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Abstract

The transient evolution of counterflow diffusion flames can be described in physical space
[i.e. by the model of Im et al. (Combust. Sci. Technol. 158:341-363, 2000)], and in com-
position space through flamelet equations. Both modeling approaches are employed to
study the ignition of diluted hydrogen—air, methane—air and DME-air diffusion flames
including detailed transport and chemistry modeling. Using the physical space solution
as a reference, this work elucidates the capability of flamelet modeling to predict ignition
characteristics in terms of ignition temperature and ignition delay time. Varying pressure
and strain rate for the hydrogen—air configurations, the agreement between reference solu-
tion and flamelet results is shown to strongly depend on the ignition limits as character-
ized by Kreutz and Law (Combust. Flame 104:157-175, 1996). In limit 2 and at elevated
temperatures, where the ignition kernel formation is governed by chemical reactions and
less dependent on mass transport (high Damkohler numbers), the flamelet model yields
accurate results. Close to the ignition limits 1 and 3 however, significant deviations can be
observed. In these limits, the residence time of radicals during ignition kernel formation is
strongly influenced by diffusive transport and Damkohler numbers are low. The analysis of
the hydrocarbon flames shows that differences between the physical space model and the
flamelet model are smaller. This is attributed to a smaller influence of differential diffusion
on the ignition process for methane and DME as compared to hydrogen as fuel. This paper
underlines that flamelet models can be used to describe ignition processes under strained
conditions, but care should be taken if ignition takes place in certain parameter ranges, i.e.
close to the ignition limits or at high strain rates.
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1 Introduction

Counterflow diffusion flames have been essential for the research on fundamental flame
physics and for the development of combustion models for both, laminar and turbulent
combustion. The canonical counterflow flame can be described by a one-dimensional
equation set (flow and chemistry) through a similarity transformation. Models which yield
the steady state solution of a counterflow flame have been presented by Giovangigli and
Smooke (1987) and Kee et al. (1989), and are widely used today. These models allow the
efficient computation of fully resolved flame structures up to their strain-induced extinc-
tion limit including detailed transport and chemical kinetic models. Later, Im et al. (2000)
presented an extended counterflow model which further consistently incorporates transient
effects. With this model, also time-varying strain effects and ignition events can be studied
in the counterflow configuration. However, additional numerical challenges arise solving
the high index differential-algebraic equation system of this model and overall its group
of users remained limited so far. Supposedly, one of the reasons for this is that transient
effects in diffusion flames can also be efficiently described with flamelet-based models in
composition space.

While the physical space counterflow models already allow a one-dimensional repre-
sentation of the flame structure, flamelet models further separate the numerical solution
of flow and mixing field from the solution of chemistry (Peters 1988; Pitsch et al. 1998).
Flamelet models therefore require some sort of gradient information of the conditioning
variable, which is the mixture fraction Z in case of non-premixed combustion. In the clas-
sical flamelet equations for temperature 7 and species mass fractions Y, by Peters (1984,
1988) (derived for Le; = 1)
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this gradient information is contained in the scalar dissipation rate (SDR) y = 2D|VZ|?.
In the above equation set, 7 is a time-like coordinate, p denotes the density, and @, and
@, are the chemical source terms of temperature and species k, respectively. Since Peters’
original publication, flamelet models have been expanded to describe increasingly complex
flame physics, such as differential diffusion (Pitsch and Peters 1998; Dietzsch et al. 2018),
multi-feed combustion (Hasse and Peters 2005; IThme and See 2011; Doran et al. 2013),
enthalpy effects (Mittal et al. 2012), radiation and enhanced description of pollutant for-
mation (Thme and Pitsch 2008; Messig et al. 2013), unsteady effects (Cuenot et al. 2000;
Pitsch 2000; Ihme and See 2010), and curvature-induced effects (Kortschik et al. 2005;
Scholtissek et al. 2016).

Both, the physical space counterflow model by Im et al. (2000) and the unsteady flamelet
model allow the computation of the transient evolution of counterflow diffusion flames, but
 is a solution quantity for the former and an input parameter for the latter (which usually
requires modeling). Considering the physical space model as a reference, it is the objective
of this work to elucidate the capabilities of flamelet modeling for capturing ignition charac-
teristics of diffusion flames. Therefore, both modeling approaches are compared with respect
to the ignition of diluted hydrogen-air, methane-air and DME-air diffusion flames and spe-
cial attention is paid to the treatment of the SDR for flamelet modeling. Within the scope
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of this work, we assess the accuracy of commonly used modeling approaches for the SDR,
which have shown good results for predicting stationary flame structures and which have also
been adopted in unsteady flamelet calculations (Pitsch and Thme 2005; Claramunt et al. 2006;
Thme and See 2010). For the hydrogen flames, the physical space reference configuration cor-
responds to two counterflowing jets of 60% H, /N, versus heated air for which an ignition
event can be recorded if the oxidizer temperature is raised above the ignition temperature Ty,
(the fuel-side temperature is kept constant at 7 = 300 K). Furthermore, the ignition delay time
lign 18 defined as the time span for the system to reach a maximum temperature increase. The
same configuration and procedure is used in the analysis of the hydrocarbon flames, only the
N,-dilution is reduced in the fuel stream (80% CH, /N, and 80% DME /N,, respectively). Pre-
dictions of the different models for 7;,, and f,, are compared and analyzed varying pressure
and strain rate.

This paper is structured as follows: in the next section, the transient counterflow model
is briefly revisited. Thereafter, an unsteady flamelet model incorporating detailed trans-
port and chemistry is presented. Subsequently, both modeling approaches are verified by
demonstrating a close agreement with recently published results from the literature and are
then utilized to study the ignition of diluted hydrogen-air diffusion flames in detail, vary-
ing pressure and strain conditions. Subsequently, the analogous analysis for methane- and
DME-flames is performed. The paper closes with summary and conclusions.

2 Transient Counterflow Model (TCF)

The transient counterflow (TCF) model utilized here is equivalent to the model presented
by Im et al. (2000). It is assumed that the relevant physical quantities are a function of time
t and the axial coordinate x only. The equations for the density p, the axial velocity u, the
scaled radial velocity V = v/r, temperature 7 and the species mass fractions Y} read
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where the radial pressure eigenvalue is defined as

A = Yo 3
which has to be solved as part of the solution. Here, the total pressure is decomposed into
ambient reference pressure and the hydrodynamic pressure, p,, = p + p,,. In the above
equation set a is the net production rate of species k, c, is the specific heat capacity, 4 is
the thermal conductivity, /, is the enthalpy of species k, and W and W, denote the molecu-
lar masses of the mixture and of the kth species, respectively. The diffusion velocity V, is
computed from a mixture-averaged diffusion model (Curtiss and Hirschfelder 1949) with a
correction term to ensure mass conservation (Coffee and Heimerl 1981).

The boundary conditions for the flow are chosen such that they satisfy the strain rate
definition by Seshadri and Williams (1978)

_ 2(uf V pf/pox - uox) )

k )
L

and a momentum balance between the two opposed jets, p; u? = pox U2, . The subscripts f
and ox denote conditions in the fuel and oxidizer stream, respectively. For temperature and
species, Dirichlet boundary conditions are imposed.

3 Flamelet Model (FLT)

A recently published flamelet (FLT) model (Dietzsch et al. 2018) allowing for detailed
transport and chemistry is utilized in this work. The model is formulated with respect to
the conditioning variable mixture fraction which is defined by the source-term-free trans-
port equation

opZ

“E £V - (pu2) = V- (pD,V2), (10)
where the diffusion coefficient is chosen such that the Lewis number of Z equals unity,
Dy = 4/(pc,). The flamelet equations for temperature and species mass fraction read
(Dietzsch et al. 2018)
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where V, represents a diffusion velocity in Z-space defined by
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Fig.1 Steady solution for a stationary counterflow diffusion flame (SCF, solid) together with the corre-
sponding flamelet result (FLT, dashed line). The pressure is p = 1 atm, the fuel is 60% H, /N, at T; = 300K

and the oxidizer is air at 7,, = 1100K. For both models, diffusion is modeled by the mixture-averaged

method (Curtiss and Hirschfelder 1949) utilizing a correction velocity for mass conservation (Coffee and
Heimerl 1981). Left: temperature and species profiles. Right: scalar dissipation rate profiles. For the flame-
let model, y is modeled by Eq. 14 and y,, is matched to the SCF solution at stoichiometry (Z; = 0.23)

Y.V, =Y, V,VZ. (13)

This approach allows the usage of arbitrary diffusion models in mixture fraction space (i.e.
Soret effect) (Dietzsch et al. 2018). Here, the transport model is chosen to match the TCF
model discussed in the previous section, i.e. both approaches incorporate differential dif-
fusion as described by the mixture-averaged formulation (Curtiss and Hirschfelder 1949;
Coffee and Heimerl 1981). Note that the generalized flamelet equations given above can
be reduced to the classical flamelet equations, Eqs. 1 and 2, by introducing a unity Lewis
number diffusion model.

The scalar dissipation rate y, which appears as a flamelet parameter in Egs. 11 and 12
, is either extracted from a TCF solution or defined by an analytical profile (Pitsch et al.

1998)
2@ = gaexp(2( [erte™ @z)] - [erte™' @2)])), (14)

where the SDR at stoichiometric conditions' y,, is chosen to match the physical space ref-
erence solution. Figure 1 shows the stationary solution for a 60% H,/N,—air counterflow
diffusion flame together with the corresponding flamelet result. For the latter, y is modeled
according to Eq. 14 and differences are observed on the rich side of the flame (c.f. Fig. 1,
right). However, the close agreement of temperature and species profiles (c.f. Fig. 1, left)
illustrates that Eq. 14 is an appropriate model for the scalar dissipation rate.

1 7, is defined as the value of Zgj)ger at stoichiometry (Bilger 1976). Even though Z is defined based on
Eq. (10) and formally decoupled from the species composition, Z is still regarded as a satisfactory estimate
for the location of stoichiometry in Z-space (Pitsch and Peters 1998).
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4 Results and Discussion

First, the models described above are briefly verified with results from the literature.
Thereafter, they are used to study the ignition process (ignition temperature, ignition
delay time) in a counterflow of diluted hydrogen (60% H,/N,) versus heated air. For
this purpose, three different modeling approaches are introduced:

1. TCEF, the transient counterflow model
FLT-1, the flamelet model initialized with the inert mixing solution and the y-profile
extracted from TCF (after initialization y remains fixed)

3. FLT-2, the flamelet model initialized with an inert mixing solution obtained in composi-
tion space and with y modeled by Eq. 14 (y, matches initial condition of TCF)

After its verification, the TCF model is treated as the reference solution in the remainder
of the paper. The initial condition for this model is the inert mixing of fuel and oxidizer.
It is obtained by switching off the chemical source terms in Eqgs. 6 and 7 and integrat-
ing the problem until the stationary state is reached. As previously stated, for the TCF
model flow and chemistry are dynamically linked and solved together during the igni-
tion process. On the other hand, the models FLT-1 and FLT-2 only consider the chem-
istry solution with external flow information inherently prescribed through the SDR.
For three reasons the SDR is fixed versus time for both flamelet modeling approaches:
Firstly, as will be shown below, the SDR remains almost constant during the forma-
tion and growth of the ignition kernel until the ignition event. Secondly, Fig. 1 demon-
strates that conditions for hydrogen-air counterflow flames can be accurately captured
in mixture fraction space by modeling the SDR (c.f. Eq. 14) even if small deviations
are observed in the y-profile. Thirdly, transient SDR data is usually unavailable for the
application of flamelet models. It should be noted that the ignition process can be mod-
eled more accurately with a flamelet (FLT) model when scaling the scalar dissipation
rate (SDR) at the ignition kernel position in Z-space. The exact location of the igni-
tion kernel strongly depends on the fuel-oxidizer mixture, the temperature and the strain
rate. Therefore, the ignition kernel position is not known prior to a flamelet calcula-
tion and would, in fact, require a TCF calculation. However, the latter would already
provide the numerical solution for the ignition process making the flamelet calculation
redundant.

Along these lines, FLT-1 can be understood as the best case scenario for a direct appli-
cation of the flamelet model, for which the initial condition and the initial y-profile is
equivalent to the TCF model. The main difference between TCF and FLT-1 is that TCF
is directly coupled to the solution of the flow while FLT-1 uses a static SDR profile. For
the model FLT-2 on the other hand, y is modeled by Eq. 14 with y, prescribed from the
TCF solution and the inert mixing solution is obtained solely in mixture fraction space.
This would be the procedure when employing the flamelet model for creating a chemistry
table to be coupled to a CFD solver. In comparison, FLT-1 implicitly contains equivalent
flow conditions during the ignition kernel formation as the TCF model while FLT-2 only
uses Z,, and y,, as scaling parameters. In both cases, FLT-1 and FLT-2, the fixation of the y
-profile introduces a static environment for the formation of the ignition kernel. Although
this is not fully compliant with the TCF model, for which y is a solution quantity and
changes with time, it is the guiding question of this work how well the two flamelet mod-
eling approaches recover ignition characteristics varying pressure and strain rate.
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Fig.2 Temporal evolution of temperature for pure MeOH (left) and a 50% MeOH/50% DME blend (right)
during ignition. In both cases the oxidizer is air, T; = T,, = 850K and the ambient pressure is p = 40 atm.
The figure shows results obtained by Song et al. (2018) in comparison to results obtained with the models
TCF and FLT-1

4.1 Verification

The implementation of the transient counterflow model (TCF) is verified with recent
results by Song et al. (2018) who utilized the model to compute the ignition delay time
of methanol (MeOH)/dimethyl ether (DME) blends. Two cases from their publication are
considered: (a) pure MeOH, (b) 50% MeOH/50% DME, where the oxidizer is air. Both fuel
and oxidizer temperature are set to 850 K and the ambient pressure is 40 atm. For the com-
putations a reduced Aramco 1.3 mechanism (Song et al. 2018) is used, which was kindly
provided by the authors. Figure 2 shows a comparison between the results by Song et al.
(2018) and the results obtained with the models TCF and FLT-1 for the evolution of the
maximum temperature during ignition. It is found that the ignition delay time and the evo-
lution of the maximum temperature for MeOH and the MeOH/DME blend are accurately
recovered by both the TCF and the FLT-1 model. Deviations between the FLT-1 model
and the data from Ref. Song et al. (2018) is below 1%, and the TCF model shows smaller
deviations. In Fig. 2, the temporal evolution of the stoichiometric scalar dissipation rate
is shown, which confirms that the SDR remains nearly unchanged during formation and
growth of the ignition kernel as stated earlier.

4.2 Ignition Temperatures of Diluted Hydrogen-Air Diffusion Flames

Kreutz and Law (1996) have shown that the ignition temperature 7;,, varies according
to three characteristic limits, which are similar to the explosion limits of homogeneous
premixed fresh gases. These limits correspond to characteristic Z-shaped curves in the
p — Tigy diagram which are shown in Fig. 3 for the 60% H,/N,-air flames studied here.
The following considerations are based on the original work by Kreutz and Law (1996):
In limit 2, the ignition kernel formation is mostly governed by chemical reactions. The
production and destruction rates of relevant radicals (H, O, OH) are at least an order
of magnitude larger than contributions of diffusive and convective transport to their
overall budgets. This limit can therefore be well approximated by equating the most
important chain-branching to the most important chain-terminating reaction governing
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Fig.3 Z-shaped curves (Kreutz and Law 1996) which mark the ignition limits for 60% H,/N,-air diffu-
sion flames in the p — Tj,, diagram for two different density weighted strain rates (left: k =200s7", right:
k = 1000s"). The plots show a comparison of the results obtained with the models TCF (solid), FLT-1
(dashed) and FLT-2 (dash-dotted). Besides the three characteristic ignition limits, six conditions (A-F) are
marked in the left figure which are analyzed in more detail in terms of the ignition delay further below

the evolution of the radical pool of the ignition kernel. When the pressure is lowered, in
limit 1 chain-terminating reactions become more inhibited relative to chain-branching
reactions such that mixtures can ignite at lower temperatures. However, diffusive trans-
port, which influences the residence time of radicals in the ignition kernel, gains impor-
tance relative to the chemical reactions such that ignition temperatures rise again below
a certain pressure level (lower turning point). In the high pressure limit 3, new chemical
pathways become important (particularly for the species HO, and H,0,), which turn
chain-terminating reaction pathways into chain-propagation pathways. Hence, ignition
temperatures decrease again above a certain pressure level (upper turning point).

While the pressure is varied, the density weighted strain rate k, rather than the strain
rate k, is held fixed (Kreutz and Law 1996)

Pox

=
Yy

In the above expression, the factor p,, / ng is the oxidizer density over the reference density
at atmospheric pressure and T' = T, respectively. Fixing this strain rate ensures that the
pre-ignition flow field remains invariant when varying oxidizer temperatures and pressure
(Kreutz and Law 1996). In this work, the ignition temperature is defined as the lowest oxi-
dizer temperature that leads to an ignition event within 1000 s (physical time). The igni-
tion temperature is determined through a bisection search. The procedure starts from two
independent simulations with different oxidizer temperatures at the boundary. It requires
the mixture with the higher oxidizer temperature to be ignitable while the mixture with
the lower oxidizer temperature is non-ignitable (within the time limit). The algorithm then
proceeds carrying out further (independent) calculations while reducing the temperature
difference and stops when this difference is smaller than 0.1 K. This algorithm has been
compared to the approach by Kreutz and Law (1996) and it was found that both yield con-
sistent results.
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Fig.4 Temporal evolution of T, versus time during ignition for p = 0.2 atm and k = 200s~". Left: condi-
tions close to the ignition limit 1 (7, = 940K). Right: for elevated oxidizer temperature (7, = 1100 K)
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In Fig. 3, the predictions for the ignition temperature of the three models TCF, FLT-1
and FLT-2 are shown. For all hydrogen flame calculations, the chemical mechanism by
Varga et al. (2015) is used. Notably, the flamelet models can qualitatively recover the igni-
tion characteristics such as the “Z-shape”. Nevertheless, in Fig. 3 large quantitative devia-
tions between TCF and the flamelet models are observed close to the turning points and
especially throughout limit 1 (low pressure limit). In the latter case, deviations from the
TCF ignition temperature were larger than 50 K (FLT-1) and 100K (FLT-2). Although y
only varies slightly before ignition takes place (c.f. Fig. 2), the flamelet models cannot cap-
ture the ignition temperatures obtained with the TCF model. Nonetheless, FLT-1 shows
better agreement with TCF than FLT-2 which is due to the well-approximated initial con-
ditions and SDR profile. Throughout the limits 2 and 3, FLT-1 shows reasonable agree-
ment with TCF, where deviations for 7;,, are below 10 K. FLT-2 exhibits larger deviations
than FLT-1, which can clearly be attributed to the SDR-model and the not fully compliant
initial conditions before ignition. Qualitatively, these trends are preserved when consider-
ing higher strain rates (c.f. Fig. 3, right) for which the Z-shaped curve becomes shifted in
direction of the upper right corner of the diagram. This is important, since limit 1, where
flamelet modeling shows the least accurate predictions of ignition temperatures, is shifted
towards atmospheric pressures which are relevant conditions for certain technical combus-
tion systems. In summary, these results illustrate that flamelet models overestimate ignition
temperatures at low pressures and at high strain rates for the diluted hydrogen-air diffusion
flames studied in this work.

4.3 Ignition Delay Times of Diluted Hydrogen-Air Diffusion Flames

Next, six different cases (A-F) are analyzed with respect to the ignition delay time.
These cases are marked in terms of pressure and air-side temperature in Fig. 3 (left). The
cases A,C,E are chosen close to the ignition limits while elevated oxidizer temperatures
(T, = 1100K) are specified for the cases B, D, F.

Figure 4 shows the temporal evolution of the maximum temperature during ignition
for the cases A and B. The plot shows the results of the three models TCF, FLT-1 and
FLT-2, respectively. The boundary conditions for case A is chosen close to the ignition
limit 1, while case B is further away from the limit (7, = 1100K). For case A, it is
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Fig. 5 Temporal evolution of T, versus time during ignition for p = 1.0 atm and k = 200s~.. Left: condi-
tions close to the ignition limit 2 (7, = 960 K). Right: for elevated oxidizer temperature (7, = 1100 K)
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found that both flamelet models largely overpredict the ignition delay time compared to
the reference solution (FLT-1: 53%, FLT-2: 187%). For case B, the agreement between
reference solution and flamelet results is improved, but still significant deviations are
found (FLT-1: 15%, FLT-2: 38%). As Kreutz and Law (1996) state, the ignition in limit
1 is governed by both chemical reactions and diffusive transport. It can therefore be
anticipated that chemical reactions, which are promoted much stronger by temperature
than diffusive processes, govern the ignition process at elevated temperatures. Thus,
modeling errors introduced by inaccurate modeling of diffusive time scales (i.e. the
fixation of y for FLT-1 and FLT-2) is less influential for the ignition process. Note that
the final steady state conditions obtained after the ignition event differ among the three
models. This is expected since the SDR is allowed to change for the TCF model, while
different SDR profiles (specified as initial conditions) are held fixed for the flamelet
modeling approaches. Due to the fact that the conditions prior to an ignition event are
relevant for the evolution of the ignition kernel, differing steady state solutions do not
alter the conclusions drawn here.

For cases C and D, the temporal evolution of the maximum temperature versus
time is shown in Fig. 5. Case C is chosen close to the ignition limit 2 and an elevated
oxidizer temperature is specified for case D (c.f. Fig. 3, left). Overall, the deviations
between the flamelet models and the reference TCF model are smaller than for the cor-
responding cases A and B. The FLT-1 model overestimates the ignition delay time by
12% for case C and accurately recovers f;,, for case D (0.1% deviation). For FLT-2, still
significant deviations from the reference are observed in both cases (case C: 70%, case
D: 22%). Again, an increase of the oxidizer temperature 7, promotes chemical reac-
tions and eventually leads to a better prediction of the ignition delay by the flamelet
models.

For the cases E and F shown in Fig. 6, the pressure is set to p = 3 atm. Thereby,
case E is located at the turning point between ignition limit 2 and 3 along the Z-shaped
curve (c.f. Fig. 3, left). Similar as before, an increased oxidizer temperature is speci-
fied for the second case, F. The inspection of the ignition delay times for case E shows
that the flamelet models perform poorly close to the ignition limit (deviation of FLT-1:
68% and FLT-2: 282%). On the other hand, for case F, FLT-1 shows a close agree-
ment (deviation: 0.5%) but FLT-2 still exhibits significant deviation from the reference
(deviation: 79%).
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Fig. 6 Temporal evolution of T, versus time during ignition for p = 3.0 atm and k = 200s~". Left: condi-
tions close to the ignition limit 3 (7, = 1025 K). Right: for elevated oxidizer temperature (7,,, = 1100 K)
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Fig.7 Left: evolution of the Damkohler number Day; at the peak position of the H-radical for cases A-F
up to the ignition event (maximum temperature increase). If Day falls below unity, ignition is likely to fail
(Mason et al. 2002). Right: deviation of the ignition delay time between FLT models and TCF reference
result as a function of the Damkohler number

4.4 Damkohler Numbers for Diluted Hydrogen-Air Diffusion Flames

Mason et al. (2002) introduced a criterion for transient ignition by tracking the time evolu-
tion of an instantaneous species Damkohler number. It is defined as

W;

D3 = | @Y Jom + oY Vo Jox. (16)

kernel

where the subscript “kernel” denotes the kernel location identified with the maximum
H-radical concentration. The definition is based on a species balance equation and the
H-radical equation is chosen as the reference due to its relevance for the ignition process of
hydrogen—air diffusion flames.

Flamelet models are derived for the limit of large Damkohler numbers, or, in other
words, when chemical time scales are significantly smaller than flow time scales.
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Fig. 8 Ignition limits for 80% CH,/N,air (left) and 80% DME/N,-air diffusion flames in in the p — T;

diagram. Strain rates are chosen as k=200s"! (CH,-flames) and k =500s"! (DME-flames). Results
obtained with the model TCF (solid) are compared to corresponding flamelet solutions from FLT-1
(dashed) and FLT-2 (dash-dotted). Further, four conditions (G-J) are marked in the figures which are ana-
lyzed in terms of the ignition delay further below

Furthermore, according to Mason et al. (2002), ignition will not take place if Day falls
below unity. Thus, the definition given in Eq. 16 is supposedly also a suitable criterion for
assessing the performance of flamelet modeling for ignition under strained conditions. The
evolution of Day; up to the ignition event is shown in Fig. 7 for the cases A—F. As expected,
the Damkohler number increases when increasing the oxidizer temperature (compare cases
A-B, C-D, E-F). Furthermore, the Damkd&hler number for the cases close to the ignition
limit (A, C, E) is largest for case C which corresponds to ignition limit 2. This is consistent
with the line of argument of Kreutz and Law (1996) and also with the good predictions of
the flamelet models for ignition temperatures and ignition delay times. On the other hand,
predictions of the flamelet models significantly deviate from TCF for lower Damkohler
numbers (c.f. cases A, B, E). This trend is confirmed by considering the relative error of
the ignition delay times obtained with FLT-1 and FLT-2 as a function of Day (c.f. Fig. 7,
right).

4.5 Ignition Temperatures of Diluted Hydrocarbon Diffusion Flames

The ignition characteristics of the hydrocarbon flames are analyzed analogously as before:
first, the ignition temperatures are determined for different pressure levels, and second, the
ignition delay times are investigated for selected cases holding the temperatures of fuel and
oxidizer stream fixed. In all calculations, the GRI3.0 mechanism (Smith et al. 1999) is uti-
lized for methane flames and the mechanism by Zhao et al. (2008) for DME flames.

Opposed to hydrogen flames, the hydrocarbon flames considered here do not exhibit
a “Z-shape” in the p — T}y, diagram as observed from Fig. 8. Instead, a distinct trend is
observed for both, methane (Fig. 8, left) and DME flames (Fig. 8, right), showing that an
increase in pressure allows ignition with significantly lower oxidizer temperatures (and
vice versa). Nevertheless, the response to strain rate is similar: increasing the strain rate
shifts the ignition limits to larger T},, (not shown).
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Fig.9 Ignition delay time for a 10% 3 30 atm
homogeneous, stoichiometric
mixture of 80% DME/N, and air 10!

as a function of temperature (i.e.
zero strain solution)

20 atm

10 atm

Pt
107° t 1 atm
1 1.5 2

1000/ [1/K]

The predictions of FLT-1 and FLT-2 for the ignition temperatures qualitatively recover
these trends. Quantitatively, there are deviations between the flamelet results and the TCF
reference solution in case of the methane flames, but very close agreement is observed
for the DME flames. For methane, FLT-1 exhibits deviations for Tj,, of 27K and FLT-2
of 62K at atmospheric pressures with respect to the TCF reference solution. These devia-
tions decline towards higher and lower pressures, respectively. For DME, the deviations
between flamelet and reference solutions are below 2 K. Notably, for DME the ignition
temperature declines rapidly towards higher pressures allowing mixtures to be ignited at
comparably low temperatures. This is due to the low-temperature chemistry of this fuel.
However, at high pressure and low temperature the ignition process can take very long
such that it becomes difficult to determine the ignition temperature. Essentially, it is not
always clear whether a mixture cannot ignite below the determined ignition temperature or
if the simulation runtime was too short to record the ignition event. This aspect is further
illustrated in Fig. 9 which shows the ignition delay times for a homogeneous stoichiometric
mixture of 80% DME/N, and air. It is observed, that the ignition delay time can theoreti-
cally become of the order of 10° s at low temperatures and large pressures. Note that Fig. 9
solely underlines the time scale of the ignition process and is not quantitatively comparable
to the ignition of the (strained) diffusion flame configuration.

4.6 Ignition Delay Times of Diluted Hydrocarbon Diffusion Flames

In the following, four cases (G-J) are examined with respect to the ignition delay times.
These cases are marked in Fig. 8 and refer to two methane flame configurations and two
DME flame configurations.

Figure 10 shows the temporal evolution of the maximum flame temperature for the
diluted methane-air flames (cases G and H). For case G, the oxidizer temperature is cho-
sen close to the ignition limit (7, = 1360 K) while case H exhibits an elevated oxidizer
temperature (7, = 1500 K). Similar as for the diluted hydrogen-air flames, the increase in
oxidizer temperature promotes the chemical reactivity of the mixture such that the ignition
delay time is reduced and the influence of diffusion on the ignition process declines. Since
diffusion modeling (i.e. representation of the SDR) marks the main difference between
TCF and FLT, predictions of these models for z;,, agree better for larger temperatures.
Though, both flamelet modeling approaches lead to an overprediction of the ignition delay
time, and, as expected, it is found that FLT-1 reproduces z,,, more accurately (deviation for

ign
case G: 11%, case H: 1%) than FLT-2 (deviation for case G: 54%, case H: 7%).
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Fig. 10 Temporal evolution of T},,, versus time during ignition of 80% CH,/N,-air diffusion flames for
p = 1.0atm and k = 200s~!. Left: conditions close to the ignition limit (7,, = 1360 K). Right: for elevated

oxidizer temperature (T,, = 1500 K)
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Fig. 11 Temporal evolution of 7, versus time during ignition of 80% DME/N,-air diffusion flames at
k =500s"". Left: conditions at atmospheric pressure, p = 1.0atm and T, = 1410 K. Right: conditions at
elevated pressure, p = 10.0 atm and oxidizer temperature 7,, = 640K

For the diluted DME-air flames, predictions of ignition temperatures from FLT agree
well with the TCF reference solution, but there are differences for the predictions of the
ignition delay time. Case I (c.f. Fig. 8) represents conditions close to the ignition limit
at atmospheric pressure and is thereby comparable to the cases C (hydrogen flames) and
G (methane flames). The evolution of the maximum flame temperature for this case is
shown in Fig. 11 (left). Overall, the agreement between TCF reference solution and FLT
models is comparable to the methane flame in case G. Though, one notable difference
is that both flamelet models underpredict the ignition delay time compared to the TCF
model (deviations for FLT-1: — 10% and FLT-2: — 14%).

Case J is specifically chosen at high pressure (p = 10.0 atm) and comparably low oxi-
dizer temperature T,, = 640 K. Due to the low-temperature chemistry of DME, ignition
is still possible in this parameter range and as shown in Fig. 11 (right), two-stage igni-
tion behavior can be observed for this case. It is found that both flamelet models recover
the two-stage ignition characteristics with FLT-1 showing a close agreement (— 1%
deviation) and FLT-2 only a moderate underprediction (— 7% deviation).
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5 Summary and Conclusions

Ignition processes of diluted hydrogen-air, methane-air and DME-air diffusion flames are
studied employing a transient counterflow (TCF) model formulated in the physical space,
and a transient flamelet (FLT) model formulated in mixture fraction space. The TCF model
is utilized to compute the ignition process in opposed streams of fuel versus heated air.
An ignition event under strained conditions can be recorded if the air-side temperature is
raised above the so-called ignition temperature. Furthermore, starting from a stationary
inert mixing solution allows to compute an ignition delay time. Both characteristic quanti-
ties can also be computed in mixture fraction space and are used to assess the capability
of the flamelet model to capture ignition, treating the TCF model as a reference. For this
assessment, two common flamelet modeling approaches are defined: the FLT-1 model is
initialized with the same inert mixing solution and scalar dissipation rate profile as the
TCF model. For the FLT-2 model, the inert mixing solution is computed directly in mix-
ture fraction space and the scalar dissipation rate is modeled.

For the comparison of the models TCF, FLT-1 and FLT-2 ignition temperatures are
determined varying pressure and strain rate. As shown by Kreutz and Law (1996), three
ignition limits can be identified for the hydrogen flames in the p — T},, diagram (Z-shaped
curve). While the flamelet models qualitatively recover all three limits, quantitatively large
differences are observed in comparison to the TCF reference in certain parameter ranges.
Flamelet modeling particularly shows large deviations for ignition limit 1 (low pressure
limit) where Damkohler numbers are low and diffusive processes influence the residence
times of radicals during formation of the ignition kernel. The ignition limit 2 is governed
by chemical reactions, Damkohler numbers are increased, and diffusive transport is less
influential. For this limit, both flamelet models reasonably capture ignition temperatures.
In the transition region between ignition limit 2 and 3 (elevated pressures), ignition kernel
formation can again be influenced by transport effects. For that parameter range, FLT-1
still shows acceptable agreement with the reference TCF model while FLT-2 shows signifi-
cant deviations.

Thereafter, three ignition processes close to the ignition limits 1-3 and three ignition
processes at the analogous pressure levels, but with higher oxidizer temperatures, are
examined in terms of the ignition delay time. Similar trends as for the ignition temperatures
are observed: the flamelet models reasonably recover ignition delay times in limit 2 and at
elevated temperatures, but show significant deviations close to the ignition limits 1 and 3.

The analysis of the hydrocarbon flames shows a distinct trend in the p — T, diagram:
increasing the pressure decreases the ignition temperature and vice versa. Furthermore,
the predictions of the ignition temperatures by flamelet modeling is more accurate for the
hydrocarbon flames compared to the hydrogen flames. Particularly for DME, the predic-
tions for the ignition temperature are recovered within 2 K by both, FLT-1 and FLT-2. The
investigation of corresponding ignition delay times revealed similar trends as for the hydro-
gen-flames: when sufficiently removed from the ignition limit, flamelet predictions for 7,
become more accurate. Additionally, it is shown for DME-flames that two-stage ignition
behavior is also captured in flamelet-space.

These results suggest that, in the general case, the physical space TCF model is required
for an accurate prediction of ignition events under strained conditions. This modeling
approach is essential if transport processes influence the formation and growth of the igni-
tion kernels. On the other hand, it is shown that flamelet modeling works well in certain
parameter ranges, particularly if chemistry governs the ignition kernel formation (ignition

@ Springer



1292 Flow, Turbulence and Combustion (2021) 106:1277-1293

limit 2 for hydrogen-flames or high temperatures in general). It is further found that mod-
eling the scalar dissipation rate using a common analytical profile leads to non-negligible
modeling errors for ignition processes even at higher Damkohler numbers. It remains to be
shown whether flamelet modeling can overcome some of these limitations when applied in
the context of tabulated chemistry approaches.
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