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. Abstract

Models of homogeneous explosions and one-dimensional laminar flames of hydrogen
and methane were analysed by a series of mathematical tools. The results indicated
that the real dynamical dimension of these systems is 1 to 3, while the number of vari-
ables is from 10 to 38. This dimension reduction indicates strong couplings in the
model, exhibited in the similarity relations among the sensitivity functions. It has con-
sequences in areas of practical importance, like determination of rate parameters from
experimental data or search for a minimal equivalent model.

Introduction

Selforganization is usually investigated in solution phase chemical or biological sys-
tems. In this paper we should like to demonstrate that some high temperature gas-
phase chemical kinetic systems are not only highly non-linear, but also may show sur-
prising signs of selforganization.

The systems investigated were the homogeneous explosions and one-dimensional
laminar flames of hydrogen and methane. We have investigated both freely propagat-
ing and burner stabilized laminar flames. The methane combustion simulations used
the Leeds Methane Oxidation Mechanism [1}, [2], which contains 37 species and 350
(irreversible) reactions, The hydrogen oxidation calculations were carried out with a
subset of the Leeds Mechanism, having 9 species and 46 reaction steps.

The number of variables of the explosion and flame models was equal to the
number of reactive species plus one when temperature was also calculated. It has been
shown recently, that the real dynamical dimension of high temperature chemical ki-
netic systems is lower; in the case of the adiabatic explosion of hydrogen it is one in-
stead of ten and in the case of the adiabatic explosion of methane it is three instead of
38. The reason of this huge dimension reduction is the existence of low-dimensional
slow manifolds in the variable space of high-temperature chemical kinetic systems.

Lam and Goussis [3] have investigated the presence of different time-scales in a
series of single points of the variable space. Roussel and Fraser [4] described the evo-
lution of kinetic systems in connection with slow manifolds. They stated that the exis-
tence of very different time scales in chemical kinetic systems causes the trajectory of
the solution to move on stow manifolds. The trajectory originally moves on an N di-
mensional manifold, but as time advances usually the dynamical dimension of the
movement decreases and after some time the trajectory moves close to a two-
dimensional surface (curved plate), then close to a one-dimensional curve, and finally
arrives to the zero-dimensional equilibrium or stationary point if it exists. Maas and
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Pope [5] elaborated algorithms and computer codes for the approximate numerical
calculation of slow manifolds. They also studied the existence of manifolds in several
combustion models and generated reduced models having few variables only.

We have shown [6], [7] that the presence of low-dimensional manifolds in the
composition space of dynamical systems may result in the similarity of local sensitiv-
ity functions, which is a sign of several unusual features of such systems. Sensitivity
analysis investigates the effect of parameter change on the solution of mathematical
models. The local sensitivity coefficient s,; = 0Y#dp, shows the effect of the minor
change of parameter p; on model result ¥;. In the case of a general model, no relation
can be expected among the rows and columns of a local sensitivity matrix. However,
the sensitivity functions may exhibit three types of similarity.

The Similarity of Sensitivity Functions

The local sensitivity functions (s, = dY, /dp, ) of chemical kinetic models may
show the following types of similarity:
(1) Local similarity: A, (z) =8, (Z)/Sjk (Z) is equal for any parameter &, but depends

on the results ¥; and Y] investigated,

(2) Scaling relation: /?.«lj(z) is equal to (d Y (z)/d z)/(d Y, (z )/d 2),

(3) Global similarity: pt,, =5, (z)/si, (z) 1s constant in a range of the independent
variable z (time or distance).

Scaling relation and global similarity (the latter under the name of self-similarity)
have been described [8], but local similarity existing without scaling relation was de-
tected by us.

Similarity of Jocal sensitivity functions was investigated in hydrogen—air explo-
sion and flame models. A series of models were created, consisting of homogeneous
explosions and burner-stabilized and freely propagating flames. In all the cases the
temperature profiles were either calculated using the assumption of adiabatic condi-
tions, or these profiles were fixed to the previously calculated ones. All calculations
were carried out at four different equivalence ratios (¢ = 0.5, 1.0, 2.0, and 4.0). Care-
fully choosing the initial and boundary conditions, the results of all these models could
be meaningfully compared, In the cases of the adiabatic explosions of hydrogen—air
mixtures, all the three types of similarity were found. In other cases, either similarity
existed only for some parameters or no similarity was found for any of the parameters.
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Figure 1. Local sensitivity functions of the mass fraction of OH with respect to the
natural logarithm of the 46 pre-exponential coefficients of the reaction steps as a func-
tion of temperature, calculated for the adiabatic explosion of hydrogen—air mixtures for

equivalence ratios ¢ = 0.5, 1.0, 2.0 and 4.0. The sensitivity curves end at the burnt

equilibrium temperature. .

Adiabatic explosions of methane—air mixtures were also investigated and local
similarity was found. The calculations were carried out using three different mecha-
nisms; the similarity relations were similar in all the cases showing that this feature
does not depend on the details of the reaction mechanism.

The consequence of the global similarity of the sensitivity functions is that mod-
els with different parameter sets can give almost identical simulation results for all
variables in a wide range of the independent variable. This statement was illustrated
with a series of numerical experiments using modified hydrogen and methane oxida-
tion mechanisms. We have called the attention to the possible problem that using a
chemical kinetic model of global similarity, fitted rate coefficients can be determined
with large error, while this is not expressed in the deviation of the experimental and
fitted model results.

Based on the theory of slow manifolds, an explanation was given to the local
similarity and the scaling law. We have shown that scaling relation appears if the tra-
Jectory of the simulation is close to a one-dimensional slow manifold. Global similar-
ity appears if the sensitivity functions are locally similar and the sensitivity ODE is
pseudohomogeneons.
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Couplings among the reaction steps and the minimal size of the mechanisms

In the case of adiabatic models, heat effect of a reaction step may change the tempera-
ture of the reaction mixture, thus affecting the rate of others. This is called the thermal
coupling among the reaction steps. In the case of models of spatialty inhomogeneous
systems, a reaction step at one location may produce a reactive species that increases
the rate of other reaction steps at another location. This is called the diffusion coupling
among the reaction steps. We have investigated the thermal and diffusion couplings
among the reaction steps of hydrogen combustion models [9].

Reduced mechanisms were created using the principal component analysis of the
local sensitivity matrix (PCAS method) and that of the rate sensitivity matrix (PCAF
method). Global similarity was found to appear in the results of the PCAS method and
1ts origin was explained. Our calculations indicated that the PCAS and PCAF methods
have the same efficiency in mechanism reduction and produce the same results; nei-
ther the thermal coupling nor the diffusion have impact on the importance of the reac-
tions at the oxidation of hydrogen. A 31-step minimal reduced mechanism was created
that described the combustion of hydrogen at all conditions investigated. The same
reactions were important in homogeneous explosions and flames, therefore diffusion
coupling did not influence the importance of reactions. The same reactions were im-
portant in burner-stabilized and freely propagating flames, although the corresponding
sensitivity functions were very different. Rich flames could be modelled by much
fewer reaction steps than the stoichiometric and lean ones. Instead of the original 46-
step mechanism, the combustion of hydrogen could be described by 15-step to 28-step
mechanisms at the various conditions investigated and a 31-step mechanism could
replace the original mechanism at all conditions studied.

References

f1] K.I. Hughes, T. Turdnyi, A.R. Clague, M.J. Pilling, Int. J. Chem. Kinet. 2001, 33, 513,

{2] Combustion Simulations at the Leeds University and at the Eétvis University
hitp:/fiwww.chem.leeds.ac.uk/Combustion/Combustion.htm]
http://garfield chem.elte. hu/Combustion/Combustion htm]

[3] S.H. Lam, D. A. Goussis, Proc, Combust. Inst., 1988, 22, 931.

[4] M. R Roussel, S. J., Fraser, J. Chem, Phys. 1991, 94, 7106.

[5] U. Maas, S. B. Pope, Combust. Flame, 1992, 88, 239,

(6] L Gy.Zsély, I. Zador, T. Turdnyi, J. Phys. Chem. A, 2003, 107, 2216.

[71 ). Zédor, 1. Gy. Zsély, T. Turdnyi, Int, J, Chem. Kinet., 2004, 36, 238,

[8] H.Rabitz and M.D. Smooke, J, Phys. Chem., 1988, 92, 1110.

[9] 1. Gy. Zs€ly, T. Turényi, Phys. Chem. Chem. Phys., 2003, 5, 3622.

137



