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RESUMO

Em simulac¢des de escoamentos reativos, mecanismos de cinética quimica detalhados descrevem
as reacOes quimicas elementares da combustdo. Devido ao grande nimero de espécies e reacoes,
o custo computacional € elevado no acoplamento desses mecanismos com algoritmos que
resolvem as equagdes do transporte em escoamentos turbulentos e em geometrias complexas.
Mecanismos globais de cinética quimica otimizados permitem reducio considerdvel do custo
computacional, um dos principais problemas em simula¢des de grandes escalas da turbuléncia
(Large Eddy Simulations - LES) e em simulacdes numéricas diretas (Direct Numerical
Simulations - DNS). Em ultra-alta pressdo, a hipétese de gds ideal resulta em discrepancias
em prever o comportamento de fluido supercritico. Mecanismos globais de cinética quimica
em ultra-alta pressdo, incluindo os efeitos de fluido real através de equacdo cubica de estado,
ainda ndo foram reportados na literatura. Esta dissertacao propde novos mecanismos globais
para os combustiveis etanol e hidrogénio. Mecanismos globais de cinética quimica para
hidrogénio supercritico foram propostos utilizando a equacdo cibica de estado de gds real
de Peng-Robinson. A otimizacdo foi realizada de acordo com um banco de dados de um
mecanismo detalhado. Para o combustivel etanol, foram obtidos mecanismos globais de duas
etapas, que reproduziram velocidades de chama laminar com méaximo de 10% de diferenca e
perfis de temperatura com méaximo de 6% de diferenca, em relacdo ao mecanismo detalhado,
para pressao de 1 atm, temperatura de 428 K e razdes de equivaléncia entre 0.6-1.8. Mecanismos
globais para pressoes entre 1-2 atm também foram obtidos, com desvio maximo de 20% para
velocidades de chama e perfis de temperatura. Para o combustivel hidrogénio, um mecanismo
global de uma etapa foi obtido, com maximo de 20% de diferenca para velocidade de chama
laminar, em relacdo ao mecanismo detalhado, para pressao de 1 atm, temperatura de 300 K e
razOes de equivaléncia entre 0.5-5.0. Em ultra-alta pressdo, os resultados obtidos utilizando-se
da equacdo de estado de Peng-Robinson apresentou discrepancias em relacdo a hipétese de gés
ideal para velocidades de chama laminar, estrutura de chama, e atraso de tempo de igni¢ao de
hidrogénio. Para pressdes entre 200-300 atm, temperatura de 300 K e razdes de equivaléncia
entre 0.6-3.0, os mecanismos de uma etapa reproduziram velocidades de chama laminar com
diferenca maxima de 20% em relacdo ao mecanismo detalhado. Os mecanismos globais
de cinética quimicas obtidos demonstram potencial para modelar combustdo em condi¢des

atmosféricas e em ultra-alta pressdo, principalmente em simulacdes numéricas onde a descri¢do



detalhada se torna proibitiva.

Palavras—chave: combustao, cinética quimica, chama laminar, fluido supercritico



ABSTRACT

In reactive flow simulations, detailed chemical kinetics mechanisms describe the combustion
elementary chemical reactions. Due to the large number of species and reactions, a high
computational cost is achieved when coupling these mechanisms with algorithms that solve
the transport equations in turbulent flows and complex geometries. Optimized global chemical
kinetics mechanisms allow for a considerable computational cost reduction, a major issue
when dealing with Large Eddy Simulations (LES) and Direct Numerical Simulations (DNS).
Under ultra-high pressure, the ideal gas assumption may lead to discrepancies in predicting the
supercritical fluid behavior. Global chemical kinetics mechanisms under ultra-high pressure
conditions, including real-fluid effects through a cubic equation of state, have not yet been
reported in the literature. This dissertation proproses new global mechanisms for ethanol
and hydrogen fuels. Global chemical kinetics mechanisms for supercritical hydrogen were
proposed using the real gas Peng-Robinson cubic equation of state. The optimization was
performed according to the database of a detailed mechanism. For ethanol fuel, two-step
global mechanisms were obtained, which predicted laminar flame speeds with maximum 10%
difference, and temperature profiles with maximum 6% difference, relative to the detailed
mechanism at a pressure of 1 atm, temperature of 428 K, and over the equivalence ratio
range 0.6-1.8; global mechanisms at pressures of 1-2 atm were also obtained, with maximum
20% difference for laminar flame speeds and temperature profiles. For hydrogen fuel, a
one-step mechanism was obtained, with maximum 20% difference in laminar flame speeds,
relative to the detailed mechanism, at a pressure of 1 atm, temperature of 300 K, and over
the equivalence ratio range 0.5-5.0. Under ultra-high pressure, the results obtained utilizing
the Peng-Robinson equation of state presented discrepancies from the ideal gas assumption
for hydrogen laminar flame speeds, flame structure, and ignition delay times. At pressures
of 200-300 atm, temperature of 300 K, and over the equivalence ratio range 0.6-3.0, the
one-step mechanisms predicted laminar flame speeds with maximum 20% difference relative
to the detailed mechanism. The obtained global chemical kinetics mechanisms demonstrates
potential to model combustion under atmospheric and ultra-high-pressure conditions, mainly

for numerical simulations in which the detailed description becomes prohibitive.
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1 INTRODUCTION

1.1 Context

The extensive emission of greenhouse gases by human activities has led to the
overheating of the Earth. Climate change-related events such as extreme hot and extreme low
temperatures, heatwaves, floods, and wildfires are more often, which threaten the habitable
conditions. Concerning on that, the Paris agreement was estabilished in 2015 between 196
nations, with the goal to keep the average temperature in maximum 1.5°C above pre-industrial
levels (1850-1900) (UNITED NATIONS CLIMATE CHANGE, 2024). However, this limit
is getting close: according to the latest data, the increase of the mean temperature achieved in
2024 its higher average of 1.28 °C above the pre-industral levels (Figure 1.1), and the increase of
greenhouse gas emissions among all the anthropogenic activity sectors is noticed (Figure 1.2).
In this scenario, it is essential to considerably reduce the emissions to preserve the climate.
The most expressive emissions are of carbon dioxide (CO,) provenient from power industry,
industrial combustion, and transport (CRIPPA et al., 2024). The transition to renewable fuels

is necessary to defossilize the energy sector, thereby reducing the CO, emissions during fossil

fuels burning.
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Figure 1.1 — Earth’s average surface temperature data from 1880 (pre-industrial) to 2024.
Source: NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
(NASA) (2024).
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Source: JRC, 2024

Figure 1.2 — Joint Research Center (JRC) emissions database for global atmospheric research
GHG emissions of all world countries per year in gigatonnes of equivalent carbon
dioxide (GtCO,,) and equivalent tonne carbon dioxide per capita (tCOz cq/cap)-
Source: CRIPPA et al. (2024).

Hydrogen (Hy) it a carbon-free potential renewable fuel, considered an energy
carrier due its high energy density per mass. Its clean burning emits mainly water vapor,
and has potential for large-scale green production through water electrolysis using renewable
electricity, such as provenient from solar, wind, and hydro energy sources (ANAND et al.,
2025). Biofuels had also gained attention in the energy transition; the climate conditions in
Brazil and vast territory allows for intense agriculture activities, including large sugarcane mills
to produce sugar and ethanol (CoH5O0H) fuel. Brazil is the second largest producer of ethanol
fuel, following the United States (Tab. 1.1), and the largest exporter, with growing consumption

due to the flex-fuel vehicles fleet (WALTER et al., 2011).
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Table 1.1 — Annual world fuel ethanol production (Mil. Gal.).

Region 2020 2021 2022 2023 2024 % of World Production
United States 13941 15016 15361 15580 16219 52%
Brazil 8100 7320 7400 8470 8780 28%
India 530 950 1220 1510 1630 5%
European Union 1310 1380 1420 1390 1440 5%
China 940 900 960 1070 1200 4%
Canada 429 434 447 454 464 1%
Thailand 390 350 380 340 360 1%
Argentina 210 270 310 310 310 1%
Rest of World 630 690 722 806 807 3%
Total 26480 27310 28220 29930 31210

Source: RENEWABLE FUELS ASSOCIATION (2025).

Combustion numerical simulations are essential for the development of efficient
technologies with renewable fuels and to understand its behavior in different operation
conditions. In the process of combustion, fuel and oxidizer molecules interact to form
and consume chemical species. Detailed chemical kinetics mechanisms from dozens to
hundreds of species and hundreds to thousands of elementary reactions have shown good
agreement with experimental data in numerical simulations. The transport equations are
solved for every time step and spatial grid point, as well the conservation of each species,
that are coupled by all elementary reactions; however, the detailed chemistry description is
computationally expensive for turbulent flows, complex geometries, and three-dimensional
numerical simulations (POINSOT; VEYNANTE, 2005).

Optimization methods can be used to reduce the number of species and reactions
while maintaining reasonable agreement with the key flow quantities obtained using the detailed
chemical kinetics mechanism. One-step and two-step mechanisms, with rate parameters
adjusted to replicate the outputs of the detailed chemistry, have been widely studied, particularly
for hydrocarbons and hydrogen fuels. One of the first works on global mechanisms concerning
the computational cost of the detailed description is presented by WESTBROOK and DRYER
(1981), and their work is a reference for global chemical kinetics mechanisms studies;
among them, FRANZELLI et al. (2010) introduced a two-step mechanism for kerosene fuel
applicable across a wide range of pressures. Further efforts include the virtual chemistry
framework presented by CAILLER (2018); through virtual intermediate and product species,

the mechanism was capable of successfully reproducing the temperature profiles of a detailed
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mechanism for methane fuel. KILDARE et al. (2024) proposed one-step mechanisms for
hydrogen and methane fuels valid under high-pressure and high-temperature conditions, in
which the hydrogen mechanism demonstrated the capability of a 100 times computational cost

reduction for CFD turbulent simulations.

1.2 Objectives

The overall objective of this dissertation is to develop new global chemical kinetics
mechanisms for ethanol an hydrogen renewable fuels, including the supercritical combustion of
hydrogen through the Peng-Robinson equation of state. To achieve this, the following specific

objectives are defined:

* Conducting a literature review on global chemical kinetics mechanisms;

* Implementing an algorithm in python programming language that recieves the detailed
mechanism database as an input, and return as outputs, the optimal global mechanisms

parameters;
» Studying ethanol chemical kinetics and obtain two-step global mechanisms;

* Studying hydrogen chemical kinetics with ideal gas and obtain a one-step mechanism at

atmospheric conditions;

» Studying hydrogen kinetics with real gas and obtain one-step chemical kinetics

mechanisms at high-pressure conditions.

1.3 Publications related to this dissertation

The results presented in this dissertation have led to the following publications in

conference proceedings:

* Andreza Costa, Paulo Vitor Ribeiro Placido, Rogério Gongalves dos Santos. Two-step
chemical mechanism for ethanol-air premixed flames. 20th Brazilian Congress of

Thermal Sciences and Engineering, Foz do Iguacu, Parand, Brazil, 2024.

* Andreza Costa, Paulo Vitor Ribeiro Placido, Rogério Gongalves dos Santos. Kinetic

mechanism for hydrogen flames under transcritical/supercritical state with real gas
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equation. 16th International Conference on Combustion Technologies for a Clean

Environment, Lisbon, Portugal, 2025.

* Andreza Costa, Henrique B. Mantovani, Rogério Gongalves dos Santos. Kinetics
of High-Pressure Hydrogen Flames. 28th International Congress of Mechanical

Engineering, Curitiba, Parand, Brazil, 2025.

1.4 Dissertation organization

Chapter 2 presents bases about chemical kinetics, one-dimensional combustion
modeling in steady state premixed laminar flames, and transient simulations in
zero-dimensional constant volume reactors. A review on global mechanisms and supercritical
combustion is also provided. The Chapter 3 presents the methodology and results about the
two-step chemical kinetics mechanisms for ethanol fuel, calibrated from a database generated
with recent ethanol-reduced mechanism, composed of 51 species and 627 reactions, developed
in the study of PLACIDO et al. (2024) about gasoline/ethanol high-pressure combustion.
Chapter 4 presents a review on laminar hydrogen flames under high-pressure, and also global
mechanisms for hydrogen including supercritical combustion with the Peng-Robinson equation

of state. In Chapter 5, conclusions and future works are discussed.
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2 LITERATURE REVIEW

This chapter starts with a review on chemical kinetics in Section 2.1. As laminar
flame speeds and ignition delay times are widely used to validate chemical kinetics mechanisms,
Section 2.2 presents the fundamentals of laminar premixed flames, and Section 2.3 present the
formulation of constant pressure reactors. In Section 2.4, a literature review on global chemical
kinetics mechanisms is presented, followed by a review on supercritical combustion in Section

2.5.

2.1 Chemical kinetics

In the process of combustion, fuel and oxidizer molecules interact to form and
consume new species through the formation and destruction of chemical bonds due to molecular
collisions and molecular forces; chemical kinetics involves the study of the elementary reactions
and the rate that they occur (TURNS, 1996).

Considering N species reacting through IR reactions:

N N
/ N /" —
E Vm,./\/’n = E Vn’r./\/'n, r=1,..,R, 2.1
n=1 n=1
in which v/, v/ are the stoichiometric coefficients of species n and reaction r, and N

represents a species; mass conservation gives:

Upr =1V —U . (2.2)

) n,r n,r

The production rate (w) of species n is given by:

R N N
Wn =Wa Y (kf,r X = ks H[XA”*’*) , (2.3)
r=1

in which W is the molar weight, [X,,] is the molar concentration, and k¢, and k;, are the
foward and backward rate coefficients of reaction r, that depends on the temperature 7" through

the Ahrrenius Law:

Ea,r

ki, = AT re =T ; (2.4)
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kf,r<¢)
ASY  AHQ

( PO )ZiLl Vi, e(T‘ﬁ) 7

RT

kb,r ((b) =

(2.5)

in which R is the universal gas constant, P = 1 atm is the reference pressure, A, represents
the frequency factor, E, . represents the activation energy, 3, is the temperature exponent, AS?
is the entropy change, and AH? is the enthalpy change in the reference state of reaction r
(POINSOT; VEYNANTE, 2005).

The elementary reactions present in combustion and respective Ahrrenius
parameters (A, 3, F,) are usually given in the form of a detailed mechanism as input file in
computational fluid dynamic codes, as an exemple the Gri 3.0 mechanism (SMITH et al., 2000)
containing 53 species and 325 reactions, very utilized in combustion numerical simulations for
methane and natural gas fuels, represented in Fig. 2.1.

In the combustion process, a chain of elementary reaction produces radicals that
further react and can produce more radicals, until a chain-terminating reaction produces stable
species. As exemples, considering the reactions involved in the hydrogen oxidation, a chain

initiation reaction is:

Hy + M = H* + H* + M, (2.6)

which produces H* radicals through dissociation of H,. M is a third body that participates in
the collision. A chain-branching reaction involves the consumption of a radical and formation

of two radicals species:

O" + H,O = OH" + OH", 2.7)

and a chain-terminating reaction:

H* + OH" + M = H,0 + M, (2.8)

that produces the stable species HoO (TURNS, 1996).



26

! GRI-Mech Version 3.9 7/38/99 CHEMKIN-II format

I See README3@ file at anonymous FTP site unix.sri.com, directory gri;
| WorldWideWeb home page http://www.me.berkeley.edu/gri_mech/ or

I through http://www.gri.org , under 'Basic Research’,

I for additional information, contacts, and disclaimer

ELEMENTS

0O H C N AR

END

SPECIES

H2 H 0] 02 OH H20 HO2 H202

C CH CH2 CH2(S) CH3 CH4 co co2

HCO CH20 CH20H  CH30 CH30H C2H C2H2 C2H3

C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH

NH2 NH3 NNH NO NO2 N20 HNO CN

HCN H2CN HCNN HCNO HOCN HNCO NCO N2

AR C3H7 C3H8 CH2CHO CH3CHO

END

ITHERMO

I Insert GRI-Mech thermodynamics here or use in default file

IEND

REACTIONS A B Ea

20+M<=>02+M 1.200E+17 -1.0080 .00

H2/ 2.40/ H20/15.4@/ CH4/ 2.0/ CO/ 1.75/ CO2/ 3.60/ C2H6/ 3.8/ AR/ .83/

O+H+M<=>0H+M 5.080E+17 -1.000 .00

H2/2.80/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/

O+H2<=>H+0OH 3.870E+04 2.700 6260.00

0+HO02<=>0H+02 2.080E+13 .000 .00

0+H202<=>0H+HO2 9.630E+86 2.000 4000.00

0+CH<=>H+CO 5.780E+13 .000 .08

0+CH2<=>H+HCO 8.000E+13 .000 .00

0+CH2(S)<=>H2+C0 1.500E+13 .000 .00

0+CH2(S)<=>H+HCO 1.500E+13 .0e0 .00

0+CH3<=>H+CH20 5.060E+13 .000 .00

0+CH4<=>0H+CH3 1.820E+09 1.500 8600.00

0+CO(+M) <=>C02(+M) 1.800E+10 .000 2385.00
LOW/ 6.020E+14 .000 3000.00/

H2/2.e8/ 02/6.08/ H20/6.08/ CH4/2.08/ CO/1.50@/ C02/3.5@/ C2H6/3.08/ AR/ .58/

0+HCO<=>0H+CO 3.000E+13 .000 .00

0+HCO<=>H+C02 3.000E+13 .000 .00

0+CH20<=>0H+HCO 3.900E+13 .000 3540.00

0+CH20H<=>0H+CH20 1.000E+13 .000 .00

0+CH30<=>0H+CH20 1.000E+13 .000 .00

0+CH30H<=>0H+CH20H 3.880E+05 2.5e0 3100.00

0+CH30H<=>0H+CH30 1.300E+65 2.5e0 5000.00

0+C2H<=>CH+CO 5.000E+13 .000 .00

0+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00

0+C2H2<=>0H+C2H 4.600E+19 -1.41@  28958.00

0+C2H2<=>C0+CH2 6.940E+06 2.000 1900.00

0+C2H3<¢=>H+CH2CO 3.000E+13 .000 .00

0+C2H4<=>CH3+HCO 1.250E+07 1.830 220.00

0+C2H5<=>CH3+CH20 2.240E+13 .000 .00

0+C2H6<=>0H+C2H5 8.980E+07 1.920 5690.00

0+HCCO<=>H+2C0 1.000E+14 .000 .00

0+CH2C0<=>0H+HCCO 1.000E+13 .000 8000.00

0+CH2C0<=>CH2+C02 1.750E+12 .00 1350.00

Figure 2.1 — GRI 3.0 detailed chemical kinetics mechanism. All reactions are available in
SMITH et al. (2000).
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2.2 Laminar premixed flame

Accurate numerical simulations of laminar flames are important as laminar flame
speeds are widely used for chemical kinetics mechanism validation agaist experimental data,
and laminar flames form the elementary building block in turbulent combustion models such as
the flamelet theory of turbulent flames (POINSOT; VEYNANTE, 2005).

When fuel and oxidizer are in a homogeneous mixture before entering the
combustion chamber, the combustion regime is called premixed. The equivalence ratio (¢) is the
ratio between the fuel-oxidizer mass fractions in the tested condition and at the stoichiometric

condition, defined as:

Yr /
¢ _ (Yo) _ YFVIOWO , (29)
(ﬁ) Y()VFWF
Yo stq

where Y is the mass fraction, v/ is the stoichiometric coefficient, the subscript F’ refers to the
fuel, O refers to the oxidizer, and stq refers to the stoichiometric conditions. Therefore, ¢ < 1
for fuel-lean mixtures, related to the excess of oxidizer, ¢ = 1 for stoichiometric mixtures, and
¢ > 1 for fuel-rich mixtures with excess of fuel (POINSOT; VEYNANTE, 2005).

The diferential equations for a laminar flame are given by the transport of mass:

Ipw) _ g, (2.10)
ox
the transport of species:
0 .
and the transport of energy:
oT al o (0T T [ &
— = ooy + — [ A=— | — — WY Vi 2.12
pcpuam ; v +(9x( 895) ox (p;cp, ) ( )

in which p is the density, u is the velocity is the x direction, i the dynamic viscosity, A is the
thermal conductivity, p is the pressure, NV is the total number of species, ¢, is the heat capacity
at constant pressure, Y,, is the mass fraction, V,, is the diffusion velocity, h,, is the specific
enthalpy of species n. From the reference frame of the flame, the unburned mixture mass

flux is related to the flame propagation speed through " = psy. For a laboratory flat flame,
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the combustion is characterized by a deflagation wave, which is subsonic; as a consequence,
the pressure gradients were neglect and the properties can be evaluated at the thermodynamic

pressure P. Considering an ideal gas, the equation of state is given by:

= — 2.1
P= 7 (2.13)

in which W is the mean molecular weight of the mixture and 7 is the temperature (POINSOT;
VEYNANTE, 2005).
The thermodynamic properties are evaluated as a function of temperature through

NASA-7 polynomials (KEE et al., 2017):

C_;O» _ 2 3 4
R a4+ as T + a3T” + a1 + asT", (2.14)
h° (45} as ., o 0/ Qs 4 Qg
= —T+ =T —T =T — 2.15
RT_“ TRttt T (2.15)
s? a a a
= =T + a7 + 537’2 + §4T3 + ZE’T4 + as. (2.16)

As the flow is composed by a mixture of species, molecules diffuse from high to
low concentration regions. Accurate modeling of the species diffusion is given through the
multicomponent formulation. The computational cost of the multicomponent method arises
from the inversion of a NV x /N matrix of binary diffusion coefficients (D,,;) at each spatial and
time step. As an alternative, accurate predictions can be obtained through the mixture-averaged
formulation, that considers that the species diffuse into a mixture. The unity-Lewis assumption
is given considering the thermal diffusivity equal to the mass diffusivity; the complete
formulation can be found at POINSOT and VEYNANTE (2005).

The boundary conditions are given by zero-gradient (0/0z) at the fresh reactants
inlet and for the hot burnt gases. The initial conditions of unburned gas composition and

temperature are set for the mixture. The laminar flame thickness (§?) can be obtained through:

Tb_Tu
maz (|35])

in which 7, and 7T, refer to the burned and unburned gas temperatures (POINSOT;
VEYNANTE, 2005).

50 = (2.17)
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A typical flame structure can be observed in Fig. 2.2. The unburned gas region at
the temperature 7, is called preheat zone, with small amount of heat released to the flow. The
shaded area delimits the flame thickness defined in Eq. 2.17. In this region, called reaction zone,
the fuel and the oxidizer are consumed and converted to products, while the reactions release
heat resulting in a considerable rise in temperature, and characterized by a fast reaction rate.
After the reaction zone, the post-flame zone is characterized by a slow reaction rate (TURNS,

1996).

CHj-Air, 1 atm, 300 K, ¢=1.0

L le9
0.7 - g ........... 2250
=,4 N2 HRR
= 2000 —,
0.6 = M
£ & 1750 —
,9 0.5 = I 3 = I‘"
13 o Fresh/unburned 1500 @
e 0.4 + "C—U‘ =
= ~ 1250
C‘a 0.3 o -
e A 1000 g
So24 @ &
> S 750 &
- =
0.1 7 500
5
009 o 250
i

Figure 2.2 — Stoichiometric methane-air flame strucure at P = 1 atm and 7;, = 300 K with the
Gri 3.0 (SMITH et al., 2000) chemical kinetics mechanism.

2.3 Ignition delay time

Ignition delay time is the time required for a mixture of fuel and oxidizer to react
in a certain condition of pressure and temperature; the ignition point can be defined by the rise
in temperature or species concentrations (Su et al., 2024), such as the OH* radical in Fig. 2.3.
Chemical kinetics mechanisms are validated with ignition delay time predictions against shock

tube experiments (HONG et al., 2011).
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Figure 2.3 — Ignition delay time according to the OH* radical mass fraction. Source: Adapted
from Goodwin et al. (2025).

Ignition delay time can be obtained through a batch reactor simulation at constant

volume, associated with the mass conservation:

Cii_:? = Z M, — Z Mout + mwally (218)
in out

in which m is the mass, m,, refers to the mass flow rate entering and r7,,; the mass flow rate
leaving the control volume, and 7, refers to the production on the surface. The species

conservation gives:

d(mY,,) , ' '
dt - %: minYnﬂ'n - Z mOutYn + Mp, gen, (219)

out

in which 14, is the mass flow rate generated on the surface. From the energy equation:

dU . dV ) :
% - Q - p% + mznhzn - hz Mout- (220)

mn out

in which U is the internal energy and @ is the heat added to the control volume (GOODWIN et
al., 2025).

2.4 Global chemical Kinetics mechanisms

Detailed chemical schemes account for calculations of all reactions and

intermediate species present in combustion. Due to the large number of species and reaction
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steps, computational cost becomes an issue when coupling detailed chemical schemes with
transport equations solvers for turbulent flows. Hopefully, with good agreement, optimized
chemical schemes that reproduce the effects of detailed chemical kinetics allow for a
computational cost reduction. Accurate simulations of combustion must take into account
physical phenomena characterized by a wide range of spatial and time scales, as shown in
Tab. 2.1. As turbulent direct numerical simulations (DNS) and Large Eddy Simulations (LES)
solving the transport equations within those scales are often pohibitive, the detailed chemistry
description that includes intermediate species formation and destruction can be modeled with
good accuracy through the optimization of smaller mechanisms that are still representative for
the major products such as CO,, HyO, CO, nitrogen oxides (NOy), sulfur oxides (SOy), soot
and unburned hydrocarbons (UHCs) (CAILLER, 2018).

Table 2.1 — Time and spatial scales associated with the physical phenomena present in
combustion chambers.

Phenomenon O(spatial scales) O(time scales)
Combustion Chamber 0'11__11011;’1,111::;316r -
Mean Flow 0.1-1m 1-10 ms
Heat Transfer 0.01 - 10 mm 0.1-1s
NO, - 0.1s
Break-up of liquid fuel I mm 0.1-1ms
into droplets

Droplets Evaporation 0.01 mm I ms
Flame Thickness <1 mm -
Acoustics - 1 ms
Heat Release - 0.1 ms
Radicals Formation or - 10 ps
Destruction

Turbulence 10 um - 10 mm 1-10ps

Source: Adapted from CAILLER (2018) and MIRA (2024).

A global chemical kinetics mechanism can be represented as:

F+aO — bPr,

(2.21)

in which F' represents the fuel, O the oxidizer and Pr the products. The production rate is given

by:

w = ky[F]*[0]",

(2.22)
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The exponents nr and np relate to the reaction order. The reaction is in order of np with
respect to the fuel, order np with respect to the oxidizer, and ng + no overall order. The foward
reaction rate coefficient is given by the Ahrrenius law (TURNS, 1996):

Ea,qg

kp= ATPe =i (2.23)

in which £, , is the global chemical kinetics mechanism activation energy.

WESTBROOK and DRYER (1981) presented one of the first works on global
chemical mechanisms that reproduce experimental laminar flame speeds. The authors found
that the adjustment of the rate constants could provide a better prediction of laminar flame
speeds for different mixtures regarding the computational issue of the coupling between
detailed kinetics and complex fluid dynamics simulations. The one-step mechanism provided
good predictions for flame speed; moreover, two-step mechanisms yield good estimation
for the burned gas temperatures. These parameters resulted in good predictions for the
studied hydrocarbons and the avaiable data at that time, but new optimized mechanism valid
for a variety of conditions, other quantities as temperature profiles, heat helease, pollutant
concentrations, and based on updated experimental and detailed mechanisms data were required
and are still being developed nowadays.

The work of PETERS et al. (1993) compiled the efforts in mechanisms
systematically reduced (2-6 steps) through steady-state and partial-equilibrium approximations.
The authors stated that steady-state approximations perform well for hydrocarbon fuels, as its
combustion is characterized by low radical levels; whereas for hydrogen flames the formation
of radicals leads to significant transient effects, with less accuracy of asymptotics descriptions.
Analytical reduced mechanisms presented good predictions in recent works as the three-step
mechanism developed by WEEKES er al. (2023) for Moderate or Intense Low-oxygen Dilution
Conditions (MILD) of propane (C3Hg) combustion.

FRANZELLI et al. (2010) showed that a two-step chemical scheme with the
Arrhenius parameters fitted as functions of the equivalence ratio for kerosene fuel (molar
fraction: 74% CioHaa, 15% CoHyo, and 11% CgH;g) yields good estimates over a wide range
of temperature, pressure, and diluent concentration; further, the methodology was applied to
build a two-step mechanism for methane fuel and coupled to a LES of a lean partially premixed
swirled flame gas turbine combustor, showing good agreement with experimental measurements

for stable turbulent flows (FRANZELLI et al., 2012). WESTBROOK and DRYER (1981) and
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FRANZELLI et al. (2010) applied an analytical relation between the pressure coefficient and
the fuel and oxidizer concentration exponents that holds potential to minimize computational
costs by providing a set of rate parameters suitable for different pressure conditions.

Further, CAILLER et al. (2017) presented the virtual chemistry framework to build
up an optimized mechanism for methane flames through virtual products. The optimization of
the reaction rate parameters and thermodynamic NASA polynomial coefficients leads to virtual
species to describe the target properties of the flow; in their study, the two-step mechanism
was capable of predicting better temperature profiles than the one-step version. The study was
further extended in the work of CAILLER et al. (2020), which presented good predictions for
two-dimensional laminar partially-premixed burner relative to the respective detailed reference
mechanism. A key aspect of their study was the use of a genetic algorithm to find the best
parameters evaluated using a fitness function definition that accounts for the temperature profile
and laminar flame speed outputs from a detailed mechanism.

Recently, KILDARE et al. (2024) fitted the Arrhenius parameters for hydrogen
and methane fuels one-step mechanisms, providing functional forms of initial temperature,
pressure, and oxygen mole fraction valid for Moderate and Intense Low Oxygen Dilution
(MILD) conditions; The hydrogen mechanism was capable of capturing temperature and heat
release profiles for CFD turbulent simulations with, approximately, a 100 times computational
cost reduction compared to the detailed description. Another noteworthy study was the one-step
hydrogen mechanism presented by MILLAN-MERINO and BOIVIN (2024), which in 2025
ranks among the six most downloaded articles in the prestigious Combustion and Flame journal,

highlighting the significance of recent advancements in optimized global mechanisms.

2.5 Supercritical combustion

When the fluid is at pressure and temperature conditions above the critical point,
it is neither in the gas phase nor the liquid phase, but in the supercritical state, as shown in
the phase diagram in Fig. 2.4. The critical pressure (F,) and temperature (7.) of the stable
chemical species present in this dissertation are given in Tab. 2.2. The transcritical state
occurs when only the pressure or the temperature is above the critical value. Combustion
modeling involves solving the transport equations plus a relation between density and pressure
through an equation of state (EoS), often employing the ideal-gas (IG) EoS. However, in the

supercritical/transcritical state, the utilization of the real-fluid equations has shown significant
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effects in predicting quantities that characterize the combustion phenomena, such as laminar

flame speed (LFS), ignition delay time (IDT), and flame structure.

I

o

- '

s 1

E ]

o , Supercritical Fluid
Liquid ,
Phase ]

Solid Phase Critical Point
Triple Point Gaseous Phase

Temperature

Figure 2.4 — Phase diagram. Source: Gupta et al. (2014).

Table 2.2 — Critical properties.
Species  P.[atm] 7. [K]

C,H;O0H 61 515
H, 13 33
(02 50 155
Ny 34 126

CO, 73 304
H>0O 218 647

Source: Data from NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY (2023).

ZHANG et al. (2024) studied supercritical CO, diluted in oxy-syngas and
oxy-methane flames under 700-800 K and 100-300 atm; they found that the real-fluid effects can
increase or decrease the laminar flame speeds depending on the unburned/fresh gas temperature
(T, or T). LV et al. (2025) studied laminar hydrogen premixed flames of at ultra-high pressure
and cryogenic conditions (7 = 50-350 K and 100-400 atm), and showed that the real gas
equation of state was important to predict flame structure in the fresh gas region and for laminar
flame speeds. BAI e al. (2025) found the the real fluid effects can reach 35% in laminar flame
speeds at 100 atm in hydrogen-oxygen flames diluted by H5O, that has a high polarization. They

also found that the real-fluid effects results in 8% discrepancy for laminar flames of dimethyl
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ether (DME) and n-heptane at 20-25 atm. PLACIDO er al. (2024) studied real-fluid effects
in mixtures of ethanol, gasoline and diesel surrogates, finding approximately 20% discrepancy
from ideal gas assumption in predicting ignition delay times at 150 atm.

Real-fluid effects can be analyzed through the Peng-Robinson (PR) equation of

state:

RT a(T)
V—b V(V4+0b)+0bV —b)

in which P is the pressure, R is the universal gas constant, 7" is the temperature, and V' is

P=

(2.24)

the volume. The parameter b is the Van der Waals repulsive volume correction, and « is the

attraction parameter, given by:

b= 0.07780 e, (2.25)
P
: ROT?
a= (1 e (1 - \/T/Tc>> 045724~ (2.26)

C

in which x is given in function of the acentric factor (w):

k = 0.37464 + 1.54226w — 0.26992w?. (2.27)

The critical property values (F., 7.) are documented in the literature for stable species such
as Hs and O,, derived from experimental data. However, the properties of some species must
be estimated, as these values are unavailable for many intermediate and radical species. The
Joback group contribution method (JOBACK, 2005) was utilized in the work of PLACIDO et
al. (2024); PLACIDO (2024) to obtain the critical parameters for these species.
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3 ETHANOL

This chapter presents new two-step chemical mechanisms for ethanol-air laminar
premixed flames, that comprises the reaction of fuel oxidation into carbon monoxide (CO) and
and water (H,O) and the the CO - CO, equilibrium, thereby tracking the emission of carbon

pollutants.

3.1 Methods

To calibrate the two-step mechanism, a recent reduced ethanol mechanism was
utilized, comprised of 51 species and 627 reactions, developed and described in the study
of gasoline/ethanol high-pressure combustion of PLACIDO et al. (2024), which is a reduced
version based in the C1-C3 mechanism CRECK_2003_C1_C3_HT (RANZI et al., 2014;
RANZI et al., 2015; BAGHERI et al., 2020), validated for flame properties in the literature.
The calibration conditions were set to 1 atm, 428 K, and ¢ = 0.6 to ¢ = 1.8. Those limits were
set according to the available experimental data.

The flame simulations were carried through Cantera 3.0 (GOODWIN et al., 2023)
open-source code which solves the transport equations for a freely propagating premixed
laminar flame. The mixture-averaged transport model was adopted for the detailed mechanism
due to its accuracy and moderate computational cost, and results in good predictions of
experimental data for the studied conditions. For the two-step mechanisms, the unity-Lewis
Number approximation was adopted, often present in optimization works as in WESTBROOK
and DRYER (1981), FRANZELLI et al. (2010) and CAILLER et al. (2017).

The two-step chemical mechanism can be expressed as:

CO + 0.503 = CO., (3.2)

with Arrhenius reaction rates coefficients:

_91(@)Eg g1

k(o) = ci(¢)Are” =T, (3.3)
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Bra(9) = ea(9) Ape™ T, (3.4)
k
kb72(¢) = ~ f,2(¢>Asg ang\’ (35)
(%)2%:1 Vn,2 e(Tf RT )
associated with the production rates:
W1(0) = kr1(6) [Xeamson] P [ Xo, "), (3.6)
wa(p) = kya(d)[Xcol[Xo,] — kb2(¢)[Xco,), (3.7)

in which the correction functions c(¢) and g(¢) were introduced for the optimization process
of the pre-exponetial factor and the global activation energy, respectively, and ng(¢), no(¢) are
the fuel (F') and oxidizer (O) reaction orders, also optimized.

The optimization was carried out using a Monte Carlo method, which generates
independent random values for the optimization parameters. This method addresses
minimization problems with numerous local minimums (KROESE; Rubinstein, 2012). Python
version 3.11 produced uniformly distributed values within the optimization range using its
module named random (PYTHON SOFTWARE FOUNDATION, 2024). The best parameter
combination is selected based on the objective/fitness function value, which considers the

relative difference (¢) between the global and the detailed (dtl) reference mechanisms:

_ |SL,dtl - SL|

=, (3.8)
t SL,dtl
T -T
ep = || Tau(Tan) (xan)|| ; (3.9)
[ Tat(zan)||
The fitness function (f) definition, similar to CAILLER et al. (2017), is given by:
f=wes, + (1 —w)er, (3.10)

in which w is the weight value for the laminar flame speed relative difference. Optimizing
the temperature profile was more computationally expensive, so the value of w = 0.1 was set,
which corresponds to a 90% weight for the temperature profile. The best solution is given by

the parameters associated with the minimum fitness value.
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FRANZELLI et al. (2010) obtained a two-step mechanism that provided good
predictions for kerosene laminar flame speed at different pressure conditions; this was achieved
by imposing the following constraint - derived from an analytical relation between the pressure
exponent (ap) and the fuel and oxidizer reaction orders (ng, no). From asymptotic analysis,
MITANI (1980) presented an expression for the laminar flame speed depedence with pressure,
which led to:

_np+no—2

ap= . (3.11)

An estimate for the pressure exponent can be obtained from experimental or detailed
chemical kinetics simulation data: sy (P,T) and s% (P° T°), through the polynomial function

(FRANZELLI et al., 2010):

P\ [T\
s.(P,T) = s (P, T? (ﬁ> <ﬁ> : (3.12)

for T° = T and manipulating Eq. 3.12:

_ In(sp) — In(s%)
In(P) — In(P°)’

these relations were imposed to obtain a global mechanism for ethanol-air premixed flames

ap (3.13)

valid under 1-2 atm pressure conditions, following the procedure presented in the flowchart of

Fig. 3.1.
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Database detailed mechanism:
% (1 atm, 428 K)
sr(2 atm, 428 K)

To obtain ap :

— In(sg) — In(s%)
P In(P) — In(P0°)

4

To obtain np:

guess between [0.01, 2] Monte
Carlo method

_np+mno—2
B 2

To obtain ngp:

ap

Figure 3.1 — Flowchart to obtain reaction orders for the two-step ethanol chemical kinetics
mechanism.

3.2 Results

Figure 3.2 presents the relative differences and fitness function evolution according
to the number of tested set of parameters (ci, ca, g1, g2, np, Nnp), called samples, which
corresponds to three Monte Carlo simulation runs. Despite the variations in the relative
difference profiles (¢s,, er) between the runs, due to the randomness of the optimization
technique, the fitness function profiles (f) consistently show a decay as the number of samples
increase. This indicates convergence towards the minimum of the f function, which is the main

goal of the optimization.
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Optimization run, ¢ = 0.6
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0 50 100 150 200 .10°
b Number of Samples
) Optimization run, ¢ = 1.1
5 .
_____ Es,
4 — &1
po— - f
R 31
S
K3/ [ | E— me—
3 |
0 = L] T T l____l ________ T
0 50 100 150 200 .10°
Number of Samples
C
) Optimization run, ¢ =1.2
254 | =
i ET(x)
_ 201 —— f
g |
— 151!
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Figure 3.2 — Three runs of the optimization method for (a) ¢ = 0.6, (b) ¢ = 1.1 and (¢) ¢ = 1.2.

The obtained parameters of the two-step ethanol chemical kinetics mechanism at
1 atm are available in Tab. 3.1; laminar flame speeds (LFS) are available in Fig. 3.3, and
temperature profiles are available in Fig. 3.4 and Fig. 3.5. The global mechanisms closely
reproduce the flame speeds obtained from both the detailed mechanism and experimental

data across a wide range of equivalence ratios. The deviation remains within £5% for most
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equivalence ratios, indicating a good predictive capability. At lean (¢ = 0.6) and rich (¢ = 1.8)
limits, the deviation increases up to 10%. For ¢ = 0.6, despite the 10% overprediction
in flame speed, the temperature profile remains in close agreement with the detailed model,
with deviation below 3%. For rich mixtures, the global model slightly overpredicts peak
temperatures (= 6%). This discrepancy is attributed to the absence of intermediate and radical
species in the global scheme, which in the detailed mechanism presents a endothermic behavior

that lowers the flame temperature.

Table 3.1 — Two-step ethanol chemical kinetics mechanism parameters for P = 1 atm, ¢ = 0.6
to ¢ = 1.8.

¢ C1 (&) ng no g1 g2
0.6 | 47.875 0.043 0.155 1964 0.809 0.747
0.7 17.280 0.100 0.346 1.548 0901 0.941
0.8 | 78.011 0.031 0406 1.406 1.082 0.666
09 [95.603 0.731 0309 1464 1.087 1.718
1.0 | 16.593 0.091 0.357 1.274 1.106 1.141
1.1 | 33.905 0.058 0.262 1.581 0918 0.945
1.2 1 17.983 0.347 0.235 1.731 0.696 1.568
1.3 | 50.860 0.067 0.397 1.458 0.931 1.382
1.4 199.937 0985 0.369 1.581 0.892 2.224
1.5 | 18.205 0.250 0.546 1.245 0979 8.362
1.6 | 37.634 2.758 0.240 1.724 0901 6.121
1.7 1 34.019 4494 1.767 0.298 0.762 8.913
1.8 1 22.738 8941 1.591 0.572 0.665 3.784

Ethanol-Air, 428 K, 1 atm

100
80 1
%)
E 60'
=)
- 40
i —— Global 2S
20 1 ——- Detailed
®  Experimental
0 . . : 1 : : :
1.10 06 08 1.0 1.2 14 16 1.8
.18 1.05 1
7@ 1.00
0.95

06 08 1.0 12 14 16 1.8
[0

Figure 3.3 — Ethanol-air premixed laminar flame speed at P = 1 atm and 7,, = 428 K.
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Figure 3.4 — Comparison between temperature profiles of the two-step and detailed ethanol
chemical kinetics mechanisms for ¢ = 0.6 to 1.1 at P = 1 atm and 7;, = 428

K.
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Figure 3.5 — Comparison between temperature profiles of the two-step and detailed ethanol
chemical kinetics mechanisms for ¢ = 1.2 to 1.8 at P = 1 atm and 7;, = 428

K.
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ZHENG et al. (2024) presents shock tube measurements of stoichiometric laminar
premixed ethanol flame speeds at atmospheric pressure and various initial temperatures, which
align with previous experimental data documented by EISAZADEH-FAR et al. (2011), RAU
et al. (2015), LIAO et al. (2007), and KATOCH et al. (2018). In Figure 3.6, the predictions
for laminar flame speed and the experimental data are presented; even though the two-step
mechanism was optimized for 428 K, it still maintains good agreement across the range of
unburned gas temperature 300 < 7, < 500 K, and overestimates the laminar flame speed for
higher temperatures, showing limitations in capturing the temperature dependence of reaction

rates at higher temperatures.

Ethanol-Air, $=1.0, 1 atm

2001 « Fisazadeh-Far et al. (2011)
=  Rauetal (2015)
1754 ® Liaoetal (2017)
®  Mendieta (2017)
150 A ¢ Katochetal. (2018)
x  Zheng et al. (2024)
— ---- Detailed
= 125 11— Global 2S
S,
w5 100 1
75 A
50 -
25 A

300 350 400 450 500 550 600 650
Ty [K]
Figure 3.6 — Laminar flame speed comparison for different unburned gas temperatures between

chemical kinetics mechanisms (lines) and experimental data (markers), for
stoichiometric mixtures and P = 1 atm.

For kerosene fuel, FRANZELLI et al. (2010) found an average pressure coefficient
(ap) over the pressure range of 1-12 atm (Fig. 3.7-a); however, for ethanol fuel, the pressure
coefficient considerably varies, as shown in Fig. 3.7-b. In this work, the aimed laminar flame
dependence between the reference pressure Py = 1 atm and P = 2 atm resulted in the values

presented in Tab. 3.2, obtained with the analytical constraint of Eq. 3.13.
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(a) Kerosene, Pref=1 atm, Tu=300 K (b) Ethanol, Pref=1 atm, Tu =428 K
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Figure 3.7 — Pressure exponent for the reference pressure of 1 atm, for (a) kerosene fuel, P = 2
to 12 atm, 7,, = 300 K, and detailed chemical kinetics mechanism of LUCHE
(2003), and (b) ethanol fuel, P = 2 to 10 atm, T,, = 428 K, detailed mechanism of
PLACIDO et al. (2024).

Table 3.2 — Reactant order obtained through Equation 3.13 and the detailed mechanism of
PLACIDO et al. (2024) for T,, = 428 K, P = 1 atm, and P = 2 atm.

10) ng + No
0.6 1.234
0.7 1.308
0.8 1.395
0.9 1.448
1.0 1.484
1.1 1.496
1.2 1.484
1.3 1.423
1.4 1.308
1.5 1.130
1.6 1.031
1.7 1.248
1.8 1.378

The following results are related to the obtained parameters for 1-2 atm
optimization, available in Tab. 3.3. Considering that Set 1 refers to the chemical kinetics
mechanism optimized at 1 atm and Set 2 to the mechanism optimized for 1-2 atm with the
analytical constraint, the laminar flame speeds (LFS) are represented in Fig. 3.8. Set 2 shows
higher discrepancies for the lean and rich mixtures compared to Set 1 at 1 atm; however, it shows
considerable better agreement for LES at 2 atm. Set 1 LFS for rich mixtures are considerably
overpredicted for 2 atm; this is associated with the higher order values, as shown by the red lines

in Fig. 3.9. The Set 2 mechanism resulted in higher discrepancies in predict the temperature
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profiles in Fig. 3.10 and Fig. 3.11 than Set 1 in Fig. 3.4 and Fig. 3.5, mainly at the rich limit
for ¢ = 1.8.

Table 3.3 — Optimized two-step ethanol mechanism parameters for P = 1 and 2 atm, ¢ = 0.6
to ¢ = 1.8.

o C1 Ca ng no g1 g2

0.6 | 0.341 8.326 1.018 0.212 1.027 2.351
0.7 0.186 9.069 1.191 0.119 0.992 2.086
0.8 123.024 4965 1.209 0.191 1.258 2.079
091 21.075 0.644 1.256 0.194 1.187 1.569
1.0 | 62.689 0.023 1.225 0.255 1.323 0.581
1.1 | 29.708 0.261 1.169 0.331 1.204 1.513
1.2 ] 4.003 3.559 1.089 0.391 1.085 2.371
1.3 1.342 2210 1.229 0.191 1.101 2.324
1.4 ] 0.085 6456 1.064 0.246 1.065 3.012
1.5 ] 11.868 2.559 0.182 0.948 2.216 1.833
1.6 | 97.185 22.685 0.139 0.891 2967 1.721
1.7 | 65.310 32.573 0.893 0.357 2.652 2.008
1.8 ] 0.333 6.006 0.882 0498 1.673 2.001

a) 100 _Ethanol-Air, 428 K, 1 atm b) 100 . Ethanol-Air, 428 K, 2 atm

80 - 30 -
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= 60 - < 60 -
£ g
= =
\‘ 4:0 7 ‘-‘ 40 T
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20 —— Detailed 20 —- Set 1, Global 28 N
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Figure 3.8 — Laminar flame speed for 7;, = 428 K, (a) P = 1 atm and (b) P = 2 atm, according
to the equivalence ratio.
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Reaction orders
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Figure 3.9 — Reaction orders for the two optimized sets of parameters according to the

equivalence ratio.
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Figure 3.10 — Comparison between temperature profiles of the two-step mechanism optimized
for P = 1 and 2 atm and detailed ethanol chemical kinetics mechanisms, for
¢=0.6tol.1atP=1atmand7, =428 K.
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Figure 3.11 — Comparison between temperature profiles of the two-step mechanism optimized
for P = 1 and 2 atm and detailed ethanol chemical kinetics mechanisms for
¢p=12tol.8at P=1atmand 7T, = 428 K.
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The optimization of the global two-step ethanol mechanism successfully reproduced
laminar flame speeds and temperature profiles with reasonable accuracy across a wide range of
conditions, while discrepancies remain, particularly at the lean and rich limits. Overall, the
results demonstrate that the proposed optimization framework can generate reduced chemical

kinetics schemes capable of reproducing key combustion properties with satisfactory accuracy.
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4 HYDROGEN

This chapter investigates the kinetics of laminar hydrogen flames. In Section 4.1,
numerical simulations are conducted to analyze key combustion characteristics, such as flame
speed, ignition delay time, flame structure, and the comparison of different chemical kinetics
mechanisms under high-pressure. A sensitivity analysis is performed to identify the most
relevant reactions and species in modeling high-pressure combustion. In Section 4.2, global
mechanisms for ultra-high pressure premixed hydrogen-air flames are proposed, using the real

gas Peng-Robinson equation of state.

4.1 Kinetics of high-pressure hydrogen flames

4.1.1 Methods

Three detailed hydrogen chemical kinetics mechanisms were employed for
comparison: Li ef al. (2004), Burke et al. (2012), and Konnov (2019). Those mechanisms were
chosen because they have up to 15 species, as described in Tab. 4.1, making flame computations
possible with a moderate computational cost; for high-pressure conditions, the flame thickness
becomes more thin and more grid points are required, raising considerably the computational

cost of solving the transport equations for each species at each grid point.

Table 4.1 — Detailed chemical kinetics mechanisms utilized in this dissertation.

Mechanism Species  Reactions
Li et al. (2004) 13 25
Burke et al. (2012) 13 27
Konnov (2019) 15 75

4.1.2 Results

Figure 4.1 presents laminar flame speeds for Hy-Air laminar premixed flames for
1 < P <100 atm. The H,-Air flames show a monotonic decrease in LFS with pressure; this
behavior is reported experimentally in the work of Lu et al. (2020) for Hy/O/diluent (N5, He,
Ar, and CO,) mixtures, for pressures up to 4 atm; the authors associated this behavior with the
reduction of the radical pool with the increase of pressure. The reduction of the H*, O*, OH*

radical pool with increase of pressure is presented in Fig. 4.2 for stoichiometric Hy-air mixture,
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in which the red line represents the molar concentration of the species in the burned gases and

the blue line the maximum molar concentration through the flame.

H,-Air, 300 K
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Figure 4.1 — Laminar flame speeds for hydrogen-air premixed flames at 7;, = 300 Kand P =1

to 100 atm.
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Figure 4.2 — OH* (a), H* (b), and O* (c) species profiles for Hy-air laminar preximed flames at
T, =300 K and P = 1 to 100 atm.

Figure 4.3 shows that H,O, and HO; maximum molar fractions increases with
pressure for Hy-air stoichiometric mixture. For HO3, the curve present a peak in 30 atm and

then slightly decreases for 30-100 atm, which is related to the sensitivity coefficients of the
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reaction H* + O, (+M) = HOj (+M) showed in the black line of Fig. 4.4 involving this species.

A positive sensitivity coefficient means that the reaction affects laminar flame speeds in order

to increase it, and negative sensitivity coefficient reduces LFS (Ronan et al., 2022). Higher

sensitivity values in module indicates the importance of the reaction in the LFS results. The

most relevant reactions: H* + O, = O* + OH*, Ho+ OH* = H* + H,O, include three radical

species (H*, O*, OH*) and the major product H,O. It also shows that the reaction H* + O, (+M)

= HOj (+M), including the HO3 radical, becomes more relevant with the increase of pressure,

reducing the LFS with negative sensitivity coefficient.

a)

H,-Air, 300K, ¢=1.0

b)

H;-Air, 300K, ¢ =1.0

0.10 ~

0.08 1

0.06

e

=

=
1

X H202 [%]

o

o

]
1

0.00 ~

—— Lietal (2004) /

—- Burke et al. (2011)
== Konnov (2019)

= Burned gases

- m— Maximum

g
——
:_::/—/

~ 10.175 1

10.150 4

10.125 1

10.100 +

10.075 1

X HO2*[%]

10.050 1

10.025 1

— Lietal. (2004)
—- Burke et al. (2011)
== Konnov (2019)

= Burned gases
m— Maximum

10.000 1

T T—T—T—r-T-T-T.
10° 10!

Pressure [atm]

102 10°

10! 102
Pressure [atm]

Figure 4.3 — H,O5 (a) and HO; (b) species profiles for Ho-air laminar premixed flames at 7, =
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Kand P =1 to 100 atm.

] H,-Air, 300 K, ¢ =1.0, Mech. Li et al. (2004)

A

— H*+ HO2* = 20H*

— H*+ OH*+M=H20 + M
—— H*+ HOZ* = H2 + 02
—— HO2*4+OH* = H20 + 02

—— H2 + OH* = H*+ H20
—— H*+ 02 = 0"+ OH*
— H*+02 (+M) = HOZ"(+M)
0564 — H2 + 0" = H*+ OH*
=1
L¥3
2
|
_é’ 0.25 4
=
e
or—
o
©  0.00
wn
-0.40 :
100 10!

Figure 4.4 — Sensitivity coefficient for stoichiometric laminar flame speeds of Hy-air at 7,
300 K and P = 1 to 100 atm, Li et al. (2004) chemical kinetics mechanism.

Pressure [atm]

102



54

Figure 4.5 presents ignition delay times (IDT) for Hy-Air flames for 1-100 atm
and initial temperatures betweem 1000 and 1667 K, showing a consistency between the
three mechanisms predictions. For all pressures, the IDT value decreases with increasing
temperature, but at 10, 50, and 100 atm the decrease is more pronounced than at atmospheric
pressure. For the high-temperature limit of 7" = 1667 K, IDT decreases for high-pressures of
10, 50, 100 atm relative to atmospheric pressure. At 7' = 1000 K, IDT achieves maximum

value at P = 10 atm, and decreases for higher pressures of 50 and 100 atm, with minimum for

1 atm.
H>-Alr
Temperature (K)
1666.7 1428.6 1250.0 1111.1 1000.0
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Figure 4.5 — Ignition delay times for stoichiometric Hp-air mixtures at = 1 to 100 atm.

The analysis of hydrogen flames over a wide pressure range demonstrates a
consistency of detailed chemical kinetics mechanisms in predicting laminar flame speeds,
ignition delay times, and species profiles. The results highlighted the increasing role
of pressure-dependent reactions, particularly the formation of HO3, in controlling flame
propagation and reactivity at elevated pressures. While the radical pool of H*, O*, and
OH* diminishes with pressure, HO formation gains importance, contributing to the reduction
in laminar flame speeds. These findings emphasize the fundamental chemical kinetics
pathways governing hydrogen combustion under pressurized conditions and provide a reference
framework for the development and validation of reduced chemical kinetics schemes in the

following sections.
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4.2 Supercritical combustion with real gas equation of state

4.2.1 Methods

For ultra-high pressure hydrogen flames calculations, a reduced version of the
chemical kinetics mechanism of PLACIDO et al. (2024); PLACIDO (2024) was utilized, which
accounts with 13 species and 37 reactions. The real-gas Peng-Robinson (PR) equation of state
was utilized in Cantera 3.0 (GOODWIN et al., 2023) for laminar flame speeds and ignition

delay time calculations.

4.2.2 Results

Figures 4.6 and 4.7 show the profile of laminar flame speeds as a function of
equivalence ratio results for ideal gas (IG) and Peng-Robinson (PR) equations of state (EoS)
in ultra-high pressure conditions of P = 150t0400 atm. It illustrates a notable deviation from
ideal gas, which becomes increasingly pronounced with rising pressure in Hs-air flames: the
PR EoS exhibits a maximum relative difference from the IG EoS of 4.3% at 150 atm and 16%
at 400 atm. Overall, the PR EoS predicts higher values of LFS than the IG EoS under the
simulated conditions. The normalized results highlights the deviation of the PR from the IG.
The higher the combustion pressure the greater is the difference between the IG and PR LFS
results. The highest differences starts near the stoichiometric point and it is less pronounced in
lean flames. It is possible to note the importance of a real gas EoS as PR in the LFS for Hs-air

flames calculation at high pressure, mainly for stoichiometric and rich flames.
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Figure 4.6 — Laminar flame speeds of Hs-air mixtures for 7;, = 373 K, P = 150 and 300 atm,
comparing IG EoS and PR EoS.
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Figure 4.7 — Laminar flame speeds of Hs-air mixtures for 7;, = 373 K, P = 200 and 400 atm,
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Figure 4.8 shows IDT simulations for stoichiometric Hy-air flames at P=100 and
300 atm, for initial temperatures (7;) from 870 to 1250 K, comparing IG EoS and PR EoS, and
Figure 4.9 for P=150 and 400 atm. The deviation of non-idealities becomes more pronounced
with the pressure increase for IDT. The PR results present an IDT maximum relative difference

from the IG of 5.4% at 100 atm, and of 17% at 400 atm.
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Figure 4.8 — Ignition delay time simulations for stoichiometric Hy-air flames at P = 100 and
300 atm, 7; = 870 to 1250 K, comparing IG EoS and PR EoS.
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Figure 4.9 — Ignition delay time simulations for stoichiometric Hs-air flames at P = 150 and
400 atm, T; = 870 to 1250 K, comparing IG EoS and PR EoS.
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Analyzing the temperature, gas density and species profiles of a freely-propagating,
premixed hydrogen flat flame at 400 atm with PR and IG, in Figures 4.10, 4.11 and 4.12,
respectively, it is possible to see differences. Using the PR EoS, the fresh gas density is about
14% lower than using the IG EoS. Also, the burned gas temperature is slightly lower with the
real EoS. Species mass fraction profiles are also affected, lowering the O*, H*, and OH* radicals
mass fractions in the burned gas composition. This indicates that the use of a real gas EoS as PR

is important not only in the calculation of LFS or IDT at transcritical/supercritical conditions,

but also in species calculations.

373 K, 400 atm, ¢ = 1.0

—H2 IG ----- H2 PR

800

30 300
0.010493  0.010497 0.010501 0.010505 0.010509 0.010513

X [m]

Figure 4.10 — Mixture gas density and temperature profiles of Hs-air stoichiometric flames for
T, =373 K, P = 400 atm, comparing IG EoS and PR EoS.
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Figure 4.11 — O* and H* mass fraction profiles of Hy-air stoichiometric flames for 7,,=373 K,
P = 400 atm, comparing IG EoS and PR EoS.
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Figure 4.12 — H,O, and OH* mass fraction profiles of Hs-air stoichiometric flames for 7, =

373 K, P = 400 atm, comparing IG EoS and PR EoS.

In summary, the comparison between the ideal gas and Peng—Robinson equations

of state under ultra-high-pressure conditions demonstrated the increasing influence of real-gas

effects on hydrogen combustion. Both laminar flame speed and ignition delay time results

showed growing deviations with pressure, reaching nearly 20% at 400 atm. The analysis
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of temperature, density, and species profiles further confirmed that non-ideal thermodynamic
behavior affects not only global flame characteristics but also the radical pool and burned
gas composition. These findings emphasize the importance of employing real-gas equations
of state in the modeling of transcritical and supercritical combustion regimes, establishing a
consistent framework for subsequent studies on reduced chemical kinetics mechanisms under

such conditions.

4.3 Global chemical Kinetics mechanisms

4.3.1 Methods

The one-step chemical kinetics mechanism can be represented by the reaction:

H, + Oy, — HQO, (41)

in which the reaction rate coefficient is given by:

E

kp = ATPe =7 4.2)

and production rate:

w = ky[Hy|""[Oy]"°, 4.3)

The genetic algorithm available in the python library Pygad (Gad, 2023) was used.
Considering that an individual refers to a set of parameters - in this case A, E, 4, 5, np, no,
called genes, a genetic algorithm is based on the evolution theory, in which the best individuals,
are mantained for the next generation and go under operations called crossover and mutation
than changes the genes values to form the new population, as represented in the flowchart of
Fig. 4.13. The best individuals are chosen according to an objective/fitness function (GAD,

2018).
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Figure 4.13 — Genetic algorithm flowchart. Source: GAD (2018).

4.3.2 Results

Table 4.2 presents the global chemical kinetics mechanism obtained at 1 atm, and

Fig. 4.14 presents the laminar flame speeds for this condition, with the major deviation for lean

mixture ¢ = 0.6 of 20%. Figure 4.15 presents the global mechanism performance at 1 atm for

different mixture initial temperatures. It performed well for the temperature range of 100-600

K, particularly in the low to moderate temperature range, and the deviation increases slightly at

higher temperatures where the global mechanism underpredicts stoichiometric mixture laminar

flame speeds.

Table 4.2 — Global chemical kinetics mechanism for Hy-air at 7,, = 300 K and P = 1 atm.

Plam] A|--| E, [L] np no 8
1 3.14e+15 277450 057 0.67 -145
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Figure 4.14 — Premixed hydrogen-air laminar flame speeds at 7, = 300 K and P = 1 atm.
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Figure 4.15 — Premixed hydrogen-air laminar flame speeds at P = 1 atm and 7, = 100 to 600
K.

Table 4.3 presents the global chemical kinetics mechanisms obtained for
ultra-high-pressure combustion of hydrogen-air mixtures at the calibration pressure of 250 atm

with the Peng-Robinson and the ideal gas equation of state. Figure 4.16 presents the laminar
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flame speeds, with maximum deviation of 10% for lean (¢ = 0.6) and stoichiometric mixtures.
Higher discrepancies were found using the mechanism for ideal gas than the mechanism

calibrated using the Peng-Robinson EoS.

Table 4.3 — Global chemical kinetics mechanisms for Hy-air at 7,, = 300 K and P = 250 atm.

Global chemical kinetics mechanisms, 250 atm
EoS A [ m? l By o [ﬁ] ng  No I6;

mol?—1s

Peng-Robinson  9.54e+19 46202.0 124 0.79 -1.28
Ideal gas 3.01e+5 32023.0 156 1.27 3.62
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Figure 4.16 — Premixed hydrogen-air laminar flame speeds at 7, = 300 K and P = 250 atm.

Tables 4.4 and 4.5 presents the global chemical kinetics mechanisms obtained
for 200 and 300 atm, respectively, with the Peng-Robinson and the ideal gas equation of
state. Figures 4.17 and 4.18 show a reasonable agreement, with maximum 20% difference for
stoichiometric mixture at 200 atm, and 10% difference for stoichiometric and lean (¢ = 0.6)
at 300 atm, was achieved by adjusting the pre-exponential factor in relation to the value
found at the calibration pressure 250 atm, as showed in Fig. 4.19; it was possible because
the pre-exponential factor mainly shifted the LFS curve in the y-axis (LFS levels) under this

pressure range.
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Table 4.4 — Global chemical kinetics mechanisms for Hs-air at 7;,, = 300 K and P = 200 atm.

Global chemical kinetics mechanisms, 200 atm
EoS A[ m w Eu.g [ J } ng  No I5;

mol?—1s mol

Peng-Robinson  1.08e+20 46202.0 124 0.79 -1.28
Ideal gas 3.73e+5 32023.0 156 1.27 3.62
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Figure 4.17 — Premixed hydrogen-air laminar flame speeds at 7;, = 300 K and P = 200 atm.

Table 4.5 — Global chemical kinetics mechanisms for Hy-air at T,, = 300 K and P = 300 atm.

Global chemical kinetics mechanisms, 300 atm
EoS A [m—gl . [ ] } ng  No I5;

mol?~Ls mol

Peng-Robinson  8.64e+19 46202.0 124 0.79 -1.28
Ideal gas 241e+5 32023.0 156 1.27 3.62
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Figure 4.18 — Premixed hydrogen-air laminar flame speeds at 7}, = 300 K and P = 300 atm.
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Figure 4.19 — Pre-exponential factor of the global kinetic mechanisms for P = 200, 250, and
300 atm.

Although the global chemical kinetics mechanisms were calibrated to capture
LFS, the predictions of temperature, density and molar fractions align closely to the detailed

mechanism profiles at 250 atm (Fig. 4.20). However, Fig. 4.21 show that the global
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mechanisms overpredicted the maximum heat release rate (HRR) in 10% for the lean mixture

with ¢ = 0.6, and underpredicted in 20% for stoichiometric and rich (¢ = 3.0) mixtures. Figure

4.22 show that IDT values were considerably underpredicted. The discrepancies in HRR and

IDT predictions might be associated to the influence of intermediate and radical species on

these quantities; higher discrepancies were found for the ideal gas global mechanism than the

Peng-Robinson global mechanism, mainly for IDT.
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Figure 4.20 — Premixed hydrogen-air flame structure at 7, = 300 K and P = 250 atm for (a, b)
¢ = 0.6, (c,d) ¢ = 1.0, and (e, f) ¢ = 3.0.
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Figure 4.21 — Premixed hydrogen-air heat release rate profiles at 7;, = 300 K and P = 250 atm
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S CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

The development and validation of global chemical kinetics mechanisms for ethanol
and hydrogen combustion demonstrated the capability of simplified models to accurately
reproduce key combustion characteristics over a wide range of conditions. For ethanol, the
two-step mechanism showed good agreement with both detailed chemical kinetics models and
experimental laminar flame speed data, with deviations generally within +5% and only reaching
10% under lean and rich limits conditions. Temperature profiles were also well predicted,
with minor discrepancies attributed to the absence of intermediate and radical species in the
global model, where endothermic effects from intermediate reactions reduce the maximum
flow temperature. Furthermore, the mechanism maintained good predictive performance for
stoichiometric mixtures over a broad range of initial temperatures (300-500 K), despite being
optimized at 428 K.

For hydrogen, the sensitivity analysis highlighted the importance of
pressure-dependent reactions, such as the formation of HOs, at high pressures. For
supercritical combustion, the non-ideal effects result in higher laminar flame speeds than the
ideal gas. From 100 to 400 atm, the real fluid presents discrepancies from 4 to 16% relative to
the ideal gas in predicting laminar flame speeds and ignition delay times. The PR EoS lowers
the density of the fresh gas by 14% relative to IG, and also affects radical formation. The
global mechanism provided good agreement with detailed models across varying equivalence
ratios and temperatures at 1 atm, with the most significant deviation (20%) observed for lean
mixtures. At ultra-high pressures the resulting flame speed predictions showed deviations
below 10% at the calibration point (250 atm) and acceptable performance at neighboring
pressures (200-300 atm), in which the mechanism was successfully calibrated by adjusting
only the pre-exponential factor relative to the scheme obtained at 250 atm. While the flame
structure was reasonably captured, the global models overpredicted heat release rates for lean
(¢ = 0.6) mixtures in 10% and underpredicted for stoichiometric and rich mixtures (¢ = 3.0)
in 20%. Ignition delay time was considerably underpredicted, which is related to the limitations
of global mechanisms in capturing the detailed chemical kinetics associated with radical and

intermediate species.
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Overall, the global mechanisms developed in this study offer a computationally
efficient yet physically consistent framework for simulating ethanol and hydrogen combustion.
These models are particularly useful for large-scale simulations where detailed mechanisms are
computationally prohibitive, although their limitations in applications where radical chemistry

plays a dominant role.

5.2 Future works

This section summarizes some future works linked to this dissertation. The most
important step is to verify the applicabilty of global chemical kinetics mechanisms, optimized
to capture laminar flame behavior in one-dimensional simulations, in computational fluid
dynamics codes and turbulent combustion simulations. Further, the methodology can be
extended to other potential renewable fuels such as ammonia (NHj3), methanol (CH30H),
and dimethyl ether (CH3OCH3s). Other important investigation is on global chemical kinetics

mechanisms capable of work with mixtures of those fuels.
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