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This paper presents the results of a study on the influence of the fuel gas composition on the thermodynamic
performance of a typical heavy duty gas turbine, followed by an emissions prediction using a chemical reactor
network which, in its turn, uses one of the most developed chemical Kinetic mechanisms for the natural gas
combustion. The first part of this work regards a statistical analysis of a time series, which shows the fuel gas
composition variation along a certain period, revealing the typical concentrations of the gas species. Based on the
curves provided by the statistics, several gas compositions were proposed and applied to a thermodynamic model to
evaluate the impact of the species composition of the natural gas on the gas turbine heat rate and power. Afterward,
several approaches of chemical reactor network were considered to choose the methodology that better predicts the
temperature and CO and NOx formation within a gas turbine combustor operated at base load regime. Finally, the
influence of the natural gas composition variation over the aforementioned thermochemical properties at the exit of
the combustion chamber when considering both operation regime and combustor’s natural gas composition was

studied.

1. Introduction

HE modeling of the combustion systems in energy conversion
equipments, such as gas turbine combustors, has many
challenges especially concerning the limitations of the predictive
capacity of the models based on the computational fluid dynamics
(CFD) and their associated computational cost. Thus, when
compared with these more elaborate techniques, models based on
chemical reactor network (CRN) ally the low computational cost
with the ability to predict pollutant emissions, however, without the
descriptiveness of the dynamics of the reacting flow. So, because the
advent of the jet engine, the modeling based on the CRN approach
has been an essential tool in the analysis, design and optimization of
practical combustion systems, particularly with the purpose to ensure
an efficient operation coupled with low emissions of pollutants.
The CRN approach consists in the resolution of simplified
transport equations to describe the operation of trivial combustion
models such as perfectly stirred reactor (PSR) and plug flow reactors
(PFR), which are systematically arranged into a structured scheme
with the purpose to represent the combustion process occurring
within combustion equipment. This approach is very useful in the
prediction of relevant thermochemical properties such as temper-
ature and pollutants emissions, which are the most significant
parameters in the operation of those equipments. This is the reason
why the choice of a detailed kinetic mechanism, that represents the
oxidation of any fuel involved in the combustion of gas turbines,
requires a prior identification of the associated validity range.
An experimental study was developed [1] concerning the
determination of NOx formation as a function of the fuel
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hydrocarbon in premixed-lean combustion. In this study, an
atmospheric pressure jet stirred reactor (JSR) operating at 1788 K
was used to determine the influence of hydrocarbon type over the
NOx concentration ranging from methane (C1) to n-hexadecane
(C16). An increase in NOx production was observed as the alkanes
fuel ranged from C1 to CS5. Subsequently an independence of the
NOx formation as the fuel molecule goes from C5 to C16 was shown
to exist.

A similar study [2] measured NOx as a function of C/H ratio given
by the use of methane, ethylene and several mixtures of C1-C4
hydrocarbons in the operation of a lean-premixed JSR at atmospheric
conditions and temperature of 1790 K. The results supported those of
[1], i.e., the increase in NOx content as the C/H ratio is increased.
Furthermore, the results were used as a basis of comparison for the
numerical modeling of the JSR, by the use of two different CRN
models, both numerical results were in agreement with those
obtained experimentally.

Experimental results [3] were also obtained of the influence of
natural gas composition on the NOx formation in a microturbine
generator. For this study, the turbine exhaust temperature was
maintained constant at 635°C where the temperature of preheated air
and the pressure ratio at the exit of the compressor were fixed to
565°C and 4:1, respectively. It was shown that under the fixed load
conditions, where the N,O and prompt NOx mechanisms prevail
over the thermal NOx mechanism, NO concentration decreases when
methane concentration in the natural gas increases.

The principal aim of this work is to determine, for different
operating conditions, the influence of natural gas composition on
energetic and emissions performance of an industrial gas turbine at
fixed compressor outlet conditions. For this purpose, this paper is
composed of four sections. In the second section, a linear regression
statistical analysis is applied to a data set corresponding to the natural
gas composition that is daily provided to an industrial gas turbine
installation, to establish the variations of each hydrocarbon and the
plausible range to be analyzed. Afterward, a model was built in
thermodynamic software is used to estimate the temperature and the
pressure values after the combustor, as well as providing the input
parameters to the model based on chemical reactor network approach
in the description of combustion process for an industrial Dry Low
NOx (DLN) turbine combustor.

In Sec. III, a literature review is presented for several existing
natural gas detailed kinetic mechanism, to provide for an insight of
those schemes that are the most reliable in describing the combustion
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process over the operation parameters within of range of interest.
After having chosen the most appropriate natural gas mechanism,
three CRN configurations are built to determine the one that best
describes the combustion process of that typical DLN combustor,
particularly envisaging the most appropriated NOx pollutant
estimation description.

The fourth section describes the results obtained with the CRN
approach, under three operation conditions (one at base load and two
at part load regime) to determine the influence of the natural gas
composition on the temperature, as well as on CO and NO emissions
at the exit of such a combustor. Also, it is determined the influence of
the feeding system on these thermochemical parameters.

Finally, conclusions are formulated based on the results obtained.

II. Analysis of Natural Gas Composition

The natural gas is one of the simplest and most used fuels in the
planet, being composed largely of methane, although minor
quantities of heavier hydrocarbons such as ethane, propane, butane,
pentane, hexane, and other inert species as carbon dioxide and
nitrogen are present.

The natural gas composition that is provided to an existing power
plant exhibits variations in time, what motivates an investigation of
the influence of these alterations on the pollutant emissions. A
statistical analysis of the natural gas composition was performed for a
489 days period, at the site of a combined cycle power plant.

Figure 1 shows the measured conditional probability density
functions (PDFs) of the concentration of all the hydrocarbon species
as a function of methane volume fraction. It allows to verify the
nontrivial nature of these PDFs, which present a bimodal nature. In
particular, the methane PDF exhibits a bias toward large
concentration values and a large tail toward the smaller ones. Note
that typical excursions in methane molar fraction lie in the 92-98%
range, this variability will be considered on the combustion calcu-
lations in the following sections.

Figure 2 shows the scatter plot of the composition of the all species
contained in the natural gas against the methane. This figure
demonstrates a decreasing linear tendency of all the minority species
when the methane increases. A linear correlation higher than 0.80 of
all the minority species against the methane by least squares fit, also
shown in this figure, is representative of the variability of all the
species contained in the natural gas with the exception of the hexane.

Even if alternative analysis could be envisaged, such as the
response surface map, the simple linear regression is deemed
sufficient for the present purposes. Table 1 shows the resulting least
squares coefficients.

III. Thermodynamic Performance
The second part of this work regards the simulation of the
thermodynamic performance of the gas turbine engine as the fuel gas
composition is changed. The simulation departs from the gas turbine
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Fig. 1 Probability density functions of the measured mole fractions, Wobbe index, and lower heating value of natural gas during 489 days of operation.
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Fig. 2 Concentration of different species present in the natural gas as a function of methane concentration. The lines are least squares fits.

engine design data, shown in Table 2, to adjust the main parameters
of the engine within the model. The software used in the simulations
is GateCycle [4], a proven simulation tool.

Having adjusted the numerical model for the design point, a
simulation of the engine at three representative operating points was
conducted which results are shown in Table 3. The variation of the
fuel gas composition has been accounted for through the lower
heating value. Compressor performance is calculated based on a map
of characteristics available in GateCycle™".

IV. Assessment of Combustion Chemistry
Mechanisms for the Natural Gas

Even for the simplest hydrocarbons, like methane, that has been
studied for more than four decades, does not exist any complete

Table 1 A, B constants and correlation coefficients by
[E] = A % [CH4] + B equation, obtained from least square fits

Linear regression constants

Species (E) A B Correlation coefficient
C,Hg —0.4795  47.9535 —0.9116
C;Hg 0.1699 16.7901 —-0.913
i-C,H, —0.0304 2.9849 —0.9174
n-C,Hg —0.0366 3.6063 —0.8592
i-CsH;, —0.011 1.0813 —0.7994
n-CsH,, —0.0084 0.8202 —0.7542
n-CgHyy —0.0121 1.1812 —0.7129
N, —0.122 12.5937 —0.6871
CO, —0.1284  12.8342 —0.7668

neither unified kinetic scheme that can simulate their oxidation in a
broad range of parameters (i.e., pressure, temperature and
equivalence ratio). When heavier hydrocarbons (such butanes,
heptanes, etc.) and/or mixing of hydrocarbons (like natural gas,
liquefied petroleum gas, etc.) are considered, the validation range
decreases considerably. This problem occurs mainly due to the large
number of degrees of freedom and the possible pathways of reaction
in the description of the oxidation of fuels, particularly for lower
temperature range, for which the chemical kinetic mechanisms is less
studied. Thus, the usage of existing combustion mechanisms
demands, a priori, the knowledge of their associated validation range
[5]. For the specific case of the natural gas, a set of elementary

Table 2 Design point parameters for the
simulated gas turbine engine

Design parameters

Ambient temperature, K 288.15
Ambient pressure, bar 1.01325
Relative humidity, % 60
Compressor inlet pressure drop, kPa ~ 0.846
Exhaust pressure drop, kPa 1.244
Exhaust temperature, K 867.18
Exhaust flow, kg/s 457.45
Fuel flow, kg/s 9.94
Compressor isentropic efficiency 0.86
Combustion efficiency 0.96
Turbine isentropic efficiency 0.92
Net power, MW 183.37
Thermal efficiency 37.48
Overall pressure ratio 16.4
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Table 3 Input parameters for chemical kinetics simulation

Input parameters Unit Baseload Partload I Partload II
Ambient temperature K 293.06 300.32 298.67
Ambient pressure bar 1.01 1.00 1.01
Relative humidity % 86.67 78.83 87.50
Fuel flow kg/s 9.68 8.55 8.68

Low heating value kJ/kg 48.246 48.759 48.246
Exhaust temperature °C 592.02 598.34 58591
Power output MW  169.17 144.01 149.15

reaction and chemical species that comprehends a detailed kinetic
mechanism for this specific fuel must cover the hydrogen oxidation
mechanism as well as the chemical kinetic of C1-C3 hydrocarbons,
which frequently, are arranged in a hierarchical structure, having as a
basis the H, and CO oxidation mechanisms.

Several detailed kinetic mechanisms for the description of natural
gas combustion are reviewed here, emphasizing the advantages and
the drawbacks of every mechanism as well as the range operation that
are able to predict, with a certain degree of confidence, the
thermochemical parameters of interest such as ignition/extinction,
residence time, flame laminar velocity, autoignition delay time,
temperature and species profiles, etc., when is applied to simplified
physics systems.

The development of the detailed chemical kinetic mechanism for
the natural gas combustion began in the 1970s, when several high-
temperature kinetic models for the hydrogen, carbon monoxide and
methane oxidation were constructed under the support of large
quantity of experimental data [6,7]. During the early 1980s, it was
proposed the first chemical mechanism for combustion of the C1 and
C2 hydrocarbons that was composed of 93 reversible elementary
reactions and 26 chemical species [8]. This mechanism was
subsequently revised in [9] by adding elementary reactions to the C1
and C2 submechanisms. The authors also suggested the inclusion of
C3 elementary reactions to get an accurate numerical description of
methane combustion. Later, in [10], it was developed and enhanced
the mechanism of [8] for the ethylene combustion, where the
elementary reactions were increased to 162, increasing simulta-
neously the validation range for the combustion simulation in shock
tubes for the methane, ethane and ethylene.

The compilations of [11,12] were the starting point in the
development of the nitrogen oxidation mechanisms. Later, two
compilations were published [13,14] concerning the updated rate
coefficients for many elementary reactions relevant to the oxidation
of simple fuels. Recently, these compilations were newly updated
and expanded [15] on the basis of recent theoretical and experimental
studies of elementary reactions.

In [16], a set of systematic procedures was proposed which should
be observed to develop a comprehensive chemical kinetic
mechanism for any fuel. These recommendations were followed
for the construction of the most recognized kinetic models such as the
GRI! and Leeds [17] mechanisms.

The GRI mechanism, developed to describe the methane oxidation
[18]* is based on a set of elementary reactions, where the attributed
values for the reaction rate parameters are provided through the
association of theoretical, experimental, and numerical data. Early
versions of the GRI-Mech were constituted by 32 species and 177
reverse chemical reactions and originally built for the description of
the methane combustion without considering the nitrogen oxidation.
This mechanism was subsequently updated to the GRI-Mech 2.11%,
that takes into account the kinetics of the nitrogen oxidation, so the
species number was increased to 49, involving 279 chemical
elementary reactions.

IData available online at http://www.me.berkeley.edu/gri_mech/ [accessed
May 2008].

**Data available online at http://www.me.berkeley.edu/gri_mech/
[accessed May 2008].

TData available online at http://www.me.berkeley.edu/gri_mech/
[accessed May 2008].

The GRI-Mech 3.0 is the latest version currently available which
was built for the combustion of the natural gas as a mixture of ethane,
methane and propane. This version considers 53 species and 325
elementary reactions. This mechanism is able to correctly predict the
oxidation of the natural gas as well as their hydrocarbon components
(up to propane) when several combustion systems, i.e., PFR, shock
tube, stabilized burning flame, etc., are considered. The validation
range covers the 1000-2500 K of temperature, 0.015-10 atm of
pressure and 0.1 to 2.5 of equivalence ratio.

The most relevant advantage of GRI-Mech is the good
representation of the majority of experimental results available for
the natural gas combustion, as well as their most relevant con-
stituents, as methane and ethane, although this is only verified when
application conditions are close to laboratory conditions. The
absence of hierarchy is the principal drawback of the GRI-Mech that
leads to the inability in shifting new kinetic parameters without
retuning when accurate experimental data become available [17],
and the awkwardness in developing new mechanisms for other
heavier hydrocarbons taking the GRI-Mech as a building block.

The Leeds [17] mechanism models the oxidation of the higher
gaseous fuels such as methane, ethane, ethylene, acetylene, carbon
monoxide and hydrogen, in a broad range of operational parameters.
This mechanism was built in a similar manner to the GRI-Mech,
namely, by means of the usage of gas kinetics measurements. These
mechanisms have, as their construction base, a similar set of experi-
ments concerning the laminar burning velocity, ignition delay time
and the species profiles in premixed laminar flames. The Leeds
mechanism also was developed using kinetic data published in
[13,14].

The Leeds Methane mechanism 1.5 [19] consists of 351
irreversible elementary reactions and 37 chemical species, and does
not consider the nitrogen oxidation mechanism. The Leeds Methane,
NOx and SOx mechanism [17], takes into account both the nitrogen
and sulfur oxidation kinetics which includes 78 species and 892
irreversible (450 reversible) reactions. This mechanism accurately
predicts the laminar burning velocity of methane/argon and ethane/
argon mixtures at standard conditions of pressure and temperature
(1 atm and 298 K, respectively) and when the equivalence ratio
ranges within 0.6 and 1.4. This mechanism is also able to simulate the
ignition delay time of methane/oxygen and ethane/oxygen mixtures
diluted in argon in the range of 1-29 atm of pressure, 1500-2050 K of
temperatures and 0.5-2 of equivalence ratio [19]. The Leeds
mechanism is less restrictive than the GRI-Mech when a compre-
hensive mechanism for heavier hydrocarbons is intended to be built,
i.e., itis possible to develop a kinetic model for heavier hydrocarbons
from the Leeds methane mechanism without the alteration of the
elementary kinetic reaction data [20].

The Konnov kinetic mechanism also simulates the natural gas
combustion, as well as the C2—C3 hydrocarbons combustion, the
hydrogen oxidation, and the NOx formation in flames. This mecha-
nism was developed on the basis of the methane mechanism
developed in [21], where important extensions were taken into con-
sideration as the methanol and ethanol mechanisms [22,23] the NOx
mechanism from [11] and the CEC compilations kinetic data [13,14].

The Konnov 0.5 mechanism [24] accounts for 127 chemical
species and 1200 elementary reactions. It was extensively validated
by comparisons against experiments of delay ignition time, species
profiles on premixed laminar flames, laminar burning flame velocity
and the temperature and species profiles on plug flow reactor system.
Nonetheless, the majority of the validations documented were
focused on the kinetics of H,, CO, N,O, NO,, NH; and Syngas. To
the best of our knowledge the work of [25] is the only reference found
in the validation of the Konnov’s mechanism [24] for the methane
combustion, when ignition delay time is considered.

The San Diego mechanism (CERMECH) is based on the principle
in which a kinetic mechanism must include only a moderate number
of species and reactions that are representative in the description of
several fuels as methane, methanol, ethane, ethylene, ethanol,
propane, and propylene. A version 20050310 of the San Diego
mechanism [26], includes 37 species and 177 elementary reactions.
This version was built upon the basis of previously tested and
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validated submechanisms such as the hydrogen and CO oxidation
[27-29] followed by the addition of schemes developed by several
authors for the representation of the combustion of the methane,
methanol, ethane, ethylene, and acetylene. In addition to the
proficiency of the San Diego 20050310 concerning the prediction of
the combustion of C1-C2 hydrocarbons, this version is capable in
estimating the ignition delay time for C3 hydrocarbons within the
range of 1000-2200 K of temperature, 1-30 atm of pressure and
0.5-2 of equivalence ratio. The laminar flame velocity of C3
hydrocarbon at standard conditions is another parameter that this
mechanism can estimate in an efficient way.

A kinetic mechanism for the combustion of C1-C6 hydrocarbons
was developed in [30-35]. The last version [35] is formed by 883
reversible elementary reactions involving 121 chemical species. This
mechanism, in opposite to the GRI-Mech, [18] has a hierarchically
structure, namely, it was sequentially developed starting from the
hydrogen oxidation mechanism up to the heaviest hydrocarbons
submechanisms.

The mechanism was shown to be able to predict 1) the premixed
laminar burning velocity for C1-C3 alkanes at ambient conditions,
2) the ignition delay time of natural gas at stoichiometric conditions
and at low pressures, and 3) the oxidation of the 10:1 mixture of
methane and ethane in a PSR at 1-10 atm of pressure and over a broad
range of equivalence ratio [34]. However, this is a restricted
availability mechanism.

Le Cong and Dagaut [36] developed a kinetic mechanism, initially
formed by 737 reversible reactions and 98 chemical species, herein
called L&D mechanism, which allows to simulate the natural gas and
Syngas combustion within a 1-10 atm, 911-1400 K and over an
extensive range of equivalence ratios. This mechanism was built
upon the mechanism developed in [37] for the combustion of the
natural gas. The systems used in the validation of this mechanism
include shock tubes, premixed laminar flames, PSRs and PFRs,
where excellent agreements were found with experimental data
registered in the literature.

Le Cong and Dagaut [38] extended their previous mechanism to
estimate the combustion of mixtures of hydrogen and natural gas
diluted with water vapor. This last version, the L&D 2.0 mechanism,
contains 128 chemical species and 924 elementary reversible reac-
tions. The validation was performed for methane combustion diluted
in 1-10% on water vapor within a PSR at residence time of 120 ms,
whose operation parameters corresponds the 1000-1300 K, 0.2-2 of
equivalence ratio and at atmospheric pressure.

This mechanism is also able to describe the hydrogen and the
monoxide carbon oxidation, as well as the lighter hydrocarbons, such
as methane, ethane, methanol, formaldehyde and mixtures of those,
like natural gas in pure state or diluted in vapor water. These fuels
were simulated in several combustion situations, such as PSRs,
PFRs, shock waves, premixed laminar flames, etc., so that this
kinetic mechanism was extensively validated and compiled in the
work of [39].

Petersen et al. [40] developed a detailed kinetic mechanism with
the main purpose of describing the natural gas oxidation at high
pressures as a combination of C1-C3 mixtures. More recently, this
mechanism was extended [41] to the combustion of C1-C5 type
hydrocarbons, and now it consists of 1380 reactions and 230 species.
Configurations of shock tube and rapid compression machine
operating at pressures up to 50 atm, and over the broad range of
temperature and equivalence ratio, were used as experimental tools
for the validation of this mechanism. Simulation results were
compared experimental autoignition delay times for the combustion
with air of hydrocarbons compositions representative of natural gas,
methane/propane [42], methane/ethane/propane [43], methane/n-
butane [41], and methane/ethane/propane/n-butane/n-pentane [44].
The results of these comparisons demonstrated the good reliability of
this mechanism on the prediction of the gas natural autoignition
delay time at elevated pressures. Therefore, their use in the prediction
of the autoignition delay time in the oxidation of several C1-C5
hydrocarbons is undoubtedly guaranteed.

Almost all the aforementioned detailed chemical Kkinetic
mechanisms have been compared with recent experimental data

obtained for laminar flames and stirred reactors [45]. Those
comparisons show that L&D mechanism is the one which better
predicts stirred reactor results, even if it maybe argued that the value
of the heat of formation of OH is incorrect [46] or that a simplified
treatment of H+ O, + M < HO, + M reaction is used when
compared with other mechanisms as the Galway NC5-49 [44].
Because such reactors are representative of the PSR which are used to
model combustion here, the 10 atm L&D mechanism will be adopted
in that follows. Note that the application of a mechanism which was
validated for a pressure of 10 atm to predict combustion at 15 atm is
subject of caution.

V. Reactor Network Modeling Techniques

A complete description of the combustion processes needs a
simultaneous solution of the laws that govern the fluid mechanics and
reaction kinetics, and its complexity increases as grows the number
of species and reactions of a kinetic mechanism in question. Thus, the
direct incorporation of a detailed chemical kinetic of combustion to a
CFD code is still impracticable, in terms of the computational burden
[47], because the solution of hundreds of coupled differential
equations within thousands of elementary control volumes would be
required.

A first approach that aims the attenuation of the computational
effort in the simulation of practical combustion systems, such as a gas
turbine combustor, consists in the simplification of the chemical
kinetics description while retaining the fluids mechanics description.
This simplification involves a set of reduced elementary reactions
and chemical species; however, the reduced schemes are valid only
within a narrow range of pressure, temperature and composition, in
which the reduced mechanism is capable to simulate, not being able
to represent in detail the chemical process [3].

The CRN is an alternative to the simulation of gas turbine
combustors, because it simplifies the fluid mechanics descriptions
while keeping the details of the chemical kinetic description. This
approach considers the resolution of idealized physical systems as
representative of the operation of devices frequently used in
continuous chemical processes such the PFR and the PSR. While the
PFR model assumes that the confined fluid moves through plugs, as a
result of the absence of axial diffusion, the PSR model considers the
mixing among reactants and products as being homogeneous and
instantaneous.

The principal advantage in the simulation of gas turbine com-
bustors by mean of the CRN approach is the relatively low
computational cost, when compared with the CFD approach. How-
ever, this benefit appears as a detriment to a detailed description of the
flow within the domain under analysis. To develop a model that
simulates the operation of a gas turbine combustor which considers
the CRN approach, several hypotheses must be made, which aim to
reduce the complexity of the governing equations related to the fluid
mechanics, while retaining the information concerning to the
kinetics of the combustion.

Thus, with the usage of the CRN approach, it is possible to obtain
an accurate description of the combustion process in confined
regions of a gas turbine combustor. For this purpose, it is required the
use of PSR and PFR models, which must be linked in a systematic
and structured arrangement. The PSR models are used in the
description of the combustion processes occurring in the flame/
ignition (or primary) zone of the combustor, whereas PFR models
simulate the combustion in the intermediate and dilution zones.

In this work, three different configurations will be considered,
which differ from each other by the arrangement of PSRs used in the
representation the primary zone of the combustor. These arrange-
ments will be developed to underscore those that would be capable of
yielding accurate emission predictions in the operation of the gas
turbine at base load and part load conditions.

Figure 3 shows the basket of the combustion chamber, which was
designed with the purpose of establishing appropriate conditions to
maintain the combustion processes in an efficient and stable way, and
thus the chemical and mixing turbulent are most relevant before the
convective process. The link between the basket and the turbine is
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Fig. 3 Simplified geometric representation of the combustor modeled.

made through a straight transition piece, not shown here, which
redirects the exhaust gases from the basket to dilute with fresh air up
until allowed temperatures are reduced at the first stage expansion of
the turbine. Table 4 summarizes the measured volume occupied by
the fluid at each of these zones.

Atbase load operation, a high percentage of the fuel supplied to the
combustor is premixed with air at lean conditions, the chemical
reaction occurs in a narrow region of equivalence ratio and closer to
the lean flammability limit. Consequently, the combustion temper-
ature in the primary region and the NOx emissions at the combustor
exit is expected to be reduced. To make this possible, the combustor
uses four feeding systems called stages (A, B, C, and pilot). Stage C
corresponds to an ultra lean premixed fuel and air upstream to the
combustion chamber.

Stages A and B admit natural gas to the primary zone by eight
premixing nozzles, four for each stage, where the natural gas
continuously mixes with a ultra lean premixed air and natural gas,
that is previously injected in the stage C. The primary function of the
pilot stage is to produce a turbulent flame with the purpose of
assuring a high combustion temperature (2000-2200 K) and
maintaining a stable flame.

Figure 4 shows a schematic representation of the first config-
uration, which corresponds to the modeling of a typical gas turbine
combustor. In this configuration, the single PSR that models the
combustion in the primary zone is continuously fed by the premixed
air and natural gas as reactants. Itis assumed that, the zones 2, 3 and 4,
shown in Fig. 3, corresponds to the combustion primary zone. The
intermediate zone matches the geometric zone 5 of the basket and the
dilution zones are considered to be occupied by the whole inner
volume of the transition piece.

After the burning gases leave the PSR, they are diluted with air
before entering the intermediate zone that is simulated by a PFR
model. Finally, the products that leave the first PFR are again diluted
with air before they step into the dilution-cooling zone that is also
described by a second PFR model. The adoption of PFRs in the
modeling of the combustion in the intermediate and dilution-cooling
zones of a combustor is due to the presumed negligible influence of
the transport by diffusion of all chemical species relative to the
combustion of the burned gases from the primary zone, when
compared with the longitudinal transport. Such an arrangement of
reactors described for the first configuration (shown in Fig. 4) is
frequently used in simulations of combustors [48-52].

Nevertheless, the adoption of a single PSR as being a repre-
sentative model of the combustion process in the flame/ignition zone
of gas turbine combustors is not always appropriate due to the

Table 4 Volumetric characteristics for the gas
turbine combustion chamber

Entrance Parameters Units Value
Volume (zones) 1 dm® 10
2 dm? 6
3 dm? 6.4
4 dm? 6.8
5 dm® 133

Transition piece dm® 46

complexities associated to the flowfield, as well as the details on the
feeding of oxidizer and fuel in that zone. Therefore, in [53] it was
developed an alternative approach for the modeling of the flame/
ignition zone of a gas turbine combustor to predict the CO and NOx
emissions in the operation of aeroderivative gas turbines.

This approach consists in the division of the primary zone in
equally spaced regions, as can be seen in Fig. 5. The combustion
process at each region is represented by a single PSR operating with
the similar pressure and temperature inlets; however, the equivalence
ratio is assigned to each reactor in accordance to a Gaussian
distribution by the unmixedness parameter S [54] defined as the ratio
between the representative equivalence ratio in the primary zone of
the combustor p, and the corresponding standard deviation o,.
In this manner the unmixedness process is taken into account, which
is the main responsible of the NOx formation in gas turbine
combustors [54].

In accordance to the experimental data collected in [34], the
maximum value of S in the primary zone that is expected to occur is
equal to 0.7. Note that, when o,, = 0 this approach corresponds to the
modeling to the primary zone by the adoption of a single PSR, thus
recovering the situation described in Fig. 4, where the unmixedness
was neglected.

This methodology also establishes the number of PSRs that should
be considered for the equivalence ratio distribution, which should be
determined as function of the percentage change of NOx and CO
emissions index as result of progressive increments of PSRs arranged
in parallel [53]

%A[CO(;,1) = 100 x ([CO];, 1) — [CO];)/[CO], (D

%A[NOX]; 1) = 100 x ([NOX]; 1) — [NOX](;))/[NOx];,  (2)

where i refers the number of PSRs in the primary zone and the values
of [CO] and [NOx] concentrations is obtained by the previous
simulation of the gas turbine combustor considering i and i + 1 PSRs
in the primary zone, respectively. The numerical results of this set of
equations limit the number of PSR that should represent the
combustion in the primary zone, specifically, when the variation of
the calculated CO and NOx emission must be within the uncertainties
in the experimental emissions data. In [54] it is recommended the
conservative values of 5 and 15% for % A[NOx] and %A[CO],
respectively, when the CRN modeling for aeroderivatives gas
turbines combustor is considered.

Because of the calculated CO and NOx emissions are strongly
dependent on the unmixedness, the adequate determination of this
parameter is vital in the correct prediction of the emissions. A
recommended manner in the determination of S is by the assumption
that this parameter is only function of the primary zone mean
equivalence ratio and is independent of the combustor geometry.
Allaire et al. [53] fitted a general curve from experimental data
collected by [55] taking into account several geometric config-
urations of combustion chambers, which allows to estimate the
unmixedness as function of the primary zone mean equivalence ratio.

Finally, the postcombustion zones were modeled in the same way
that those described in the first configuration, i.e., by the adoption of



84 ORBEGOSO ET AL.

Primary zone

Intermediate zone

exit

Dilution zone

Fig. 4 Schematic representation of the classical reactor network approach.

PFR reactors as the best way of representing the thermochemical
process in the intermediate and dilution-cooling zones.

A third configuration in the modeling of an industrial gas turbine
combustor by the CRN approach is considered in this work as an
alternative to the two previously described to represent the combus-
tion process in the primary zone and, consequently, a better estimate
of the thermochemical properties at the exit of the combustion
chamber.

As can be seen in Fig. 6, the primary zone combustion is modeled
taking into consideration the operation parameters that are typical for
each inlet systems (stages). The intermediate and dilution zones were
modeled as the same way as the two aforementioned configurations.

VI. Results and Discussion

A. Assessment of the CRN Configurations in the Emissions
Predictions

This section presents the simulation results of the three afore-
mentioned reactor network configurations, operating at base load
conditions. This preliminary simulation was performed as a way of
assessing the CRN approach that more accurately represents the
thermochemical process at the exit of the combustion chamber, i.e.,
at the exit of the transition piece, to use it for several gas turbine
operation regimes.

The software used for this simulation was the Chemkin™ 4.1
whereas the L&D 2.0 [38] natural gas mechanism was adopted for
the CRN simulation. The choice of L&D 2.0 mechanism was
performed on a basis of the most recent bibliographical study for the
NG mechanism previously addressed in this work, where the results
of that study reveals the L&D 2.0 is the kinetic scheme that better
reproduces the process of combustion of PSR models operating at
conditions representative of gas turbines [40].

Table 5 shows the global operation parameters of the gas turbine
operating at base load regime (169.17 MW) to be considered in the
simulation of the combustion process using the three aforementioned
CRN configurations. It is worth to emphasize that the models of the
intermediate and the dilution zone are similar for these three
configurations, differing only in number and arrangement of PSRs
that was adopted for the modeling of the primary zone.

The results of these simulations were compared with those
obtained from the thermodynamic cycle analysis using the
GateCycle™ software and the field data, leading to a choice of
reactor volumes (or, equivalently, of residence times) in each
combustion zone previously determined which best reproduces the
computed temperature and the measured CO and NO volume
fractions at the exit of the combustion chamber, i.e., immediately
upstream to the beginning of the first stage expansion process. Once
computed, these volumes, which are given in Table 6, are kept

dilution I

air

PFR 1

Intermediate zone Dilution zone

Primary zone

Fig. 5 Schematic representation of the reactor network analogous to that proposed in [46] in the primary zone modeling for the gas turbine combustor.
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Fig. 6 Schematic representation of the reactor network approaches proposed in this work for the primary zone modeling for the gas turbine combustor.

constant throughout the computations. Since these volumes are
modeled by PSR, previous PSR comparisons [40] indicate that an
analysis of the mechanism on the computed results is not necessary
here.

Table 7 displays the results at base load condition of the gas turbine
(169.17 MW), of the thermochemical parameters obtained by the
simulation in Chemkin™ using the three CRN configurations, in
comparison with: 1) the burnt gases temperature at the end of the
combustion process estimated by the use of GateCycle™'software,
and, 2) the CO and NO concentrations acquired by the monitoring
measurements of that gas turbine.

As can be seen in Table 7, the temperature of burnt gases at the end
of the combustion chamber is better estimated by the use of the first
and the third CRN configurations, whereas the second methodology
overpredicts by about 20 K the temperature at the end of the
combustion process obtained by the thermodynamic cycle simula-
tion. In the same manner, the predictions of the NO concentration
resulting from the simulation of the second and the third CRN
configurations matches the NO field monitoring measurements.
Note that the NO concentration given by the first configuration

underpredicts, in about 3.20 ppm, the NO measured data, repre-
senting a deviation of approximately 20%. Finally, it is assumed that
the three configurations reproduce correctly the CO emissions; this is
supported by the fact that there is not a measurement technique that
could measure CO concentrations that are below of 1 ppm with
sufficient accuracy.

Figures 7 and 8 display, respectively, the comparisons of the
evolution of the temperature and CO and NO concentrations within
the combustor. Note, from Fig. 7, that the evolution of the
temperature at the intermediate and dilution zones estimated by the
first and third configurations (or cases) are the same. However, there
is aperceptible discrepancy in the prediction of the temperature in the
primary zone given by the second configuration, when it is compared
with the others arrangements.

An investigation on the primary zone shows a considerable
increase of temperature computed with the second configuration
[53], which has an impact over the combustion process along the
intermediate and dilution zones, conducing to values of temperature
that are approximately 20 K greater than the other configurations.
This indicates that the normal distribution of the primary zone

Table S Global operational parameters at base load operation considered for the simulation
of the combustor by the use of three CRN approaches

Entrance Parameters Units  Value Natural gas composition

Air Total mass flow kg/s 229  Chemical species % molar
Pressure MPa 1.6 Methane 96.100

Temperature °C 420  Ethane 1.600

Natural gas Total mass flow g/s 600  Propane 0.410
Pressure MPa 33 iso-Butane 0.077

Temperature °C 136 n-Butane 0.089

Feeding System # Stage A % 42.96 iso-Pentane 0.027
Stage B % 43.04 n-Pentane 0.019

Stage C % 7.48  n-Hexane 0.026

Pilot stage % 6.52  Nitrogen 1.057

Carbon dioxide 0.595

Total 100.000

“Natural gas feeding system distribution among the stages obtained from field data.

Table 6 Distribution for natural gas mass flow rate, PSR volume, and mass flow percentages
rate applied to the third configuration by adjusting the CRN approach against
the gas turbine data

Stages NG mass flow rate, g/s PSR volume, cm? Air mass flow percentage, %
Stage A 264.4 7162 47

Stage B 266.6 7162 47

Pilot Stage 44.5 4775 6

Stage C 45.5 - -

Total 621 19099 100
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Table 7 Comparisons of the thermochemical parameters at the exit of the transition piece in the simulation of
the combustor at base load regime (169.17 MW) by the use of the three CRN approaches

Parameter Chemical reactor network approaches Gatecycle? or field data?
First configuration  Second configuration Third configuration

Temperature, K 1626 1648 1626 16282

CO (ppm at 15% O,) 0.6 0.6 0.9°

NO (ppm at 15% O,) 12.0 15.5 15.5 15.2%

“From GateCycle™ software.
"Field data.

equivalence ratio represented by 9 PSRs, calculated previously for
this specific combustion chamber, leads to temperature values that
are superior than those obtained with the first configuration, i.e., by
the simulation of the primary zone as being modeled by a single PSR.

Figure 8 represents the evolution of the CO and NO concentrations
along the combustor. Note in Fig. 8a that the CO concentrations
predicted by the three configurations in the primary zone is higher
than those found after the dilution with air that occurs in the
subsequent zones. Furthermore, there is a substantial difference, that
reaches 600 ppm of CO concentration, between the first and the
second configurations, nevertheless, this strong discrepancy tends to
decrease as the combustion products go through the intermediate and
dilution zones, until the values at the end of the combustion chamber
which its discrepancy does not reach 0.3 ppm.

Finally, Fig. 8b shows the NO evolution along the combustion
chamber. In this figure, it is possible to verify that the NO formation is
initiated in the primary zone of the combustor and its concentration
decreases slightly as the burnt gases pass through the intermediate
and dilution zones. So, it can be stated that NO formation is strongly
influenced by the combustion process in the primary zone, which has
a direct impact on the NO emissions at the exit of the combustion
chamber.

The comparison between the temperature (Fig. 7) and the NO
emissions (Fig. 8b) evolution in the primary zone reveals the
inexistence of a correlation among these parameters. This analysis
highlights the importance of the correct description of the mixing
process within the primary zone combustion chamber to reach a good
estimate of the NO emissions. Specifically, the CRN model that
considers the primary zone as being represented by a single PSR (first
configuration) is not suitable for the description of this process,
whereas the second and third configurations adequately predicts the
CO and NO emissions.

On the basis in the comparative results among the three
configurations previously shown, the one that individualizes the
several natural gas feeding systems (stages) demonstrated a higher
competence in reproducing the temperature values as well as the NO
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Fig. 7 Comparisons of the temperature’s profile at the inner of the
combustor as a result of the simulation considering the tree CNR’s
methodologies.

and CO concentrations at the exit of the combustion chamber.
Therefore, on the subsequent sections of this work, the third
configuration will be used (as can be seen in Fig. 6) to study the
influence of the natural gas composition as well as the stage fuel
distribution on the thermochemical parameters at the end of the
combustion process, i.e., at the exit of the combustor.

B. Influence of Natural Gas Composition on the
Thermochemical Parameters

In this section, the influence on temperature and CO and NO
emissions at the exit of the combustion process as a response of the
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Fig. 8 Comparisons of the a) carbon monoxide and b) nitrogen oxide
profile at the inner of the combustor as a result of the simulation
considering the three CNR’s methodologies.
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natural gas composition variation for the present combustor
operating at three conditions will be shown and discussed. This was
previously described in Table 4, i.e., one base load regime with
evaporative-cooler off (169.17 MW), and two different part load
regimes (144.01 and 149.15 MW). Note that these power levels
correspond to the nominal natural gas composition. The present work
examines the influence of natural gas composition for fixed
compressor outlet conditions, therefore, it is expected that the actual
power level varies with natural gas composition.

For this purpose, several natural gas compositions will be
considered in this work, (see Table 1) for the subsequent simulations
to represent the possible variations in the composition of the natural
gas. It is important to recall that the obtained linear regression
considers a set of 489 natural gas compositions, which represents the
variation in the history of the measured concentrations along 489
days, in which a gas turbine installation was provided with this
gaseous fuel.

The principal initial parameters for the simulation of the com-
bustion process for each operating condition are those obtained by
the thermodynamic simulation using the GateCycle™ software,
referring to the global operation parameters like pressure, mass flow
and temperature for air and natural gas. The measured mass flow
distribution among the four stages in a DLN combustor was extracted
from the gas turbine data.

Initially, the results obtained by the simulation with Chemkin™
are compared with those determined by the use of the GateCycle™
software as well as the emission data supplied by a gas turbine
installation at the same three operation regimes. This allows to valid-
ate the selected CRN configuration for each operating condition. It is
worth to emphasize that the last configuration is already validated in
the previous section, base load regime (169.17 MW).

1. Base Load Regime (169.17 MW)

The first case to be studied corresponds to the combustion process
at base load regime (169.17 MW). The inlet parameters needed for
the simulation under this operation condition are shown in Table 7.
Notice that those values correspond to a single gas turbine
combustion chamber.

The results corresponding to the simulation of the third CRN
configuration are depicted in Fig. 9, with the main purpose of
assesing the agreement between the results of temperature and CO
and NO concentrations calculated with those estimated by the use of
the GateCycle™ software and obtained by the emissions data for the
DLN gas turbine.

Figure 9 also shows the results of the systematic variation of the
natural gas composition (expressed in terms of the methane
percentage) over temperature (Fig. 9a) and CO and NO emissions
(Fig. 9b) at the exit of the combustion chamber at base load regime
(169.17 MW). It can be seen, from Fig. 9a, a linear increment of
30.8 K, which corresponds to 1.9% when the methane concentration
in the natural gas is increased from 92 to 98%. This behavior was
expected to occur owing to the increment of the methane
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Fig. 9 Influence of the methane composition on the a) temperature and
b) CO and NO, at the exit of the combustion chamber in the GT
operation. Nominal fuel composition corresponds to Base Load case
(169.17 MW).

Table 8 Initial values used by the simulation of the combustion of a gas turbine combustion
chamber at part load I regime (144.00 MW)

Entrance Parameters Units  Value Natural gas composition

Air Total mass flow kg/s 21.1  Chemical species % molar
Pressure MPa 1.46  Methane 96.100

Temperature °C 424 Ethane 1.660

Natural gas Total mass flow g/s 537  Propane 0.440
Pressure MPa 33 iso-Butane 0.080

Temperature °C 138 n-Butane 0.090

Feeding System? Stage A % 42.85 iso-Pentane 0.030
Stage B % 42.02  n-Pentane 0.020

Stage C % 791  n-Hexane 0.030

Pilot stage % 7.22  Nitrogen 1.010

Carbon dioxide 0.610

TOTAL 100.000

“Natural gas feeding system distribution among the stages obtained from field data.
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Table 9 Results of temperature and emission obtained from the CRN simulation of a DLN
gas turbine combustor operating at part load I regime (144.00 MW)

Exit parameters

Third CRN configuration

GateCycle™ GT emission data

Temperature, K 1603
[NO] (ppm at 15% O,) 254
[CO] (ppm at 15% O,) 0.5

1611 -
- 205
- 04

concentration that leads to the linear increase in its lower heating
value. Note that, as the combustion temperature increases, the turbine
output also increases.

The evolution of NO concentration (normalized in a dry basis of
15% of O2) with the natural gas composition (percentage of
methane) is shown in Fig. 9b, which reveals an increment of 5.2 ppm
that represents an increase of about 40% the NO concentration to be
expected by the use of 92% of methane. The increment of NO
observed with the increase of the methane composition in the natural
gas suggests the predominance of the thermal NO mechanism over
the others mechanisms in the description of the NO formation owing
to the fact that an increment in the composition of methane in natural
gas leads to an increase in temperature of the burnt gases that are
present within the primary zone of the combustion chamber.

Also, Fig. 9b shows the evolution with the natural gas composition
of the CO concentration at the exit of the combustor. It can be noted
that the concentration of CO does not overcome the 1.0 ppm, and that
the variation of CO with the concentration of methane is practically
negligible, reaching only an increment of 0.19 ppm as the methane
concentration in natural gas increases from 92 to 98%.

2. Part Load I Regime (144.00 MW)

Table 8 displays the values used in the CRN simulation relevant to
the functioning of the combustor when operating in a part load
condition (144.00 MW), herein called as part load I regime. It is
worth to stress out that the global operational parameters of the
combustion chamber (i.e., pressure, temperature, mass flow of
reactants) were estimated using the model of the gas turbine
developed in the GateCycle™. The natural gas distribution over the
four fuel injection stages was taken from the data given by the gas
turbine installation.

The burnt gas temperature, CO and NO emission at the end of the
combustion process in the operation of the gas turbine at part load I
regime (144.00 MW) were obtained by the use of the third CRN
configuration, and compared with those yielded by the GateCycle™
model and the emission data from the gas turbine installation, as can
be seen in Table 9 and depicted in Fig. 10. Notice, from Table 9 and
Fig. 10, that a small of difference of 7 K was found in the temperature
of burnt gases at the end of the combustion chamber, that represents a
0.5% variation of the temperature when both approaches are
considered.

Concerning to the pollutant emissions, it can be observed that the
CO concentration estimated by the CRN simulation exhibits a value
that is in a perfect agreement with the one obtained by the gas turbine
emission data. However, the NO concentration calculated in this
work reveals a value that is 5 ppm higher than that one reported by the
monitoring of the GT installation, representing a discrepancy that
reaches 25% in the prediction of the NO emissions.

Figure 10 also depicts the influence in the variation of composition
of natural gas, (expressed by the volumetric percentage of methane
contained in the NG) on the thermochemical parameters at the end of
the combustion process at part load I regime (144.00 MW). The
results obtained from the CRN simulation show a linear increase of
the temperature of burnt gases at the exit of the transition piece
equivalent to 30 K (1.89%) when the natural gas composition is
altered according the sequence shown in Table 1. Note that this
increment of 30 K is practically similar to that estimated for the base
load case.

As can be seen in Fig. 10b, the NO concentration increases 8 ppm
(38%) when natural gas concentration changes from 92 to 98% in

methane composition. This increment of 8§ ppm is greater than that
obtained in base load condition (Fig. 9b), even though the burnt gases
temperatures at the end of the combustor chamber operating at part
load I regime is lower than that encountered at base load operation
condition. Note that this last statement seems to be contradictory to a
previous one where the total NO formation was deemed strongly
influenced by the thermal mechanism and, therefore, by the primary
zone temperature. Nevertheless, a reduction of gas turbine load
corresponds to an increase in the percentage of natural gas that flows
through the pilot stage which operates at higher temperatures.
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Fig. 10 Influence of the methane composition on the a) temperature
and b) CO and NO, at the exit of the combustion chamber in the GT
operation. Nominal fuel composition corresponds to Part Load I case
(144.00 MW).
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Table 10 Initial values used by the simulation of the combustion chamber
at part load II regime (149.00 MW)

Entrance Parameters Units  Value Natural gas composition

Air Total mass flow kg/s 21.8  Chemical species % molar
Pressure MPa 1.39  Methane 97.200

Temperature °C 409  Ethane 1.380

Natural gas Total mass flow g/s 542 Propane 0.240
Pressure MPa 33 iso-Butane 0.025

Temperature °C 138 n-Butane 0.035

Feeding System? Stage A % 42.85 iso-Pentane 0.005
Stage B % 43.18 n-Pentane 0.005

Stage C % 7.52  n-Hexane 0.005

Pilot stage % 6.45  Nitrogen 0.765

Carbon Dioxide 0.405

Total 100.000

“Natural gas feeding system distribution among the stages obtained from field data.

Table 11 Results of temperature and emission obtained from the CRN simulation of a DLN
gas turbine combustor operating at part load II regime (149.00 MW)

Exit parameters Third CRN configuration GateCycle™ GT emission data
Temperature, K 1591 1592 e
[NO] (ppm at 15% O,) 22.1 - 20.5
[CO] (ppm at 15% O,) 0.4 - 0.4

Figure 10b also shows a small increment in the CO concentration
equivalent to 0.19 ppm as the methane composition in the natural gas
is changed from 92 to 98%.

3. Part Load Il Regime (149.00 MW)

The third case to be addressed corresponds to the determination of
the thermochemical parameters of the gas turbine combustor
operating at part load regime equivalent to 149.00 MW, which will be
dubbed here as part load II regime. As can be seen in Table 10, the
global parameters for this regime are similar to those considered for
the part load I regime, reason for that, this section will be limited to
providing a brief description of the results obtained by the CRN
simulation of the combustor at this specific operational condition.

Table 11 shows the results of the simulation of the combustion
process of the combustor for the case of part load II (149 MW), in
comparison to the temperature at the end of the combustion process
calculated by GateCycle™ and the emission data provided by the gas
turbine installation.

Note, from Table 11, that an excellent agreement is observed
referring to the burnt gases temperature and CO concentration
obtained by the application of the third CRN configuration, when
compared with the results obtained by the use of GateCycle™, and
the CO concentration measured in the gas turbine installation. A
small disagreement is observed on the NO concentration provided by
both approaches, where the simulated value of NO concentration is
1.6 ppm superior to the measured value, which represents a
discrepancy that does not overcome 8%.

Figure 11 depicts the burnt gases temperature and emission
evolution at the end of the DLN combustor with the variation of the
natural gas that is feeding to the combustion primary zone, when the
gas turbine is operating at part load II regime (149 MW). Figure 11a
shows an increment of 29 K (1.9%) for the burnt gases temperature at
the exit of the transition piece, when the methane concentration in the
natural gas is increased from 92 to 98%. Note that this rise for the
burnt gases temperature at the end of the combustion process is found
to be similar to that obtained for the case of part load I regime.

Moreover, Fig. 11b shows the existence of a 6.7 ppm (41%)
increase in the NO concentration when the methane composition in
the natural gas is varied from 92 to 98%. A comparison of Fig. 10b
with Fig. 11b evidences a similarity in the NO concentration
variations when the gas turbine is operated under part load regime
within the range of 144—-149 MW.

Finally, a small increment of the CO concentration, equal to
0.14 ppm, can be also observed in Fig. 11b when the composition of
methane in the gas natural is modified from the minimum to the
maximum value. It is believed that from the practical and regulatory
perspective, the absolute values of CO concentration and the relative
variation are not of great significance.

4. Parametric Study

This section summarizes the results obtained for the three different
load conditions, ranging from base load (169.17 MW) to minimum
load (144.00 MW). The comparison of Figs. 9-11, that the burnt
gases temperature at the combustion chamber exit is an increasing
function of the methane concentration of the natural gas. These
figures also permit to verify the direct proportionality between the
power of the gas turbine and the increment of the burnt gases
temperature at the combustion chamber exit. In other words, as the
power of the gas turbine decreases, also diminishes the temperature
variation when the methane composition in the natural gas increases.

Similarly, these figures also display the CO and NO concentrations
atthe end of the combustion process for the three previously analyzed
gas turbine operation regimes. Notice the similar behavior for the CO
evolution and for the temperature, i.e., high values in the CO
emissions as a consequence of the variation of the composition of the
natural gas are obtained in situations where burnt gases temperature
at the exit of the combustor chamber are higher.

An analysis of the individual behavior of each reactor stage shows
that, when methane content increases, the stage combustion
temperature always increases. The combustion temperature is close
to 2100 K for the pilot stage (because the mixture composition is far
away from the lean extinction limit), and close to 1800 K for A and B
stages (which composition lies close to the lean extinction limit of the
PSR). As a consequence, CO concentration decreases with
temperature in stages A and B and increases in the pilot stages. The
combined result in the primary combustion zone, is a slight increase
of CO at the combustor exit as the methane volumetric percentage in
the natural gas increases. Note that the ascending behavior of CO at
the pilot stage is related to the high-temperature combustion, which
leads to the formation of CO via CO, dissociation caused by the
backward reaction CO + OH < CO, + H.

It is also worthwhile to emphasize that the absolute values in the
CO concentrations encountered are smaller than 1 ppm. Therefore,
even if the percentage variations with the natural gas composition
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could be important, their range does not attract the attention from the
point of view of the environmental regulations.

Furthermore, NO concentration at the exit of the combustor is
strongly increased when the natural gas methane concentration
increases from 92 to 98%, which is mainly due to the corresponding
augment of combustion temperature.

C. Analysis of the Stage Fuel Distribution

Because the gas turbine combustion chamber analyzed in this
work operates with four feeding systems, also called stages (A, B, C
and Pilot), in this section, will be analyzed the influence that
produces the change in the natural gas flow that enters each stage, on
the burnt gases temperature and emissions at the exit of the
combustor.

To carry out this analysis, it was considered the operation of the gas
turbine at base load regime (as shown in Table 6). The natural gas
distribution was altered following 11 possible paths, also called cases
in the supply of natural gas to the primary zone of the combustor, as
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Fig. 11 Influence of the methane composition on the a) temperature
and b) CO and NO, at the exit of the combustion chamber in the GT
operation. Nominal fuel composition corresponds to Part Load II case
(149.00 MW).

can be seen in Fig. 12, which corresponds to the realistic natural gas
distribution reported by the gas turbine installation for three different
operational regimes:

1) Base load: (169.17 MW) designated as case 1.

2) Part load I: (149.00 MW) designated as case 6.

3 Part load I1I: (109.70 MW) designated as case 11.

The remaining eight cases were obtained by linear interpolation of
these three cases and are considered as the building blocks in the
subsequent simulation, because they represent, approximately, the
possible range of operation of the GT (109.17-169.70 MW) in study.
The natural gas mass flow rate is 600 g/s. It is important to
emphasize that the air mass flow of the remaining eight cases is the
same as the three baseline cases to maintain the same equivalence
ratio.

Figure 13 shows the results of the burnt gases temperature and the
CO and NO emissions at the end of the combustor as a function the
variation in the gas natural supply (designated by cases) in the four
stages (as show in Fig. 12).

On the basis of the results shown in Fig. 13, it was found an
absence of variation in the results related to the temperature and CO
concentrations in all the 11 cases considered in this simulation.
Nonetheless, the NO concentration is notably increased in the cases
where there is an increment in the mass flow in the Pilot stage and
stage C. Such increases lead to high levels of NO (36.6 ppm at
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15% O,) when the mass flown in stage C and Pilot stage reach
47.95 g/s (7.92%) and 43.72 g/s (7.22%), respectively. It is
believed that the mass flow in Pilot stage is primarily responsible for
the great sensitivity encountered in the NO formation, because an
increase of 10.69% of natural gas that is injected in the pilot stage
leads to an increment of 130% in the NO concentration at the exit of
the combustor chamber. Note that the increase of natural gas
concentration in the stage C affects simultaneously stages A, B, and
Pilot.

The strong sensitivity exhibited by the NO concentration as a
function of the mass flow in the four stages can be verified further in
Fig. 13, which shows the variation with the temperature of the NO
concentration formed in the primary zone, by the stages A, B and
Pilot. The temperatures calculated for the stages A and B in the
primary zone combustion are approximately 200 K smaller than the
estimated temperature corresponding to the combustion downstream
the Pilot stage. These differences in the temperature are propagated in
the NO prediction in the primary combustion zone, where it can be
perceived that NO concentration computed in the primary zone by
the Pilot stage is more than two orders larger than the NO concen-
tration that forms the combustion process in the stages A and B.

Thus, an increment of 4.22 g/s (10.69%) of natural gas that is
provided to the pilot stage leads to and increment of 108.6 K in the
burning temperature, resulting in an increase of 711 ppm of NO
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Fig. 13 NO evolution provided by (top) the combustion in the pilot
stage and (bottom) the combustion A and B, when considering a
variation in the natural gas system in accord to the 11 presented
situations.

(185%). In the case of the combustion in the stages A and B, and
increment of 6.88 g/s of natural gas drives to an increase of 16.7 K
the combustion temperature, and consequently, an augment of
1.12 ppm of NO (18%).

VII. Conclusions

This work described the combustion modeling of a gas turbine to
predict the temperature and concentrations of CO and NO at the end
of the combustion process for different gas turbine loads. For this
purpose, one of the 16 gas turbine combustors was considered as
representative for the purposes of this modeling using several
methodologies of solution under the context of the CRN approach.
This approach allows reducing the level of complexity of the
governing fluid mechanics equations, whereas retaining a detailed
description of the reactions of combustion. It is worth emphasizing
that, among several mechanisms investigated, the L&D mechanism
was found to be the most suitable to describe combustion within
PSRs, which justifies its use in this work.

Thus, for the modeling of the combustion chamber of a typical
industrial gas turbine, the geometrical configuration was
approximated to investigate three configurations, typical of the
CRN approach. Moreover, it was chosen the one that considers the
details of the operation of the combustor, which permits to give a
good estimate on the evolution of the thermochemical parameters of
the combustion process in base load condition. In this case, the
composition of the gas considered in the simulation was that
measured under actual operational conditions

After that, the most suitable CRN configuration in base load
regime was chosen and other gas turbine operational regimes were
considered (144.00 and 149.00 MW) to determine the impact of fuel
composition on the concentration of pollutants. By comparing the
calculated results with the measured values of concentration of NO
and CO, It can be concluded that the third CRN configuration is able
to predict properly the thermochemical parameters of interest in these
operation conditions.

Thus, under these operation conditions of the turbine, it was
determined that an increase in the concentration of methane in natural
gas within the range of 92-98% involves an increase in temperature
within the range of 1.88-1.91% whereas the CO at the exit of the
combustion chamber increased from 0.14-0.19 ppm. The increased
emissions of NO as a result of increased concentration of methane in
natural gas are influenced by temperature in the primary zone of
combustion and by the distribution of natural gas in the several
feeding stages. In particular, high NO concentrations were found as
the mass flow rate of natural gas is increased in the pilot stage.
Moreover, it was demonstrated the increment in NO concentration
between 39.21 and 41.06% as the concentration of methane in
natural gas is increased from 92 to 98%.

Finally, it is important to emphasize the inherent limitation in the
use of the CRN approach in the simulation of combustion as the result
of the simplification on the fluid mechanics equations, in contrast to
the more elaborate description of the kinetic of combustion and the
lower computational burden. A good alternative in the modeling and
simulation of practical combustion systems as DLN gas turbine
combustors could be the adoption of sophisticated approaches,
complementary to the CRN approach, such as the CFD, to get a better
prediction of the thermochemical process in such combustion
devices.
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