A Global sensitivity study of SULPHUR chemistry in a Premixed Methane flame model using HDMR
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The use of accurate computational models describing combustion processes is crucial for the design of low emission technologies. Trace amounts of sulphur in the fuel can have an impact on the extent of nitrogen oxide emissions and therefore suitable models describing the interaction of sulphur containing compounds with other species within flames are required [1]. Sulphur chemistry is however, quite poorly understood at high temperatures, with many reaction rates and thermochemical parameters being estimated in previous studies. An assessment of the resulting uncertainty in predictions of nitrogen oxide emissions is therefore of interest. Identifying the main sources of uncertainty provides useful information for further experimental and ab initio kinetic studies. Combustion models provide a challenge for uncertainty analysis since they often contain a large number of uncertain parameters such as reaction rate coefficients and heats of formation. If such parameters are estimated then their uncertainty ranges can be quite large [2]. Combustion models also tend to be highly nonlinear. The use of traditional methods for global uncertainty and sensitivity analysis such as Monte Carlo simulations therefore becomes problematic due to their computational expense and the difficulty in interpreting the results for large parameter sets.  Commonly a screening method such as the Morris method [3] is first applied in order to identify unimportant parameters if the input space dimension is very high. This can help with the interpretation of Monte Carlo outputs, but does not necessarily reduce their computational expense [2]. Recently the method of high dimensional model representation (HDMR) [4] was developed to provide a model replacement that can be easily employed within global uncertainty analysis. HMDR methods provide a straightforward approach to explore the input output mapping of a model without requiring large numbers of full model runs.  Furthermore, sensitivity indices can be determined in an automatic way in order to rank the importance of input parameters and to explore the influence of parameter interactions. 

The effectiveness of the Random Sampling (RS)-HDMR [5] approach is shown in this work via application to a premixed methane flame model describing the influence of fuel trace elements, such as sulphur containing compounds, on the formation of nitrogen oxides in combustion devices. The modelling process is carried out by  the CHEMKIN [6] package and the simulation has been performed using PREMIX [6]. The SOx extension of the methane/NOx mechanism studied here consists of 156 reversible reactions and 24 species [2]. The uncertainty study focuses on reactions of sulphur containing species and their heats of formation. Due to the poor categorisation of many of the thermo-kinetic parameters, uncertainty ranges are defined according to a minimum and maximum possible value with equal probability of the values across the range. 

An optimisation method was introduced in [7] as an extension to the existing set of RS-HDMR tools. The RS-HDMR component functions can be approximated by analytical basis functions such as orthonormal polynomials  which reduces the sampling effort dramatically [5]. Usually the first and second-order component functions are approximated by orthonormal polynomials all of the same order. The idea of the optimisation method is to decide which component function is approximated best by which polynomial order. In [7] a maximum polynomial order of three has led to very satisfactory results. This approach has been extended here to further improve the accuracy of the mapping process by applying a maximum polynomial order of seven. The optimisation method also provides a possibility to exclude HMDR component functions, which have only a very small contribution to the overall output uncertainty, by introducing a threshold. This provides an automatic way to identify unimportant parameters within the analysis, thus removing the necessity to employ screening methods, even for a problem with such a high dimensional input space. For comparison, the results obtained from the extended RS-HDMR method are compared with widely used methods, such as Morris One at a Time and Monte Carlo simulations. 

The computational effort required for the construction of the HDMR model replacement is considerably lower than for traditional global uncertainty analysis methods. A total of only 1024 full model runs were sufficient to produce a model replacement with very high accuracy. The model replacement can then be used to assess the output uncertainty of the model and to calculate sensitivity indices. In this study we explore the sensitivity of nitrogen oxide emission to possible changes in the kinetic rate parameters and the thermodynamics of sulphur containing compounds. 

The three highest ranked reactions identified by the HDMR method are SO+NH=NO+SH, SO+N=NO+S and SO+OH=SO2+H. The Morris method identifies the same reactions in the same order. The final NO concentration is mainly influenced by first-order effects, which means that input parameters are acting independently upon the output. Plots of the HMDR component functions are shown to reveal useful information about the input output relationships of the model and can be used to calculate first and second-order sensitivity indices without the need for additional full model runs. Some of the first-order effects are identified as being very non-linear as shown in Figure 1. The results indicate that several parameters show high sensitivity in some parts of their input ranges but that their effect is much reduced in other regions. Local sensitivity coefficients would therefore be strongly affected by the nominal values chosen. 
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The output statistics of the full model are shown to be well represented by the model replacements. The proposed HDMR method therefore provides a powerful tool for general application to global uncertainty and sensitivity analysis of chemical models and can be applied without using a screening method in advance in order to identify unimportant parameters.
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Figure � SEQ "Figure" \*Arabic �1�: First-order RS-HDMR component functions approximated by orthonormal polynomials.








