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Methane Skeletal Mechanism for Space Propulsion
Applications

N.A. Slavinskayal, M. Abbasiz, J.-H. Starckes,
German Aerospace Center (DLR), Institute of Combustion Technology, 70569, Stuttgart, Germany

0.J. Haidn’
Lehrstuhl fir Flugantriebe, Technische Universitat, Miinchen, Germany

A skeletal chemical kinetic model for CH4/air combustion with 100 reactions and 24 chemical species was
developed from the detailed mechanism, with 42 species and 298 reactions. The mechanism reduction was
performed with the multi target reduction strategy realized in the in-house developed DLR RedMaster code.
RedMaster is able to analyze the different chemical processes (ignition delay time and laminar flame speed)
in the given time and height points.

The obtained reduced model describes satisfactory experimental data for ignition delay and flame speed
under conditions: ps = 1-50 bar, Ts= 940K - 210K, ¢ = 0.5-2; p = 1-60 bar, To,= 300K, ¢ = 0.6-1.4.

Some problems related to reaction mechanism reduction are analyzed.

I. Introduction

Within the last ten recent years, the propellant combination LOX/CH, has received considerable attraction

worldwide as a propellant combination for space propulsion applications [1-5]. The advantages are numerous:
a specific impulse better than that of oxygen/kerosene, reduced cost and complexity in in handling compared to
hydrogen and reduced requirements for turbomachinery. In Germany, this propellant combination is investigated
both experimentally and numerically within the collaborative research center TRR40 on ‘Technological foundations
for the design of thermally and mechanically highly loaded components of future space transportation systems’ [6-
8]. Within this project, specific effort is put on developing design tools for thrust chambers which requires validated
numerical tools for the prediction of combustion and heat transfer in such devices. In an effort to compare different
numerical approaches, a special workshop will be organized later this year at the Technical University of Munich
where teams from all over the world which apply RANS, URANS, LES and hybrid models will try to reproduce
combustion efficiency and heat transfer of a test case provided by one of the TRR 40 projects [9]. Generally,
different groups not only use different approaches to handle fluid mechanics as mentioned above, their way to treat
combustion differs substantially, too. In order to allow for a more detailed comparison of the applied numerical
tools, a reduced chemical kinetic scheme has been developed and will be provided to the workshop participants. The
extremely large CPU times for CFD calculations with detailed chemical mechanisms necessitate that the applied
kinetic models must be as simple as possible. However, any accurate modelling of diffusion flames and in general
combustion processes in liquid propellant rocket engines are of this type requires that the chemical model must be
able to sufficiently describe these combustion processes for a wide range of parameters: propellant mixture ratios,
temperatures and pressures. Obviously, such a reduced mechanism can be generated only on the base of sensitivity
analyses performed for the large number of simulations related to the different chemical processes (ignition delays,
flame speeds, concentration profiles in chemical reactors) under different operating conditions. The reduction of
chemical species or reactions held on such integrated information allows keeping most facilities of the input detailed
model. The presented work reports the results of the methane (CH,)/oxygen (O,) reaction mechanism reduction
performed with the DLR RedMaster code [10]. The methane skeletal mechanism applicable for the CFD
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simulations of rocket combustion chamber under pressure 20 bar was developed through simulations and
reactions/species local sensitivity analysis performed for 65 experimental targets for ignition delay times and 15
targets for laminar flame speed. These experimental measurements cover the next operating conditions: ps = 1-50
bar, Ts= 940K - 2100K, ¢=0.5-2 ( for ignition delay time); p = 1-60 bar, To= 300K, ¢=0.6—1.4 (for laminar
flame speed).

Il. Reaction Model

The input detailed mechanism is a sub-model of C;-C, reaction mechanism [11], which was uploaded and
improved [12, 13] related the some pressure depending and multichannel reactions. The input CH4 model has 42
species (including Ar, He and N,) and 298 reactions.

The uncertainty factors, lower, f;(T)=ko(T)/kjower (T) , @nd upper, f,(T)=kypper (T) /ko(T) , boundaries (k, is the

nominal rate coefficient, Kiower and kupper are lower and upper bounds), for rate coefficients were assumed equal

to the proposed ones in the sources or evaluated from statistical treatment of the different data. Uncertainties of the
rate coefficients were used to study their influence on the thresholds in sensitivity analysis to select unimportant
reactions.

I11. Experimental Targets

A. Ignition delay times

Quantification of uncertainties in the shock tube is ultimately needed prior to undertaking any tuning of the
kinetic parameters to match ignition targets. If some active phenomena in the shock tube experiments cannot be
described by assuming homogeneous conditions (constant V, U system) behind the reflected shock, they
areclassified as “non-idealities” in the shock tube experiments. Both, facility-dependent effects and energy-release
phenomena can increase the non-idealities and influence the instrument readings, thus adding to the uncertainty of
experimental data. To evaluate the uncertainty bounds of the measured observations included in the dataset, the
empirical algorithm is proposed [12]. For that, the most strong non-ideality phenomena were determined across the
investigations. The facility-related and fuel-related factors, which affect these phenomena, have been identified and
possible errors, caused by these factors have been evaluated. It was found that experimental data obtained by using
large diameter shock tubes (~ 10cm), dilute fuel/oxidizer mixtures in monoatomic gases, and short test times (less
than about 500 ps) have the lowest uncertainty level. A correspondence with the diameter of the shock-tube and
weak ignition is found: the larger diameter leading to an ignition delay close to that of a homogeneous reactor.

It was assumed, that in the best case (strong ignition, diluted mixture, tmees = 50ms — 500ms, shock tube
diameter > 10 cm) the uncertainty can be assumed ~15%. Deviations from these conditions are evaluated by adding
a 5% uncertainty for each criterion not satisfied to the ideal case. For measured ignition delay time longer as 1000 ps
5% uncertainty is added per every 1000 us. Radical impurities were evaluated as extra 5% uncertainty, Table 1.

Table 1. Evaluation of uncertainty intervals for the selected shock tube experimental data. The beginning
uncertainty is 20 %.

Driven section Temperatur Pressure, Dilution t meas, us
e interval, K atm

Length, Internal

m diameter, cm

>8 >10 T<1000 +5% P>15 +5% yes 0-50 +5%

<8 +5% <10 +5% T>1600 +5% P>30 +10% none (air) | +5% 100-500 +0%

every 15 +5% 500-1000 +5%

1000-1500 +10%
every 500 +5%

In Table 2 the selected shock tube experiments [13-25] are collected. Uncertainty intervals evaluated with the
proposed empirical rule will be show on the graphics with model validations.
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Table 2. Ignition delay time measurements used for model

validation and reduction.

P,atm | Composition 0 Ts, K Ref.
1;11-31 CH4/Oy/Ar | 0.5;1.0; 2.0 | 1337-2246 | [13]
10-44 CH4/O,/N, |[0.3;0.5;1.0 | 970-1533 | [14]
40; 25-50 |CH4/Oy/ArIN, 1.0 908-1041 | [17]
14.1-41.9 | CH4/O,/N, |0.7;1.0; 1.3 (1004-1348| [18]
0.85-1.7 CH4/Oy/Ar | 0.5;1.0; 2.0 | 1685-2175| [19]
1.2-1.7 CH4/Oy/Ar | 0.5;1.0; 2.0 | 1739-2158 | [20]
5;10; 20 | CH4/O./Ar 0.5 1284-2034 | [21]
2.5-175 CH4/Oy/Ar 0.5 1209-1722| [22]
4-17 CH4/Oy/Ar | 0.5;1.0; 2.0 | 1521-1983 | [23]
0.5-24 CH4/Oy/N, 0.5 1243-2001 | [24]
0.9 CH4/Oy/Ar 0.98-1 1687-2242 | [25]

B. Laminar flame speed

Methane flame velocities at 0.1-0.6 MPa have been investigated by using almost all known techniques [26-38].
The flame velocity data at high pressures are relatively sparse. Experimentalists consider the current uncertainties of
laminar flame speed measurements to be in a range of about 5-10%, but also indicating its increase with pressure
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Figure 1. Comparison of literature [26-34] experimental
data for atmospheric CHy/air laminar flame speed with
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evaluated uncertainty bars.

(>0.5 MPa) and fuel-air ratio (¢>2). Figure 1
collects the literature experimental data for
laminar flame velocity. From data analysis
following from Figure 1, the uncertainty of
available data can be assumed to be 25% for @<
0,8, 15% for 0.8 < @< 1.2, and 30% for ¢>1.2.
The uncertainties for experimental data measured
at higher pressure have been evaluated by adding
5%.

The laminar flame speed data included in the
dataset are presented in Table 3.

Table 3. Laminar flame speed measurements selected for for model validation and reduction.
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P, atm | Composition (/) T,K Ref.
1 CHg/air 0.6-1.5 298 [26]
1 CH./air 0.6-1.4 298 [27]
1 CHg/air 0.6-1.5 298 [28]
1 CHg/air 0.95-1.45 298 [29]
1 CHg/air 0.9-15 298 [30]
1 CHg/air 0.8-1.2 300 [31]
1 CHg/air 0.6-1.4 300 [32]
1 CHg/air 0.7-1.4 300 [33]
1;5 CH,/air 0.6-1.4 300 [34]
0.5-4 CH,/air 0.6-1.35 298 [35]
2 CHg/air 0.55-1.4 298 [36]
2-20 CH,/air 0.6-1.4
298 [37]
10-60 CH4/O,/He 0.8-1.4
5; 10 CH,/air 0.6-1.4 298 [38]

IV. Reduction strategy

The multi target reduction strategy was
Experimental Targets realized in the in-house developed RedMaster
code [10]. The global sensitivity analysis
implemented in the RedMaster allows
Ignition delay times Laminar flame speed determination and elimination of unimportant

species and reactions code has been applied
argeLn ‘ ‘ ‘ | to reduce the basic mechanism to the skeletal
OERES

l Target_1 ‘ | ‘ ‘

Do

arget = one. RedMaster manages calculations of
‘ ~ chemical processes with the CHEMKIN code
@ [39], calculations of the sensitivity of the
species production rate to the rate constants

Sensitivity Analysis, S;; = 2‘{::' and calculations of the sensitivity of the

! species production rate to the species

concentrations. These  sensitivities are

Commonlr_nportant Commonln_wportant calculated with procedures adopted from
Reactions Species KINALC code [40]. RedMaster treats the
integrated information from the sensitivity

Reduced Mechanism coefficients calculated in the ignition delay

times and laminar flame simulations at

different time and height points, Fig.2. On
Figure 2. Principal scheme of the RedMaster code for the multi  this basis the reduced mechanism is produced

target reaction mechanism reduction. through iterative procedure. After each
iteration step the reduced model validation is performed through simulations of selected experimental data.
Uncertainty boundaries of experimental data were evaluated how it was described below.
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g C2H2ro=cH2+CcO  As the mechanism reduction is in general a strongly problem oriented
[ procedure, the special attention should be paid to the targets selected for
:: the analysis and validation. They cover as optimal as possible the full
[ range of operating conditions available in the literature to avoid the loss
% of model predictive facilities. It can be highlighted with Fig. 3, which
: demonstrates the normalized time integrated sensitivity coefficient of
27 % the ignition delay time targets relatively the rate coefficient of reaction
]
[

=

. C,H,+0O=CH,+CO. How it can be seen, the different targets have the
different sensitivities to the studies reaction. As the reactions with the
010  -005 0,00 0,05 maximum sensitivities have a maximal chance to be kept in reduced
. Sensitivity of lgnition delay mechanism, the analysis performed without targets No19 and No15 can
Flgu_r_e 3 NO”“‘?'!ZEU' time mt_egr_a?ed lead to reaction elimination and consequently to increase in the reduced
sensitivity coefficient Of. the ignition model facilities. The dependence of the important reaction pool on the
delay_ time targets relatively the rate  time points of process is evident.
COEﬁ'C'eEt of reaction it must be mentioned the second problem here. The normalized
CaHz+O=CH,+CO. sensitivity coefficient s;; contains quantitative information about a

ration between the relative changes in the model output & “¢ to the relative change in the model parameter 5}‘."",

5= ;’“t/ﬁf‘”. The changes in model parameters must lie in the intervals of the rate coefficient uncertainties f;

and f,.
For the reduction loop 66 ignition delay time and 15 laminar flame speed targets have been selected.

A. Reduction of the reaction number

The contribution of reaction steps to the production rate is based on the sensitivity of production rates to changes in
reaction rate coefficients. The effect of changing the reaction rate coefficient k, on the rate of production of species i,

R;, in a mechanism with N species is calculated as the sum of squares of the overall normalized sensitivity coefficient

N (oInR. )
A = !
' Z(alnkij

R i the rate of production of species j, ki — rate coefficient of reaction i. The reaction i is considered important if
its coefficients A;, calculated as the sum for all species, e.g. N, are larger than a pre-defined threshold value A.

B. Reduction of the species number

A species is considered redundant if its concentration change has no significant effect on the production rate of
necessary species. The influence of a change of the concentration of species j on the rate of production of a p-
membered group of important species i, are calculated as the sum of squares of the overall normalized sensitivity
coefficient

; :Z”:(aln R, JZ

| dInc;

B; yields the integrated effect of a change of the concentration of species ¢; on the rate of production of species i,
R;, from a group of p important species, i = 1, 2, ...., p. Number of p is changed during iterative procedure. The
number of “primary” necessary species is given by the investigator. After each step n of B; calculation only one
species with the greatest value B; is added to the group of necessary and important species (p,+1). After last
iteration, those species which were added to the first main group at the last iterations can be considered as
redundant species. In the present reduction process 11 species were nominated as “primary” necessary species: H,
CH,4, OH, O, CO, 0,, HO,, H, CO,, HCO, H,0,.
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A reduction cycle has to be repeated several times until no more species and reactions are found to be
unimportant and the simulations with the resulting reduced mechanism reveal that the results achieved fulfil the pre-
defined agreement requirement with experimental data.

V. Results

The input reaction mechanism with 42 species and 298 reactions was reduced to one with 24 species and 100

reactions on the base of 65 different ignition delays simulations and 15 calculations of flame speed. This mechanism
has the capability to reproduce with good agreement both the experimental data selected for model reduction and
experimental data which were not included in reduction loup, Table 2-3, Figures 4-5.
Each additional step for further model reduction with the applied procedure would reduce sufficiently the model
predictive capability. Further reduction is possible only with chemical lumping methods and algorithms of the
global model production. On the Figs. 4 - 5 the results of calculations of ignition delay times and laminar flame
speed with detailed and reduced mechanism are shown. Simulations are in good agreement with experimental data
in both cases. The proposed skeletal mechanism for the methane combustion under rocket engine conditions can be
successfully used in CFD modeling. It is free for use on the https:/teamsites-extranet.dir.de/vt/DLR-
Mechanism/SitePages/Home.aspx
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Figure 4. Modeling the ignition delay time [13,14,19-24] with full and reduced mechanism.
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VI. Conclusions

A skeletal chemical kinetic model for CHy/air combustion with 100 reactions and 24 chemical species was
developed from detailed mechanism, with 42 species and 298 reactions. The mechanism reduction was performed
with the multi target reduction strategy realized in the in-house developed DLR RedMaster code. RedMaster is able
to analyze the different chemical processes (ignition delay time and laminar flame speed) in the given time and
height points.

The obtained reduced model describes satisfactory experimental data for ignition delay and flame speed under
conditions: ps = 1-50 bar, Ts= 940K - 210K, ¢ = 0.5-2; p = 1-60 bar, To= 300K, ¢=0.6—1.4.

Further reduction is possible only with chemical lumping methods and algorithms for a global model production.
The proposed skeletal mechanism for the methane combustion under rocket engine conditions can be successfully
used in CFD modeling. It is free for wuse on the https://teamsites-extranet.dir.de/vt/DLR-
Mechanism/SitePages/Home.aspx
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