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Introduction 

In the last years there is a growing interest in the development and study of 

alternative fuels across various transport industries. Aviation industry is no 

exception to this trend. Indeed, the International Air Transport Association (IATA) 

established the importance of sustainable low-carbon alternative aviation drop-in 

fuels in their recent Technology Roadmap [1] in order to replace conventional, 

petroleum-based energy sources.  

Recently the attention focused on two categories of alternative jet fuels: the 

psch (FT) synthetic paraffinic kerosenes (FT-SPK) and the 

hydrotreated renewable jet (HRJ) fuels, both of which have been certified for flight 

in a blended form with conventional jet fuels [2]. FT-SPK fuels are obtained from 

coal (Coal-To-Liquid, CTL), natural gas (Gas-To-Liquid, GTL), and biomass 

(Biomass-To-Liquid, BTL) by using the FT process (a catalytic chemical reaction 

converting CO and H2 into various hydrocarbons). HRJ is produced by 

hydroprocessing of plant oil sources (algae, camelina, jatropha, etc.) and animal 

fats (tallow) [3].  

The basic ignition and oxidation characteristics over a wide range of operating 

conditions are the key to the use of this fuels as drop-in fuel [2]. Therefore, the 

numerical investigation of these characteristics becomes an invaluable analysis 

tool. 

Different reaction mechanisms have been specifically developed in order to model 

the jet fuels and alternative jet fuels combustion [4-6] or have been adopted to this 

purpose [7]. The understanding of the differences between these mechanisms can 

have a large impact on the numerical study of alternative jet fuels combustion.  

In this work three reaction mechanisms [4,6,7] will be compared by using a novel 

parametric continuation tool [8]. Particularly, the combustion of a GTL-air mixture 

in a perfectly stirred reactor (PSR) will be analyzed, highlighting the difference of 

the residence time required to get spontaneous ignition or extinction.   

 

Methodology  

Governing Equation. The equations of unsteady adiabatic constant pressure PSR 

can be written as: 
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where , , , , , , , ,s pY t W r N T h c V  are, respectively, the mass fraction, the time, the 

molecular weight, the net production rate, the number of chemical species, the 

mass specific enthalpy, constant pressure specific heat and the volume of reactor. 

The subscripts j and f  refer, respectively, to species index and to feed conditions.  

 

Reaction Mechanisms. Three different chemical mechanisms have been adopted in 

this work in order to model the GTL-air combustion in PSR: 

1. Ranzi et al. The complete detailed and semi-detailed mechanism of 

pyrolysis, partial oxidation and combustion of hydrocarbon fuels, up to 16 

C atoms, developed by the Chemical Reaction Engineering and Chemical 

Kinetics (CRECK) group [7,9] (Version 1407, July 2014) - 482 species and 

19072 reactions. 

2. Naik et al. The detailed chemical kinetic mechanism for surrogates of 

alternative jet fuels proposed by Naik et al. [4] - 564 species and 3556 

reactions 

3. Malewicki et al. The detailed mechanism for the modeling study on the 

oxidation of Jet-A proposed by Malewicki et al. [6] - 2080 species, 8310 

reactions. 

 

Surrogate Definition. GTL, as well as other Jet Fuels, is a complex mixtures of 

several hundred hydrocarbons. The complexity of the chemical composition does 

not permit the complete development of a detailed reaction model. Therefore, a 

surrogate (also known as model fuel) need to be defined to study the combustion 

behavior of this fuel. Because of the purpose of the work is to compare selected 

reaction mechanisms, a single model fuel is adopted to make the comparison 

between the mechanisms independent of the surrogate definition. 

The ternary mixture of n-dodecane/n-decane/iso-octane 11/61/28 mol% proposed 

in [4] to model Shell GTL is adopted. 

 

Parametric Continuation. To perform the parametric continuation of a system, 

such as the system of equations (1) and (2), means determining its steady state 

solutions (i.e. the equilibrium points or equilibria) and studying the dependence of 

these points on a parameter. Mathematically it means to find, starting from a 

known equilibrium point that is found at some fixed parameter value by numerical 

integration, the entire curve of equilibria over the selected range of the parameter p,  

by numerically solving the vector system: 
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  , 0p F x  (3) 

 

where x  is the state vector, 1[ , , , ]
sNY Y T x . In all the computations here 

reported, p is the residence time   in the PSR.  , pF x denotes the augmented 

system formed by the r.h.s. of the Eq.(1) and Eq.(2) together with an additional 

scalar equation representing the chosen parameterization. A pseudo-arclength 

Predictor Corrector Method (PCM) suitable for the parametric continuation of 

detailed mechanisms with hundreds or more of species and thousands of reactions 

has been recently developed [8]. An appropriate choice of the basic steps, 

Prediction, Correction and Step-size control, allows a successful application of the 

PCM with detailed mechanisms. An in-depth discussion of these topics is beyond 

the scope of this work. For further details are reported in [10].  

 

      
Figure 1. T versus   projection of the bifurcation diagrams for the three reaction 

mechanisms at pressure of 1 atm. Left 0.6  , right 1  . 

 

Results and discussion 

The one-parameter continuation of the stationary solution from cold conditions to 

ignited ones in a PSR with the residence time   as parameter and inlet temperature 

of 1000 K has been performed at different pressure conditions (10 atm and 50 atm), 

and with two different equivalence ratios 0.6   and 1  .  

Figure 1 shows the equilibrium state temperature in the reactor as function of the 

residence time for the three selected mechanisms and the two equivalence ratio, 

under pressure of 1 atm and inlet temperature 1000 KinT  . The curves are typical 

folded S-curves with multiple solutions and distinct ignition and extinction states 

[11]. Even if the general trend is similarly reproduced by the three mechanisms, 

significant differences arise in the range of residence times corresponding to the 

occurrence of multiplicity of solutions. Any dominant trend can be envisaged with 
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respect to the behavior of the maps by changing the reaction mechanisms. This 

implies that in absence of experimental data it is not possible to give an indication 

of superior performances of a given mechanism in terms of accuracy. Results allow 

a general and consistent description of the principal features of the bifurcation 

maps as  functions of the physical parameters varied. Ignition points ae almost 

insensitive to the equivalence ratio while stoichiometric mixture are able to sustain 

combustion at lower residence time with respect to lean mixtures.  

The effect of pressure is documented in Figg. 2 and 3, where the same bifurcation 

maps at all the same conditions but the pressure are reported. Figure 2 is relevant to 

a pressure of 10 atm. Figure 3 is relevant to a pressure of 50 atm. These values are 

representative of typical values adopted in gas turbine combustors.  

 

      
Figure 2. T versus   projection of the bifurcation diagrams for the three reaction 

mechanisms at pressure of 10 atm. Left 0.6  , right 1  . 

 

At higher value of the pressure, all curves shift towards lower value of the 

residence time. The limiting extinction and ignition residence times move 

accordingly. Higher temperatures are obtained by increasing the pressure. 

Remarkably, while the curves of ignited branches with the different tend to 

collapse at higher pressures, the contrary happens for the ignition points that 

largely differ at 50 atm. This is probably the consequence of the common choice to 

optimize the reaction mechanisms with respect to the predictability of this state 

variable (the temperature) at working condition of interest for practical 

applications. 

The reported diagrams in terms of temperature are only one projection of the whole 

states of equilibrium that involve the large number of species concentrations. In 

order to give an example of how different the whole system can behave, in figure 4 

the same bifurcations maps at 0.6  and for the three selected pressures are 

represented adopting the methyl mass fraction as state variable. Proportionally, 
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much larger differences among the three selected reaction mechanisms are found 

for this common intermediate simple species. This kind of inspection at the 

bifurcation diagrams highlights the role that the different mechanisms give to 

specific reaction paths. 

 

     
Figure 3. T versus   projection of the bifurcation diagrams for the three reaction 

mechanisms at pressure of 50 atm. Left 0.6  , right 1  . 

 

     
Figure 4. Methyl versus   projection of the bifurcation diagrams for the three 

reaction mechanisms at 0.6  . From left to right pressure of 1, 10 and 50 atm.  

 

Conclusions 

An investigation of the behavior of three different detailed mechanisms aimed to 

predict the combustion of alternative jet fuels with air has been conducted by 

comparing the corresponding bifurcation maps resulting from the feeding of a PSR 

at different residence times. This approach allows to have an immediate overview 

for a wide range of conditions and to characterize significant points as the ignition 

and extinction conditions. The general trends are similarly reproduced with all the 

three selected mechanisms, even if relatively large discrepancies can be detected 
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especially at limit points and in the range of   corresponding to the occurrence of 

multiplicity of solutions. 

The presented results are only a small excerpt of the large amount of information 

that becomes available with this approach, allowing for an extensive validation of 

surrogate compositions and reaction mechanisms. The possibility to conduct this 

kind of analysis also with detailed reaction mechanism can help a wider adoption 

of alternative fuels. 
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