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Abstract
In the annular burner of a 100 kWe micro gas turbine (MGT), combustion begins or is supported by pilot. flames appropriately 

located. These can be thought as partially stirred reactors in which reagents are considered immiscible at the molecular level and 
homogeneous in the spatial dimension. The survey reports of a numerical sensitivity analysis developed in two steps. The first on 
the pilot flame model, focusing on some of the most well-known kinetic schemas of hydrocarbon combustion simulation, has helped 
to extrapolate the optimal conditions of ignition. Performances of different gaseous biofuels, simulated via the kinetic model’s 
methane 17, methane 30, and GRI Mech 3.0, to extrapolate, in a sort of principal component analysis to compute NOx production. 
Operational environment described by the fluid- dynamic parameter MIXT, that identifies the partially stirred conditions of the 
flame; temperature at ignition, Tinit; the best feeding ratio. GRI Mech 3.0 is the only model able to calculate NOx production and so 
it was considered at the optimal conditions, by induction, in a sort of extensive meta-analysis.
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Introduction
The micro gas turbines (MGTs) [1,2] are energy and mechanical 

devices still considered as technologically young. These devices 
have been developed since the late 1940s in the aircraft industry and 
were then borrowed (since the 1990s) by manufacturing sectors as 
stationary systems for electricity production. They are available in a 
wide range of rated power outputs, i.e., from 5 to 250 kW. Designed 
to work with natural gas, their good performance is assured by a set 
of combined effects. Climate and geographical position are external 
conditions that affect the thermodynamic cycle, while. the structure 
and technology of the burner, the established chemical and physical 
conditions, and the supplied fuels are the internal variables. The 
evolution of combustion methodologies and techniques [3,4] 
best suitable for the burner of the micro gas turbine [5-7] was 
investigated in the different related topics: turbulence [8], fluid 
dynamics, the mathematical models, kinetics, and emissions. 
These various fields of investigation are often interconnected [9]. 
From the evaluation of the best fitting numerical model [10] of 
combustion in the turbulence range to the production of energy by 
means of coupled devices, measuring the cogeneration combined 
heat power (CHP) between MGTs and natural gas-fueled internal 
combustion engines and, e.g., also characterizing their emissions 
[11]; other investigations points are related to the most fitting  

 
thermodynamic cycle if devices fed with renewables, e.g., about the  
organic Rankine cycle (ORC), and its performance in the MGT[12]. 
Furthermore, the studies on their thermoacoustic instabilities 
[13]. The study [14]., records of the ignition conditions at the pilot 
flame; the latter, is modeled as a partially stirred reactor (PaSR); 
the numerical comparison is extrapolated from the outcomes of 
the evolution of the simulation of some well-known kinetic models. 
Those applied were as follows: methane 17 [15], methane 30 [16], 
and GRI Mech 3.0 [4]. These kinetic models have an increasing 
degree of complexity and completeness. They are correlated with 
each other in terms of chemical species since they all evaluate gas-
phase hydrocarbon combustion reactions. Among them only GRI 
Mech 3.0 explains the development of NOx combustion and so it is 
helpful for the second part of the investigation that is focused on the 
extrapolation of some common species connecting all the schemas, 
also linked to NOx production species. The ambitious objective 
is to produce an autonomous and shorter computational model 
of NOx evolution, proceeding almost in contrast to the adaptive 
chemistry approach, [17], that addresses this issue by replacing 
the full mechanism with an entire library of locally accurate, 
reduced kinetic models. The pilot flame of the MGT, which starts or 
reinforces combustion, is reproduced by the PaSR model by means 
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of a system of ordinary differential equation (ODE) equations. The 
existing computational fluid dynamics (CFD) algorithms are very 
intensive in terms of computational cost, and they scale up with the 
number of chemical species modeled; if N is the number of species, 
then the CPU demand is N2 or N3 [18,19].

 The CPU time and memory overheads, which are required to 
solve reactive flows with detailed kinetics, are alleviated by two 
main classes of methods. These include model simplification and 
model reduction. The first method trims any non-important species 
and reactions from the detailed mechanism, while the second 
method produces a small number of global reaction steps, of which 
the rates are computed based on the elementary rates. They are 
usually in a series. The survey proposed searches for a sort of model 
simplification by modifying the detailed kinetics. The problem 
consists of determining the trajectory of the vector x(t), analytically 
or numerically integrating the system of equations starting from an 
initial condition x (0). Obviously, increasing the number of species 
that take part in the reaction, the number of stages that make up the 
model, or the degree of nonlinearity of the equations increases the 
degree of complexity of the ODE system and therefore the difficulty 
in solving it [20]. Such problems are simplified by Monte Carlo 
theory [21,22], which naturally allows the sensitivity analysis. It was 
performed by the increasing and the decreasing of each value of each 
parameter describing the PaSR model, with respect to the assigned 
sampling values, in a multivariate approach [23,24,25]. The ignition 
condition has the main constraint in the fluid dynamic conditions. 
of partial stirring, but it is to be satisfied in lean feeding. The related 
NOx productions are highlighted to extrapolate a connection among 
the common reaction evolutions in which NOx involved from the 
different simulations, started from the different kinetic models. It 
can be useful to deduce a simplified and, to all the analyzed gaseous 
blends, a commonly valid NOx production path. The MGT, by design 
conditions, are very low NOx emissive. The NO production is widely 
previously investigated, e.g., in the interactions between them and 
hydrocarbon mixtures at low temperatures [26], also improving by 
the analysis of the same problem at high temperatures, specifying 
the main hydrocarbon intermediates produced and NOx reactions 
under reburning conditions [27]. The connection between kinetics 
and fluid dynamics on NOx production, at changing of sources, e.g., if 
the source is syngas [28,29]. Moreover, the evaluation of the related 
development at the changes of the operational parameters, such as 
at the influence of pressure and temperature on De-NOx processes 
[30]. For what conceive the reduction of the chemical manifolds, 
the different perspectives of investigations run by means of the 
computational singular perturbation CSP theory [18,31], reinforced 
by conclusions and approaches about the chemical states of the 
involved reactions [32,33,34]; and their further developments 
related to the implementation of simplified chemical kinetics based 
on low-dimensional manifolds [35,36,37,38]; by measuring the 
degree of interaction among the involved species [39]; or by using 
some other different mathematical tricks: e.g. by adopting a reaction 
matrix [40]. Many researchers are investigating how to reduce the 
calculation time of the GRI Mech 3.0 model by means of indirect 
approaches. On this line of research [41], have observed changes 

to the burning velocity of premixed flames for a mixture of CH4/
H2, by supplying an air flow of modified composition, by replacing 
the CO2 with N2. But what is wanted in this analysis does not regard 
strictly GRI Mech 3.0 calculation time by using some tricks, as more 
as a sort of optimization on a focused path of its evolution.

It was focused on the role of NNH in the formation of NO, as 
a control phase to choose the schema of the reaction in chemical 
NOx developments [42]. The weight of computational cost from 
comparison between the GRI Mech 3.0 and the Lawrence Livermore 
n-heptane mechanisms via a reaction elimination was investigating, 
looking for the optimally reduced kinetic models by just eliminating 
the excess reactions and deleting the NOx developments [43]. In 
contrast, the peculiarity of our survey is the highlighting on the NOx 
formation reactions. The work proceeds with the help of the three 
kinetic models: methane 17; methane 30; GRI Mech 3.0. A subset of 
mechanisms reporting the common species in the minimum useful 
number to reproduce the nitrogen oxide reactions is extrapolated 
via of a sort of principal component analysis PCA [44], a refinement 
of the sensitivity analysis.

Material and Methods
Transport phenomena [45], turbulence, mixing and kinetics, 

[46,47], are the scientific areas related to the investigated problem. 
A pilot flame was significantly modeled by a Partially Stirred 
Reactor (PaSR), represented in [Figure 1]. It is a tool of the library 
of commercial software Chemin (from the User guide, 2003, 
the PaSR model); the version 3.7.1 was used for the simulations. 
By making some simplifying assumptions, the PaSR provided 
a phenomenological approach that shows the sensitivity of the 
reaction system to delayed micro-mixing. For instance, in a fuel-lean 
system, decreasing the mixing frequency had the effect of delaying 
combustion. That produced a greater range of local temperatures 
and local concentrations. The thermodynamic features (ranges 
of pressure, temperature, and fuel/air equivalence ratio of the 
supplied fuels) are presented in [Table 1]. For a flame considered 
as a system under homogenous spatial thermodynamic conditions 
with non-perfect molecular diffusion, the reactive species are 
considered immiscible at the molecular level and homogeneous 
in the spatial dimension. The mixing [48-50], conditions were 
expressed by means of an adaptation to the gas phase of the model, 
the so-called Curl’s model [51,52], originally born for mixtures in 
the liquid phase [53]. The mixing conditions into the gas particles, 
identified to droplets after coalescence and dispersion phenomena.

PASR mathematical model:
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Figure 1: Pilot flame model, a partially stirred reactor.

Table 1: Thermodynamic features of the supplied gaseous fuels.

Fuels Features

GAS
Chemical Mixture

Molar %

PM

g/mole

LHV

Mj/kg

CH4 CO C2H6 C3H8 C4H10 CO2 H2 N2

Nat Gas 0.92 0 0.037 0.01 0.0025 0.0015 0 0.029 17.34 47.2

Nat Meth 0.95658 0.00089 0.02053 0.00473 0 0 0 0.01727 16.64 51.93

Biogas 0.65 0 0 0 0 0.35 0 0 29.44 32.5

Biom O 0.18 0.33 0.02 0.02 0.02 0.1 0.25 0.08 21.92 19.2

SW gas 0.07 0.61 0.07 0.07 0 0 0.18 0 23.76 21.7

Respectively: (1), (2): mass and energy balance equations; (3): 
Molecular mixing Curl ‘s equation; (4) Interaction-by-Exchange-
with-the-Mean Linear-Mean Square-Estimation molecular mixing; 
(5) the un mixedness level, expressed through the density of 
mixture fraction and the weighted average of the fluctuations, 
adaptable and differently dependent on the conditions (3), (4). 
according to the Curl’s model H, the transit probability function (6).

Whenever Cϕ = 1/3, the models should produce the same 
equal un mixedness level, for a given

mixing time range.

res

1
1 / 3 mix
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τ τ
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The hypothesis on Damkhöler number: Da = (mixing time)/ 
(reaction time) ≫ 1 indicates a prevalent effect of turbulent 
mixing time with respect to the reaction time due to the speed 

of the combustion reactions [54-56]. This of turbulence assures 
uniformity of the main thermochemical properties.

Evolution of species was investigated via the GRI Mech 3.0 
model, that achieves completeness by describing and simulating 
hydrocarbon combustion and reporting NOx production, resulting 
in long calculation times recorded by the CPU. A standard dual-
core PC, such as that used in this research, takes three days to 
conduct each simulation run. The complex phenomenon, whose 
investigation is at a high grade of development and whose 
descriptive variables were highly uncorrelated, is a Monte Carlo 
[57-59] problem. Combustion, in fact, involves different species 
under established operational conditions and very different 
evolutions (the radical and the molecular reactions). Analytically, 
this stiff system was solved using the numerical method: backwards 
difference formula BDF [60-63]. The fundamental choice is on the 
integration step since the constraint of the stability of the solution 
was more important than the accuracy. This multi-grid problem 
[64-68] was approached by evaluating the joint probability [69] of 
temperature and concentration.
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Results
The author [70] investigated about performances of gaseous 

fuels into 100 KWe MGT according to different paths. The numerical 
simulation of several biofuels [71] imposing different fluid-dynamic 
hypothesis, e.g., by comparing those from the partially premixed 
and the laminar flame let fluid-dynamic models [72]. Focusing on 
a standard biogas [73,74] from sewage, supplied the 100 kWe MGT, 
via the k-ɛ fluid-dynamic model. The latter model, also applied to 
analyze performances and thermal effects of biomass gas and solid 
waste gas, in respect to the H2 content [75,76], in the same 100 
kWe MGT. The species H, O, CH2, CH2S, and OH were extrapolated 
as common markers among all the considered kinetic models. 
The latter were, to remember: the simplest model methane 17, 
composed of 17 intermediate species of the reaction and 73 
chemical reactions; the methane 30, composed of 30 different 
species and chemical equations; the GRI Mech 3.0, composed of 53 
species and chemical equations.

The outcomes recorded in Tables 2-5 below reports about 

the first simulated steps, proceed via the skeletal kinetic model 
methane 17 that, due its nature, requires the lower cost on the CPU 
(Central Process Unit). In the economy of dissertation [77-79], it 
was decided to report and to select only a part of all the chemical 
and physical effects and behaviors related to the numerous 
statistical evaluations that were carried out. e.g.: the hypothesis of 
the stability of solution, the analysis of what produced a variation 
of mathematical parameters (DT and n) was neglected in this paper, 
even though these calculations were performed for completeness 
[80- 82] of analysis. Several simulations performed: the way was 
to change each parameter at each run, fixing the others all. The 
main constraints for defining the optimal operating environment 
were the partial mixing MIXT, the ignition temperature T, and the 
fuel: air ratio. These parameters all are interconnected [83-85]. 
Tables 3-5 below show the outcomes of numerical simulations 
using various inputs chosen for the parameters of the mathematical 
model describing the flame characteristics. Operational conditions 
-pressure, typical temperatures and other features describing the 
considered PaSR environment of the MGT - on Table 6.

Table 2: Output of simulation under standard conditions.

Heading H O CH2 CH2S OH
Tout CPU

[·] = K h: min:s

DT = 5 × 10-5 - - - - - - -

n = 2000 - - - - -

fstoichiom = 0.168 - - - - - - -

Tfuel = 400 K
3.793×10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 10-3 2503 1:29:15

Toxi = 905 K

Tinit = 1500 K - - - - - - -

TAU = 15 × 10-3 - - - - - - -

MIXT = 1 × 10-5 - - - - - - -

Table 3: Marker’s species values, CPU =f (Mathematical parameters).

Mathematical parameters H O CH2 CH2S OH
Tout CPU

[·] = K [] = h: 
min:sec

DT = 5 × 10-5

- - - - - - -
n = 2000

DT1 = 2.5 × 10-5 n.a. - - - - - -

DT = 5 × 10-5 3.793 × 10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

DT2 = 15 × 10-5 2.594 × 10-5 7.366 × 10-4 -9.619 × 10-14 -1.181 × 10-14 5.153 × 
10-3 2443 0:55:05

n = 400 - n.a. - - - - -

n = 1250 7.010 × 10-5 5.968 × 10-4 1.833 10-15 1.466 × 10-16 5.382 × 
10-3 2564 1:11:19

n = 1500 8.174 ×10-5 5.164 × 10-4 3.387 10-15 2.696 × 10-16 5.071 × 
10-3 2567 1:10:15

n = 2000 3.793 ×10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

n = 10000 3.793 ×10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2504 1:43:29
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Table 4: Marker’s species values, CPU =f (Chemical and physical/thermodynamic parameters).

Chemical and physical/thermodynamic 
parameters H O CH2 CH2S OH Tout [ ] 

= K
CPU [ ] = 
h:min:s

fstoichiom = 0.168 Toxi = 905 K Tinit = 1500 K T 
[·] = K - - - - - - -

fstoichiom = 0.168 3.793 × 10-5 7.211×10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

f = 1/2f stoich= 0.084 7.189 × 10-7 1.285×10-4 -1.758 × 10-14 1.81×10-15 1.194 × 
10-3 2013 0:59:03

f = 0.0625 1.438 × 10-7 4.839 × 10-5 1.47×10-15 1.651 × 10-16 - 1820 0:58:48

f = 0.0572 7.734 × 10-9 7.357 × 10-6 3.258 × 10-28 1.06× 10-29 1.379 × 
10-4 1634 0:35:17

Tfuel = 300 3.637 × 10-5 6.961 × 10-4 1.708 × 10-7 1.05× 10-8 5.366 × 
10-3 2496 2:14:16

Tfuel = 400 3.793 × 10-5 7.211 ×1044 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

Tfuel = 600 4.167 × 10-5 7.803 × 10-4 1.968 × 10-7 1.217 × 10-8 5.757 × 
10-3 2520 1:26:32

Tfuel = 800 4.634 × 10-5 8.531 × 10-4 2.242 × 10-7 1.391 × 10-8 6.082 × 
10-3 2539 1:51:37

Toxi = 650 1.944 × 10-5 4.118 × 10-4 1.667 × 10-7 1.023 × 10-8 3.854 × 
10-3 2386 1:01:19

Toxi = 800 2.890 × 10-5 5.734 × 10-4 1.729 × 10-7 1.391 × 10-8 6.082 × 
10-3 2456 1:48:02

Toxi = 905 K 3.793 × 10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

Tinit = 1000 K 2.273 ×1015 6.455 ×1015 1.889 × 10-25 2.52× 10-26 3.313 × 
10-15 823 0:33:02

Tinit = 1500 K 3.793 × 10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 
10-3 2503 1:29:15

Tinit = 2000 3.970 × 10-5 7.495 × 10-4 1.792 × 10-7 1.108 × 10-8 5.616×10-3 2511 1:24:31

Table 5: Marker’s species values, CPU =f (Fluid-mechanical parameters (of control)).

Fluid-mechanical parameters H O CH2 CH2S OH Tout [·] = K CPU [] = h: min:sec

TAUMIXT - - - - - - -

TAU = 1 × 10-2 - - - - - - 1:04:13

TAU = 1.5 × 10-2 3.793 × 10-5 7.211 × 10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 10-3 2503 1:29:15

TAU = 2 × 10-2 2.300 × 10-5 6.719 × 10-4 1.596 × 10-7 9.732 × 10-9 4.959 × 10-3 2458 1:25:42

MIXT = 1 × 10-9 - - - - - 1500 n.a.

MIXT PSR = 1 × 10-7 5.247 × 10-5 6.985 × 10-4 5.195 × 10-16 4.066 × 10-17 5.661 × 10-3 2548 2:23:13

MIXT standard = 1×10-5 3.793 × 10-5 7.2112× 
10-4 1.779 × 10-7 1.099 × 10-8 5.484 × 10-3 2503 1:29:15

MIXT = 8 × 10-4 2.683 × 10-5 2.825 × 10-4 8.490 × 10-7 4.772 × 10-8 2.414 × 10-3 2130 -

MIXT PaSR = 5 × 10-4 1.181 × 10-5 2.665 × 10-4 4.226 × 10-7 2.379 × 10-8 2.246 × 10-3 2124 0:45:11

MIXT = 1 × 10-4 2.546 × 10-5 6.362 × 10-4 1.203 × 10-7 7.347 × 10-9 4.791 × 10-3 2437 1:08:16

MIXT PFR = 1 × 10-3 1.929 × 10-5 2.308 × 10-4 5.517 × 10-7 3.081 × 10-8 1.989 × 10-3 2033 0:22:43
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Table 6: Parameters at optimal conditions.

MGT Combustion Chamber Partially Premixed Model

DT Integration Step - 5 × 10-5

n Particle Number - 2000

MIXT Mixing Time - 5 × 10-4

TAU Residence Time [·] = s 15 × 10-3

Tinit Mixing temperature [·] = K 1200/1300

Tair Inlet air temperature [·] = K 905

Tfuel Inlet fuel temperature [·] = K 400

Other thermodynamic features

Pressure 3.8 bar

Q 800 g/s

Molar Concentrations of involved specie

standard conditions CH4/H2 = 0.5

The PaSR model uses interactions by exchanging them with the 
mean as a turbulent moment closure to simulate finite time micro-
mixing. Ideal macro-mixing was assumed as characterized by an 
exponential residence time distribution. The local conditions were 
relaxed toward the mean at a rate defined by the mixing frequency 
that was a ratio of turbulent dissipation to turbulent mixing 
energy. These considerations explain the reason why MIXT is one 
of the fundamental parameters for finding the optimal operational 
environment. The numerical values and the shapes of oscillations 
of the variances [86,87], of the MIXT fluid-dynamic parameter 
identified the partial mixing. Full mixing [88], reproduced by the 
Perfect Stirred Reactor (PSR) model is given from very dense, 
oscillating gaits of the variance of MIXT, as seen in Figure 2 below. 
If the oscillations of the variance of MIXT are regular (not too deep 
and not too narrow and short) they suggest partial mixing PaSR 
model, see Figure 3. Instead, the flat profile observed in Figure 4 

is related to the higher numerical values of the variance of MIXT; 
it was reproduced in the absence of mixing by a Plug-Flow Reactor 
(PFR). Numerical conclusions, coupled with technical and literary 
knowledge [89], let us deduce the following optimal numerical 
values to define the ignition condition of a pilot flame:

a) The partial mixing condition value: MIXT = 5 × 10-4.

b) The ignition temperature [86], Tinit = 1200/1300 K, 
depending on the fuel.

c) The ratio of lean fed: φi =𝑚𝑓𝑢𝑒𝑙= 1/2 φstoichiometric.

The Thermal profiles were identical when the chemical 
evolutions related to the processes, they reproduce were similar 
see Figure 5. By dividing the time of the investigation into three 
ranges (0-0.05) s, we get the following:

Figure 2:  MIXT 1× 10-7-Perfectly Stirred Reactor (PSR) behavior from simulation.
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a) (0-0.004) s.

b) (0.004-0.02) s.

c) (0.004-0.05) s.

Graphical representations of the temperature evolutions of 
methane 17 and GRI Mech 3.0 perfectly overlap within the first 
and the last range of time, whereas they show a hysteresis within 

(0.004-0.02) s. GRI Mech 3.0 evolution proceeded at a lower 
temperature in the indicated last range of time. This likely depends 
on the absorption of energy because of the endothermic reactions 
of the NOx compounds have been calculated. They produce a bulk 
lowering of temperatures. Thermal profiles of Methane 17 and 
Methane 30 totally overlap under the considered conditions [Figure 
6].

Figure 3:  MIXT 1×10-4-Partially Stirred Reactor (PaSR) behavior from simulation.

Figure 4:  MIXT 1× 10-3-PFR (Plug-Flow Reactor) behavior from simulation.
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Figure 5:  Methane 17; GRI Mech 3.0 optimal condition.

Figure 6:  Methane 17; Methane 30; GRI Mech 3.0 optimal condition.

Results and Discussion: NOx Production
In the path of previous investigations about NOx production 

[90, 91], and focusing on from micro gas-turbines, [92-94], it was 
developed the idea of a privileged and simplified way to calculate it 
[95], by evaluating the “relative abundances” of the intermediates 
of the production of NOx [96,97], compounds. The most well-known 

kinetic outputs related to the reaction mechanisms of NOx [98, 99], 
were via the flame or post-flame steps. Conversions according 
to the flame Zeldovich mechanism, increases the NO yield, also 
reinforced via the prompt mechanism; the weaker contribution on 
NO yield comes from NNH, reaction mechanism. In comparison, 
the H atomic [100], attack reaction on that of the N2O balance, 
the O atomic balance attack on N2O balance, and the Zeldovich 
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mechanism via the O atomic balance attack reaction on molecular 
N2 are of the post-flame production. The kinetic mechanisms of 
NOx production are described in Table 7: In the second part of the 
study, it was considered that the gaseous fuels were supplied at the 
optimal conditions previously found - the fluid-dynamic parameter 
MIXT; the fuel/air ratio and the ignition temperature T. By imposing 

kinetic constraints on the NOx production [101], the focus is to 
extrapolate an autonomous, simple reduced kinetic mechanism or, 
better, a schema, of its evaluation and computing. By using the GRI 
Mech 3.0 model, were simulated, by running, behaviors of natural 
gases, but also of biomass gas: solid waste gas and biogas, of which 
the compositions on Table 1.

Table 7: The kinetic mechanisms of NOx production.

Zeldovich mechanism Nitrous oxide mechanism

1.  rxn 1 N2 + O ⟹ NO + N 1.  rnx 4 N2 + O + M ⟹ N2O + M

2.  rxn 2 N + O2 ⟹ NO + O 2.  rnx 5 N2O + O ⟹ NO + NO

3.  rxn 3 N + OH ⟹ NO + O 3.  rnx 6 N2O + H ⟹ NO + NH

*Kinetics relation: [ ] [ ][ ]1 2

d NO
=2k N O

dt *Kinetic equation: 
[ ] [ ][ ]7 2

d NO
=2k N CH

dt  supposing quantitative 
oxidation of HCN and N to NO and N that react 

according to rxn 2 and rxn 3 reactions.

NO prompt mechanism NNH mechanism

1. rnx 7 N2 + CH ⟹ HCN + N 1. rnx 8 N2 + H ⟹ NNH + H 
2. rnx 9 N2 + H + M ⟹ NNH + M 
3. rnx 10 NNH + O ⟹ NO + NH 

4. rnx 11 NNH + O ⟹ N2O + OH

kinetic relation: [ ] [ ][ ] [ ][ ]5 2 6 2

d NO
=2k2k N O O +2k N O H

dt

*Quantitative oxidation of NO to NH was 
supposed. Not reported, because of conciseness questions, N2O and N2 

reconversion reactions.

*Kinetic relation: [ ] [ ][ ]10

d NO
=2k NNH O

dt are the same defined 
dt 

by Miller and Bowman at the end of 1880, except for the 
NNH mechanism, pointed out by Bozzelli and Dean in 1995.

Table 8: Concentrations of the main intermediate and/or product of NOx production.

Kinetic Analysis-NOx Precursors Concentrations, by Varying Fuels and the Operating Optimized Temperature

CH N2O NNH O H NO Gas at the ignition temperature

2.406 × 10-9 1.041 ×10-6 2.094×10-9 2.232 ×10-4 9.245×10-6 1.557×10-3 Natural gas T = 1300 K

-1.545 ×10-27 3.245×10-11 3.298×10-18 6.259×10-13 1.256×10-13 1.055 × 10-17 Natural gas T = 1200 K

2.966 × 10-10 6.436 × 10-7 3.516×10-10 3.383 × 10-5 1.733 ×10-6 2.031 × 10-4 Biomass O gas T = 1200 K

1.594 × 10-10 8.027 × 10-7 5.569×10-10 7.565 × 10-10 2.576 ×10-6 6.251 × 10-4 SW gas T = 1200 K

6.016 × 10-12 1.659 ×10-6 1.080×10-11 1.165 × 10-5 7.072 ×10-6 3.035 × 10-6 Biogas T = 1300 K

-4.569 ×10-30 5.299 ×10-12 1.542×10-19 2.856 × 10-13 5.743 ×10-6 9.034 × 10-18 Biogas T = 1200 K

Table 9: COx-NOx emissions produced under the optimal conditions of a pilot flame (PaSR) of a 100 kWe MGT.

Emissions: CO-CO2, NO-NO2, Ignition T, and Final T at a Pilot Flame

CO CO2 NO NO2 Tout [·] = K Gas at the ignition temperature

6.802 × 10-3 9.238 × 10-2 1.557 × 10-3 7.992 × 10-6 2100 Natural Gas NG T 1300 K

1.688 × 10-2 1.147 × 10-1 2.256 × 10-3 1.613 × 10-6 2244 Natural Gas NG T 1200 K

4.815 × 10-3 7.966 × 10-2 2.031 × 10-4 2.810 × 10-6 1622 Biomass gas (O) T 1200 K

7.358 × 10-3 1.074 × 10-1 6.251 × 10-4 4.807 × 10-6 1826 SW gas T 1200 K

3.982 × 10-4 6.483 × 10-2 3.035 × 10-6 2.303 × 10-7 1435 Biogas T 1300 K

9.137 × 10-8 2.727× 10-2 8.631 × 10-18 3.456 × 10-17 876 Biogas T 1200 K
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As in the identification of the optimal conditions of the pilot 
flame at ignition, some intermediate agents were markers to 
evaluate chemical kinetic developments. The selected species 
[102], thought to be the most significant and essential, are CH, 
NO2, NNH, OH, H, and NO. They motivation of this choice is because 
they interconnect the three considered kinetic mechanisms of 
gaseous hydrocarbon combustion. More information about the 
thermodynamic conditions at ignition, related to the different 
fuels, is shown in Table 8. By computational simulation, it can be 
concluded that natural gas and biogas, mainly made from a carbon 
matrix, ignite at Tinit = 1300 K, whereas the ignition temperature 
of solid waste and biomass gas is Tinit = 1200 K. The lower ignition 
temperature of the latter gases is because of the H2 percentage in 
the mixture. When it burns, gases made of a part of H2, releases the 
higher energy amount of H2 contribute into the reaction bulk. 
An expected evolution of combustion is that it proceeds with a 
constantly burning flame, whereas an unsolicited evolution of a 
good combustion is the flame extinction. The condition of flame 
extinction is given by the absence of a correlation between the 
statistical variable’s temperature and concentration. The negative 
value of the dependent variable CH underlines and expresses 
the almost absence of statistical correlation (see Table 8, which 
reports statistical evolutions of the main species involved in the 
NOx production in a gaseous combustion, according to schemas 
proposed on Table 7 between CH production at the ignition 
temperature T=1200K for biogas or for natural gases. The CH 
species, in a chemical-physical point of view, it is as if that which 
supports the ignition and the advancement of combustion. The 
minimum production of NOx species is because of the globally warm 
environment, and not due to a real burning. Table 9 shows show the 
final outcomes in terms of COx and NOx and temperatures achieved 
by the different gases, at the established ignitions temperatures. 
The Table 9 reports the global CO, CO2, NO, NO2 productions and the 
final temperatures, considering the different supplied gas at their 
own related ignition temperatures Natural gas has the highest LHV; 
its combustion produces the highest amount of NOx compounds, 
including NO, since this production is endothermic. The second 
most abundant compound produced was N2O [103], Natural gas, 
biogas, and methane-based production produced N2 Almost 1×10-7 
at an ignition temperature Tinit = 1300 K. Biomass gas [104], solid 
waste gas, and H2-based production produced a similar amount of 
N2O at a lower ignition temperature Tinit = 1200 K.

 At Tinit = 1200 K:

a) [N2O2] natural gas = 1 × 10-11.

b) [N2O] biogas = 1 × 10-12.

The lower ignition temperature depended on the high amounts 
of energy released by the H2 of the mixture during its combustion.

The NNH compound was produced mainly by the flame from 
each fuel at its own ignition temperature:

a) [NNH]NG ≈ 1 ×10-9.

b) [NNH]biomass gas-solid waste gas ≈ 1 ×10-10.

c) [NNH]biogas ≈ 1 × 10-11.

The intermediate species CH monitors HCN production and was 
developed via the prompt, mechanism. The lowest concentration of 
it was produced by burning biogas: [CH] biogas ≈ 1 × 10-12. This 
kinetic outcome confirms the previous evaluations [73], about 
the developments of the fluid dynamic of biogas combustion, 
according to the k-ɛ model into the burner of a 100 kWe MGT. It was 
discovered, in that case, and here it was not applied, a higher flow, 
three times the standard, to perform biogas combustion. 

Biogas reached a final temperature Tout = 1435 K. The global 
thermal balance, ΔT = Tout -Tmix = 145, shows a very small amount 
of energy, useful only for warming up the reactive bulk into the 
burner. The overheated environment just promoted a slight NOx 
production, mainly by means of the flame mechanism.

Results and Discussion: Hydrocarbons, NOx, and Kinetic 
Mechanisms

Many scientists investigate on the GRI Mech mechanism, to 
discover and extrapolate consistent and streamlined congruent 
paths. If the GRI Mech model, written in Fortran, is the most 
complete to evaluate kinetic schema of gaseous fuel combustion, 
it also requires long calculation times to run the reported survey 
points to validate a more synthetic schema by extrapolating the 
common representative intermediates among those of the showed 
kinetic models: from the simplest, to the GRI Mech 3.0. The latter, 
which includes species heavier than methane, other low molecular 
weight hydrocarbons, it is the only one in which are all the species 
of NOx production. It is the most complete but, as understandable 
since the hypothesis, also the heaviest in computation The 
subroutine below shows the extrapolated simplified schema of 
a generic gaseous hydrocarbon input. This schema, obtained by 
subtracting the minimum number of significant and common H/C 
compounds from the three models: methane 17, methane 30, and 
GRI Mech 3.0, is to provide an independent and simple evolution 
model of nitrogen oxides: a new input of calculation.

Input of NOx production 

ELEMENTS

O H C N AR

END

SPECIES

H2 H O  O2 OH H2O HO2 H2O2 C CH

CH2, CH2S, CH3, CH4, CO, CO2, HCO, CH2O, CH2OH, HCCOH N, NH

NH2 NH2 NNH NO NO2 N2O HNO CN

HCN H2CN HCNN HCNO HOCN HNCO NCO N2

AR C3H7 C3H8 CH3CHO

END

http://dx.doi.org/10.32474/AOICS.2021.05.000209


Citation: Vincenza Liguori*. Biofuels at Optimal Condition of Ignition in A 100 Kwe MGT and Their Nox Emissions Paths. Arc Org Inorg 
Chem Sci 5(2)- 2021. AOICS.MS.ID.000209. DOI: 10.32474/AOICS.2021.05.000209

                                                                                                                                                          Volume 5 - Issue 2  Copyrights @ Vincenza Liguori.Arc Org Inorg Chem Scis

682

Conclusions and Further Developments
The numerical investigation on thermo fluid dynamics about 

the ignition of the pilot flame of a 100 kWe MGT has find out some 
optimal operational conditions to reproduce the Partially Stirred 
Reactor. Optimal operational conditions were investigated, related 
to the practical application of different fuels, and focused by the 
fluid-dynamic parameter MIXT; the temperature at the start of 
combustion, Tinit; and the best ratio for feeding that well reproduces 
the environment of analysis into values:

a) MIXT = 5 × 10-4

b) Tinit = 1200/1300 K, depending on fuel

c) lean fed: φi = 𝑚𝐹uel= 1/2 φstoichiometric.

These values were identified by a very analytical cross-study 
- a certain sense almost a sort of hand-made investigation- among 
the kinetic model’s methane 17, methane 30, and GRI Mech 3.0. 
The graphical overlap of the thermal profiles among those models, 
then the hysteresis, show their kinetic connections. The “GRI Mech 
3.0” kinetic model, at hysteresis, proceeded at lower values of 
temperature with respect to those of methane 17 and methane 30. 
It is very likely that this shows, depending on its completeness, the 
NOx endothermic production effect. MIXT is the control fluid-dynamic 
parameter, and the constraining of partial mixing, as evidenced by 
means of the oscillations of the variation in temperature, which are 
fully dumping the perfect stirred; asymptotic, the partial mixing; 
or flat as the plug flow path. The ignition temperature Tinit = Tmix 
and the feed ratio depend on the composition of the mixtures of the 
supplied fuels. At a fixed feed ratio, the Tinit was lower when the fuels 
had a higher LVH or if the species of which they were made of were 
very energetic and burnt fast. The H2 composition of the biomass 
gas and solid waste gas let them ignite at a lower temperature 
(Tinit = 1200 K). A kind of skeletal model for the synthesis of NOx 
compounds from the three kinetic models considered was obtained 
by abstraction and by considering their connection species in a sort 
of analysis of the main PCA components.

H O OH H2O HO2 H2O2 C 
CH

CH2 CH2S CH3 HCO CH2O CH2OH HCCOH 
N NH

NH2 NH3 NNH NO NO2 N2O H N O  
CN

HCN H2CN HCNN HCNO HOCN HNCO NCO

AR

A remarkable further outcome about the Biogas that produced 
the lowest NOx concentration among all the investigated gaseous 
fuels. This information reinforced a previous conclusion about 
biogas; it needs a higher flow rate to burn. At the ignition Tinit, in fact, 
its global thermal energy balance, ΔT = Tout -Tmix = 145, was very low 
and was insufficient to support combustion, although it was enough 
to warm the flow and produce endothermic NOx. The future goal 

is to improve those conclusions, input data, and quantifying the 
benefit of the CPU. At embryo stage, the identification of the most 
fitting and simple kinetic model in terms of C/H ratio, to connect 
to the simplified NOx production model. Considering the power 
generation from H2 in near future, all conclusions obtained at now 
will be reproduced to achieve performances evaluations at the two 
feedings of pure H2 and in ever richer NG- H2 blends.

Highlights
a) Biofuels and partially Stirred Reaction conditions of 

combustion.

b) Connecting points and overlapping of outcomes among the 
kinetic model’s methane 17.

c) methane 30; Gri Mech 3.0

d) Significant operational conditions describing environment of 
partially stirring.

e) Idea of a smarter simplified model to calculate NOx.
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