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Articles Kinetics of Hexane Pyrolysis at Very High Pressures. 2. Computer Modeling Florent Domine* CNRS, Dgpartement de GPologie, Ecole Normale SupPrieure, 24 rue Lhomond, 75231 Paris Cedex 05, France



Paul-Marie Marquaire, Chantal Muller, and Guy-Marie CBme CNRS (UA 328), INPL (ENSIC),and Universitg de Nancy I , 1 rue Granville, 54042 Nancy Cedex, France Received September 14, 1988. Revised Manuscript Received October 10, 1989



A mechanism consisting of 156 free-radical reactions is used to model the experimental results, obtained in a previous study, of the pyrolysis of supercritical hexane (T,= 234 O C , P, = 29.3 bar) in the 290-365 "C and 210-15600 bar temperature and pressure ranges. The Arrhenius parameters used here are very close to those measured in the gas phase. Strong arguments support the extrapolability of this reaction mechanism to the lower temperatures of geochemical interest. Simulations performed between 60 and 200 " C show that, a t these low temperatures, pressure has little effect on the distribution of hexane pyrolysis products. The main effect is that high pressure considerably decreases the overall pyrolysis rate of hexane (by a factor of 1087 if pressure increases from 210 to 15000 bar at 60 "C). Introduction The high-pressure, low-temperature pyrolysis of hexane has been the subject of a previous experimental study.' The pressure and temperature ranges investigated were 210-15600 bar and 290-365 "C. That study showed that, a t 210 bar, the kinetics of pyrolysis of hexane could be described by a mechanism consisting of free-radical reactions whose kinetic parameters were very close to those measured in the gas phase. In the present study, a complex mechanism consisting of 156 free-radical reactions is used to model hexane pyrolysis at 210 bar and to confirm that gas-phase values of kinetic parameters can be used to give results reasonably close to the experimental ones. To account for the modification of kinetic parameters at higher pressure, the activation volumes of the free-radical reactions have to be introduced into the model. The purpose of this series of papers is to suggest an alternative method to model the chemical transformations undergone by crude oils and their precursors during their thermal evolution in the Earth's crust. The usual app r ~ a c h ~uses - ~ chemical models based on global stoichiometries and kinetic parameters determined empirically under laboratory conditions (typically 450 "C, 10 bar). These models are then extrapolated to dramatically different geological conditions (typically 140 "C, 800 bar). However, no physical explanation has been given to justify such an extrapolation while arguments suggesting that such an approach was very questionable have been put forward.6
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To its credit, that approach proposes a simplified way to deal with the enormous complexity of the geochemical mixtures and has yielded some useful result^.^ However, besides their lack of theoretical basis, these models are incomplete, as they do not, for example, provide any useful prediction regarding the effect of pressure on the generation and the thermal evolution of crude oils. As the more accessible oil reserves become depleted and the cost of exploration increases, the need for more accurate, reliable, and predictive models will doubtless grow. Such models should describe the actual physical and chemical processes affecting organic matter in the Earth's crust. The goal of this paper is to contribute to such a model by investigating the possibility of describing the thermal evolution of organic matter in terms of the elementary reactions that are involved in their evolution. In this first step, we focus our interest on a pure compound, hexane, because it is representative of aliphatic hydrocarbons, which make up a very large fraction of crude oils, and because the experimental data necessary to elaborate such a model are available.' Unfortunately, physical and chemical properties of highly compressed supercritical fluids have been investigated much less than those in the gas and liquid phases, which means that a lot of data, such as the viscosity of the medium or the activation volumes of reactions, are not known. Despite the resulting uncertainty, and while stressing the need for more studies, the present model adequately reproduces the experimental results obtained (1) Doming, F. Energy Fuels 1989, 3, 89-96. (2) Tissot, B. P.; Espitalig, J. Reu. Inst. Fr. Pet. 1975, 30, 743-777. (3) Ungerer, P. In Thermal Phenomena in Sedimentary Basins; Durand, B., Ed.; Technip: Paris, 1984; pp 235-246. (4) Ungerer, P.; Pelet, R. Nature 1987, 327, 52-54. (5) Burnham, A. K.; Braun, R. L. In Situ 1985,9, 1-23. (6) Snowdon, L. R. Am. Assoc. Pet. Geol. Bull. 1979,63, 1128-1134.
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Figure 1. Structure of the computer program used.



between 290 and 365 "C, and its extrapolation to the lower temperatures of geochemical interest can be justified. Simulations performed at those temperatures show that the pyrolysis of hexane is much slower than that of natural organic matter, as deduced from field observations. This was expected, as hexane and straight-chain alkanes in general are among the most thermally stable chemical structures found in crude oils. However, we predict here that the low-temperature pyrolysis of hexane, initiated by some of the compounds present in natural organic matter, can proceed at a rate comparable to that of natural organic matter, which demonstrates the relevance of this approach to organic geochemistry. The modeling of hexane pyrolysis at low temperature also shows that high pressure inhibits the thermal evolution of hexane and possibly of many other organic compounds and their mixtures.



equations (ODE) with initial conditions. The operating conditions are the initial concentrations of the reactants, the temperature, and the reaction durations. The treatment to be done is either a simple simulation, a set of simulations, a sensitivity analysis, or an automatic identification of the reaction model. The simulation of the reaction should solve the system of ODE'S, which is nonlinear, coupled, and stiff. This last feature has led us to use the simplest A-stable algorithm, i.e., the implicit method of Euler. Nonlinear algebraic equations have been solved by the iterative algorithm of Newton and linear algebraic equations by a Gauss algorithm. A sensitivity analysis of the reaction mechanism is achieved by means of the direct method, which allows detection, among the elementary processes, of the ones that are determinant, which will be submitted to the optimization process. The final result is an optimized reaction model. Toward the end of this work, a computer program similar to ours, CHEMKIN? became available to us and was also used to perform some calculations. Both programs yielded identical results.



where / is a C-C bond and A and E are the Arrhenius parameters of the rate constant (respectively, the preexponential factor and the activation energy). Setting up the mathematical model of the reaction is achieved by a specific compiler,8which numbers the constituents and the reactions, determines the matrix of the stoichiometric coefficients, builds up the tables of kinetic parameters, and finally encodes the rate laws as a function of current concentrations and temperatures. Then, the specifications of the particular problems to be dealt with are introduced into the computer. In the present case, the reaction model is an ideal batch isothermal reactor. There is only a material balance to calculate, which results in a system of ordinary differential



Determination of A and E The reaction mechanism used here has been discussed previously and is reported in Table I. It consists of 156 free-radical reactions which account for the primary and secondary products of hexane pyrolysis observed at low ( 
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