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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 quench-
ing flame shows both head-on quenching and side-wall quenching-like behavior that significantly affects the CO
formation in the near-wall region. The detailed insights from the simulation are used to evaluate a recently pro-
posed 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 ex-
periments. 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 reference. 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.
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1. Introduction

Technical combustors for power generation, such
as internal combustion engines or gas turbines, are
typically operated under turbulent flow conditions and
enclosed by walls. The turbulent combustion pro-
cess in the combustion chamber is a complex multi-
scale, multi-physics phenomenon that still poses a
challenge for numerical simulations. During turbu-
lent flame-wall interactions (FWIs), the complexity
increases even further. In technical systems, the tem-
perature of the combustor walls is often lower than the
gas temperature. 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 simu-
late turbulent FWI processes: (i) the fluctuations of
the reactive scalars and (ii) the influence of the cold
walls on the combustion chemistry. In Direct Nu-
merical Simulations (DNS) of FWIs [3–6], all rele-
vant scales of transport and finite-rate chemistry 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 typ-
ically used, which require a suitable turbulence chem-
istry interaction (TCI) closure model and a reduction
of the combustion chemistry. While TCI closure ap-
proaches for FWI have been addressed recently [5],
this study focuses on the latter using chemistry man-
ifolds [7–10] that combine the high prediction accu-
racy of the thermochemical state of a finite-rate chem-
istry simulation with low computational costs.

Chemistry manifolds for FWI have been devel-
oped and validated in multiple studies of lami-
nar flames [11–14] against fully resolved finite-rate
chemistry simulations and measurements of the near-
wall thermochemical states [15, 16]. These stud-
ies showed that the near-wall flame structure cannot
be fully captured by 1D laminar flamelets based on
burner-stabilized flames. However, transient 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 numeri-
cal [6, 17] and experimental [18] studies also show a
high dependency of the thermochemical state in tran-
sient and turbulent FWIs caused by velocity perturba-
tions interacting with the quenching flame. Palulli et
al. [17] investigated the influence of velocity pertur-
bations on the near-wall thermochemical state, more
specific the local heat-release rate and the CO forma-
tion. In that work, a 2D finite-rate chemistry sim-
ulation of a side-wall quenching (SWQ) flame was
performed that is prone to velocity perturbations of
varying frequencies. While at low and high forc-
ing 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 un-
dergoing SWQ was performed and the CO forma-
tion 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 thermochemi-
cal 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 simultane-
ous quantitative measurements of CO, CO2 and tem-
perature. They demonstrated that the observed ther-
mochemical states in the turbulent SWQ scenario dif-
fer significantly from the laminar configuration inves-
tigated 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 interaction (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 con-
text, the FVI mechanism is numerically verified
and analyzed based on a time series of the per-
formed simulation;

(ii) to model the effects of FVI based on the gained
numerical insights using a novel chemistry man-
ifold that accounts for the effects of exhaust gas
recirculation (EGR) and enthalpy losses at the
wall;

(iii) to validate the manifold in an a-priori manner
using the detailed simulation results as a refer-
ence.

2. Numerical setup

2.1. Turbulent side-wall quenching flame
In the following, the numerical setup of the turbu-

lent SWQ flame analyzed in this work is outlined. 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 pre-
mixed stoichiometric methane-air flame is stabilized
at a flame holder and undergoes side-wall quench-
ing at the (cold) channel walls. The wall temperature
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is fixed and equal to the inflow temperature Tin =
Twall = 300 K. The channel flow has a Reynolds
number of Re = (UbulkH)/ν ≈ 2770, with Ubulk be-
ing the mean flow velocity, H the channel half-width
and ν the kinematic viscosity. The mean inflow veloc-
ity is Ubulk = 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 equiv-
alence ratio of the dimethyl ether flame was chosen to
match the flame speed of a stoichiometric methane-air
flame, which is investigated in this study.

Ubulk
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upper flame branch

flame holder
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5

z

x•y

wall (T = 300 K)

wall (T = 300 K)

Fig. 1: Schematic of the numerical setup. In the (statistically
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.

A non-reactive simulation of the turbulent chan-
nel flow is performed to generate appropriate inflow
conditions for the reactive case. The channel di-
mensions of the non-reactive case are x × y × z =
14H × 3H × 2H , 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 condition. The computational grid
is refined towards the walls with a wall resolution of
25 µm (y+ = 0.24), resulting in a total of 60 mil-
lion 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 di-
mension in stream-wise direction of 10H . 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, ensur-
ing a sufficient grid resolution (Kolmogorov length
scale η > 45 µm, laminar flame thickness δL =
(Tburnt − Tunburnt) / |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 towards the cold wall [20].
The boundary conditions of the domain are set as fol-
lows: At the inlet, the inflow velocity fields from the
non-reactive simulation are employed. Therefore, the

velocity fields are spatially and temporally interpo-
lated 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 condition for
the velocity, a zero-gradient boundary condition for
the species, and a fixed temperature boundary condi-
tion (Twall = 300 K). Finally, at the outlet, a Dirich-
let 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 reduced 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 sum-
marises 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 discretization is of fourth-
order, and a second-order fully implicit backward
scheme is used for the temporal discretization. The
reactive simulation was performed on 32678 CPU
cores (AMD EPYC 7742), and more than 18 million
core-h have been consumed.

Table 1: Numerical setup of the reactive case
Parameter Property
Gas mixture Methane-air (Φ = 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

2.2. Laminar side-wall quenching flame
In addition to the turbulent case, a corresponding

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 stabilized at
the inlet away from the wall by injecting hot ex-
haust gases at equilibrium conditions. The flame ap-
proaches the wall with a wall temperature of 300 K,
where it undergoes SWQ. The numerical solver em-
ployed is similar to the turbulent simulation described
above. The boundary conditions and the numerical
grid of the simulations are equal to the one described
in [5] except for the wall temperature.
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3. Thermochemical state in turbulent SWQ

In this section, the thermochemical state of the tur-
bulent 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 lami-
nar SWQ and a freely propagating (fp) flame for ref-
erence.

Figures 2(a-c) show the thermochemical states
from the turbulent SWQ represented by temperature
T and CO2 and CO mass fractions. The data is col-
ored by the normalized wall distance z/δL. In addi-
tion to the turbulent SWQ, a corresponding laminar
SWQ is shown. The spanned thermochemical 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 visualize the influence of the
wall distance on the thermochemical state (gray dot-
ted lines).

In the T -YCO2 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 -YCO in Fig. 2(b). Only for low tem-
peratures, the turbulent case shows states with higher
YCO compared with its laminar counterpart. Finally,
the YCO2 -YCO plane (Fig. 2(c)) is addressed. In the
laminar SWQ, YCO shows a conditional maximum
and minimum for a given value of YCO2

max (YCO|YCO2) = (YCO|YCO2)fp flame , (1)

min (YCO|YCO2) = (YCO|YCO2)z = 0 mm , (2)

with (YCO|YCO2) being the value of YCO for a given
value of YCO2 . While the highest (YCO|YCO2) is
present in the undisturbed part of the flame (freely
propagating flame / high wall distance), (YCO|YCO2)
decreases with the wall distance and reaches a min-
imum 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 (YCO|YCO2)
is lower compared to the laminar counterpart, show-
ing values comparable to the unburnt and burnt gas
state over the whole range of YCO2 . 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 CO2,
together with vortical structures indicated by the Q-
criterion [24] (white lines). On the right, YCO2 is
shown, as well as the reaction zone of the flame (black
isoline of ω̇CO2 = 400 1/s). Furthermore, the area
where YCO falls below the conditional minimum of
the laminar SWQ flame (Fig. 2(c)) is indicated by a

white isoline. In the following, this area is referred
to as the area of FVI. In Fig. 4, a schematic rep-
resentation of the FVI mechanism is shown for the
same area and time steps that are depicted in Fig. 3.
At t = 0 ms the flame is in a SWQ-like state, and
no areas of FVI are observed. A vortical structure
is present downstream of the flame tip. The flame
tip propagates into the vortical structure, pushing the
vortex in the stream-wise direction. This forwards
motion, together with the entrainment 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). The mixing changes the flame
velocity at the flame tip, leading to decreased heat re-
lease 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, re-
sulting 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 de-
scribed is repeated. The observed flame behavior is in
agreement with the experimental hypothesis by Zent-
graf 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 mechanism,
Fig. 5 shows a wall-parallel cut through the simula-
tion domain at z/δL = 0.2 and t = 1.1 ms. The
investigated flow configuration is statistically inde-
pendent in the lateral direction. Therefore, the lat-
eral direction can be understood as multiple realiza-
tions of the temporal flame evolution, and the wall-
normal cut is a reasonable indication for the likeli-
hood 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 dis-
tributed 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 further. Thereby, a FVI event was counted for
every time step and lateral direction, if (YCO|YCO2)
falls below the laminar SWQ simulation counterpart
for more than one stream-wise location. In the analy-
sis more than 80 % of the lateral locations are prone
to exhaust gas recirculation, confirming the observa-
tions 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. 2: Thermochemical states in the turbulent SWQ simulation colored by wall distance z. For reference, a 1D freely propagat-
ing (fp) flame and lines extracted parallel to the wall from a laminar SWQ are shown.

Fig. 3: Time series of a slice in lateral direction through the turbulent flame. On the left, the reaction rate of CO2 is shown
together with vortical structures visualized by the Q-criterion (white lines). On the right, YCO2

is shown and the flame front is
visualized by a contour of ω̇CO2

(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.

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 dimen-
sion is introduced to include the effects of exhaust gas
recirculation (EGR) on the thermochemical state. The
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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 ω̇CO2

is shown, while the area of FVI is col-
ored in blue. The vertical structures are shown in grey.

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.

manifold consists of an ensemble of 1D HOQ flames.
Starting from a freely propagating flame with fresh
mixture on the unburnt side, the flame is gradually di-
luted with cold exhaust gases at inflow temperature.
Each of the diluted flames is then used as the ini-
tial condition for a transient HOQ simulation with a
wall temperature of 300 K. The numerical setup for
the HOQ flames is described in detail in [13]. In to-
tal, 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 ensemble of HOQ
flames spans a 3D manifold in (x, t, YEGR) space, with
x being the spatial coordinate, t the time, and YEGR
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 ex-

hibit a lowered limit of (YCO|YCO2) and can cover
the complete thermochemical state of the turbulent
SWQ configuration.
The newly developed manifold is mapped in a three-
step procedure onto a (c, c2, hnorm) state with a res-
olution of (150 × 201 × 101). The variables c and
c2 are normalized progress variables and hnorm is the
normalized enthalpy based on the total enthalpy h as
sum of sensible and enthalpy of formation

c =
Yc − Yc,min

Yc,max − Yc,min
, (3)

c2 =
Yc,2 − Yc,2, min (c)

Yc,2,max (c)− Yc,2,min (c)
, (4)

hnorm =
h− hmin (c, c2)

hmax (c, c2)− hmin (c, c2)
. (5)

The mapped manifold can then be accessed in a three-
step look-up with c being the first, c2 the second, and
hnorm the third look-up parameter. The first and sec-
ond progress variable Yc and Yc,2 are chosen to be the
mass fraction of CO2 and CO, respectively. The fi-
nal manifold is referred to as QFM-EGR (Quenching
Flamelet-Generated Manifold with Exhaust Gas Re-
circulation).
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Fig. 6: Thermochemical states in the SWQ simulation col-
ored by normalized wall distance z/δL. Additionally, refer-
ence data from 1D Head-On Quenching (HOQ) simulations
and a freely propagating (fp) flame is shown.

5. A-priori validation of the extended manifold

The extended 3D QFM-EGR is validated in an a-
priori analysis using the turbulent SWQ simulation
data as a reference. Figure 7 shows the procedure of
the a-priori manifold assessment in comparison 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 di-
rectly from the reference data. This allows a detailed
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<latexit sha1_base64="A51YWGwkpN/5BPjrtlp07A8Ynss=">AAACEnicbVC7SgNBFJ31bXxFLW0Gg6AQwm4UtBECNpYKSVSSZZmd3DVDZmeXmbtiWPINNv6KjYUitlZ2/o2TR6HRAwOHc+7hzj1hKoVB1/1yZmbn5hcWl5YLK6tr6xvFza2mSTLNocETmejrkBmQQkEDBUq4TjWwOJRwFfbOhv7VHWgjElXHfgp+zG6ViARnaKWgeNBOjQjaCPeYa4gG9JS26mWalulN4JVpu5OgGXLlB8WSW3FHoH+JNyElMsFFUPy0aZ7FoJBLZkzLc1P0c6ZRcAmDQjszkDLeY7fQslSxGIyfj04a0D2rdGiUaPsU0pH6M5Gz2Jh+HNrJmGHXTHtD8T+vlWF04udCpRmC4uNFUSYpJnTYD+0IDRxl3xLGtbB/pbzLNONoWyzYErzpk/+SZrXiHVaql0elWnVSxxLZIbtkn3jkmNTIObkgDcLJA3kiL+TVeXSenTfnfTw640wy2+QXnI9vTIub5A==</latexit>

Compare

Fig. 7: Schematic representation of an a-priori analysis in comparison to an a-posteriori assessment in a fully coupled sim-
ulation. 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.

validation of the tabulated thermochemical state with-
out the interference of errors caused by the inaccu-
racies in the solution of the transport equations in a
coupled simulation.

Figure 8 shows the results of the a-priori valida-
tion 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 consists
of a single HOQ simulation of a freely propagating
flame without EGR and, therefore, represents a sub-
set of the QFM-EGR. The manifold generation of the
QFM is described in more detail in [13, 14]. The
color code shows the relative deviation of the approx-
imated quantity q from the reference data (turbulent
SWQ simulation).

∆q =
qref − qManifold

qref
. (6)

In accordance with Fig. 3, the flame front is visualized
(orange contour), and the area of FVI is shown (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 mixture at the wall in
the reference data is not consistent with the tabulated
states in the QFM. This results in an incorrect predic-
tion of the composition space as a whole. The new

tabulation approach accounts for this shift in mixture
caused by the EGR by introducing the additional ta-
ble dimension c2, 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 differ-
ent lateral and wall-normal slices. The data also in-
cludes radicals and reaction rate predictions. The sup-
plementary videos show the reference simulation and
the prediction by the manifolds on the left, while the
manifold 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

∑
Ω(z) |qi,ref − qi,Manifold|∑

Ω(z) |qi,ref|
, (7)

with N being the number of samples in Ω (reaction
zone of the flame) and

Ω(z) = {(t, x, y, z)|c∗ ∈ [0.3, 0.7] ∧ z = z} , (8)

with

c∗ =
YCO2 − YCO2,min (h)

YCO2,max (h)− YCO2,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

7



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 figure shows a
zoom of the relevant area depicted in Fig. 3.

average is calculated using twenty simulation time
steps throughout 5 ms. In addition to the quanti-
ties discussed above, the mass fraction of the OH-
radical YOH and the reaction rate of CO2 are depicted.
Again, the QFM prediction capability worsens in the
areas of FVI close to the wall. Outside the FVI area
(z/δL > 2), the prediction accuracy of the QFM is
very good, only slight deviations are found for the CO
and H2O mass fraction. The QFM-EGR shows an ex-
cellent agreement with the reference solution. Note
that the observed increase in prediction error of the
radicals and reaction 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 insights from
the simulation are used to confirm a recently pro-
posed flame-vortex interaction mechanism, which de-
scribes the entrainment of burnt gases into the fresh
gas mixture near the flame’s quenching point. Based
on these findings, an extended flamelet manifold gen-
erated from an ensemble of 1D HOQ flames is pre-
sented, accounting for this particular mixing process.
In the manifold, the effects of flame-vortex interac-
tion on the thermochemical state are accounted for by
introducing a new dimension to the manifold, which
accounts for the shift in mixture caused by exhaust
gas recirculation. The new manifold is validated in an
a-priori analysis. Without the additional dimension,
large deviations between the previous manifold pre-
diction (QFM) and the detailed reference simulation
are observed in the flame-vortex interaction area near
the cold wall. Accounting for exhaust gas recircula-
tion in the manifold leads to significant improvements
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Fig. 9: Mean relative error of the a-priori lookup quantities
and the reference simulation as a function of the normalized
wall distance z/δL.

in the prediction of the thermochemical states. The
improved manifold (QFM-EGR) constitutes a signifi-
cant advance for the modeling of turbulent SWQ and
will be further evaluated in coupled LES in future
work.
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mixed hydrogen/air counterflow flame simulations us-
ing flame prolongation of ILDM with differential dif-
fusion, Proc. Combust. Inst. 28 (2) (2000) 1901–1908.

[9] U. Maas, S. B. Pope, Simplifying chemical kinetics:
Intrinsic low-dimensional manifolds in composition
space, Combust. Flame 88 (1992) 239–264.

[10] V. Bykov, U. Maas, The extension of the ILDM con-
cept to reaction-diffusion manifolds, Combust. Theory
Model. 11 (6) (2007) 839–862.

[11] S. Ganter, C. Straßacker, G. Kuenne, T. Meier,
A. Heinrich, U. Maas, J. Janicka, Laminar near-wall
combustion: Analysis of tabulated chemistry simula-
tions by means of detailed kinetics, Int. J. Heat Fluid
Flow 70 (2018) 259–270.

[12] C. Strassacker, V. Bykov, U. Maas, Comparative
analysis of Reaction-Diffusion Manifold based re-
duced models for Head-On- and Side-Wall-Quenching
flames, Proc. Combust. Inst. 38 (1) (2021) 1025–1032.

[13] M. Steinhausen, Y. Luo, S. Popp, C. Strassacker,
T. Zirwes, H. Kosaka, F. Zentgraf, U. Maas, A. Sadiki,
A. Dreizler, C. Hasse, Numerical Investigation of Lo-
cal Heat-Release Rates and Thermo-Chemical States
in Side-Wall Quenching of Laminar Methane and
Dimethyl Ether Flames, Flow, Turbul. Combust.
106 (2) (2021) 681–700.

[14] D. V. Efimov, P. de Goey, J. A. van Oijen, QFM:
quenching flamelet-generated manifold for modelling
of flame–wall interactions, Combust. Theory Model.
24 (1) (2020) 72–104.

[15] H. Kosaka, F. Zentgraf, A. Scholtissek, L. Bischoff,
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B. Böhm, A. Dreizler, Classification of flame prehis-
tory and quenching topology in a side-wall quenching
burner at low-intensity turbulence by correlating trans-
port effects with CO2, CO and temperature, Combust.
Flame (2021) 111681.

[19] C. Jainski, M. Rißmann, B. Böhm, A. Dreizler, Ex-
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