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Theses of the dissertation

Introduction

Combustion is a high-temperature exothermic chemical reaction between a
fuel and an oxidizer. During combustion, several elementary reactions occur.
The number of reactions is from tens to several thousands and it depends on
the type of the fuel. Detailed reaction mechanisms are used for the description
of combustion processes.

Chemical models based on detailed reaction mechanisms contain many reac-
tion kinetics and thermodynamics parameters. The values of these parameters
have been determined in experiments or theoretical studies, therefore their val-
ues are uncertain. Uncertainty analysis is widely used in combustion chemistry.
The aim of uncertainty analysis is to determine the uncertainty of the simu-
lation results knowing the uncertainty of model parameters. The results of
local uncertainty analysis depend on the chosen value of the model parameters,
whereas those of global methods are true for any model where the value of the
parameters is determined by their joint uncertainty range. The methods of
global sensitivity analysis are able to identify the contributions of effect of the
uncertainty of individual parameters to the uncertainty of model results. One
way of global sensitivity analysis is the calculation of sensitivity indices.

A part of the parameters of the combustion models can be determined by
direct measurements. Such parameters can be reaction rate coefficients or ther-
modynamics parameters. The prior uncertainty of the model parameters can
be estimated via the evaluation of the systematic and statistical errors of the
direct measurements. The parameter uncertainties obtained this way are in-
dependent, since these parameters have been determined in separate measure-
ments. In most uncertainty analysis studies carried out so far in combustion
chemistry these prior uncertainties were used and the model parameters were
considered to be independent.

Indirect measurements can be interpreted only using multi-parameter mod-
els. In combustion, such indirect measurements include determinations of igni-
tion delay times, laminar burning velocities and species concentration profiles.
Rate parameters of combustion models are intrinsically dependent, since these
models have been developed based on not only direct measurements, but also
using the results of indirect measurements.

Traditional way of mechanism development includes that if a model param-
eter is updated based on the result of a new direct measurement, then several
other parameters are also changed in a trial-and-error process to reproduce
the results of the indirect measurements. An alternative, more systematic ap-
proach is the optimization of combustion models, when reaction kinetics and
thermodynamics parameters are fitted to the experimental data within their
prior uncertainty domain. The latest optimization works included also the
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calculation of the covariance matrix of the parameters. A new mechanism
optimization method was developed at the Chemical Kinetics Laboratory of
the Institute of Chemistry of ELTE, which includes fitting of the ln 𝐴, 𝑛, and
𝐸/𝑅 Arrhenius parameters and the 𝑚 third body collision efficiency factors,
and also the calculation of their covariance matrix. Using this method, sev-
eral important combustion chemical models have been developed (6–10), which
are accompanied by a quantitative knowledge on the joint uncertainty of the
parameters. Therefore, development of global uncertainty and sensitivity anal-
ysis methods is needed, which are able to handle models with large number of
strongly correlated parameters.

Application of the sensitivity analysis for models with independent param-
eters is widely used, and several types of approaches are available. The first
studies on the applicability of global sensitivity analysis for dependent param-
eter models were published only in this decade.

During my doctoral work, I determined the prior uncertainty domain of the
rate parameters of several elementary reactions of the combustion of hydrogen
and syngas. Syngas is a mixture of CO and H2 and/or H2O, which can be
obtained by the gasification of coal or biomass and it is one of the possible fuels
for green combustion technologies. I developed a new global sensitivity analysis
method by combining the advantageous approaches of several previous meth-
ods, which is applicable to the investigation of large multi-parameter models
with dependent parameters. This method was applied for the investigation of
hydrogen and syngas combustion models having dependent parameters. The
results of my Thesis are summarized below.

Theses of the Dissertation

1. I developed a MATLAB program called u-Limits based on the meth-
ods suggested by Tibor Nagy for the determination of prior uncertainty
ranges of rate coefficients of elementary reactions. The program provides
assistance for the determination of the uncertainty ranges when many
(maybe several hundreds) of direct measurements and theoretical deter-
minations are available for an elementary reaction. Using this program,
I determined the prior uncertainty ranges of the rate coefficients of 22
elementary reactions for the combustion of hydrogen and syngas by pro-
cessing the results of about 500 reaction kinetics publications (4). Also,
I determined the uncertainty ranges of the rate parameters of several el-
ementary reactions of methanol and ethanol combustion(6, 7, 9).
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2. The HDMR (High Dimensional Model Representation) method has been
used in several cases for the global sensitivity analysis of combustion
chemistry models having independent parameters, since this method pro-
vides accurate results with relatively small computation requirements.
Several authors have developed global sensitivity analysis methods that
can be used to examine models with dependent parameters (Li and Rab-
itz, 2012; Mara and Tarantola, 2012; Zhou et al., 2014; Zhang et al., 2015),
but these methods are usually applicable to models with few parameters
only and have been tested on small, artificial examples. From the articles
above I took the suggestion that the effect of correlated parameters can
be examined after applying a decorrelation procedure, and I linked it with
the HDMR method. I extended the HDMR program of Ziehn and Tomlin
and made it to suitable for the investigation of models with large number
of correlated parameters having joint normal distribution. The accuracy
and computational requirements of the method were investigated on test
cases where the analytical solutions had been available (1, 3).

3. Local correlated and local uncorrelated sensitivity indices for normally
distributed, correlated parameters were defined. These indices were in-
terpreted as the effect of the uncertainty of the parameters on the uncer-
tainty of the linear approximation function at the nominal values of the
parameters (1, 3).

4. Using my extended HDMR program, global sensitivity analysis was car-
ried out for the investigation of the effect of 33 important parameters of
the hydrogen combustion model of Varga et al. (10), which included the
𝛼 = ln 𝐴, 𝑛, and 𝜀 = 𝐸/𝑅 Arrhenius parameters and three third body
collision efficiency factors of 11 elementary reactions. Using an ignition
delay model of a stoichiometric hydrogen–oxygen mixture, I calculated
the total correlated and total uncorrelated sensitivity indices of these pa-
rameters. Reactions having large correlated and uncorrelated sensitivity
indices were identified as important ones. According to the combustion
chemistry textbooks, these elementary reactions are really the important
ones during the ignition and combustion of hydrogen, therefore this study
demonstrated the power of the method elaborated, and revealed that the
coupled analysis of the correlated and uncorrelated sensitivity indices is
a must (5).

5. The combustion of hydrogen–oxygen mixtures depends on the pressure
and the temperature; the gas mixture can be non-reactive, may exhibit
slow reaction or fast explosion. Near the third explosion limit the im-
portance of reactions is debated. I carried out a sensitivity analysis to
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investigate the effect of the adsorption of species on the wall near the
third explosion limit. Five reactions, related to the adsorption of species
were added to the hydrogen combustion mechanism of Varga et al. (10).
The correlated and uncorrelated sensitivity indices were calculated for
the parameters of the extended model at five experimental conditions,
which corresponded to the slow reaction or the explosive states near the
explosion limits.
Based on the results of sensitivity analysis, I concluded that the role of
wall reactions near the third explosion limit is significant, therefore the
incorporation of these reactions into the combustion models is needed.
The calculated value of the global sensitivity indices and the conclusions
are valid not only at the nominal values of the parameters, but in the
whole domain of uncertainty of the rate parameters (2).

6. I carried out a global sensitivity analysis for the investigation of the pa-
rameters of the syngas–air combustion mechanism of Varga et al. (8).
The total correlated and total uncorrelated sensitivity indices were cal-
culated for 55 parameters, including the 𝛼 = ln 𝐴, 𝑛, and 𝜀 = 𝐸/𝑅
Arrhenius parameters and seven third body collision efficiency factors of
18 elementary reactions. For almost all investigated parameters, the cal-
culated total correlated sensitivity indices were identical. I concluded that
all investigated parameters are important, since changing one parameter
involves the modification of all other parameters due to the strong cor-
relation. On the contrary, the total uncorrelated sensitivity indices of
some parameters were large, while those of the others were very small.
Parameters belonging to the first group are those which have a significant
effect on the model results individually, without the correlation with the
other parameters. Elementary reactions which have parameters with high
total uncorrelated sensitivity indices were related to reactions which are
considered important in the chemical kinetics literature of syngas com-
bustion. The same elementary reactions were indicated to be important
by local sensitivity analysis (3).

7. I also calculated the marginal sensitivity indices of Arrhenius parame-
ters ln 𝐴 of the syngas combustion model of Varga et al. (8). The ef-
fects of the decorrelation ordering on the intermediate marginal indices
were explored when the correlation effects of the other Arrhenius pa-
rameters and third body efficiency factors of the same reactions were
decoupled. Having removed the effects of correlations within the same
reaction, the following four reactions had high marginal indices only:
CO + OH = CO2 + H, O + H2 = H + OH, H + OH + M = H2O + M and
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HO2 + HO2 = H2O2 + O2. The total uncorrelated sensitivity indices of
the first two reactions are not negligible (1).

8. I calculated the normalized local sensitivity coefficients, and the corre-
lated and uncorrelated local sensitivity indices of the parameters of the
model above. In accordance with the results of global sensitivity anal-
ysis, the calculated local total correlated sensitivity indices are high for
most parameters, showing the importance of the correlation between the
ln 𝐴 Arrhenius parameters of the different reactions. The values of the
local uncorrelated indices are small, but these indicate the importance
of those reactions, the parameters of which have a non-zero individual
contribution to the uncertainty of the linear approximation function.
Investigation of the normalized local sensitivity coefficients indicate a dif-
ferent order of importance of reactions. The most obvious difference is
the high local sensitivity of reaction H + O2 = O + OH. This reaction
has almost zero influence according to the calculated local and global un-
correlated sensitivity indices. This result indicates that although its rate
parameter has a high sensitivity, it has low influence on the model result,
due to the low uncertainty of the ln 𝐴 parameter (1).
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