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Abstract
Methane is now considered as a key solution for future reusable engines. Although methane-air flames are well known,
the specific operating conditions of rocket engines (i.e., high pressure and temperature for a wide spectrum of mixture
ratios) have been rarely addressed and there is a lack of knowledge of methane oxycombustion kinetics for these
applications. It is however expected that kinetics become important in rocket engines when using methane, due to a
lower reactivity compared to other fuels. Hence, a new kinetic mechanism based on an existing model was developed.
It was optimized on an experimental database of CH,/0, flame speeds built on purpose using the OPTIPRIME setup.

1. Introduction

When developing a new rocket engine, sizing computations involving CFD calculations are an essential step of the
process. In order to be accurate enough concerning the prediction of the combustion chamber conditions, the
simulations must use, among others, a valid kinetic model. As methane is now envisioned as the fuel to be used for
most of reusable rocket engines projects around the world [1] and also in Europe [2,3], it is vital to understand the
kinetics at stake for high pressure and temperature conditions. However, despite a wide knowledge of C H,/air mixtures
thanks to many studies [4], methane oxycombustion is still not yet fully understood. Since CH,/0, mixtures lead to
high burnt gases temperatures (up to 3000 K at stoichiometry and 1 bar against 2100 K in air) the conditions are
generally too extreme for traditionally used experimental setups to measure flame speeds. Hence the literature on the
subject is quite scarce, mainly focusing on measurements at atmospheric pressure with a Bunsen type burner for the
flame speed [5-7]. As for the ignition delay times, they are always studied for diluted mixtures for the same reasons.
The conditions closer to rocket engines conditions (low dilution, high pressure) where the measurements performed
by Petersen et al. for the development of the RAMEC mechanism [8,9]. Hence, there is a need to perform experimental
measurements for CH,/0, mixtures at high pressure in order to be able to correctly depict the chemistry in rocket
engine conditions.

With this objective in mind, the OPTIPRIME combustion chamber developed at ICARE [10] was used to build an
extensive laminar premixed flame speed database for C H,/O, mixtures on a large range of equivalence ratio ¢ (from
0.5 to 2.5). The pressure and temperature levels reached during the experiments are unprecedented for flame speed S,
measurements in oxycombustion conditions (up to 20 bar at ¢=2.5). These values are the backbone of the experimental
database built for this study. To complete the database, ignition delay times 7,4, at high pressure from the literature
(study by Petersen et al.) [8,9] were also added.

Recent mechanisms, some of which were specially developed for C H, combustion in rocket engine conditions, were
compared to the experimental database. The POLIMI C1-C3 [11] model is the one having the best overall behaviour.
However, it still presents discrepancies with the experimental values for several conditions. Hence this mechanism
needs to be modified to ensure that its predicted values fall in the experimental S, and 7;4,, uncertainty envelope. This
can be achieved with an optimization process, as done in the OPTISMOKE++ code [12] developed by ULB and
CRECK group, where the optimization targets the Arrhenius law coefficients of selected sensitive reactions.
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This paper presents the methodologies and results of both experimental and numerical works conducted to obtain an
optimized mechanism able to describe C H,/0, combustion at high pressure.

2. Acquiring high pressure flame speeds for CH4/0, mixtures

The flames encountered in rocket engines combustion chambers are generally purely diffusion flames at high levels of
strain and pressure [14]. It is very difficult to perform any measurements in these conditions which require expensive
dedicated test benches. Hence, the experimental database created here mainly focuses on premixed flame speeds S,,.
Computations conducted at CERFACS tend to prove that chemistries initially derived for premixed flames are usually
still valid for diffusion flame configurations [14].

The S,, parameter can be measured with various methods. However, as mentioned in the introduction, C H,/0, mixtures
lead to extreme pressure and temperature conditions making the measurement of the flame speed quite challenging.
Hence, all the studies made so far were focused at atmospheric pressure [5-7] using a Bunsen type burner. In order to
access high pressure data closer to the one encountered in rocket engines, the method of spherical expanding flames at
constant volume (SEF-CONV) can be used. The fresh gas mixture is placed in a spherical combustion chamber. Once
the gases are ignited at the center of the setup with a spark plug system, the flame propagates outward till it reaches
the wall. For isochoric combustion, the flame speed can be expressed as a function of both the pressure and flame
radius evolution over time inside the chamber [15] following the equation below:

_dRf R —R3dP Q)
Y dt  3yRiPdt
Ry being the flame radius, R, the chamber radius and y,, the heat capacity ratio of the fresh gases. However, several
assumptions are necessary to establish equation (1):

e The pressure P is spatially uniform in the chamber

e Burnt and unburnt gases are considered as ideal gases

e There are no chemical reactions in the fresh gases

e  The flame is perfectly spherical with an infinitely thin flame front
e  The unburnt gas is compressed isentropically

The pressure monitoring inside the chamber can be made with high speed sensors. However, it is usually very
challenging to access the flame radius evolution because of the extreme pressure and temperature reached at the end
of flame propagation. In order to overcome this problem, a special setup called OPTIPRIME [10] was developed at
ICARE (cf.

Figure 1).
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Figure 1: OPTIPRIME experimental setup
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It consists in a perfectly spherical combustion chamber with a 360° silica ring allowing to track the flame radius over
time thanks to a high-speed camera in the visible range. Pressure history is simultaneously recorded with high-speed
transducers. Hence, for a mixture at given equivalence ratio ¢, a single firing allows to compute a full trace of S,
corresponding to the flame front evolution over time as it consumes and compresses the fresh gases. However, as
illustrated on Figure 2, the full trace can not be exploited. Indeed, the initial instants of flame propagation are affected
by stretch effects while at the end the compression process of fresh gases cannot be considered as isentropic anymore.
These limits are known and different criteria were developed to find them [10,16]. Hence the isochoric conditions
where equation (1) is valid are identified in between these boundaries, allowing to obtain the flame speed evolution. It
is important to notice that S,, evolves as both a function of the pressure and temperature over time.
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Figure 2: An example of pressure and flame radius evolution inside the OPTIPRIME setup

Flame speed data was acquired for a wide range of conditions, from lean to rich with ¢ varying from 0.5 to 2.5. The
maximum temperature reached in the fresh gases was 603 K (3115 K in the burnt gases) for a pressure of 20 bar. The
most extreme conditions are encountered at stoichiometry (¢=1) with flame speed up to almost 6 m.s~1. The high
level of S,, and corresponding pressure and temperature reached at the end of the flame propagation prevented to go
higher than 1.5 bar for this condition. Hence complementary firings with a diluted oxidizing mixture were performed
at stoichiometry only to get additional data at high pressure. Diluent proportion was varied from 0 to 82.5% in molar
fraction of the oxidizing mixture. It is composed of 70% He and 30% Ar.

3. Comparison with existing models

Different kinetic mechanisms from the literature were compared with the CH,/0, flame speeds obtained with
OPTIPRIME. In order to evaluate a model for the same conditions as the experiment, the initial (P,T) conditions as
well as the whole pressure history of the firing is recovered. Supposing that the compression of the fresh gases is
isentropic (cf. hypotheses in section 1) the corresponding temperature T, is computed. Hence, knowing the mixture
composition and all the (P,T) conditions of the trace, it is possible to perform a 1D premixed flame calculation, using
laminar flame codes like CHEMKIN or CANTERA to recover the numerical S,,.

The mechanisms chosen for comparison are recent mechanisms (POLIMI C1-C3 [11], FFCML1 [17]) as well as models
initially developed for CH,/0, applications (RAMEC [18], Slavinskaya [19], Zhukov [20]). As shown in Table 1 they
are of various sizes in terms of number of species and reactions.
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Mechanism #Species #Reactions
Slavinskaya [19] 22 97
Zhukov [20] 23 51
RAMEC [18] 38 190
FFCML1 [17] 38 291
GRI-Mech 3.0 [21] 53 325
POLIMI C1-C3[11] 114 1999

Table 1: Tested mechanisms

The models were evaluated for all the conditions tested experimentally, from lean to rich mixtures. Figure 3 below
displays the obtained experimental and the numerical flame speeds at stoichiometry. As both the pressure and
temperature evolve simultaneously during flame propagation in the OPTIPRIME closed volume, the dependance of
S, on both parameters is recovered. The flame speed acquired with OPTIPRIME is represented with its relative
uncertainty of +5%. The mixture condition displayed here is CH,/0, at stoichiometry as it is representative of the
overall behavior of the mechanisms relative to the experimental data.
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Figure 3: Experimental vs numerical flame speed for CH,/0, mixture at stoichiometry

Although the tested mechanisms reproduce the trend of the experiment, there is some important discrepancies between
the numerical and experimental flame speeds. In the stoichiometric case, the numerical prediction of S, tends to
underestimate the experimental value, while it is the opposite for rich conditions (¢=2.5). Among all the tested models,
POLIMI C1-C3 is the one having the best behavior. Indeed, it exhibits the smallest relative difference between
numerical and experimental values for the conditions of Figure 3 and all the tested conditions. On the other hand,
mechanisms specially tailored for CH,/0, like RAMEC, Slavinskaya or Zhukov tend to show high discrepancies with
the experiment. For RAMEC and Zhukov it may come from the fact that only ignition delay times where used to
validate the mechanism [18,20]. Concerning Slavinskaya, laminar flame speeds were studied but only for CH4/air
mixtures at atmospheric pressure, i.e., far from the extreme conditions encountered with OPTIPRIME. The FFCM1
and GRIMech 3 mechanisms were validated against a wide range of ignition delay times and flame speeds [17], some
of the latter at high pressure for highly diluted conditions. However, they do not reach the temperature levels of
CH,/0, conditions, which could explain part of the observed discrepancies. Moreover, many of the important (i.e.,
sensitive) Arrhenius laws are defined differently from one mechanism to another.
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Despite having the best overall behavior, POLIMI C1-C3 still displays a level of error far from negligible. Hence, it is
a good starting point for an optimization process using the experimental database acquired with OPTIPRIME in order
to obtain a detailed mechanism tailored for CH,/0, combustion at high pressure and temperature.

3. Mechanism optimization

3.1 Initial performance of the chemical scheme

In order to quantify the relative differences between the experimental and the numerical flame speed, the gap was
measured at 3 points per tested conditions. Figure 4 represents S,, results at ¢=2.5 for OPTIPRIME and POLIMI C1-
C3 with the 3 measurement points at low, intermediate and high pressure. As mentioned above, for these conditions
the model overestimates the experimental data.
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Figure 4: Experimental vs numerical flame speed with error measurement points for CH,/0, mixture at ¢ =2.5

For each tested condition (i.e., equivalence ratio), an average relative difference is computed from these 3 points. This
leads to Figure 5 displaying the average gap between POLIMI C1-C3 and the experiment on CH,/0, targets before
optimization. The error target for optimization is set within the uncertainty envelope of 5% for each condition.
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Figure 5: Average error for CH,/0, targets

3.2 Optimization strategy

As for every optimization problem, targets and free parameters must be defined. The experimental conditions
corresponding to CH,/0, mixtures at ¢=0.5-1.0-2.0-2.5 and diluted mixtures at stoichiometry (82.5 and 50% diluent
in the oxidizing mixture) are selected. The other tested conditions are used as control targets, in order to assess the
quality of the optimization process afterwards. As shown in the previous section, there are 3 S,, points per condition
which means a total of 15 S, target points. In order to give more consistency to the final mechanism, ignition delay
times 7,4, taken from Petersen et al. [8] are added as targets. Indeed, their low dilution rate and high pressure compared
to other studies make them interesting for C H,/0, applications. The data used consists in 5 different mixture conditions
(mainly rich mixtures at @=3) listed in Table 2. For each mixture, different pressures are tested for different
temperatures. Minimum, intermediary and maximum temperatures are chosen for a given pressure, making a total of
36 7,4, targets. On the overall, 51 experimental points are used as targets.

Table 2: Ignition delay times conditions from RAMEC

Mixture 0] % diluent for the mixture
1 0.4 77.0% Ar
2 3.0 66.7% Ar
3 3.0 66.7% N2
4 3.0 54.3% Ar
5 3.0 54.3% N2

In order to modify the POLIMI C1-C3 mechanism to match the experimental S, and t;,,, the 3 Arrhenius parameters
(the pre-exponential factor A, temperature exponent b and the energy activation Ea) of different key reactions are
modified. Indeed, the reaction constant k directly plays a role on the progress rate of each reaction, having an impact
on the reaction rates, directly affecting the flame speeds and ignition delays. Key reactions must verify 2 conditions to
be selected as free parameters:

e High sensitivity of the flame speed for tested conditions to maximize the impact on S, and ;4 (sensitivity
analyses were performed for the tested conditions prior to the optimization process)
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e High uncertainty on the pre-exponential factor to have a large margin for optimization. The uncertainty of
selected reactions come from the study by Baulch [22,23]

Following these rules, 27 key reactions are selected, meaning 81 free parameters. Indeed, since the experimental
database covers a wide range of conditions, an important number of reactions are necessary to complete the process.

3.3 Optimization process

Since POLIMI C1-C3 presents a lot of species and reactions, the computation of the 15 flame speeds is time consuming.
Especially for any optimization process where this operation must be iterated a significant number of times. In order
to decrease the computational cost, the mechanism is reduced using the ARCANE tool [13] developed by CERFACS.
The optimization experimental S, and 7,4, are chosen as targets for the reduction process. This means that the reduced
mechanism has exactly the same behavior as the reference one on the targets chosen for optimization. ARCANE leads
to a 30 species and 128 reactions mechanism against 114 species and 1999 reactions initially. This leads to much faster
flame speed computations.

The tool used for the optimization process is the OptiSMOKE++ code [12] developed by ULB and Creck. The code
couples the OpenSMOKE++ solver [24] developed by Creck and the Dakota optimization library [25] developed by
Sandia. The structure of the code is described by the flowchart on Figure 6 extracted from [12]. The user provides the
experimental target (S, and t;4,,) which will be evaluated numerically by OpenSMOKE++. The reaction rates to be
modified are also provided as inputs with the relative uncertainty on their reaction constant k. The code will then
propagate the uncertainty on the 3 Arrhenius parameters. The relative difference between the experimental and
numerical values are computed with an objective function, here an L2 norm. At each iteration a new set of free
parameters is proposed and tested, obtained thanks to an optimization algorithm. Different algorithms are proposed by
the Dakota library. For this study, the DIRECT method is used, as it is the one recommended by the author [12]. This
is a gradient-free method dividing the parameter space in promising and non-promising zones, well suited to kinetic
mechanisms optimization. Also, in case one of the modified kinetic parameters goes out of bounds during the process,
a penalty function is employed to correct the problem.
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Figure 6: OptiSMOKE++ code flowchart
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3.4 Optimization results

The optimization process using the current experimental targets and selected set of reactions give satisfying results as

illustrated on Figure 7:
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Figure 7: Optimization results on flame speed

As mentioned in the previous section, only the optimization targets were processed by OptiSMOKE++ while the
control targets were used for quality assessment. The majority of the average errors were decreased down to the
experimental uncertainty of +5%. Some conditions remain above, like CH,/0, at ¢=0.5, but it remains in the
acceptable range. Control targets behave very well with the exception of CH,/0, at ¢=1.5. However, the average error
is still acceptable. Figure 8 illustrates some of the targets in terms of flame speed as a function of pressure. It shows

how the optimization respects the S,, trend.
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The optimization was also successful concerning the ignition delay times where all the average errors were decreased
below the uncertainty, as shown on Figure 9:
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Figure 9: Ignition delay times optimization results

4. Conclusions and perspectives

An experimental database of premixed flame speeds for CH,/0O, mixtures was created using the OPTIPRIME
experimental setup. The data was acquired for a large spectrum of equivalence ratios (from lean ¢=0.5 to rich ¢=2.5)
and never reached before high pressure and temperature conditions. It allowed to challenge recent models from the
literature, some of which were developed on purpose for methane-LOXx rocket applications. Among all the POLIMI
C1-C3 mechanism was selected as it was closest to the experiment. In order to correct the remaining error, POLIMI
was optimized on the experimental S, but also on low dilution high pressure ignition delay times taken from the
literature. In order to complete the process, sensitive reactions to be modified were identified. The OptiSMOKE++
code allowed to obtain a mechanism tailored for C H,/0, combustion at high pressure and temperature. This mechanism
can be used for 1D flame computations for sizing purposes or can be reduced to be used in CFD code. Current work is
to implement the reduced version in the 3D LES code AVBP of CERFACS in order to perform the simulation of a
CH,/0, mono-injector configuration.
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