 
t ≈ 2 . 5 μs. At the outlet, a zero 

gradient boundary condition is applied for the velocity, progress 

variables, and enthalpy. At the channel walls, a no-slip boundary 

condition is employed for the velocity, a zero-gradient boundary 

condition for the progress variables, and a fixed value of 300 K for 

the temperature. In the lateral direction, periodic boundary condi- 

tions are adopted. 

The numerical simulations are performed using an in-house 

solver [58] based on OpenFOAM [59] with second-order discretiza- 

tions in time and space. 

4. Results and discussion 

In the following, the performances of FGM, QFM, and QFM-EGR 

are assessed by comparison with the FRS results from Steinhausen 

et al. [13,45] . Firstly, profiles of mean flow field quantities are an- 

alyzed. Afterwards, instantaneous results are presented to further 

show the capability of the models. Specifically, probability density 

functions (PDFs) of CO are evaluated first. Then, the importance of 

FVI is studied based on cross-comparison of the simulation results. 

Since the thermo-chemical states within the quenching region 

strongly depend on the streamwise position, a flame-fixed coor- 

dinate system is introduced, following previous studies [23,25,28] . 

The coordinates of the quenching point are defined as ( x Q , y Q , z Q ). 

Similarly to previous works [10,23] , the quenching point for each 

wall-normal plane is determined based on the maximum wall heat 

flux, which is evaluated at a near-wall horizontal plane z = 50 μm 

for consistency. The instantaneous wall heat flux is calculated ac- 

cording to 

λ
∂T 

∂z 

∣∣∣∣
z=50 μm 

, (11) 

where λ corresponds to the gas phase thermal conductivity at 

z = 50 μm. With the variation of the wall heat flux, the stream- 

wise position of the quenching point x Q can be found. To fur- 

ther determine its lateral and wall-normal coordinates, position of 

the flame front is used. Similarly to Mann et al. [42] , the flame 

front is defined based on an isothermal contour, i.e., T = 1500 K. 

Based on the quenching point, a relative coordinate system is de- 

fined. Within these coordinates, y and z remain unchanged and 

x q denotes the coordinate parallel with the wall determined by 

x q = x − x Q . 

4.1. Reactive scalars and mean flow field 

The major flame characteristics are assessed based on several 

mean flame quantities, which are obtained based on both time and 

4 

P-65



Y. Luo, M. Steinhausen, D. Kaddar et al. Combustion and Flame 255 (2023) 112923 

10 mm
5 mm

Flame holder

100 mm

Ubulk

10 mm xy
z

C
H

4
+

 air, Φ
=

 1

Inert wall (Twall = 300 K)

Inert wall (Twall = 300 K)

In
let

O
u
tlet

Fig. 1. Schematic of the configuration investigated. The x , y , and z coordinates are the streamwise, lateral, and wall-normal directions, respectively. The dimension in the 

lateral direction is 30 mm. The region of interest analyzed in Fig. 9 is denoted by the green rectangle. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 2. Contour of mean Y CO 2 , which is averaged both temporally and spatially in the 

lateral ( y ) direction. White lines denote positions where mean values of velocity and 

thermo-chemical quantities are extracted: (a) x q = −0 . 5 H, (b) x q = 0 , (c) x q = 0 . 5 H, 

and (d) x q = H. Here, (b) x q = 0 corresponds to the streamwise position of the mean 

quenching point. 

space averaging of the instantaneous fields. Firstly, the instanta- 

neous results are averaged over a sufficiently long time, i.e., more 

than 10 flow-through times, to ensure time independence. After- 

wards, the time-averaged quantities are further averaged along the 

y direction. These are referred to as mean quantities in the follow- 

ing, as denoted by < · > . 

The mean CO 2 mass fraction is displayed in Fig. 2 . It is observed 

that the overall flame appears similar comparing all the simu- 

lations. To enable a quantitative comparison between FRS, FGM, 

QFM, and QFM-EGR, the mean quenching points are first deter- 

mined based on the profiles of the mean wall heat fluxes. As 

shown in Fig. 3 , the general trend observed for all simulations is 

Fig. 3. Distributions of the mean wall heat flux along the normalized streamwise 

coordinate x/H. The reference FRS result is denoted by the black solid line. The vi- 

olet, the green, and the red dashed lines correspond to FGM, QFM, and QFM-EGR 

results, respectively. (For interpretation of the references to color in this figure leg- 

end, the reader is referred to the web version of this article.) 

that there is no heat transfer to the wall from the inlet until x/H

= 2, which is due to that the wall is assumed to be isothermal 

and its temperature is the same as the unburned gas. Afterwards, 

the mean wall heat flux gradually rises to reach a peak where the 

mean quenching point is defined, following which it decreases to 

a non-zero value until the outlet. Overall, FGM, QFM, and QFM- 

EGR show greater heat transfer to the wall than the FRS. FGM, 

QFM, and QFM-EGR give similar predictions of the peak value, at 

183.0 kW/m 

2 , 187.2 kW/m 

2 , and 187.7 kW/m 

2 , respectively. How- 

ever, they are all higher than the reference value 162.7 kW/m 

2 , and 

the overprediction remains in the downstream region. This may be 

attributed to the deviations in λ and the temperature gradient in 

the z direction, according to the definition of the wall heat flux. 

Regarding the position where the wall heat flux reaches a max- 

imum, it is quite close when comparing different simulations, at 

x/H = 3.45, 3.6, 3.4625, 3.4625 for FRS, FGM, QFM, and QFM-EGR, 

respectively. The small differences are mainly originated from the 

quenching area, since the performances of FGM, QFM, and QFM- 

EGR are similar for the region away from the wall, see Figs. 4 , 5 , 

and 6 below. 

For a more detailed investigation, mean quantities of the ve- 

locity, temperature, enthalpy and progress variables are analyzed 

for four representative streamwise positions (white lines (a)–(d) in 

Fig. 2 ): 

• (a) upstream of the quenching point ( x q = −0 . 5 H) 

• (b) at the quenching point ( x q = 0 ) 

• (c) downstream of the quenching point ( x q = 0 . 5 H) 

5 

P-66



Y. Luo, M. Steinhausen, D. Kaddar et al. Combustion and Flame 255 (2023) 112923 

Fig. 4. Distributions of the mean streamwise velocity (top) and wall-normal velocity (bottom) from the bottom wall to the height of 0.1 H at different streamwise positions: 

(a) x q = −0 . 5 H, (b) x q = 0 , (c) x q = 0 . 5 H, and (d) x q = H. The reference FRS results are denoted by black dashed lines marked with cross symbols. The violet, the green, and 

the red dashed lines correspond to FGM, QFM, and QFM-EGR results, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 5. Distributions of mean progress variable Y CO 2 (top), enthalpy h (middle), and temperature T (bottom) from the bottom wall to the height of 0.1 H at different streamwise 

positions: (a) x q = −0 . 5 H, (b) x q = 0 , (c) x q = 0 . 5 H, and (d) x q = H. The reference FRS results are denoted by black dashed lines marked with cross symbols. The violet, the 

green, and the red dashed lines correspond to FGM, QFM, and QFM-EGR results, respectively. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

• (d) close to the outlet ( x q = H). 

Figure 4 shows the streamwise velocity u x and the wall-normal 

velocity u z plotted along the wall-normal lines. For each position, 

the streamwise velocity is zero at the wall, which fulfills the no- 

slip boundary condition, and increases monotonically with increas- 

ing wall distance. The gradient of the streamwise velocity reaches 

a maximum at the wall, and gradually decreases along the wall- 

normal direction. Different trends are observed for the gradient of 

the wall-normal velocity, which remains at a low level close to the 

wall. In addition, the variation in the wall-normal velocity is dif- 

ferent for the four positions considered. For position (a), the wall- 

normal velocity is positive and increases with the wall distance. 

For position (b), the wall-normal velocity remains almost zero from 

the wall until z/H = 0.1. In contrast, a mainly negative wall-normal 

velocity is observed for positions (c) and (d), which is due to the 
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Fig. 6. Distributions of mean mass fractions of CO (top) and OH (bottom) from the bottom wall to the height of 0.1 H at different streamwise positions: (a) x q = −0 . 5 H, (b) 

x q = 0 , (c) x q = 0 . 5 H, and (d) x q = H. The reference FRS results are denoted by black dashed lines marked with cross symbols. The violet, the green, and the red dashed lines 

correspond to FGM, QFM, and QFM-EGR results, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 

thermal expansion of the burned gases, and the magnitude in- 

creases when moving away from the wall. This phenomenon is 

also observed in Heinrich et al. [23] . These major characteristics 

are well captured by all manifolds. The absolute value of the wall- 

normal velocity is generally much smaller than that of the stream- 

wise velocity, and the wall-normal velocity shows slightly larger 

discrepancies than the streamwise velocity at positions (a) and (b). 

However, overall, for both the streamwise and the wall-normal ve- 

locity, FGM, QFM, and QFM-EGR show good agreement with the 

reference data for all four streamwise positions considered. 

Figure 5 presents the results for the first progress variable, Y CO 2 
, 

enthalpy, and the temperature. All flamelet manifolds yield pro- 

files for the progress variable and temperature that are compa- 

rable to the reference. Small discrepancies are found in enthalpy 

distributions. The results from QFM-EGR are closest to the FRS 

for all positions. Meanwhile, QFM shows a slight overprediction in 

the near-wall region at position (a), and FGM leads to overpredic- 

tion for all positions considered. The differences in the enthalpy 

profiles can be explained by the model limitations of the mani- 

folds employed. The enthalpy boundary condition at the wall is 

set based on the species composition and the temperature, i.e., 

h = h (Y 1 , Y 2 , . . . , Y k , T , p) [51] , and the species composition is re- 

trieved from the tabulated manifolds. Therefore, any deviations in 

the tabulated thermo-chemical states will result in differences in 

the enthalpy boundary condition that are then reflected in the 

near-wall enthalpy profiles at the wall. Note that, however, the en- 

thalpy set at the wall needs to be consistent with the manifold- 

based model employed to correctly capture the wall temperature. 

Nevertheless, in summary, the results from the three flamelet man- 

ifolds do not show much difference. 

To assess the capability of the flamelet manifolds to predict 

the pollutants and radicals, distributions of mean CO and OH for 

the same four positions shown in Fig. 2 are plotted in Fig. 6 . Ac- 

curate predictions can still be observed for QFM and QFM-EGR, 

with QFM-EGR performing slightly better, which is similar to the 

findings for major species. In contrast, deviations from the refer- 

ence results are shown for FGM, regarding both CO and OH. In the 

case of CO especially, even different variation trends are presented. 

For FRS, QFM, and QFM-EGR, the CO distribution does not change 

much near the wall, while FGM presents a notable decrease to- 

wards the wall. Consequently, the near-wall CO is significantly un- 

derpredicted by FGM, especially at positions (a) and (b), meaning 

that FGM is unable to reproduce the CO accumulation here. Even at 

position (d), which is close to the outlet, FGM still underestimates 

the CO at the wall. The deficiency of the FGM in capturing the 

near-wall CO is consistent with previous laminar studies [26,27] , 

and it is originated from the improper CO diffusion in the enthalpy 

direction included in the FGM table. 

Further, the CO mass fraction profiles in the streamwise direc- 

tion for different wall distances are plotted in Fig. 7 to gain deeper 

insights into the CO prediction. The minimum wall distance con- 

sidered in Fig. 7 corresponds to the unstretched laminar flame 

thickness δ. It is calculated using δ = λu / 
(
ρu c p,u s L 

)
, where λu , ρu , 

and c p,u are the thermal conductivity, density, and heat capacity of 

the unburned gas, respectively, and s L denotes the laminar burn- 

ing velocity. CO is always underpredicted by FGM in the vicinity of 

the wall, e.g., position (a), which is consistent with previous stud- 

ies [25] . With increasing wall distance, the deviations in CO pre- 

diction can still be found before the outlet, while the computed 

values at the outlet are close to reference results, such as positions 

(b), (c), and (d). Compared with FGM, results from QFM show evi- 

dent improvement. This is similar to the findings in laminar SWQ 

cases [27,28] . However, slight overprediction exists near the peak 

value. Compared to QFM, QFM-EGR provides an even better pre- 

diction, which shows excellent agreement with the FRS reference. 

Based on the above discussions, it can be concluded that 

all three flamelet manifolds considered are capable of capturing 

the major global characteristics of the turbulent FWI. However, 

FGM shows significant deficiencies in the prediction of pollutants 

and radicals. These findings apply to both turbulent and laminar 

flames. Different from laminar cases, FVI exists in turbulent con- 

ditions. Therefore, the performance of the QFM and the recently 

introduced QFM-EGR specifically designed for turbulent FWI is fur- 

ther compared. It is observed that the latter shows a slight im- 

provement in the prediction of the mean quantities. In the follow- 

ing chapter, results from these two approaches will be comprehen- 

sively compared. 

4.2. Probability density functions of the CO mass fraction 

In addition to the mean quantities, the PDFs of the CO mass 

fraction are analyzed in this section, as shown in Fig. 8 . The PDFs 
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Fig. 7. Distributions of the mean CO mass fraction from the inlet to the outlet at different vertical positions: (a) z = δ, (b) z = 2 δ, (c) z = 3 δ, and (d) z = 4 δ. The reference 

FRS results are denoted by black dashed lines marked with cross symbols. The violet, the green, and the red dashed lines correspond to FGM, QFM, and QFM-EGR results, 

respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. PDFs of CO conditioned on wall distance and enthalpy level. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

are computed based on the resolved quantities and extracted at 

different wall distances ( z = δ, 2 δ, 3 δ) for a given enthalpy inter- 

val ( h ∗ = 0.8 ± 0.005, 0.6 ± 0.005, 0.4 ± 0.005). Here, h ∗ denotes 

the normalized enthalpy h ∗ = ( h − h min ) / ( h max − h min ) , with h ∗ = 

1 corresponding to an undisturbed flame and h ∗ = 0 to a fully 

quenched state. The data are sampled from 10 time instants. 

Unlike the observations regarding the mean quantities, which 

reveal only small differences between QFM and QFM-EGR, signif- 

icant and non-negligible differences are found in the PDFs of CO, 

especially for positions very close to the wall. At the plane closest 

to the wall, i.e., z = δ, the distribution of CO predicted by QFM-EGR 

agrees quite well with the FRS. The variation range of CO is almost 

the same when comparing QFM-EGR and FRS. However, the PDF 

of QFM is much narrower, and concentrates at higher CO values. 

This corresponds to the overprediction of the peak of the mean 

CO shown in Fig. 7 . The deviation between QFM and QFM-EGR 
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Fig. 9. Thermo-chemical states near the quenching point for different lateral positions and time instants: (left) FRS, (middle) QFM, and (right) QFM-EGR. The scatters are 

colored by the normalized wall distance z/δ. For reference, the states of a 1D freely propagating flame and on the wall boundary of a laminar SWQ are denoted by black 

dashed lines and black solid lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

increases with increasing heat loss. For low enthalpy levels such 

as h ∗ = 0.6 and h ∗ = 0.4, a distinct peak can be observed in 

the PDF of QFM, while the PDF distribution is much wider in 

QFM-EGR and FRS. Moving further away from the wall to z = 2 δ, 

the discrepancies between QFM and QFM-EGR still exist, especially 

for h ∗ = 0.6. However, for high enthalpy losses, e.g., h ∗ = 0.4, the 

PDF of CO narrows, leading to a better agreement between QFM 

and QFM-EGR. This means that the enthalpy range where QFM and 

QFM-EGR differ significantly becomes smaller with increasing wall 

distance. At z = 3 δ, the PDFs from QFM and QFM-EGR are quite 

similar. Therefore, it is reasonable to deduce that there would be 

almost no differences between QFM and QFM-EGR in the case of 

positions far away from the wall. Based on the above findings, it 

can be concluded that the significant differences in the PDFs of CO 

between QFM and QFM-EGR mainly exist in the region near the 

flame tip, which is located close to the wall at an intermediate 

level of enthalpy losses. According to Zentgraf et al. [43] , Stein- 

hausen et al. [45] , this is also the area where the FVI mechanism 

plays a role. Therefore, it is assumed that the characteristics of the 

PDFs shown above are related to this mechanism. To verify this, 

the FVI mechanism will be studied in the following sections. 

4.3. Prediction of flame-vortex interaction 

Firstly, the instantaneous thermo-chemical states that are di- 

rectly influenced by the FVI mechanism are compared for FRS, 

QFM, and QFM-EGR, so that the importance of the mechanism can 

be illustrated. Afterwards, the flame dynamics of an FVI event us- 

ing QFM-EGR is compared to the FRS based on a time-series anal- 

ysis to further evaluate the performance of QFM-EGR in capturing 

the FVI mechanism. 

4.3.1. Comparison of thermo-chemical states 

To investigate the instantaneous local thermo-chemical states, 

quantities are evaluated over 10 time steps. For each time in- 

stant, data are collected from 31 independent slices parallel to the 

xz plane. For each slice, the region of interest covers a range of 

( x Q − 50 δ, x Q + 50 δ) in x direction and (0, z Q + 10 δ) in z direction, 

as denoted by the green rectangle in Fig. 1 . 

Figure 9 shows the thermo-chemical states in CO 2 -CO space for 

the region of interest at different lateral positions and times in- 

stants, with results from FRS on the left, QFM in the middle, and 

QFM-EGR on the right. The data are colored by the normalized 

wall distance ( z/δ). Additionally, the thermo-chemical states on the 

wall boundary of a corresponding laminar SWQ are shown as black 

solid lines. Here, the laminar SWQ simulation is performed on a 

two-dimensional domain, similarly to Steinhausen et al. [28] . The 

thermo-chemical states of a freely propagating flame are denoted 

by black dashed lines, where the composition and the tempera- 

ture of the fresh gas remain the same as the current turbulent 

SWQ configuration. From the FRS results, it is observed that the 

state space spanned by the turbulent SWQ can not be fully cov- 

ered by its laminar counterpart, as shown by the area surrounded 

by the black solid and dashed lines in Fig. 9 . Especially for the re- 

gion very close to the wall, i.e., the low-temperature region, the 

minimum value of the conditional CO mass fraction is significantly 

below the limit of the wall boundary of the laminar SWQ, namely 

min 

(
Y CO | Y CO 2 

)
< 

(
Y CO | Y CO 2 

)
laminar , z=0 

. According to Zentgraf et al. 

[43] , Steinhausen et al. [45] , this is due to cooled burned products 

mixing with fresh gases in the vicinity of the quenching point. In 

the study by Steinhausen et al. [45] , the QFM-EGR was introduced 

to incorporate the mixing effect in the thermo-chemical state and 

validated a priori. As a result, the LES with the QFM-EGR is able to 

correctly capture the local mixing processes caused by FVI in the 

turbulent flame, showing a large portion of the scatters below the 

limit of the wall boundary of the laminar SWQ. To further illustrate 

the mixing process, the evidence of FVI in the physical space is ad- 

ditionally shown for better understanding. Here, Lagrangian mass- 

less particles are placed in the flow field. Note that more details 

about the flow field, e.g., Q -criteria, can be found in the supple- 

mentary material and also previous studies [43,45] .As an example, 

the trajectories of two Lagrangian particles in CO 2 -CO space are ad- 

ditionally highlighted in the scatters of QFM-EGR in Fig. 9 . Initially, 

the two particles locate on the same xz plane. Their correspond- 

ing trajectories in the physical space projected onto the initial xz

plane for 6 representative time instants are indicated in Fig. 10 , 

where a slice of the flame in the lateral direction is shown for 

QFM-EGR. Note that the movement in the lateral direction is mi- 

nor during these 1.375 ms in the case of both particles. A relative 

time t ′ is introduced and t ′ = 0 refers to the first time instant con- 

sidered. Initially, the blue particle is located in the unburned part 

of the flame, while the red one is in the burned region. In the fol- 

lowing, the particles move closer to each other until they almost 

collide at t ′ = 0.55 ms, consistent with the mixing process pro- 

posed in Zentgraf et al. [43] , Steinhausen et al. [45] . Note that the 

movement of the red particle is against the main flow direction 

due to the interaction with the turbulent vortices, which can be 

observed from its location relative to the flame tip. This is also re- 
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Fig. 10. Time series of a slice in the lateral direction through the turbulent flame for QFM-EGR. Contours of the normalized enthalpy ( h ∗) are shown. Isocontours of heat 

release rate (0.1 × HRR max ) are denoted by black dashed lines. The blue and red points correspond to the positions of the Lagrangian particles projected to the xz plane 

where the two particles initially locate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Time series of a slice in the lateral direction through the turbulent flame: (left) FRS, (right) QFM-EGR. Contours of the normalized enthalpy ( h ∗) are shown. Isocon- 

tours of heat release rate (0.1 × HRR max ) are denoted by black dashed lines. The white isocontour represents the area of FVI. 

flected in the thermo-chemical states shown in Fig. 9 , where both 

particles exhibit CO values far below the laminar limit that is also 

the lower bound of the QFM accessible range. After t ′ = 0.825 ms, 

the thermo-chemical states of both particles move in the direction 

of the burned gas. Based on the above observations, it can be con- 

cluded that FVI leads to a mixing process of burned and fresh gases 

in the near-wall region, which results in thermo-chemical states 

that are not present in the laminar cases. This has been found both 

in simulations [45] and experiments [43] . Therefore, the capabil- 

ity of QFM-EGR to correctly predict FVI in the turbulent FWI is 

demonstrated. The QFM, on the other hand, only accounts for the 

strong heat losses due to the flame quenching at the wall. This is 

the reason for the much narrower state space spanned by the LES 

with QFM and the narrower PDF distributions in Fig. 8 , since the 

states originating by the turbulent mixing are not included in the 

manifold. This means that QFM can not capture the mixing process 

in the near-wall region, because there is no variation in the com- 

position of the unburned gas in the flamelets used for the manifold 

generation. This model limitation is overcome by the QFM-EGR. 

Considering the notable difference between QFM and QFM-EGR in 

Fig. 9 , the importance of the FVI mechanism is verified. Therefore, 

in the prediction of transient thermo-chemical states in the near- 

wall region for turbulent conditions, the benefit of the QFM-EGR 

becomes evident. 

4.3.2. Evolution of the FVI area 

To further demonstrate the capability of QFM-EGR to cor- 

rectly capture the FVI mechanism, the time evolution of the 

FVI area is investigated in this section. A time series for a 

slice of the flame in the lateral direction for both FRS and 

QFM-EGR are depicted in Fig. 11 . Here, isolines of the heat re- 

lease rate (0.1 × HRR max ) are denoted by black dashed lines. 
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The white isolines corresponds to 
(
Y CO | Y CO 2 

)
= 

(
Y CO | Y CO 2 

)
laminar , z=0 

. 

The states of the region surrounded by the white isolines ful- 

fill the condition that 
(
Y CO | Y CO 2 

)
< 

(
Y CO | Y CO 2 

)
laminar , z=0 

. According 

to Section 4.3.1 and [43,45] , this is caused by the FVI. Therefore, 

this region is called FVI region, which is related to the turbulent 

flow structures. The time series from the FRS is chosen to display 

the typical behavior found in the turbulent SWQ flame, similarly 

to Steinhausen et al. [45] . For QFM-EGR, results from different time 

instants are used, so that they present similar flame movements to 

FRS. For each simulation, the time interval of the neighboring two 

slices stays at 0.55 ms. Similarly to the last section, the relative 

time t ′ is also introduced here; t ′ = 0 refers to the first time in- 

stant considered for each simulation in Fig. 11 . Following [11] , all 

flame angles less than 2 ◦ are categorized as HOQ-like events, while 

other cases are classified as SWQ-like scenarios. Based on FRS re- 

sults, it is observed that the flame is in an SWQ-like state at t ′ = 0 , 

and FVI takes place in only a very small area. Afterwards, the an- 

gle between the flame and wall decreases and the FVI area begins 

to grow, e.g., at t ′ = 0.55 ms and 1.1 ms. As the flame-wall im- 

pact angle decreases further, the FVI region begins to shrink. Con- 

sequently, an HOQ-like event occurs at t ′ = 1.65 ms, with the FVI 

mechanism only playing a role in a very small region close to the 

wall. In the following, the quenching scenario transfers to SWQ- 

like again, as can be observed for t ′ = 2.2 ms. At this time instant, 

no FVI region is detected. A repeated flame behavior between the 

HOQ-like scenario and the SWQ-like scenario is observed, so the 

evolution after t ′ = 2.2 ms is not shown for brevity. Readers in- 

terested in additional time instants may refer to the supplemen- 

tary materials of [45] . For all time instants when FVI occurs, it 

is observed that the FVI area decreases with increasing wall dis- 

tance, both in physical space and enthalpy space. This helps to ex- 

plain the findings from Fig. 8 that significant differences between 

QFM and QFM-EGR are mainly seen in the vicinity of the wall, and 

the enthalpy range involved becomes smaller when moving further 

away from the wall. These major characteristics of the flame dy- 

namics can also be found in QFM-EGR, as shown in the right-hand 

column of Fig. 11 . According to Steinhausen et al. [45] , the repeated 

flame behavior is caused by the interaction between the flame and 

the vortex. Therefore, it indicates that QFM-EGR is able to correctly 

capture the dynamic evolution of the FVI mechanism. 

5. Conclusions 

In the current study, three flamelet manifolds with different 

levels of complexity are applied to the LES of a turbulent SWQ 

flame with the purpose of comprehensively evaluating their pre- 

dictive capability in a-posteriori calculations. These help to provide 

guidance for practical applications. In FGM, heat losses are con- 

sidered without the inclusion of species gradients in the enthalpy 

direction. This drawback is remedied by QFM, where heat losses 

to the wall are taken into account based on HOQ flamelets. QFM- 

EGR combines QFM with EGR to further consider the flame dilu- 

tion, following our previous work [45] . Models are assessed with 

the results from an FRS as a reference, and the following conclu- 

sions can be drawn: 

• Regarding the mean quantities, all three flamelet manifolds are 

good at predicting general flame characteristics, such as the 

mean flow and temperature fields, as well as major species. 

However, the flamelet manifolds perform differently in the pre- 

diction of pollutants and radicals. FGM presents significant de- 

viations from the reference results in the near-wall region. In 

contrast, results from QFM and QFM-EGR show great improve- 

ment, with QFM-EGR performing slightly better. 

• In the case of the PDFs of CO, significant differences are ob- 

served between QFM and QFM-EGR. Compared to QFM, the dis- 

tribution of CO covers a wider range in QFM-EGR, which shows 

better agreement with the reference. 

• Looking into the local thermo-chemical states, scatters of the 

QFM results are found to be restricted within the laminar coun- 

terpart, while QFM-EGR results span a much wider space, in- 

cluding a large portion of scatters below the limit of the wall 

boundary of the laminar SWQ. The results from QFM-EGR are 

more consistent with the FRS, indicating the importance of the 

FVI mechanism in the transient near-wall behavior. Moreover, 

the FVI mechanism is also illustrated in physical space with in- 

jected Lagrangian massless particles. 

• To further verify the capability of QFM-EGR to capture the FVI 

mechanism, the time evolution of the FVI is investigated. It is 

found that a flame dynamic similar to that shown in FRS also 

exists in QFM-EGR. 

In conclusion, the FGM considering varying enthalpy levels, is 

the simplest manifold to build and accurately predicts general 

flame quantities, such as the flow field, temperature, and major 

species. However, it fails in the prediction of pollutants and rad- 

icals. For this purpose, the QFM shows an improved prediction 

accuracy at the cost of more complex manifold generation, while 

the manifold dimensions remain unchanged and the computational 

cost thus stays at a similar level. The QFM-EGR shows the over- 

all best prediction accuracy by capturing the influence of FVI at 

the cost of an additional table dimension and thus increased com- 

putational cost and memory requirements. When these manifolds 

are applied in real combustors, the benefits and drawbacks of each 

model should be considered when choosing the manifold. 
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