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This work introduces a new method to improve the accuracy of the flamelet-generated
manifold (FGM) method under conditions of flame–wall interactions (FWI). Special
attention is given to the prediction of the pollutant CO.

In existing FGM methods, in order to account for heat loss, usually flamelets with
constant enthalpy are utilised. These constant enthalpy flamelets used to generate the
manifold, do not include the effects of wall heat loss on the manifold composition,
resulting in simulation inaccuracies in the near-wall region, where large enthalpy gra-
dients are present. To address this issue, the idea to utilise 1D head on quenching (HOQ)
flamelets for tabulated chemistry is adopted and applied here in the context of the FGM
method. The HOQ qualitatively resembles the general phenomena of FWI. However,
the rates of wall heat loss and the accompanied effects on the chemical species com-
position may quantitatively differ between various FWI configurations. In addition, the
magnitude of heat transfer rate may vary in space and time in general configurations.
Therefore, in this work, a method is introduced to generate a 3D manifold, based on
multiple HOQ-like flamelets, that includes the variation of the rate of heat loss as an
extra table dimension. This dimension is parametrised by a second reaction progress
variable for which a transport equation is solved next to the equations for enthalpy and
the first progress variable.

The new developed method, referred to as Quenching Flamelet-generated Manifold
(QFM), is described in this work. Further, the method is validated against detailed
chemistry simulations of a two-dimensional premixed laminar side-wall quenching of
a methane-air flame. A comparison is presented, analysing the performance obtained
using the existing 2D FGM method, a 2D QFM that is based on a single HOQ flamelet
which does not account for a varying rate of wall heat loss and a 3D QFM, which does.
Finally, it is shown that the 3D QFM tabulated chemistry simulation yields a very good
level of accuracy and that the accuracy for prediction of CO concentrations near the
wall is improved tremendously.

Keywords: flame modelling; reduced chemistry; flame–wall interaction; side-wall
quenching; prediction of emissions; flamelet-generated manifold (FGM); additional
chemical time scales
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List of abbreviations

DC detailed chemistry
FGM flamelet–generated manifold
FWI flame/wall interactions
HOQ head on quenching
QFM quenching flamelet–generated manifold
REDIM reaction diffusion manifolds
SWQ side–wall quenching

List of symbols

αi,j linear coefficient of species i in the definition of progress variable j
κ curvature
λ thermal conductivity
ξ arc-length tangential to the flame surface
ρ density
τ stress tensor
φi boundary flux of species i
ω chemical source term
cp specific heat capacity at constant pressure
h enthalpy
K mass-based stretch rate
m mass flux
mb mass burning rate
min boundary mass flow rate
Mi molar mass of species i
n vector normal to the flame surface
Nr number of chemically reactive manifold dimensions
Ns number of chemical species
p pressure
q vector tangent to the flame surface
QYi Q-term of species i
s arc length perpendicular to the flame surfaces
sL laminar burning velocity
T temperature
t time
u, [ux, uy] velocity vector
x spatial coordinate
y spatial coordinate
Y reaction progress variable
Yi mass fraction of species i

1. Introduction

Flame/wall interaction (FWI) is a broadly studied topic [1] as it is frequently occurring in
various types of combustion equipment [2–4]. The effects of FWI entail deteriorating pro-
cesses such as heat loss, incomplete combustion and formation of pollutants, specifically
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CO. The design of numerous combustion applications would hence benefit from simulation
tools able to accurately model FWI. Detailed chemical models generally provide a reliable
representation of combustion processes. However, these models cannot be employed eas-
ily for the simulation of realistic industrial applications, due to their high computational
costs and numerical complexity arising in 3D geometries and turbulent flows. Therefore,
reduced chemical models are required. In addition, due to current environmental concerns
and the development in regulations, the design of combustion equipment is focusing on
the reduction of pollutants emissions, such as carbon monoxide and NOx while maintain-
ing high efficiency. Consequently, a reduced chemical model would be very welcome to
be able to give accurate predictions of pollutants formation in the presence of FWI.

The general phenomenon of FWI can be subdivided into distinct types according to the
physical flow conditions [1]. Head on quenching (HOQ) occurs when a flame propagates
towards the wall under a perpendicular angle. At a certain small distance the flame starts
to loose heat to the wall and eventually quenches. Several studies of HOQ configuration
have been performed, e.g. [5,6]. Commonly, laminar HOQ configuration is modelled by
means of a one-dimensional transient simulation. Another important type of FWI is side-
wall quenching (SWQ) [7,8], described by a flame front propagating parallel to a cold wall.
In that case, quenching occurs only in the near-wall part of the flame. A recently proposed
stationary FWI configuration shows advantages in various aspects in understanding FWI
[9]. In this type of FWI, the heat loss is directed from the flame zone to the burnt mixture,
unlike the situation in the HOQ and SWQ configurations.

In the recent literature, several authors have focused on the numerical modelling of
carbon monoxide CO in flames involving FWI. The work of Ganter et al. [10] investi-
gated the phenomenology of CO formation under conditions of SWQ. Various detailed and
reduced chemical models were validated against experimental measurements. The detailed
chemistry results for CO were shown to be in a good agreement with the experimental
data. Therefore, also in this study the detailed chemistry simulation is used as reference
for the validation of the reduced models. On the other hand, in [10], the CO predictions
obtained with the flamelet-generated manifold (FGM) reduced chemistry model showed
deviations in the near-wall region. A Lagrangian analysis of CO transport and chemistry
was applied, showing that higher CO concentrations near the wall are mainly associated
with the diffusive transport towards the wall. That explained the errors found by FGM,
as the manifold was generated utilising 1D flat flames with constant enthalpy where this
effect is not included. Steinhilber et al. [11] and Ganter et al. [12] applied reaction dif-
fusion manifolds (REDIM) to model respectively HOQ and SWQ configurations. The
gradient of enthalpy in the near-wall region, and the associated transport of species were
indicated as crucial physical processes and taken into account during the generation of the
manifolds. The scalar gradients, required for the REDIM solution, were estimated from a
one-dimensional HOQ simulation, which resulted in a better resemblance of the underlying
physics.

The objective of this work is to develop an improved flamelet-generated manifold
(FGM) [13–15] chemistry reduction method, providing an accurate representation of ther-
mochemistry in the presence of FWI, focusing on the prediction of emissions. Following
the idea of [12], the one-dimensional HOQ configuration is utilised as a represen-
tative flamelet type to generate a manifold in composition space. In counterpart to
steady burner-stabilised flamelets, HOQ qualitatively resembles more complex configu-
rations involving FWI and includes the diffusive transport of CO towards the wall, as
identified in [12]. However, quantitatively the rate of heat loss and the accompanied
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scalar dissipation of species may differ between FWI configurations or exhibit time-
dependent variation in transient and turbulent flows [16,17]. To improve the accuracy,
this variation of the rate of cooling is included in the manifold as an extra parame-
ter. Previously FGM has been extended with additional chemically reactive dimensions
to account for the effects of fast cooling and expansion on the post-flame pollutants
chemistry [18]. In this work, one additional manifold dimension, parametrised by a sec-
ondary progress variable, will be introduced to account for the variations of the rate of
wall heat loss coupled with their impact on thermochemistry. The primary focus lies
in achieving accurate FGM predictions for CO formation in the near-wall region, while
retaining the simplicity of application and the high performance of the method. The
scope of the method also includes improving FGM accuracy for more general param-
eters, such as flame shape, heat loss to the wall and the remaining thermochemical
composition.

Similarly to the literature, an idealised SWQ test configuration is utilised in this work.
The performance of several FGM models is validated against the detailed chemistry simu-
lation, showing that the highest accuracy is obtained when the FGM is not only based on
an HOQ flamelet but is also extended with an extra degree of freedom accounting for the
magnitude of the rate of heat loss.

In Section 2, the test simulation setup is described along with the detailed chem-
istry (DC) simulation results. Section 3 presents the predictions from the FGM generated
from a series of adiabatic flamelets, obtained by varying the values of the inlet enthalpy
per flamelet. In this way, the heat loss is included in the 2D manifold in composition
space utilising enthalpy as an extra parameter next to the reaction progress variable.
This method, introduced in van Oijen and de Goey [13], is further referred in this work
as the ‘standard FGM’. The configuration and the practical application of the standard
FGM are outlined, comprising the fundamental basis to be extended by the new intro-
duced methods. Section 3 shows that the CO chemistry in the near-wall region indeed
cannot be treated accurately by the standard FGM. Additionally, this section demon-
strates the predictive capability of solving a transport equation for CO mass fraction in
the context of standard FGM. The improvements that are found by transporting CO are
discussed along with the reasons for the remaining inaccuracies. Section 4 contains an
analysis demonstrating the differences in CO phenomenology between standard FGM
and detailed chemistry, providing a physical motivation for the novel method introduced
further in this work. In Section 5, the FGM method is extended for FWI pollutants
modelling by generating a higher dimensional manifold composed of a series of HOQ
flamelets with varying cooling rate. This method is referred to as the quenching flamelet-
generated manifold ‘QFM’. The simplest configuration of QFM involves tabulating a
single HOQ flamelet as function of two control variables, enthalpy and progress vari-
able, resulting in a 2D manifold in composition space. This 2D QFM does not include
the effect of the variation of the rate of cooling, assuming it to take a fixed value.
Utilising a series of HOQ flamelets computed varying the cooling rate, the thermochem-
istry is tabulated as the function of three control variables, resulting in a manifold in
composition space denoted as the 3D QFM. The results obtained with the new intro-
duced technique are validated and compared to the standard FGM, showing that the
new method yields accurate results for the flame shape and thermochemical composi-
tion, and in particular for CO. Finally, conclusions and recommendations are given in
Section 6.
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Figure 1. Left: A schematic drawing of the geometry of the test case, including a contour of the
rate of heat release corresponding to 10 % of its maximum value. Right: A plot of the inlet boundary
conditions at y = 0 mm as the function of x. (a) A sketch of the computational domain, the colour
of the arrows indicates the temperature: blue – unburnt, red – burnt. (b) The profiles for temperature
and species mass fractions at the inlet boundary.

2. Detailed chemistry SWQ analysis

2.1. SWQ configuration

In this work, a simulation of the SWQ configuration is considered as a test setup. A
schematic of the simulation geometry is depicted in Figure 1(a). A premixed flame is
stabilised in a rectangular domain of Lx × Ly given by 3.5 × 6 mm. An isothermal wall
(Twall = 300 K) is placed at the left boundary of the domain at x = 0 mm. At the inlet,
located at y = 0 mm, a gas mixture composition profile of a one-dimensional adiabatic
freely propagating premixed flame is imposed as the function of the x-coordinate along the
boundary. This one-dimensional flame is corresponding to the stoichiometric methane–
air mixture at atmospheric pressure and unburnt temperature given by Tu = Twall = 300 K,
resulting in a burning velocity of sL = 29.6 cm/s. The applied inlet profiles for temperature
and several chemical species are shown in Figure 1(b). A constant y-velocity of 0.5 m/s and
x-velocity equal to zero are prescribed at the inlet boundary.

2.2. Numerical setup

The simulations are performed in a geometry with two spatial dimensions and using a
steady-state assumption, which allows to maintain sufficiently low computational costs
for detailed chemical model to be applied. The utilised detailed reaction kinetics scheme
is DRM19 [19] comprised of Ns = 21 chemical species and 84 reactions. In addition, a
unity Lewis numbers diffusion model is adopted, following the work of Ganter et al. [10],
where it was found to be sufficiently accurate for analogous conditions. In the general con-
text of FGM reduced chemistry, preferential diffusion can be accounted for following the
previously developed methods [20,21]. All simulations are performed using a finite vol-
ume solver1 with a second-order upwind discretisation scheme. A constant mesh size of
6.25 μm is used, resulting in total of roughly 0.5 · 106 cells. A symmetry boundary condi-
tion is imposed at the right boundary of the domain, x = 3.5 mm and a no-slip isothermal
condition is applied at the wall boundary. Along with the two-dimensional Navier–Stokes
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Figure 2. A global illustration of the simulation results. From left to right: temperature (a), vol-
umetric rate of heat release, ωT (b), including streamlines (in white) indicating the direction of the
velocity, the mass fraction of CO2 (c) and specific enthalpy, h (d).

equations, the transport equations for species mass fractions and enthalpy are solved. Under
steady-state and unity Lewis numbers assumptions, these equations are given by

∇ · (ρu) = 0, (1a)

∇ · (ρuu) = −∇p − ∇ · τ , (1b)

∇ · (ρuYi) − ∇ ·
(

λ

cp
∇Yi

)
= ωi, i = 1, . . . , Ns − 1, (1c)

∇ · (ρuh) − ∇ ·
(

λ

cp
∇h

)
= 0, (1d)

where τ is the stress tensor. Note that the energy is solved in the form of the sum of
sensible and chemical enthalpy h, Equation (1d), which is conserved by chemical reactions
under the constant pressure approximation. Viscous heating and radiation are not taken into
account in Equation (1d).

2.3. Results and discussion

This section presents the results of the simulation of the SWQ flame described in
Section 2.1. Figure 2 globally illustrates the obtained flame shape. The depicted variables
are temperature, T, volumetric rate of chemical heat release, ωT , the mass fraction of CO2

and specific enthalpy, h. It can be observed that the premixed flame, applied at the inlet,
is propagating towards the wall as the height, y, increases. The flame front is located at
x ≈ 2 mm of the inlet plane. It propagates under an angle of about 50◦ and reaches the wall
at y = 2.5 mm. From that point on, the mass fraction of CO2 near the wall is increasing
over the y-coordinate (Figure 2c) as the mixture composition is evolving towards a burnt
state. Consequently, the flame starts to loose heat to the isothermal wall, resulting in an
increasing deficit of enthalpy that propagates from the wall into the domain (Figure 2d).
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Figure 3. Contours of the mass fraction of CO (a) and its chemical source term, ωCO (b).

Figure 3 shows the mass fraction of CO and its chemical source term. Considering the
source term, it can be seen that its magnitude in the near-wall region becomes negligible
compared to the values in the near adiabatic region. In the near-wall region, YCO attains
peak values that are 30 % lower than in the unperturbed flame. This presence of CO in
the near-wall region without chemical source term is a consequence of diffusive transport,
which was already shown in [10].

3. Standard FGM applied to SWQ

This section presents the results obtained applying the standard FGM method to simulate
the SWQ test case described in Section 2. The methods used to generate the FGM and to
apply it in the simulation are described in Section 3.1. The obtained results are presented
and compared to those of the DC simulation in Section 3.3.

3.1. Standard FGM numerical setup

The FGM is generated from adiabatic, isobaric premixed stoichiometric methane–air
flamelets. A free premixed flamelet configuration is utilised for the maximum enthalpy
level, corresponding to an unburnt mixture temperature of Tu = 300 K. The remaining
flamelets at lower enthalpy levels are computed using a burner-stabilised configuration
[14], with the temperature of the burner set equal to the wall temperature, Twall = 300 K.
A series of these flamelets is computed, prescribing inlet mass flux as a parameter that
is lowered in steps in order to achieve higher magnitudes of heat loss to the burner.
The standard FGM is parametrised by two control variables, enthalpy h and the reac-
tion progress variable Y . Following [15], the progress variable is defined as the sum of
the specific mole numbers, Yi/Mi[moli/gmix] of species H2, H2O and CO2, where Mi is
the molar mass of species i. For visualisation purposes, the progress variable is multiplied
by a factor of 100 to make its maximum value in the order of unity. The flamelets are
then stored in a two-dimensional table on a 609 × 472 (h × Y) curvilinear grid. Figure 4
displays the chemical source term of the reaction progress variable in the manifold and
illustrates the tabulation grid. The enthalpy table grid is equidistant, while the grid of
the progress variable table dimension is non-equidistant and identical to the grid distri-
bution in the adiabatic freely propagating premixed flamelet with Tu = 300 K. Note that
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Figure 4. Illustration of the standard FGM: source term of the progress variable and the tabulation
mesh. (a) Contour plot of the chemical source term of the reaction progress variable ωY shown in the
space of the FGM control variables. (b) A schematic plot of the curvilinear tabulation grid. The data
for species composition in the grey-shaded part of the manifold is obtained by linear interpolation to
the chemical equilibrium point at T = 300 K, which is indicated by an asterisk.

there is no flamelet data available below the enthalpy level of h ≈ −2500 J/g, as indi-
cated in the plot. This is caused by the flame temperatures being below the flammability
limits, resulting in extinction. Manifold data in this region is reconstructed following the
method in [13]. The species composition in that remaining part of the manifold is obtained
by linear interpolation between the flamelet with the lowest enthalpy and the chemical
equilibrium point at T = 300 K. The dependent thermochemical variables, such as temper-
ature, density and chemical source terms are then computed in this part of the manifold
as the function of the enthalpy, pressure and species composition. The FGM simulations,
including the ones appearing in the later sections, are performed using the same numerical
settings as the DC simulation described in Section 2.2. The only difference lies in Ns − 1
species equations being replaced by only a few transport equations for control variables.
The transport equation for enthalpy, h, is solved as a control variable during the FGM
simulation. Its form is similar to the one included during the detailed simulation, and it is
given by Equation (1d). The transport equation for the reaction progress variable Y can
be derived by taking a linear combination of the transport equations of species and it is
given by

∇ · (ρuY) − ∇ ·
(

λ

cp
∇Y

)
= ωY . (2)

In addition to the control variables equations, the two-dimensional Navier–Stokes equa-
tions, Equations (1a) and (1b), are solved. During runtime, all required transport coeffi-
cients, density and the source term of progress variable are looked up in the manifold by
means of linear interpolation.
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3.2. Modelling of CO with FGM

In the context of tabulated chemistry, the mass fraction of any chemical species, including
that of CO can be looked up directly from the manifold as the function of the control
variables during postprocessing. In an attempt to increase the FGM accuracy for CO
predictions, an additional transport equation for its mass fraction is solved in the FGM
simulation. This is analogous to the methods for solving a transport equation for NOx

[22–24]. This allows the FGM prediction for the mass fraction of CO to attain values not
residing in the manifold for given values of the control variables. In this way, the CO
concentration can evolve according to its own time scale, accounting for possible pertur-
bations from the manifold due to the effect of transport terms. This transport balance is
given in Equation (1c), while a special treatment is adopted for its chemical source term
ωCO. Namely, the value of ωCO looked up from the manifold is scaled linearly in order to
account for a changed transported CO mass fraction Y tr

CO as compared to its local value at
the manifold Y FGM

CO . The total source term ωCO is split into two parts representing the sum
of the contributions of reactions forming CO, ω+

CO, and the sum of the ones consuming
it, ω−

CO. Then ω−
CO is linearised in CO mass fraction, resulting in a total source term that

includes a two-way coupling with the equation and reads

ωCO = ω+
CO + Y tr

CO

(
ω−

CO

Y FGM
CO

)
. (3)

In the above equation, the terms ω+
CO and (ω−

CO/Y FGM
CO ) are stored in the table. Feedback

on other species and source terms, such as in FGM-REDx [18], is not included utilising
this method. The predictions obtained by this method will be compared to those found by
looking up the CO mass fraction directly from the manifold.

3.3. Results with standard FGM

3.3.1. Control variables

In Figure 5, standard FGM simulation results are shown for the FGM control variables Y
and h. The graph at the left depicts the contours of the reaction progress variable Y , while
the plot at the right shows the contours of enthalpy h. It can be observed, looking at the
region where the flame touches the wall, that at the upstream locations the standard FGM
yields a correct prediction of the progress variable. Further downstream the FGM results
have a tendency to underpredict the increase of the progress variable, eventually resulting
in an incorrectly estimated shape of the progress variable in the upper half of the domain.
At first glance, the global shape of the FGM results for enthalpy appear to correspond well
to the detailed chemistry predictions. The underprediction of the progress variable can be
observed in more detail from the profiles plotted over the wall (at x = 0 mm) and two wall-
normal lines at y = 2.5 mm and 2.85 mm shown in Figure 6. The two chosen wall-normal
locations are representing the states of the reaction progress at the wall being respectively
50 % and 75 % of its maximum value. The corresponding locations of these three lines
are indicated in white in Figure 5(a). As can be observed, the results of standard FGM,
shown in red, are agreeing with DC results in the upstream region, while the underpre-
diction becomes gradually larger with increasing height y. The underpredicted values for
Y translate to an underpredicted rate of decrease of enthalpy, as observed in the h plots
in the same figure. In addition to that, the location of the peak value of the progress vari-
able source term, ωY , is predicted to move too slow towards the wall with increasing y.
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Figure 5. Standard FGM simulation results (right panel) for the two control variables, progress
variable Y (a) and enthalpy h (b). The detailed chemistry (DC) results are shown for the reference at
the left of each panel. Dashed lines in plot (a) indicate the three locations (x = 0, y = 2.5; 2.85 mm)
used later in this work to display 1D profiles of thermochemical variables.

Also, note the difference in scales of ωY values between the three locations. At the wall,
the DC predictions for the progress variable source term are very small, being 2 orders of
magnitude lower than its maximum value. There the FGM prediction yields a dissimilar
order of magnitude. This, however, does not have a large influence on the solution due to
insignificant magnitude of the source term at the wall.

3.3.2. CO mass fraction

In Figure 7, a comparison is presented for the CO mass fraction displayed as the function of
the control variables. The detailed chemistry results in the control variables space composi-
tion are shown in subplot (c), while those corresponding to the direct lookup in the standard
FGM are given in subplot (a). The obtained results are comparable to those reported for an
analogous case by Ganter et al. [10]. Namely, the DC predictions show high CO concentra-
tions also at the low enthalpy levels. This is explained by a strong effect of CO diffusion in
the direction of decreasing enthalpy from the adiabatic region, where its main formation is
taking place. Looking at the values in the manifold, Figure 7(a), it can be observed that this
effect is not present in the FGM generated from constant-enthalpy flamelets, as in that case
diffusion only occurs along the constant-enthalpy lines. Figure 8 shows the standard FGM
results for the mass fraction of CO in physical space, found utilising two methods: the
graph at the left (a) represents the results obtained by direct lookup and subplot (b) shows
the values found by solving a transport equation for CO mass fraction accounting for a two-
way coupling of the chemical source term, ωCO. As can be observed, the Y FGM

CO obtained by
direct lookup yields incorrect results in the non-adiabatic region that is located close to the
wall in the downstream part of the domain. There the direct lookup predicts a negligibly
low concentration, which is in agreement with the absence of CO below h = − 1500 J/g
shown in Figure 7(a) in the space of the control variables. A moderate improvement of
the CO prediction is obtained by solving the transport equation (Figure 8b). Near the wall,
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Figure 6. Profiles of various variables: progress variable Y , enthalpy h and the source term of
progress variable ωY , displayed at the left as the function of y over the wall (x = 0 mm), in the
middle and at the right as the function of x at respectively y = 2.5 mm and 2.85 mm.

upstream from the peak CO location, the transported CO contours are matching those of
the detailed chemistry. However, CO is overpredicted in the downstream part of the non-
adiabatic region yielding an incorrect shape, which can be, among other reasons, attributed
to the underestimation of progress variable and the rate of heat loss in that region. The
transported YCO results are shown as the function of the local values of the FGM control
variables in Figure 7(b). As can be seen, high CO concentrations are found in the region
where enthalpy is below −1500 J/g, showing that this reduced model for CO is in a much
better agreement with DC than the direct lookup. Evidently, diffusion of CO in the direc-
tion of enthalpy is in a good qualitative agreement with the results of the detailed model,
when displayed in composition space. A correct CO prediction in terms of the FGM con-
trol variables indicates that an accurate solution for control variables would have produced
a good agreement for transported CO, also in physical space. This observation may sug-
gest that the discrepancies between the transported CO and DC values in physical space
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Figure 7. Mass fraction of CO in the space of FGM control variables, Y and h. (a) Value obtained
by direct lookup in the manifold Y FGM

CO . (b) Standard FGM simulation results for CO obtained by
solving an additional transport equation for Y tr

CO. (c) Detailed chemistry results for CO.

(Figure 8b) are mainly caused by the inaccurate predictions of the profiles of the control
variables, especially progress variable Y , in the standard FGM simulation.

The profiles for CO mass fraction and its chemical source term over the wall at
x = 0 mm and wall-normal lines at y = 2.5 mm and y = 2.85 mm are given in Figure 9.
The results obtained by direct lookup from the manifold as function of the local values of
the control variables are showing a different trend, compared to the DC predictions. The
direct lookup generally predicts incorrectly low CO values in the near-wall region. On the
other hand, transported CO results are benefiting from taking diffusion fluxes towards the
wall into account. Over the wall, correct predictions are obtained up to the peak CO loca-
tion, while further downstream it yields an overestimation by a factor 2. The magnitude
of the source term at the wall, for both DC and FGM, is negligibly small compared to
its maximum value, and its underprediction by the FGM probably has only an insignif-
icant influence on the solution. The horizontal profiles show that transported CO is in a
good agreement with detailed chemistry at the upstream location of y = 2.5 mm, while
its source term prediction is shifted away from the wall and attains a higher magnitude
as compared to the DC profiles. At the downstream horizontal location of y = 2.85 mm,
due to an increasing underprediction of the progress variable, the source term of CO
obtained with the standard FGM shows an even higher discrepancy compared to DC.
This translates in the overestimation of the transported CO observed there. In its turn,
the prediction of the chemical source term strongly depends on the accuracy of the control
variables.

It can be concluded that solving a transport equation for CO, results in a better agree-
ment with the DC, while the adoption of the linear correction of the chemical source term
of CO improves the ωCO accuracy to some minor degree. It is also worth mentioning, that
another method for modelling of ωCO has been considered, namely the transport equation
was solved looking up the source term directly in the manifold without linearisation. As
a result, which is omitted here for brevity, unrealistic predictions of CO mass fraction
were obtained in the post-flame zone. This is explained by an absence of the feedback of
the transported CO mass fraction on its chemical source term, resulting in YCO becoming
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Figure 8. Standard FGM simulations results for the mass fraction of CO found by direct lookup
(a) (Y FGM

CO ) and a transport equation including a two-way coupling for the source term (b) (Y tr
CO). DC

results are shown at the left of each plot for the reference.

Figure 9. Profiles of mass fraction YCO and source term of CO, ωCO, plotted as the function of
y over the wall (x = 0 mm) and as the function of x over the wall-normal lines at y = 2.5 mm and
y = 2.85 mm. The FGM CO modelling methods are shown by different line styles with similar colour
as indicated in the legend. The legend for the chemistry models (DC and FGM) is similar to that of
Figure 6.
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unbounded. Nevertheless, the perturbation from the manifold attained by the transported
CO evidently exceeds the range where the source term can be assumed to change linearly
with the perturbation. Consequently, a more accurate modelling of the involved combus-
tion physics is required to improve the general accuracy for the entire thermochemical
composition. This is the topic discussed in the following sections.

4. CO formation analysis in the flame-adapted coordinate system

In order to understand the processes governing the evolution of CO in the quenching region
and the origin of the inaccuracies from the standard FGM as observed in Section 3, a
coordinate transformation is applied to the detailed chemistry solution for CO, rewriting its
transport equation in the flame-adapted coordinate system [25]. As a result, this assessment
shows how the FGM method can be further developed to improve the accuracy under
conditions of FWI.

Utilising the reaction progress variable, Y , the flame adaptive coordinate system in two
spatial dimensions is spanned by an orthonormal basis {n, q}. The flame surface is referred
to as an isosurface of Y . The flame-normal vector n is locally describing the direction of
the flamelet path, orthogonal to the flame surface:

n := ∇Y
‖∇Y‖ , (4)

here it is chosen to point in the direction of the burnt gas mixture. The vector q represents
the direction tangent to the flame surface and its first and second components can be found
from the components of vector n by

q = [q1, q2] = [n2, −n1] , (5)

ensuring that both vectors have unit length and are orthogonal to each other. The species
transport equation (1c) can be written in a quasi-1D form [25]. Under steady-state
conditions, it reads

∂ρYi

∂t
= −∂mYi

∂s
+ κ (mYi)︸ ︷︷ ︸

Convection

+ ∂

∂s

(
λ

cp

∂Yi

∂s

)
− κ

(
λ

cp

∂Yi

∂s

)
︸ ︷︷ ︸

Diffusion

+ωi − ρKYi + QYi = 0 (6a)

with t being time, s the arc-length perpendicular to the flame surfaces. Furthermore, the
flame curvature κ , the mass flux normal to the flame surfaces m and the mass-based stretch
rate K [25], are given by

κ = ∇ · n, m = ρu · n, ρK = −∇ · (mn) , (6b)

and the so-called Q-term of species i, QYi , describing the diffusive transport tangential to
the flame surface is computed according to

QYi = ∂

∂ξ

(
λ

cp

∂Yi

∂ξ

)
(6c)

denoting the arc length in the direction of q (tangential to the flame surface) as ξ . The terms
of Equation (6a) indicated as ‘Convection’ and ‘Diffusion’ represent the transport of the
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Figure 10. Terms of the CO equation transformed to the flame-adapted coordinate system. In plot
(a), the locations of three lines are indicated that are used further to display 1D profiles of the equation
terms. In plot (b) the source term of CO is shown, the remaining transport terms are: flame-normal
convection (c) and diffusion (d), tangential convective term (e) and Q-term (f).

corresponding type occurring in the flame-normal direction. The stretch rate K is defined
as the fractional rate of change of the mass contained in an infinitesimal control volume
moving with the flame.

Figure 10 depicts the values of the contributions of the terms in the CO transport
equation in the flame-adaptive coordinate system. The paths normal to the flame surface
are shown in white while the isolines of progress variable are drawn in black. Plot 10(a)
shows the isolines of the progress variable along with the three paths that are used later in
this section to present the 1D profiles of various equation terms. The terms are displayed
within the area where ‖∇Y‖ �= 0, as the flame-adaptive coordinate system is not defined
in the unburnt and the post-flame zones, which are left out in white in the figures. Plot (b)
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Figure 11. Profiles of the CO mass fraction and the transport terms after coordinate transformation,
plotted over flamelet paths normal to the flame surface as the function of arc length s. (a) and (c) show
the flamelet path away from the wall indicated in yellow in Figure 10(a), while (b) and (d) show the
path close to the wall drawn in purple in Figure 10(a).

shows the reaction source term of CO. The remaining subplots represent transport in both
the direction normal to the flame surface (convection (c), diffusion (d)) and the direction
tangent to the flame surface (stretch term, −ρKYCO (e), and Q-term (f)). Combined, the
convection and the stretch term (c + e) represent the effect of total convective transport,
while diffusion and the Q-term added together (d + f) would entail the effect of diffu-
sive transport. Note that positive values of the depicted transport terms correspond to an
increase of CO concentration, as stated in Equation (6a). In the region away from the wall,
typical adiabatic premixed flamelet conditions are observed in Figure 10. The preheat zone,
located upstream from the flame, is characterised by a balance between a slightly negative
contribution from the convection term and a positive values of the diffusion, as can be seen
from Figures 10(c) and (d). The source term is zero in this area. Further downstream, in
the reaction zone a peak of the CO source term is found, accompanied by a large influence
of the diffusive transport. Finally, in the post-flame zone, CO is consumed showing a neg-
ative chemical source term, while convection and diffusion contributions are both positive
representing physical transport of CO from the reaction zone to the post-flame zone. It is
worth noting that in this adiabatic area, x > 0.5 mm, the contours of all equation terms are
parallel to the isolines of the progress variable and the two tangential transport terms have
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Figure 12. Profiles of the mass fraction of CO, the contributions of various terms in the transport
equation, enthalpy and enthalpy gradient plotted over a flame isocontour with Y = 0.8 shown as
green line in Figure 10(a). The data is plotted as the function of arc length ξ , with ξ = 0 corre-
sponding to the location at the wall. The legend for the CO equation terms (b) is similar to that in
Figure 11.

a zero contribution here. Closer to the wall, x < 0.5 mm and y > 2 mm, the source term
and the flame-normal diffusion are gradually vanishing and, instead, the two tangential
transport terms yield their peak locations in that area.

To display these trends in a more quantitative way, the profiles of the mass fraction of
CO and the contributions of different terms are plotted in Figures 11(a) and (c) over the
line indicated in yellow in Figure 10(a). This is a flamelet path located in the adiabatic area.
As already seen in Figure 10, upstream from the reaction zone (s ≈ 0), convection (blue)
and diffusion (red) along the flamelet pathways are in balance. There, these two transport
terms are dominating the equation, while the chemical formation (yellow) and transport
terms in the tangential direction are negligible. In the next part, downstream along the
flamelet paths, CO is formed by chemical reactions while the diffusion tends to decrease
its concentration resulting in transport along the flamelet path towards both the preheat and
the post-flame zone. Finally, in the post-flame zone the CO, transported there by convection
and diffusion, is consumed by chemical reactions.

Figure 11(b) and (d) shows the profiles of the mass fraction of CO and the magnitude
of the terms plotted over the purple flamelet path located close to the wall (Figure 10).
The following observations can be made considering this zone where the flame quenches
due to the heat loss to the wall. There, the decreasing temperatures result in a vanishing
source term of CO (Figure 3b). This results in an increasing difference in the concentrations
between the adjacent flamelets. The arising non-zero gradient in the direction of ξ , along
the flame surface, leads to significant diffusion across the flamelet paths. In this region, the



18 D. V. Efimov et al.

Q-term (shown in green) attains the same order of magnitude as the flame-normal diffusion.
This is also verified by Figure 10(d), displaying the Q-term, QYCO . As a consequence CO
is being transported towards the wall. This effect is additionally illustrated in Figure 12,
where the profile for the mass fraction of CO and its transformed equation terms are plotted
as the function of the arc length along the flame surface, being an isocontour of progress
variable at Y = 0.8. The figure also depicts the enthalpy, h, and its gradient in ξ . As can be
observed, the mass fraction of CO remains nearly constant in the adiabatic part of this flame
surface. In this part also the terms of its transport equation in flame adaptive coordinates
attain an approximately constant value. On the other hand, in the region of ξ closer to the
wall, located at ξ = 0, the enthalpy gradient increases along with the contribution of the
Q-term (green).

So far, the analysis is presented purely for CO, yet a similar analysis has been performed
for other species, e.g. hydrogen. The observed trends are analogous to those described
above for CO and the results are omitted for brevity.

An important remark should be given to conclude the observations obtained with the
presented analysis of the CO governing equation. In the adiabatic part of the flame, the
CO evolution qualitatively agrees with that expected in a premixed flamelet. On the other
hand, the Q-term of CO attains a significant magnitude in the near-wall region. In the stan-
dard FGM approach, these terms are neglected. This again explains the limitations of the
standard FGM observed in Section 3. Theoretically, in order to improve the accuracy, the
FGM method can be extended by including the cross-flamelet transport terms during the
generation of the flamelet data. Applying the cross-flamelet diffusion directly during the
computation of the steady flamelets may, on the other hand, have a drawback of result-
ing in a very high numerical complexity as the solutions of all flamelets become coupled.
In order to include these transport effects while retaining the ease of the application of
the FGM method, a more suitable type of flamelets is utilised as described in the next
section.

5. Manifolds based on quenching flamelets

To address the issues concluded in Sections 3 and 4, this section introduces an innovative
method to extend the FGM to account for flame phenomena occurring in the presence
of FWI. In Section 5.1, the generation of a 2D manifold in composition space adopting
the HOQ configuration as flamelet type is presented. In this way, the enthalpy gradient is
accounted for during the manifold generation. This idea is extended further in Section 5.2
by combining multiple HOQ-like simulations, each with a different rate of quenching,
into a 3D manifold. The variation of the value of the enthalpy gradient at the wall is thus
included in the manifold (as an extra parameter). These methods are further referred to
as 2D and 3D quenching flamelet-generated manifolds in composition space ‘QFM’. In
Section 5.3, the improvement in accuracy is investigated by comparing the results of the
reduced chemistry SWQ modelling applying the QFMs.

5.1. Head on quenching flamelets for manifold generation

In analogy with [11,12], in this work an HOQ flame configuration is adopted for manifold
generation as a representative flamelet type. The scalar diffusion due to the enthalpy gra-
dient is included in an HOQ configuration. Furthermore, its solution can be found at low
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computational costs using a 1D flame solver, nevertheless it incorporates a fully realistic
process of FWI.

A general description of the HOQ flame configuration is given in Section 1. In this work,
the HOQ flamelets are computed using the 1D laminar flame solver of Eindhoven Univer-
sity of Technology, CHEM1D [26]. The computation is performed solving the following
set of equations:

∂ρ

∂t
+ ∂ρu

∂x
= 0, (7a)

∂ρYi

∂t
+ ∂ρuYi

∂x
− ∂

∂x

(
λ
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∂Yi

∂x

)
= ωi, i = 1, . . . , Ns − 1, (7b)

∂ρh

∂t
+ ∂ρuh

∂x
− ∂

∂x

(
λ

cp

∂h

∂x

)
= 0, (7c)

being respectively the equations for continuity, species transport and enthalpy for Lei = 1.
The initial condition of the time-dependent HOQ simulation corresponds to an adiabatic
freely propagating premixed flame with an unburnt mixture temperature of Tu = 300 K.
This flame is computed separately in the pre-processing step and applied as an initial profile
of the HOQ simulation. This adiabatic flame has a non-zero inlet velocity. In an HOQ
simulation, a coordinate transformation is performed to a stationary frame of reference: the
inlet velocity at x = 0 is made zero and the velocity in the domain is corrected accordingly.
In the new reference frame, an impermeable wall is located at x = 0, and the flame starts
to move in the direction of the unburnt mixture and the wall. This wall is assumed to be
isothermal with a temperature given by Twall = 300 K.

Profiles of several thermochemical quantities are shown in Figure 13 at various stages
of the HOQ simulation. As the simulation time advances, the flame propagates towards the
wall consuming the mixture of unburnt gas that remains between the wall and the flame
zone. Upon reaching the wall, the flame starts to lose heat and eventually quenches. After
a sufficiently long time the domain is filled with a mixture at chemical equilibrium at a
temperature of 300 K.

After the HOQ flamelet is computed, its solution being a function of x and t can be
stored in a two-dimensional manifold (2D QFM) as the function of the control variables:
enthalpy, h, and progress variable, Y . Figure 14(a) shows the HOQ solutions in control
variable space, where each line represents one time instance. In Figure 14(b), a plot of
the source term of the reaction progress variable is shown as the function of the control
variables of the obtained 2D QFM. The numerical settings for the manifold tabulation and
simulation setup, including the definition of the reaction progress variable, are unchanged
compared to those utilised for the standard FGM (see Section 3.1). In the particular imple-
mentation strategy adopted in this work, one additional step is required during manifold
generation. It involves regridding the curves of the time instances of the HOQ solution
(depicted in Figure 14a) to constant enthalpy levels, which is done by linear interpola-
tion. Subsequently, the 2D QFM can be interpolated on a curvilinear table mesh, which is
schematically displayed in Figure 14(c).

Figure 15 shows with a blue dashed curve the enthalpy gradient normal to the wall
boundary found in the HOQ simulation. For comparison the figure includes the curve
obtained in the SWQ DC simulation from Section 2, that is shown with a solid blue
curve (the remaining curves can be ignored for now). In order to make a direct compari-
son between the steady SWQ simulation in two spatial dimensions and the transient HOQ
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Figure 13. Thermochemical quantities at various stages of the HOQ simulation. The depicted vari-
ables are temperature T, reaction progress variable Y , enthalpy h and the mass fraction of CO,
YCO.

Figure 14. (a) Time instances of the HOQ simulation, (b) the source term of the progress variable
and (c) the 2D QFM tabulation grid shown in the space of the FGM control variables.

results in one spatial dimension, the profiles are given as the function of enthalpy, h. Note,
that both the positive y direction over the wall in the DC SWQ simulation and the posi-
tive direction of time in the HOQ case correspond to decreasing enthalpy, which is from
right to left in the figure. The depicted quantity is an important parameter as it indicates
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Figure 15. Normal component of the enthalpy gradient at the wall shown as the function of
enthalpy for the detailed chemistry SWQ simulation, the HOQ simulation and a series of HOQ
simulations with varied rate of heat loss. The values given in the legend correspond to the initial
boundary mass flow rate scaled with the laminar mass burning rate, which is zero for the case of an
impermeable wall in the conventional HOQ simulation.

the rate of instantaneous heat flux through the wall. As can be observed, the rate of heat
loss obtained in the SWQ is two times lower than that in the HOQ. This is in agreement
with the results of [12] and indicates that, even though species diffusion in direction of the
enthalpy gradient is included in an HOQ configuration, its rate might be overpredicted.

5.2. 3D QFM: including a varying rate of cooling

In the section above, the adoption of the HOQ flamelet was discussed. It has been shown
that this flamelet configuration permits, at least qualitatively, the inclusion of realistic
FWI effects in the manifold composition. In counterpart to the standard constant-enthalpy
flamelets, an HOQ flamelet does take into account scalar diffusion effects in the presence
of enthalpy gradients. However, the a priori estimation of the enthalpy gradients at the
wall and thus the accompanied scalar dissipation rates χh = λ/ρcp|∇h|2 (Figure 15) has
shown that in the HOQ flamelet this rate is quantitatively different compared to that in the
SWQ. This rate of heat loss may have an influence on the thermochemical composition in
the quenching zone.

The rate of heat loss is usually not known at the moment of generation of the manifold.
Furthermore, in realistic 3D simulations and/or when turbulent FWI is involved, this rate
varies as the function of position and time. In order for the FGM to be generally appli-
cable for modelling of FWI configurations, we propose to increase the dimensionality of
the manifold including the variation of the magnitude of the rate of heat loss as additional
manifold variable. In order to do that, a series of HOQ flamelets needs to be computed
varying this parameter. A straightforward method to increase or decrease the rate of heat
loss is to artificially replace the wall (at x = 0) by an isothermal inflow/outflow boundary
(depending on the direction of the flow) imposing a prescribed mass flux through it. In this
way, the velocity at which the flame approaches the wall can be controlled and varied. In
the flamelet simulation, the value of the mass flow rate at this boundary, min = ρuin, can be
used as a parameter to achieve a faster or a slower rate of cooling. The original HOQ simu-
lation corresponds to min = 0. Setting min > 0 results in the inlet velocity directed towards
the flame, slowing the rate at which the flame is approaching the isothermal boundary and
consequently decreasing the enthalpy gradients and the rate of heat loss as compared to
the values in the reference HOQ simulation. On the other hand, when min < 0 is set, the
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boundary becomes an outflow and the flame is pulled towards the isothermal boundary.
This leads to flame quenching with an increased heat loss rate.

From practical considerations, the mass flow rate at the boundary is prescribed to
decrease in time as the boundary enthalpy is decreasing. This is required as the flame’s
burning speed is decreasing as it is losing heat and the flame would stabilise upon reaching
a burning speed equal to the inlet velocity. Considering the initial value of the mass flow
rate at the boundary, min|t=0, the time-dependent boundary mass flow rate is prescribed as
a function of the instantaneous boundary enthalpy as

min (t) = min|t=0 ·
(

h (t) − hmin

hmax − hmin

)2

, (8)

where hmax and hmin are respectively the enthalpy of adiabatic reactant mixture and the
enthalpy of the chemical equilibrium mixture at temperature of 300 K. Note that after the
flame is quenched, the inlet mass flow is approaching zero. Therefore, in Equation 8 the
expression for the normalised enthalpy is raised to the power 2 to ensure a faster decrease
of the inlet mass flow rate as the function of enthalpy close to the hmin limit. Figure 16
shows the instantaneous mass burning rate mb for a series of HOQ simulations with vary-
ing min|t=0. It is estimated by integrating the rate of heat release and plotted as the function
of the enthalpy at the wall. The enthalpy at the wall, as well as in the entire domain, is
decreasing as the function of time. This cooling is accompanied by the decreasing instan-
taneous mass burning rate, as can be observed in Figure 16. The rate of this decrease is
different between the seven HOQ simulations and depends on the cooling rate. In order
to prevent the flame from stabilising and to ensure that it continues to move towards the
wall, the inlet mass flow has to be gradually decreased as time advances. This is achieved
by setting the inlet mass flow rate lower than the instantaneous mass burning rate at the
current enthalpy, which has to hold for all HOQ simulations. As shown in the figure, the
simple quadratic relation from Equation (8) meets this condition. The boundary condition
for the total flux φ of species i at x = 0 reads

φi|x=0 = min Yi|x=0, (9)

which results in a zero species diffusion flux at the boundary.
Figure 15 shows the normal gradients of enthalpy at the isothermal boundary. In addition

to the values from the DC and the reference HOQ flamelet discussed earlier, the lines are
given for a series of six HOQ simulations with varying min|t=0. These simulations have
either a negative or a positive value of the boundary mass flow, respectively yielding a
higher or a lower rate of heat loss, as can be observed from Figure 15. To illustrate the
effect of changing the rate of heat loss on the thermochemical composition in the entire
series of flamelets, several thermochemical quantities are shown in Figure 17 conditioned
on one level of the enthalpy, h ≈ −920 J/g. Each curve represents an individual flamelet
simulation with the initial mass flow rate (scaled with the adiabatic burning rate) given
in the legend. In addition, the values from the DC SWQ simulation are plotted over the
enthalpy isocontour with the same level, shown by the solid line and the values found
in the corresponding steady burner-stabilised flamelet (with h ≈ −920 J/g) are given in
dashed black line. The variables are plotted as the function of monotonically increasing
progress variable Y1, which is not similar to that used previously for the 2D manifolds. It
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Figure 16. Scaled mass flow rate prescribed by Equation (8) and instantaneous mass burning rate
of a series of HOQ simulations with varying min|t=0 plotted as the function of enthalpy at the wall.
The values given in the legend correspond to the initial boundary mass flow rate scaled with the
laminar mass burning rate, which is zero for the case of an impermeable wall in the conventional
HOQ simulation.

Figure 17. Mass fraction and chemical source term of CO, the source term of primary reactive
control variable Y1 and the surplus of the secondary reactive control variable Y2 in the series of
the HOQ simulations and the detailed chemistry SWQ simulation, conditioned on one level of the
enthalpy, h ≈ −920 J/g. The data from a steady burner-stabilised flamelet with the same enthalpy is
included in black. The variables are displayed as the function of the primary reactive control variable
Y1 and the values given in the legend correspond to the initial boundary mass flow rate scaled with
the laminar mass burning rate, which is zero for the case of an impermeable wall in the conventional
HOQ simulation.
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is defined as a linear combination of species mass fractions:

Yj =
Ns∑

i=1

αi,jYi, j = 1, . . . , Nr, (10)

with j = 1 and αi,1 listed in Table 1. From the CO mass fraction plot in the figure it can
observed that the profiles indeed differ between the HOQ flamelets with different rates of
cooling. The highest CO concentration is seen for the flamelet computed with the highest
rate of cooling, corresponding to the initial mass flow rate at the boundary directed out of
the domain (outflow) and being twice as large as the adiabatic mass burning rate. Further-
more, the CO mass fraction decreases with decreasing quenching rate. Finally, the lowest
concentrations at this enthalpy level are observed in the profile of the steady burner sta-
bilised flamelet. For the reaction source term of CO, ωCO, the magnitude is also decreasing
with the quenching rate. In addition, the locations of its maximum and minimum values
shift towards larger values of Y1 with increasing quenching rate. Similar observations can
be made for the source term of Y1, ωY1 . At this enthalpy level, the DC curve is found
between the reference HOQ flamelet and the flamelets with an initial mass inflow rate of
0.6 and 0.9 times the adiabatic mass burning rate. Similar behaviour was observed for other
enthalpy levels. The total range of the varying heat transfer rate in the flamelet database
should be chosen wide enough in order to cover its range in the final application. The range
can straightforwardly be extended by computing additional HOQ flamelets with inlet mass
flow rates with larger negative values than the current minimum of −2.0ρsL, these would
yield even higher rates of heat loss compared to the current maximum.

The computed HOQ flamelets with varying rate of quenching are combined into a
3D QFM as the function of three control variables: enthalpy, h, primary reactive control
variable, Y1, and the secondary reactive control variable, Y2. Where the primary one, Y1,
is the reaction progress variable. The chemically reactive control variables are defined as
linear combinations of species mass fractions by Equation (10), with linear coefficients
respectively given by αi,1 and αi,2 in Table 1. The utilised tabulation procedure can be
summarised as follows. First a 2D manifold is generated from each of the HOQ flamelets
separately, as described in Section 5.1, and then these are combined into a 3D manifold.
This work utilises a table structure facilitating a straightforward lookup. Therefore, for a
single HOQ flamelet, conditioned at constant enthalpy, the progress variable Y1 needs to be
monotonic as the function of time. Further, the control variables should be chosen in such
a way that, for given h and Y1 within the manifold, Y2 is a monotonic function of min|t=0,
the parameter of the third manifold dimension. Current definitions of the two reactive con-
trol variables have been chosen by an automated optimisation procedure2 to satisfy this
requirement. This is illustrated in the �Y2 plot in Figure 17. The depicted quantity is the
difference between the local Y2 value and its value corresponding to the same enthalpy and
Y1 in the reference HOQ flamelet simulation. As can be observed in the figure, the curves of
the secondary chemically reactive control variable are, as desired, monotonically increas-
ing following the increasing rate of heat loss between the simulations. The exact choice
of the control variables is not essential as long as it results in a unique parametrisation of
the manifold. The 3D manifold is stored in a table with grid size in terms of h × Y1 × Y2

given by 609 × 472 × 7. The grid of the Y2 table dimension is non-equidistant. Therefore,
a binary search method is used during lookup. Table 2 summarises the key idea of the
3D QFM method, by listing the relation between various physical effects, flamelet data
parameters and the manifold control variables. The innovative aspect of the 3D QFM is to
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Table 1. Weights of chemical species in the definitions of the reactive control variables. αi,1 are
the linear coefficients in the definition of Y1; αi,2 are the coefficients in the definition of Y2. αi,j = 0
for all species i not listed in the table.

Species i H2 O2 H2O CH4 CO CO2

αi,1 0.277 − 3.881 0.050 − 0.025 0 1.184
αi,2 834.7 − 224.0 − 30.7 80.1 − 10.6 − 23.7

Table 2. Relation between various physical effects, flamelet data parameters and the manifold
control variables in the 3D QFM.

Physical effect Flamelet data parameter Parametrised by control variable

Adiabatic flame Spatial 1D coordinate of the flamelet
Yi = f (x)

First reactive control variable, Y1.
1D FGM, Yi = f (Y1)

Heat loss Time of the HOQ flamelet solution
Yi = f (x, t)

Enthalpy, h. 2D QFM, Yi = f (Y1, h)

Variable rate of the
heat loss

Initial mass flow rate of the series
of HOQ flamelets min|t=0,
Yi = f (x, t, min|t=0)

Secondary reactive control variable,
Y2. 3D QFM, Yi = f (Y1, h,Y2)

include the cooling rate as a variable parameter of the system. Note that the cooling rate
does not need to be computed explicitly, instead its parametrisation is allowed by including
the secondary reactive control variable, as indicated in the table.

When the 3D QFM is applied in the SWQ simulation, a transport equation for enthalpy,
Equation (1d), and transport equations for both chemically reactive control variables, given
by

∇ · (ρuYj
) − ∇ ·

(
λ

cp
∇Yj

)
= ωYj , j = 1, . . . , Nr(= 2), (11)

with Nr being the number of reactive control variables in the manifold, are solved in
addition to the Navier–Stokes equations (Equations 1a and 1b). During runtime, the depen-
dent thermochemical quantities are looked up in the manifold by means of tri-linear
interpolation as the function of h, Y1 and Y2.

5.3. QFM simulation results

In this section, the results of the SWQ reduced modelling obtained with the 2D QFM gen-
erated from the reference HOQ flamelet and the 3D QFM extended with the variation of
the rate of wall heat loss as additional parameter are presented and discussed. Figure 18
depicts the heat flux to the wall obtained with the presented models. As can be observed,
below y = 2.5 mm all the three models are in agreement with DC. Further downstream,
the 2D FGM underestimates the peak of the heat loss, while the 2D QFM shows an over-
estimation. The results obtained with the 3D QFM yield a very accurate prediction of the
heat loss over the entire height of the wall. Figure 19 shows the contour plots for progress
variables and enthalpy found with the QFMs. Note that the reaction progress variables for
the two manifolds are based on dissimilar definitions. For the 2D manifold Y is displayed,
while for the 3D QFM Y1 is shown. As can be seen, the 2D manifold yields a good qual-
itative agreement for the progress variable and enthalpy. In counterpart to the standard
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Figure 18. Simulation results for the heat flux to the wall as function of y (at x = 0 mm).

Figure 19. 2D and 3D QFM simulation results for the two control variables: reaction progress vari-
able and enthalpy h. The two manifolds utilise different definitions of the reaction progress variable,
those are denoted by Y in case of 2D QFM and by Y1 in case of the 3D QFM. The DC results are
shown as reference at the left of each plot.
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Figure 20. Source term of the reaction progress variable ωY found with the three reduced models
shown in the space of control variables, Y and h. For comparison, detailed chemistry results are
shown in the right plot.

Figure 21. Mass fraction of CO for 2D QFM (upper row) and 3D QFM (lower row) shown in the
space of control variables, Y and h. Left column: Value obtained by direct lookup. Center column:
QFM simulation results for CO obtained by solving an additional transport equation for Y tr

CO. Right
column: Detailed chemistry results for CO.

FGM (see Section 3.3) it accurately predicts the shape of the progress variable in the non-
adiabatic post-flame area. Though, quantitatively, it is overpredicting the progress variable
in the quenching zone, as the location where the flame touches the wall is shifted to lower
y coordinates. Away from the wall, a good agreement for the control variables is obtained
with the 2D QFM. The 3D QFM method, on the other hand, shows a very good quantitative
agreement for these variables also in the near-wall region: the locations of the isocontours
of its reaction progress variable Y1 and enthalpy correctly coincide with those predicted
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Figure 22. 2D and 3D QFM simulation results for the mass fraction of CO found by direct lookup
(Y FGM

CO ) and a transport equation including a two-way coupling for the source term (Y tr
CO).

by the DC model. Also, globally in the entire domain, 3D QFM yields high accuracy for
the control variables. To explain the difference between the progress variable results of
the reduced models, progress variable source term ωY is shown for the detailed and the
reduced models in Figure 20 parametrised in terms of the control variables composition.
As can be observed, the 3D QFM shows the best agreement with the detailed chemistry.
On the other hand, the standard FGM underpredicts and the 2D QFM overpredicts the
progress variable source term, which translates to inaccuracies for progress variable found
with these reduced models.

Figures 21 and 22 demonstrate the CO results found with the 2D and the 3D QFMs,
shown respectively in the space of the control variables (Y , h) and in physical space
(x, y). The CO values found by direct lookup and by solving a transport equation as
explained in Section 3.2 are displayed along the DC results, which are used as reference.
For the 2D QFM, the direct lookup results show a higher magnitude of the mass fraction
in the region where the flame is quenching along the wall, which becomes apparent from
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Figure 23. Profiles of various thermochemical variables, top to bottom: progress variable Y ,
enthalpy h, secondary reactive control variable of the 3D QFM (Y2) and the source term of the
progress variable ωY , at the left as the function of y over the wall (x = 0 mm), in the middle and at
the right as the function of x at respectively y = 2.5 mm and 2.85 mm.

the contours plotted as function of the control variables in Figure 21(a). The transported
CO can be observed to yield a much better magnitude (Figure 21b). However, looking at
the results displayed in physical space in Figures 22(a) and (b), both CO models applied in
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Figure 24. Profiles of CO mass fraction and source term plotted as the function of y over the wall
(x = 0 mm) and as the function of x over the wall-normal lines at y = 2.5 mm and y = 2.85 mm. The
two CO modelling methods are shown by different line styles as indicated in the legend of Figure 9.
The legend for the line colours depicting different chemistry models (DC, standard FGM, 2D QFM
and 3D QFM) is given in Figure 23.

the context of the 2D QFM yield the peak values located at a slightly lower y-coordinate
along the wall. In analogy with the standard FGM results presented in Section 3.3, this is
attributed to the inaccuracy of the progress variable, which is overpredicted in the case of
the 2D QFM. In counterpart, the 3D QFM correctly predicts the location and the magnitude
of the CO mass fraction. Applying a transport equation for CO in the context of the
3D QFM only slightly improves the accuracy compared to direct lookup. The fact that
the transported CO results are not much different from those obtained by direct lookup,
indicates that the transport-related perturbations of CO from the local values in the 3D
manifold are small.

The results of the simulations can be observed in more detail in Figures 23 and 24,
showing the profiles for several quantities plotted, respectively, over the wall and the two
wall-normal lines shown in Figure 5(a). The trend observed for the 2D QFM is reversed
to that seen previously for the standard FGM: the progress variable growth rate is overpre-
dicted. This can be explained by looking back at Figure 15, which shows that the rate of
heat loss to the wall in the reference HOQ flamelet is twice as high compared to that in
the detailed SWQ simulation. The discrepancies observed for the remaining variables are
also caused by the underlying flamelet being based on an overestimated magnitude of the
rate of scalar diffusion due to the enthalpy gradient. The inaccuracies are further magnified
by the incorrect spatial distribution of the control variables. The 3D QFM on the other
hand accounts for a range of possible heat loss rates, yielding accurate results for both the
control variables and the dependent thermochemical quantities.

The following can be stated to summarise the discussion of the results obtained utilising
the three reduced chemistry methods. It can be concluded that for the standard FGM and
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the 2D QFM the major discrepancies compared with the detailed chemistry arise due to
inaccurate predictions of the control variables, especially the reaction progress variable Y .
The inaccuracies in the prediction of the progress variable source term are a direct result
of the species composition in the manifold not being accurate, because the reaction rates
stored in the manifold are dependent on the underlying species composition. Nearly all
other chemical species, when looked up directly in these 2D manifolds, yield prediction
inaccuracies similar to that seen for CO. The scalar dissipation arising in the presence
of a high enthalpy gradient in the near-wall region plays an important role also for the
remaining species. In the detailed chemistry simulation, the components of the mixture
attain values different to those in the standard FGM and the 2D QFM. On the other hand,
for the 3D QFM it is interesting to note that the mass fraction of CO in the manifold
(direct lookup) and the transported CO mass fraction are almost identical, indicating that
the CO values in the manifold meet the physics experienced in the SWQ simulation. For
chemical species other than CO, no transport equations have been solved in the 3D QFM
simulation. However, it has been verified that their values are being predicted with a high
accuracy simply using direct lookup, resulting in correct values for the control variables
and their source terms. For the profiles of several other species, the reader is referred to the
figures in the supplementary materials.

6. Conclusion

In this paper, an innovative method has been proposed which has the objective to extend
FGM in order to account for the effects of FWI on the formation of pollutants. The
developed model has been validated utilising a two-dimensional simulation of SWQ of
a premixed methane–air flame.

The analysis of the detailed chemistry simulation has revealed a strong dependence
of the CO concentrations on the gradients of enthalpy in the near-wall region. It has
been attributed to the scalar diffusion due to the enthalpy gradient, which had not
yet been included in standard FGM modelling utilising steady flamelets with constant
enthalpy.

The solution proposed here involves adopting the 1D HOQ flame simulations for the
generation of the manifolds, referred to as quenching flamelet manifolds QFM. In this
way, the effects of scalar dissipation in the direction of enthalpy can be included in the
manifold. In order to account for the variation of the enthalpy gradients, a method utilising
a 3D QFM has been developed, incorporating this variation as an additional degree of
freedom.

It has been demonstrated that the tabulated chemistry CO accuracy in the SWQ simu-
lation improves applying the 2D QFM and that a very high accuracy is obtained utilising
the 3D QFM method. Solving an additional transport equation for CO mass fraction in the
context of the FGM model generally improves the results compared to the conventional
method looking up the CO directly from the manifold. However, the quality of the repre-
sentation of the thermochemical composition has a large influence on the (transported) CO
accuracy. It can be concluded that the 3D QFM method, including an additional dimen-
sion, yields a very accurate representation of the thermochemical composition. In general,
without the need for any ad-hoc estimations during the manifold generation, the 3D QFM
results in a better prediction of the major properties of the flame involving FWI. This
directly translates into improved CO accuracy.
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There still remains a potential to further improve this model and its validation. In this
work, the 3D QFM has been applied to a laminar flame with a relatively low rate of heat
loss at the wall. In future work, this method can be challenged to simulate a configuration
with higher enthalpy gradients in the near-wall region. The heat transfer rates can be var-
ied for instance by applying different inlet velocities or unsteady phenomena. Although
the flamelet data suitable for FWI with higher enthalpy gradients was included in the
current manifold, these conditions were not encountered in the present test case. Several
other physical effects can still be included in the modelling approach, such as preferential
diffusion and FWI in turbulent flames.
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Notes
1. ANSYS® Fluent, Release 18.2
2. The optimisation is not done simultaneously for both reactive control variables. On the con-

trary, first the coefficients of Y1 are obtained and, using these, another separate optimisation is
performed to obtain the coefficients of Y2.
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