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

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

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

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

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

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

2  Numerical Methods and Modeling

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

2.1  Detailed Chemistry (DC)

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

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

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

2.2  Chemistry Manifolds

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

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

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

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

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

2.2.2  Quenching Flamelet‑Generated Manifolds (QFM)

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

2.2.3  Reaction‑Diffusion Manifolds (REDIM)

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

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

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

Golub and van Loan (1989). � �(�) spans the tangential subspace to the manifold which 
means that the projection operator (I − � �(�)�
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of source term and diffusion term onto the normal subspace of the manifold. Due to this 
projection, the convective term of the evolution equation is canceled out in the REDIM 
evolution equation (Bykov and Maas 2007).

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

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

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

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

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

2.3  Co‑simulation of Computed Signals

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

The OH-LIF signal for the Q1(6) transition of the A2�+
← X2

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

(8)SOH-LIF ∝ NOHfJ
A

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

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

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

3  Experimental and Numerical Setup

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

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

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

(9)Q = Ntot

∑

i

Xi�i

(
8kBT

��i

)0.5

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

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

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

4  Analysis of the Local Heat‑Release Rate

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

4.1  Definition of Heat‑Release Rate

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

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

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

(10)HRRexp =
⟨SOH-LIF⟩ ⋅ ⟨SCH2O-LIF

⟩
max

�
⟨SOH-LIF⟩ ⋅ ⟨SCH2O-LIF

⟩
�

(11)HRRnum =

∑N

i=1
�̇�ihf ,i

max
�∑N

i=1
�̇�ihf ,i

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

4.2  Comparison to Experimental Findings

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

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

(a) (b) (c)

Fig. 3  Local HRR in the methane-air flame. The experimental results are taken from Kosaka et al. (2019). 
The HRR definitions HRRexp and HRRnum correspond to Eqs. (10) and (11), respectively. The white isoline 
in c shows a HRR value of 5% of the maximum HRR. The black solid lines in a display the wall-normal 
lines along which the HRR profiles are extracted. The thermo-chemical state that is discussed in Sect. 5 is 
analyzed along the black dotted lines



691Flow, Turbulence and Combustion (2021) 106:681–700 

1 3

Even though these fluctuations are accounted for in the post-processing of the measure-
ments by shifting the individual images vertically on the average quenching point, uncer-
tainties regarding the exact flame position and flame angle remain (Jainski et al. 2017a, b; 
Kosaka et al. 2018, 2019).

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

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

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

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

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

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

y
= 50 μm , 225 μm and 250 μm for 

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

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

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

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

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

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

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

y
= 140 μm , 115 μm and 60 μm for z

q
= −0.5 mm , 

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

(a)

(b)

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



694 Flow, Turbulence and Combustion (2021) 106:681–700

1 3

5  Analysis of the Thermo‑Chemical State

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

5.1  Comparison to Experimental Findings

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

(a)

(b)

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

q
 that are dis-

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

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

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

y
 . The thick part of the DC 

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

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

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

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

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

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

6  Conclusion

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

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

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

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

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

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

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

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

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

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

http://creativecommons.org/licenses/by/4.0/
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hydrocarbons, which is apparent in the amount of formaldehyde that is by a factor of 6 
higher in the DME-air flame.

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

i=1
�̇�ihf ,i 

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