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1 Introduction

Simulations of reacting flow systems have become a powerful tool to study combustion processes. Quantita-
tive predictions of combustion processes by using numerical methods leads to an improved understanding of
combustion for optimization and control in various application aspects [1]]. The combustion close to the wall
is strongly influenced by the interaction between flame and wall and the arising trend towards downsizing
(e. g. in internal combustion engines) increases the surface-to-volume ratio. Therefore, the influence of the
wall rises and today’s research focuses more on flame-wall-interactions.

In order to obtain reliable results very detailed models of chemical kinetics and of molecular diffusion are
needed. In this respect, treating the detailed models of combustion in transient regimes requires robust
model reduction to decrease CPU times and storage effort. The REDIM method [2] represents one of such
methodologies (see e.g. [3L/4]]). It performs model reduction both for detailed chemical kinetics as well as
diffusion models. In this paper, the problem of a head-on flame quenching at cold wall [5] is studied both by
using different detailed chemical reaction mechanisms [6-9] and transport models. The considered flame
configuration allows to access the very complex problem in a simple geometry, to show how the REDIM
approach works for transient regimes, compare and validate the results of different detailed models and of
REDIMs.

2 Model configuration for flame-wall-interaction

The model system under consideration is comparable to corresponding experiments of Mann et al. [5]] where
a premixed laminar methane/air flame moves towards a cold wall and quenches due to heat losses. The
system can be described by only one spatial coordinate. As a result, the one-dimensional reacting flow
solver INSFLA [[10] can be used to study the problem numerically.

The configuration and initial condition (¢1) and evolution of the temperature for different time steps t;
(t; < t;41) are illustrated in Fig (a). The unburnt gas in the left part of the domain is a stoichiometric
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Figure 1: Left: configuration, initial condition (Z1) and evolution of the temperature for different time steps
t; (t; < tiy1); right: values of CO mass fraction over temperature 7' that occur at different positions r;
for the GRI mechanism. Detailed kinetics (solid line), reduced kinetics (dashed line). The positions are:
r1=0.2,70 =0.3,7r3 =0.4and r4, = 0.5mm.

methane/air mixture at 7' = 300K and in the right part of the domain there are hot burnt gases. The
pressure is considered to be constant at p = lbar and the wall temperature is assumed to be constant at
Tw = 300K. Furthermore, due to the low temperature the radical concentrations in the region close to
the wall is very low, thus, heterogeneous reactions can be neglected [[11]]. In contrast to the previous work
[12] which is based on a simplified transport model several detailed kinetic models and detailed transport
mechanism with thermal diffusion are accounted for based on the Curtiss-Hirschfelder approximation [[13]].
This transport model is more detailed than transport modeling with unity Lewis-number or different Lewis-
numbers and therefore, the presented approach can handle fuels with different constant Lewis-numbers as
well. Under these assumptions, the boundary conditions at the wall are constituted by constant temperature
T(rw) = Tw and zero fluxes %(rw) = 0, where the position of the wall is 7y = Om and j; is the
diffusion flux of a species 7. The right boundary conditions of the system are assumed to be zero gradients
for all variables. The detailed chemical kinetics is described by four different mechanisms: GRI [6]], Warnatz
[7]], Smooke [8]] and San-Diego [9] mechanisms.

In order to compare the experimental results of Mann et al. [5] and the numerical results the mass fraction
of CO over temperature T is investigated for different positions near the wall (such an illustration is shown
in Fig[T| (b) for the GRI mechanism, see below for a detailed discussion).

3 Construction of the REDIM for flame-wall-interactions

The evolution equation of a reacting system is given by a system of partial differential equations for the state

vector ¥ = (h, p, ]’\"/[—11, Wn )T where h represents the specific enthalpy, p the pressure and 7 the specific

mole fraction consisting (J)Vf[nmass fraction w; and the molar mass M; of the species «. Accérding to the
method of the REDIM reduction the system state vector is reformulated as ¥ = W(#), with the parametriza-
tion vector 0 = (01,0, ..., 0,,), where m << n + 2. The REDIM method is based on the assumption that
only the time scales of a few reactive and diffusive processes overlap and need to be accounted for. The
REDIM equation defines the manifold ¥ = W(6), while fast and slow processes are decoupled [2,/14]. It

consequently accounts for both molecular transport and chemical reactions.
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Table 1: different mechanisms used for REDIM-integration

Label Number of species Number of reactions Ref.
GRI 53 325 [6]
Warnatz 34 165 1171
Smooke 16 46 1181
San-Diego 50 247 (o]

The usage of the detailed transport model complicates the REDIM evolution equation because the gradient
estimate has to be accounted for in higher spatial derivatives, see e.g. [15] where it was shown how the
problem can be overcome within the REDIM concept.

The combustion close to the wall is governed by at least two different processes: chemical reaction and heat
loss. Therefore at least two progress variables have to be defined to characterize the extinction at the wall.
The progress variable for the heat loss is chosen to be the enthalpy. For the progress of chemical reaction, a
linear combination of specific mole numbers is considered for the different mechanisms of detailed chemical
kinetics. The latter are shown with number of species and reactions for each mechanism in Tab. [T}

Before solving the REDIM evolution equation an initial guess for the manifold and a spatial gradient grad¥
have to be defined. Both are obtained via detailed computations of the transient system, which were per-
formed with INSFLA. Figure [2] (a) illustrates the mesh of the initial guess of the GRI mechanism. In order
to integrate the REDIM evolution equation, Dirichlet boundary conditions are specified at the boundary of
the REDIM. Therefore, the boundaries of the initial guess have to be constructed such that they account for
the heat losses at the wall [[12]. This is obtained by constructing the boundary of the REDIM with transient
profiles from a detailed computation. Note, however, that Dirichlet boundary conditions are only used for
simplicity and the use of more sophisticated boundary conditions are possible as well [16]. The REDIM
evolution equation is integrated to a stationary state [2]] for the different mechanisms and the necessary data
for subsequent simulations are stored in REDIM-tables. Figure 2] (b) shows the REDIMs for the Smooke
and the San-Diego mechanisms. The shapes of the REDIMs differ in the projections for HoO2 (i. e. for
minor species), whereas the REDIMs match quantitatively in most projections for major species.
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Figure 2: Left: mesh of the initial guess of the REDIM for the GRI mechanism projected onto enthalpy A
(in Jkg~1) and the sum of specific mole numbers of COy + HoO + 10 - NO (in kg mol~1); right: mesh of
the integrated REDIMs of the Smooke mechanism (grey mesh) and the San-Diego mechanism (black mesh)
in state space onto enthalpy h, the sum of specific mole numbers of CO5 + HoO and HyO4
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4 Validation of the reduced model

The generated REDIM-tables for the different mechanisms are used in computations with the same model
configuration. By the use of the REDIM-tables only two conservation equations have to be computated.
The reduced conservation equations

1
% =5(0) — U - gradd + ;‘I’; (6) div (E(0) grad6) M

are implemented in INSFLA. The terms S (8), ¥ () and E (8) are stored in the REDIM-table [2].

The boundary conditions for the species and temperature at the wall are determined by ajlgioz 0 (rw)) =

0, T (6 (rw)) = Tw and on the right boundary, zero gradients are applied. Starting from the same initial
solution as the computations with detailed kinetics, the computations with reduced kinetics are performed
with INSFLA and results are compared to the detailed computations. For this purpose, the mass fraction
of CO over temperature 7" is investigated for different positions near the wall (such an investigation for
experimental results was also carried out in Mann et al. [5]). Carbon monoxide is a pollutant and also an
indicator for the completeness of a combustion process. Therefore, it is an important species to monitor.
When the flame front travels by at a certain position, first the values of CO and temperature both increase,
whereupon CO is consumed again. Figure [I| (b) shows such an illustration for the detailed and reduced
kinetics of the GRI mechanism at different distances from the wall. The shown positions are very close
and the temperature does not increase to high values because the flame is quenched. As it may be noticed,
the reduced computations are in a very good agreement with the detailed computations for this mechanism.
The illustrations for the Warnatz mechanisms, the Smooke mechanism and the San-Diego mechanism look
qualitatively and quantitatively very similar to the illustration of the GRI mechanism and all reduced com-
putations reproduce very well the progress of the combustion and the mass fraction of CO over temperature
T curves.

4.1 Influence of the transport model

Figure 3| (a) shows the mass fraction of CO over temperature T of computations with reduced and detailed
kinetics for the detailed molecular transport as well as the results for unity Lewis-number. Both reduced
models reproduce very well the corresponding detailed solutions. In the late phase of cooling there are some
differences in the case of unity Lewis-number, which does not occur in the case of the detailed molecular
transport. Moreover, the curves of the different molecular transport models differ quantitatively whereby
the curves for the detailed transport are closer to the experimental results of Mann et al. [5] where higher
maximum temperatures where measured.

4.2 Influence of the mechanism

Quenching occurs when the heat flux g, to the wall g, = | — A %—f\ reaches its maximum, which is illus-
trated in Fig. 3 (b) for the GRI mechanism and the San-Diego mechanism. Therefore, this value can be
used to verify the models, Fig[3| (b) shows that the heat flux for the reduced kinetics coincide well with the
heat flux of the detailed kinetics of the same mechanism meaning that the propagation speed of the flame
is reproduced quite well. Regarding the curve shapes of the different mechanisms they vary quantitatively,
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Figure 3: Left: values of CO mass fraction over temperature " that occur at the position r; = 0.2 mm for
the GRI mechanism. The experimental results of Mann et al. [S]] are illustrated as well; middle: Heat flux g,
to the wall; right: values of HO5 mass fraction over temperature 7" that occur at the position 7; = 0.2 mm
for the different mechanisms

which means that the propagation speed of the flame will differ for the different mechanisms. However, the
values of mass fraction of CO over temperature T look quantitatively very similar for the different mech-
anisms and reduced and detailed kinetics. Even the mass fraction of the minor species HO; is reproduced
very well by the reduced kinetics compared for different detailed models (see Fig[3|(c)). Note, that there is
a discrepancy of the computations of different mechanisms with the experimental results of Mann et al. [5]],
the measured temperature close to the wall in the experiments is higher than the computated temperature.

5 Summary and conclusions

In the current work the REDIM method for a system with heat loss was demonstrated for different mech-
anisms and for detailed molecular transport. The transient system behaviour of the considered model con-
figuration can be reproduced very well. Even though the shapes of mass fraction of HO2 over T differ
qualitatively for the different mechanisms (see Fig[3] (c)), there is a good agreement of corresponding re-
duced and detailed kinetics for the different mechanisms which means that the difference between different
mechanisms is larger than the model reduction error. Furthermore, the computations with the detailed trans-
port model agree better with the experimental results than the computations with unity Lewis-number. It
was also illustrated that the detailed transport model shows a better consistency with the experimental results
of Mann et al. [5]].
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