Reduction of very large reaction mechanisms: 

The example of fuel-cell gas kinetics

Á. Kramarics, T. Nagy, I. Gy. Zsély, T. Turányi*
Eötvös University (ELTE), Hungary

turanyi@chem.elte.hu

Fuel cell technology is one of the most promising opportunities for generating energy with decreased environmental impact. Several types of fuel cells have been developed in the past decades. One of the great advantages of solid-oxide fuel cells is their absolute tolerance to CO, unlike the other types of fuel cells e.g. solid polymer electrolyte fuel cells (SPEFCs). Furthermore, in solid-oxide fuel cells several available fossil fuels can be used, thus there is no need to build a hydrogen delivery infrastructure. In hybrid systems, where a gas turbine is built in the SOFC, the efficiency can reach 75-80 % [1]. 

The core of the solid-oxide fuel cell (SOFC) is a solid electrolyte, which is a conductor for oxide-ions at the operating temperature. During the operation of the solid-oxide fuel cell, oxygen is reduced at the cathode, the formed oxygen anion diffuses across the oxide-ion selective electrolyte, which is insulating for electrons. Although solid-oxide fuel cells have so far been operated with methane, propane, butane, fermentation gas, gasified biomass and paint fumes [2], the hydrocarbon fuel is first converted mainly to CO and H2 by steam reforming, either within the anode region or externally. In the three-phase region, hydrogen is electrochemically oxidized and forms water and electrons. This water then participates in the water gas shift reaction to convert CO to CO2 and H2, and this H2 is subsequently oxidized in the three- phase region.

The operating temperature is about 800-1000 °C and therefore the homogeneous gas-phase reactions are significant before the fuel mixture reaches the anode. These reactions convert the initial hydrocarbons to H2, CO, H2O and other products, and also may lead to the formation of polyaromatic hydrocarbon deposits. Air and water steam may be added to the initial fuel to prevent deposit formation. Deposit formation can be related to the concentration of species having more than four carbon atoms, denoted by C5+.
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Anthony Dean and his group study the homogeneous gas-phase anode channel reactions of solid-oxide fuel cells. Recently, a detailed reaction mechanism was created and tested [3] that is applicable at solid-oxide fuel cell operating conditions. It can model the reactions of methane and natural gas, with air and/or steam added. In this study, a further developed (2006 May) version of the mechanism was investigated which contains 6874 irreversible reactions of 350 species. This mechanism is too large for an industrial optimisation process and therefore reduction is needed. Our purpose was to find a reduced mechanism, which contains less species and fewer reactions, but its simulation reproduces the results obtained using the original mechanism within a few percent. We intended to investigate the effects of the composition and temperature on the formation of the main products and the C5+ species.
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The CHEMKIN 4 program package was used for the simulations. The effect of the various initial compositions was investigated in two series of simulations using the original mechanism. The operating conditions of a solid-oxide fuel cell can vary across a wide range of conditions, and we selected initial parameters that generally represent well the SOFCs. Thus, temperature and pressure were chosen to be 900 °C (1173.15 K) and 1 atm (101325 Pa), respectively. In both series of simulations, the initial mole fraction of methane was 0.3. Results are illustrated on a series of contour plots showing mole fractions of species as a function of residence time (x axis) and the initial mole fraction of steam (y axis). 

In the first series of simulations, the initial mixture consisted of methane, air and steam. Mole fraction of steam was varied from 0.7 to 0. Accordingly, the initial mole fraction of air changed from 0 to 0.7. The mole fraction of methane is viewed in Figure 1. In the second series of simulations, the initial mixture consisted of methane, steam and CO2. Mole fraction of steam was varied from 0.7 to 0, and thus the initial mole fraction of CO2 changed from 0 to 0.7. The mole fraction of methane is viewed in Figure 2.
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It’s visible that the composition of the original mixture has a great importance. The curves have very different characteristics: presence of oxygen makes the reaction much faster. In air rich mixtures the decay of mole fractions of oxygen and methane are fast. In methane ( air ( steam mixtures there are significant differences in the behaviour of air rich and steam rich mixtures. In methane ( steam ( carbon dioxide mixtures the changes are much slower and the dependence on the initial composition is less.

The mechanism reduction was carried out at isothermal and isobaric conditions. The composition of the initial mixture was 30.0 % v/v methane and 70.0 % v/v air. The assumed composition of air was 79 % v/v nitrogen and 21 % v/v oxygen. The mole fraction of CH4, O2, N2, CO, CO2, H2CO, H2, H2O, C2H6, C2H4, C2H2 and benzene (C6H6) reaches or exceeds 0.001. The mole fraction-time curves of major species can be seen in Figure 3.

Two ways of mechanism reduction were applied. In the first manner, the reduction was carried out in two steps: first the redundant species, then the redundant reactions were eliminated. In the second manner some disadvantages of the original method were eliminated.

A possible algorithm for the detection of redundant species can be based on the inspection of the normalized Jacobian 
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. An element of the normalized Jacobian provides information about how the production rate of species j changes, if the concentration of species i is perturbed [4,5]. In the next step, redundant reactions were eliminated. A possible method for the elimination of redundant reactions from detailed reaction mechanisms is the principal component analysis of the rate sensitivity matrix F (PCAF method) [5,6]. Both analyses were done by program KINALC [7].

The reduced mechanism contains only 1834 irreversible reactions of 168 species. We observed good agreement of the mole fractions of the important species, when their mole fraction was higher then 0.001. Thus, good agreement was observed for species CH4, N2, CO, CO2, H2, H2O, C2H4 and C2H2 during the whole time-scale; O2, H2CO and C2H6 till 1 s, and benzene (C6H6) from 100 s. The average error was less than 1 %, the largest difference was 6.90 % for the mole fraction of benzene at t = 970 s. 

The original species/reaction elimination method has some disadvantages. Species, having either non-zero initial concentration, or an introduction term, or an effective production reaction (a reaction route back to initialized or introduced species) is called a living species. The original method allows that a species is indicated to be necessary, but this species is not necessarily living. Addition of one species to the set of important species not necessarily makes any reaction selected, thus the connection of those species or set of species should be investigated, which make at least one reaction selected. Minimal sets closely connected to the group at every times are identified and ranked according to their strengths of link. At every time point there can be many minimal sets with strong link to the group, therefore it is reasonable to try more of them to find the optimal way to reduce error. Each of the added sets is checked whether its species become living when added to the group. After this a numerical test determined, which effective set of species are the most efficient in improving agreement with the full mechanism. The obtained skeletal mechanisms are integrated, and their species and global errors are stored. At every size, the set of necessary species with smallest error are taken under PCA to find important reactions. One of the reduced mechanisms contains 50 species, its maximal error is 5 %, and the simulation process is 92 times faster.
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Figure � SEQ Figure \* ARABIC �3� Mole fraction-time curves





Figure � SEQ Figure \* ARABIC �2� Mole fraction of methane in methane ( carbon dioxide ( steam mixtures
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