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efficiency, and reducing particulate emissions. This study focuses RGEp W o | ‘
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comprising 53 species and 385 reactions derived through

sensitivity analysis and directed relation graph error propagation. To validate this mechanism, simulations were conducted using
Cantera with a cubic Peng—Robinson (PR), Redlich—Kwong (RK), and an ideal (I) equation of state (EoS) for 1D laminar flame
speed (LFS) and 0D constant-volume autoignition delay time (IDT) simulations for anhydrous ethanol. The IDT results agreed
with experimental data across a temperature range of 700—1250 K at 10, 30, 50, 75, and 80 atm, showing good agreement with LES
experiments conducted at 298—949 K, 1—10 atm, and (¢) of 0.6—1.8. A normalized computational time ratio was calculated for
each EoS relative to the ideal gas, revealing computational costs almost seven times higher for R—K and nearly nine times higher for
P—R EoS compared to the ideal gas EoS. The study also examined the limitations of the ideal gas equation of state (EoS) in
capturing real gas effects, particularly under ultrahigh-pressure conditions (greater than 100 atm), which revealed significant
disparities in simulations at 500 atm. The results indicate that while the ideal gas EoS suffices for ethanol under atmospheric and
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transcritical conditions, a real gas EoS is crucial for accurate simulations under ultrahigh-pressure conditions.

1. INTRODUCTION

In recent history, the expansion of vehicle transportation and the
use of fossil fuels have increased rapidly due to societal
advancements, particularly in major cities. The global focus
has been directed toward reducing the impacts of vehicle
emissions and air pollution on climate change and public health.
Consequently, there is a demand for clean and highly effective
combustion systems. Given these challenges and the possibility
to improve the thermal efficiency of combustion, a method
known as a supercritical environment for fuel has been proposed
to address these concerns and create a high-temperature and
high-pressure setting in the combustion system during operation
conditions."”” This method, widely recognized and successfully
employed in liquid rockets, diesel, and aircraft engines,’ has
recently been examined in the work of Schmitt,” where they
conducted large-eddy simulations on the Mascotte test cases
under supercritical pressure.

Due to their different properties, these supercritical fluids
(SCFs) are an attractive medium for chemical reactions.
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According to Liu et al,,” supercritical fluids have lower viscosity
and surface tension than liquids; on the other hand, they have
higher diffusion rates,” causing an effectively distribution of fuel
and air, enhancing thermal efficiency and decrease particulate
emissions from the combustion systems when it is injected into a
reactors, such as cylinders, in a supercritical environment.”
Using biofuels, such as ethanol, as a standalone fuel or mixed
with regular gasoline, like E8S (85% ethanol and 15% gasoline),
is another way to control emissions. In Brazil, it is common to
find flexible fuel combustion engine systems that can operate
using several gasoline and ethanol mixtures.” Ethanol brings
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several other benefits, such as renewability, lower carbon and
pollutant emissions, and engine knock control,” and it can be a
renewable building block for fuels and chemicals.® Additionally,
there is a push to reduce carbon emissions and other pollutants
from traditional energy and power sources (hydrocarbon fuels,
such as gasoline and diesel). These needs are rooted in a desire
to be more economically and environmentally conscious.

In recent years, research has been focused on enhancing the
performance of gasoline and flex-fuel combustion systems by
developing and applying high and ultrahigh-pressure injection
(UHPDI) technology to optimizing thermal efficiency while
reducing particle emissions, once it depends on the quality of
fuel mixture/air, which is closely linked to fuel breakup,
diftusion, atomization, and vaporization of the fuel injecting
conditions generating a homogeneous mixture condition, as
claimed by Yamaguchi et al.”'® and Li et al.'"'?

Their analyses at a range of 50—150 MPa reveal that increased
injection pressure enhances the vortex scale, thereby improving
air/fuel mixing quality. They also identify UHPDI as a potential
method to improve air/fuel mixture homogeneity for
combustion systems fueled with ethanol or gasoline/ethanol
blends.

For instance, studying experimental ignition delay times and
laminar flame speeds is essential for validating the chemical
kinetic models used in high-pressure combustion simulations.
These studies must consider real gas behavior in both chemical
kinetics and thermodynamic properties, particularly because
significant species can reach transcritical states. In a transcritical
state, only temperature or pressure exceeds the critical values for
specific fuel species, and supercritical states occur when both
temperature and pressure surpass it.! >

However, experimental data often lack coverage of the
supercritical region, while chemical kinetics models typically
assume an ideal gas state equation for reacting mixtures at
elevated pressures, such as in Roy and Askari" for ethanol,
Zhang et al.'® examining the spray features of a diesel surrogate
fuel composed of six components at various injection pressures,
and Harman-Thomas et al.'’ conducted research on the
combustion of carbon dioxide at supercritical conditions.

Moreover, only a few studies have incorporated real gas
equations of state (EoS)."**° There is limited research on long-
chain hydrocarbon fuels that considers the effects of real gas. For
example, Kogekar et al.”' examined the real gas effects using a
multicomponent Redlich—Kwong (R—K) equation by compar-
ing experiments of high-pressure shock tube (ST) ignition delay
time (IDT) data and combustion simulations concerning
mixtures of n-dodecane/O,/N,. The kinetics model used in
their study was provided by Wang et al,”> comprising 100
species and 432 reactions. Their results indicated that real gas
behavior impacted the simulated IDTs in the negative
temperature coefficient (NTC) region by 50—100 us.

As reference values, critical properties, such as critical
temperature and pressure, are shown in Table 1 for alcohol
fuel (ethanol), oxygen, nitrogen, and argon.

Several kinetic models describe the reaction mechanism of
ethanol oxidation using ideal gas equations of state (EoS).
Marinov’s mechanism®* was one of the earliest detailed models
of ethanol oxidation. More recent kinetic mechanisms have also
been published. These models, such as those found in Cancino
et al,,”> Lee et al,*® Konnov et al,,”” Metcalfe et al,*® Cai and
Pitsch,”’ Roy and Askari, " Marques and da Silva,*° Shi et al.,*’
and Jin et al.’>* have significantly improved the description of
ethanol combustion chemistry concerning numerical validations

Table 1. Critical Properties of Selected Species Fluids from
Poling et al,,"® and Yaws*?

formula name T. (K) P_ (bar)
C,H(O (C,H;OH) ethanol 5139 61.48
0, oxygen 154.6 50.43
N, nitrogen 126.2 33.98
Ar argon 150.86 48.98

against experimental high-pressure shock tubes, rapid-compres-
sion machines, jet stirred reactors, and counter-flow diffusion
flames data, such as ignition delay times, species profile data, and
laminar flame velocity measurements. However, no study in the
literature is available regarding transcritical and supercritical
anhydrous ethanol combustion using the real gas equation of
state in both laminar flame speed (LFS) and ignition delay time
(IDT).

Therefore, this work focuses on developing a new reduced
mechanism to predict the oxidation of transcritical and
supercritical ethanol. This model uses the real gas cubic
Peng—Robinson (P—R) and Redlich—Kwong (R—K) equations
of state (EoS) to account for nonideal effects on ethanol laminar
flame speed (LFS) and ignition delay time (IDT) simulations.
The final ethanol kinetic mechanism consists of 53 species and
38S reactions. The simulations involve a 0D constant-volume
IDT and 1D LFS. The model is validated against experimental
results under high-pressure conditions of IDT at shock tube
(ST), stoichiometric equivalence ratio (¢), high-pressure range
(10—80 atm), and temperatures between 700 and 1250 K.
Additionally, the study includes LFS validations at 1—10 atm
and 298—949 K using the ideal EoS, P—R EoS, and R—K EoS
implemented in Cantera version 3.0.0, with the Helmholtz free
energy definition. The critical properties of each species in the
model are obtained to determine the intermolecular interaction
parameters (a*) and (b*) used in the cubic R—K and P—R
equations of state and Joback’s Group Method. The impact of
using a real gas state equation on the LFS and IDT
computational costs is also analyzed.

2. KINETICS MODELING

2.1. Selection of the Ethanol Original Base Model. To
develop a new reduced ethanol chemical kinetics mechanism
and conduct 1D and 0D combustion numerical simulations
using real gas state equations, and to avoid starting from scratch,
many chemical kinetics mechanisms for ethanol combustion can
be found in the literature'>***>>*3%3133735 4 d can be used as a
base mechanism for the reduction process. These mechanisms,
whose development and validations occur at atmospheric,
intermediate, or high-pressure conditions, have typically used
ideal gas equations of state for validations.

The selection of the base mechanism for utilizing real gas
equations should be based on its ability to accurately agree with
the high-pressure conditions of interest. Moreover, the original
mechanism’s complexity (number of species and reactions),
which affects computational costs and the new parameters
introduced in the real gas state equation due to molecular
interactions (such as the repulsive correction b* and the
attraction parameter a* in the Redlich—Kwong EoS”'), also
needs to be considered. The challenge lies in the fact that these
parameters must be determined by the critical properties of each
species in the chosen mechanism. However, critical values are
typically unavailable for radical and intermediate species, as
discussed later in the real equations of State section.
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Table 2. High-Pressure Chemical Kinetics Mechanisms Comprising Ethanol (E) Available in the Literature®

reactions species P (atm) T (K) ER ¢ validation ref
3037 581 0.65-75 298 — 2500 0.4-2.0 FR, IDT, JST, LES, FSP, RCM, (AramcoMech 3.0)*
1795 107 1.0-30 298—1450 0.5-2.0 IDT, LES, RCM, ST Zyada et al.*®
1016 67 1.0-50 300—1450 0.3-2.0 IDT, LS, JSR, FSP, ST, RCM Roy et al.'*
188 43 1.0-50 358—1430 03-1.0 IDT, LES, ST, RCM Marques et al.*’

“ER ¢, Equivalence ratio; IDT, ignition delay times; JSR, jet stirred reactors; LFS, laminar flame speed; RCM, rapid compression machine; FSP,

flame species profile; ST, shock tube.
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Therefore, four recent and interesting high-pressure ethanol
chemical kinetic mechanisms from the literature were analyzed
and are presented in Table 2, considering the validation range of
each model.

To emphasize the most appropriate agreement of the models
at high-pressure shock tube conditions and support the selection
of the base mechanism from Table 2, Figure 1 compares the
numerical ignition delay time (IDT) with shock tube
experimental data from Cancino et al.” at 50 atm and that
from Lee et al”® at 80 atm. This range of pressure and
temperature is notably valuable for featuring transcritical and
supercritical conditions for the ethanol fuel critical properties
species (see Table 1).

Concerning Figure 1a,b, the best agreement with both shock
tube experimental data at 50 atm (square)” and 80 atm
(circle)* is obtained by the original (C1—C4) mechanism of
Metcalfe et al.>® (=), known as AramcoMech3.0 (2018) from
the Galway database, which has been widely validated
considering ethanol data in the literature. Unfortunately, this
mechanism presents many species and reactions, and con-
sequently, the computational costs are very high when it is used
in 1D LFS simulations.

The second-best agreement is from Roy and Askari'® (-+-), a
semidetailed mechanism of ethanol developed in 2020 using a
reaction mechanism generator (RMG) to predict the perform-
ance of this fuel in engine-relevant operating conditions.

Considering the ignition delay time verification, it presents a
good agreement at lower and intermediate pressures (<30).
However, unfortunately, their numerical results of IDT over 30
atm present deviations from the high-pressure IDT shock tube
experienced at temperatures below 950 K, as observed in Figure
la,b.

The third best agreement is from Zyada and Samimi-
Abianeh™ (— — —), a detailed kinetic mechanism for ethanol
generation using RMG in 2019. Their study successfully applied
the heat transfer effect of the RCM calculation in a numerical
simulation. However, it is important to note that this new
mechanism has some limitations in IDT at high-pressure
calculations, tested between 1 and 30 atm in their study, which is
the lowest pressure range of all mechanisms summarized in
Table 2.

The highest deviation observed in Figure la,b is from the
Marques etal.’’ (— - —), a reduced mechanism for ethanol under
ultralean engine conditions published in 2021. This mechanism
consists of 43 species and 188 reactions. Although their
simulation results agreed with ignition delay times experimental
data at various pressures, especially at 30 bar (¢ = 0.3),” and at
40 bar (¢ = 0.5),%° when considering stoichiometric and rich
conditions (¢ > 1), the numerical results deviate far from the
ignition delay times experimental data, as well observed in
Figure 1.

Considering all the above information, the ethanol model by
Metcalfe et al.”® (AramcoMech3.0, 2013—2018) was chosen as
the base mechanism for ethanol. Additionally, two reduction
techniques were employed to manage the high number of
species and reactions in the ethanol-based model.

2.2. Reduction Process. This work achieved the ethanol-
reduced model by reducing the AramcoMech3.0 model™® (581
species and 3037 reactions). The reduction approach is a
combination of the sensitivity analysis (SA)*” and the Directed
relation graph with error propagation (DRGEP).*® All these
features are available in Pymars code,” version 1.1.0.

A sensitivity analysis of a stoichiometric IDT ethanol/air
mixture based on the concentration of [OH] was conducted to
identify species associated with key reactions under high-
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Figure 2. IDT sensitivity analysis of an Ethanol/Air stoichiometric mixture (¢ = 1.0) using [OH] from the base mechanism (AramcoMech3.0) at S0
atm. (a) Exhibits the integral form of the sensitivity analysis of the first 11 reactions on the OH radical concentration as a function of time from the
“start” (1100 K) up to the “ignition point”, as shown in the dotted-dashed red line temperature profile. (b) shows the main ethanol oxidation route at

high pressure (50 atm) for the base mecanism (AramcoMech3.0).

pressure conditions (S0 atm), as graphically represented in
Figure 2a. These identified species constitute the primary
ethanol oxidation route species under high pressure, whose
oxidation path is dominated by hydrogen-atom abstraction by
the hydroperoxy radical (HO,), producing CH;CHOH, as
demonstrated in Figure 2b, and previously observed in the
ethanol study of Cancino et al.”> These key reactions were
designated as target species in the reduction process.
Consequently, the targeted species within the DRGEP
encompassed OH, CO, the hydroperoxy radical (HO,),
acetaldehyde (CH;CHO=C,H,0), hydrogen peroxide
(H,0,), and 1-hydroxyethyl radical CH;CHOH (referred to
as “SC2H4O0H” in,”® one of the three isomers of C,H;0), due to
their pronounced sensitivity to pressure, as depicted in Figure
2a. The selected target combustion products were CO, and
H,O. These analyses guarantee that the high-pressure ethanol
oxidation route identified in the original base mechanism is
preserved through the reduction process.

Furthermore, the reduction of the ethanol base model was
executed under specific operational parameters for a 0D
constant-volume IDT, considering two equivalence ratios: lean
(¢ = 0.50) and stoichiometric mixture (¢» = 1.0) across initial
temperatures of 700—1280 K at 10, 30, 50, and 80 atm. The
reduction procedure involved iteratively eliminating reactions
and species within the DRGEP framework until a predefined
IDT threshold of 1% error was attained under the overall
conditions. The resultant ethanol-reduced kinetic model
comprises 53 species and 385 reactions, almost ten times
smaller than the base mechanism. All of the mechanisms used in
the reduced process are summarized in Table 3.

2.3. Comparison between the Reduced and the Base
Kinetics Mechanism. 2.3.1. Ignition Delay Times (IDT).
Figure 3 shows IDT simulations of the mixture of ethanol/air
comparing the results using the ethanol reduced mechanism
(RM) (“Ethanol RM_1st”) (— - - —) with the base mechanism
(Ethanol BM)*® (=). The simulations were performed for lean,

Table 3. Ethanol Mechanisms”

name species  reaction type ref
ethanol base M. (BM) 581 3037 detailed  Metcalfe et al.*®
ethanol reduced M. (RM) 53 385 reduced

“BM, Base mechanism; RM, Reduced mechanism.

stoichiometric, and rich combustion conditions (¢ = [0.5, 1.0,
1.5]) at pressures of 1, 10, and 100 atm and initial temperatures
ranging from 700 to 1250 K. The maximum difference between
the results obtained using the reduced and base mechanisms in
the IDT simulation was 0.8%, which is within the predefined
error threshold of the DRGEP method.

Despite the good agreement between the ethanol reduced
(RM) (“Ethanol RM_1st”) and the ethanol BM mechanism,
they both present a considerable deviation from the
experimental high-pressure shock tube data of Cancino et al.*®
at T < 1100 K and 50 atm (square), as shown in Figure 1. To
handle this issue, a straightforward approach consists of
modifying the reaction rate of the key reactions from the IDT
sensitivity analysis performed in Figure 3a by replacing its
constant reaction rate (k) with another one from the literature
under the target conditions. Increasing or decreasing the
reactivity of each key reaction was done by changing its pre-
exponential (A), activation energy (E,), and temperature
exponent (b) of the Arrhenius equation, as summarized in
Table 4. The k constant improvement methodology has been
used in the literature by Mittal et al,,*” Song et al,”' Roy and
Askari,"* and Placido et al.*°

The improved ethanol reduced mechanism (called Ethanol
RM_2nd) (green dashed lines) in Figure 4 presents a very good
agreement with the stoichiometric ethanol experimental data
reported earlier™ at 50 atm in comparison with the ethanol BM
mechanism (—), and the first ethanol reduced “Ethanol
RM_1st” (red dashed-double dotted lines).

1
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Figure 3. Numerical ethanol IDT comparison between the ethanol reduced mechanism (RM) (“Ethanol RM_ 1st”) (red dashed-double dotted lines)
and the ethanol BM mechanism (AramcoMech3.0) (yellow dashed line) from Metcalfe et al.*® at pressures of 1, 10, 100 atm, and considering lean (¢ =
0.5), stoichiometric (¢ = 1.0), and rich conditions condition. The simulations were performed using an ideal EoS.

Table 4. Modifying “Ethanol RM_1st” Key Reaction
Constant Rate (k) To Improve IDT Simulations at T < 1100
K and 50.0 atm

reaction previous (k) modified (k)
Ethanol (C,H;OH) 1100 K and 50 atm

R.[264] C,H;OH + HO, = {A:2.45 X 107, b:
H,0, + SC,H,0H 5.26, E,: 7475.1}

R.[264] C,HOH+HO, = —/—
H,0, + SC,H,OH
type: added duplicated

{A: 0.028, b: 4.32, E,:
8530.0}’

{A: 1.95 X 10**, b:
—4.97, E;: 0.0}

Ethanol: Pressures: [50] atm; ¢:1.00

10-1, Pure Ethanol-air
Shock Tube
Cancino et al. (2010)
072y e
........ —a
____ —
E 103 u—"’""lh/ — -
- -8
E 104 _a/ﬂ;“'r/ -
T
5
10-5 = Symbols: Exp., Ethanol
O P=50atm m— Ethanol RM_1st
10-6 Ethanol BM  — — Ethanol RM_2nd

0.75 0.80 0.85 090 095 1.00 1.05 1.10 115 1.20 1.25
1000/T (K1)

Figure 4. Numerical stoichiometric IDT simulations comparing the
ethanol reduced mechanism (RM) (“Ethanol RM_1st”) (red dashed-
double dotted lines), the ethanol BM (AramcoMech3.0)** (yellow
dashedlines), and the Ethanol RM_2nd (green dashed lines) versus the
experimental high-pressure shock tube data of Cancino et al.”” at 50 atm

Q).

2.3.2. Laminar Flame Speed (LFS). As reported in Section
2.2, the reduction process was exclusively performed using IDT
simulations. No LFS simulations were introduced or used there
due to the high computational cost in the reduction process, as
the base mechanism (AramcoMech3.0)*® comprises more than
five hundred species and more than three thousand reactions, as
indicated in Table 3.

Despite this, Figure Sa shows LFS simulations using the
ethanol reduced mechanism (RM) (“Ethanol RM_1st”) (red
dashed-double dotted lines) and the base mechanism (“Ethanol
BM”) (AramcoMech3.0)*® (vellow dashed lines). These
simulations were conducted at 450 K initial temperature, at
pressures of 2 atm (diamond) and 4 atm (square), and
equivalence ratios ranging from ¢ = 0.7 to ¢ = 1.4, matching

the LFS ethanol experimental conditions from Hinton et al.**

The numerical results indicate very good agreement at lean (¢ <
0.90) and rich (¢ > 1.1) conditions between the “Ethanol
RM _1st” and the “Ethanol BM”, but they exhibit a maximum
relative deviation of approximately 2.1% at stoichiometric ¢ =
1.0 condition, as expected due to the absence of LFS
consideration in the reduction process. Additionally, both
models notably deviate from the experimental LFS data of
Hinton et al,** particularly at lean and stoichiometric
conditions.

A laminar flame speed (LFS) sensitivity was performed to
improve the “Ethanol RM_1st” LES simulations regarding the
previous conditions of Hinton et al.'s** experimental data, as
illustrated in Figure Sb. This improvement was reached by
modifying the reaction rate of each selected key reaction by
replacing its constant reaction rate (k) with another one from
the literature, as done in Section 2.3.1.

All the modified elementary key reactions constant rates (k)
are numbered as R. (5), R. (23), R. (27), R. (21),and R. (110),
while the maintained key reaction constant rate (k) are
numbered as R. (6), R. (15), R. (16), R. (57), and R. (18) in
the mechanism, as observed in Figure Sb. Furthermore, these
modifications are based on previous hydrogen and ethanol
kinetics mechanisms available in the literature”*®***® as
summarized in Table S.

Figure Sa also shows the LES simulation at the same operating
experimental conditions of Hinton et al,** but after modifying
the constant rate (k) of some key reactions. It is possible to
notice better agreement between the ethanol-reduced M.
resulted (called Ethanol RM 2nd) (- —) and the LFS
experimental data at all ranges of equivalence ratios at 2 atm

({) and 4 atm ().

3. REAL EQUATIONS OF STATE

Although the ideal state equation (EoS) is typically utilized for
high-pressure combustion, it is crucial to consider a more precise
gas equation of state to understand quantitatively and
qualitatively the real gas effects on LFS simulations and shock
tube IDT simulations.

One of the most accurate real equations of state is the
multiparameter equation proposed by Span,** which is based on
the Helmholtz energy formulation. However, this EoS is
computationally expensive due to its large number of
parameters, which are available only for certain stable species.
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Figure S. (a) Numerical stoichiometric LFS simulation using ideal EoS at 450 K and 2 and 4 atm pressure considering the “Ethanol RM_ 1st”
mechanism (red dashed-double dotted lines), the improved reduced mechanism called by Ethanol RM_2nd (green dashed lines) and the Ethanol BM
(yellow). All of them were compared with Hinton et al.** LFS experimental data. Additionally, (b) shows an LES sensitivity analysis at 450 K, 2, and 4

atm conditions, the same experimental condition of Hinton et al.**

Table S. Modifying Ethanol Key Reactions Constant Rate (k) of “Ethanol RM_1st” To Improve LFS Simulations at 450 K and

[2.0, 4.0] atm Conditions”

reaction
R (5)H+0,=0+0H
R (23) CO+OH = CO,+H

3.0}

R (21) H + O, (+M) = HO, (+M) type: falloff low-P-rate-constant: {A: 1.74 X 10%'%, b: —1.23, E,: low-P-rate-constant: {A: 1.23 X 10*", b: —1.23, E;:

0.0}

R. (110) HCO (+M) = H + CO (+M) type:
three-body

“ref, Reference.

previous (k)
{A: 1.04 x 10" b: 0.0, E: 1.53 X 10"}
{A: 7.02 X 10" b: 2.05, E,: —355.7}
R. (27) CH; + H (+M) = CH, (+M) type: falloff high-P-rate-constant: {A: 1.27 X 10", b: —0.63, E,: high-P-rate-constant: {A: 6.35 X 10"'%, b: —0.63, E,:
383.

{A: 5.70 x 10", b: 0.66, E,: 1.49 x 10"}

modified (k) ref
{A: 9.65 x 10" b: —0.262, E,: 1.62 X 10***} 7
{A: 6.34 x 10" b: 2.05, E,: —355.67} 736

7,3

W
-

383.0}
43

0.0}
{A: 475 x 10!}, b: 0.66, E,: 1.49 x 10*%} 3

This makes this EoS unsuitable for detailed or reduced chemical
models with more than a dozen species.

Therefore, in this study, two cubic multicomponent equations
of state were selected to predict real gas behavior: Redlich—
Kwong (R—K) and Peng—Robison (P—R). It is because they are
more commonly used for modeling real gas effects, as mentioned
by Green and Southard.” In addition, despite being relatively
less complex, cubic equations of state nonetheless have 2—3
empirical parameters. These EoS are known for their
accuracy.'®"” Furthermore, these R—K and P—R EoS are
already implemented and available in the CANTERA code.”"*

For mixtures, R—K (1) and P—R (2) EoS assume,
respectively, the following form:

po RT ax,

V-bX TV 4+ bY) (1)
p_ RT aX (T)

V- bn:(m v+ an*xixV - bf:}i (2)

where the coefficients aX;, bX,, and aX.(T) are dependent on
the mole fraction of each species i (X;) and j (X}) in the mixture,
as indicated in eqs 3—S.

= 3 et = X ok
j i

i (3)

bx:ix = Xb;
Z 4)

ar:;-x(T) = Z Z Xt-Xl-ai,*j'(T) = Z Z Xl-Xl-Jai*aj* W
i i

(s)
a=1+«x(1-JT/T.) (6)
Kk = 037464 + 1.54226w — 0.26992w> (7)

Here, the influence of molecular interactions is given by the
species van der Waals repulsive volume correction (b*)
parameter and the attraction (a*) parameter, presented in eqs
8 and 9, where R is the gas constant (8.314 J mol ™' K™'); Vis the
molar volume (m® mol™); P is the pressure (Pa); T is the
absolute temperature (K); P, is the critical pressure for the
component of interest (Pa); T. is the critical temperature for the
component of interest (K). In addition to P—R EoS, it is
necessary to obtain the temperature correlation, represented by
the symbol alpha (&), and also the parameter kappa (x)
generalized with omega (@), which is the acentric factor
specified to the interest component. (@) measures the
nonsphericity of the species molecules, Green and Southard.*®

2-5/2
a* = 0.42748——<
k. (8)
RT.
b* = 0.08664—=
F. ©)
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Table 6. Literature Values for Ethanol Properties'>** versus Estimated Critical Properties by Joback’s Group Method

Mol. Wt V.,cm*/mol  T,,K P.bar T.K Z,

Formula Name
Literature C,H¢O (C,HsOH)  ethanol
e on Estimated CHeO (C;Hs0H)  ethanol

Relative error (%)

46.069 167.00 351.80 6148 513.92 0.240
46.069 166.50 337.34  57.56 498.82 0.231
0.89 4.14 6.08 2.71 4.15

The parameters (a*) and (b*) in eqs 8 and 9 need to be
estimated for all species included in the chemical kinetics model.
These parameters are derived from the critical properties of the
species, such as pressure (P.) and temperature (T.), which are
typically available for almost all stable species. However, they
may not be accessible for many radicals and intermediate species
in most kinetic mechanisms. Therefore, the critical properties of
species in the “Ethanol RM_2nd” kinetics mechanism must also
be estimated. Supporting Information for all chemical species
molecule structures present in the “Ethanol RM 2nd” was
provided, containing the formula, structure, and the structure-
based chemical identifier (InChI) from ITUPAC*” and the InChl
Trust.*®

More information about the thermodynamics properties
obtained considering the multicomponent mixture expression of
the P—R and R—K cubic EoS (egs 1 and 2) integrated into the
definition of Helmholtz free energy and the chemical kinetics
real gases effects on mass action kinetics and laminar flame speed
are available in a second Supporting Information provided in
this work.

3.1. Critical Property Estimation for Chemical Species.
In the present study, critical pressure (P.), boiling point (T}),
and critical temperature (T.) of each species present in the
“Ethanol RM_2nd” model were estimated using the Joback
group contribution method, as these values were not available
in the literature. The Joback method, widely employed in
chemistry, considers the fundamental structural properties of
individual chemical groups within each species.'”*’ This
methodology computes various compound properties by
considering the recurrence in the molecule of each group
multiplied by its respective contribution, which in turn depends
on structurally intrinsic parameters of bonds. It assumes that
group interactions are insubstantial and apply to nonpolar and
polar species. In the works of Owczarek and Blazej,”® critical
temperatures (T.) for various gases were presented using
multiple methodologies, and the Joback method demonstrated
an error limitation of less than 10.0% for both unbranched and
branched hydrocarbons.

The boiling point (T},) of a species can be estimated by
employing the Joback method with the following equation:

T, (K) = 198 + ) NCy .
j (10)

Afterward, the critical pressure (P,) and temperature (T.) can be
estimated by

_ -2
P, (bar) = [0.113 + 0.0032N,0m, = D, NC, ]
j (11)
211
L _
Fb =10.584 + 65 z MCTEJ - z I\GCTLJ
j j

(12)

In these equations, j represents the bond chain type of group,
and N;is the total number of j groups in the analyzed species. It is

worth noting that each group type j contributes to the critical
temperature (Cr;), boiling point temperature (Cy,;), and

critical pressure (Cpﬂj). The term N, denotes the quantity

of atoms in the species analyzed. The values of each group
contributions (Cr, Cr,;, C, ;) can be obtained from Poling et

al.”” Additionally, it is important to mention that group
contribution data for radicals and short-lived species are
generally unavailable. Nonetheless, the parameters for unstable
species can usually be considered equivalent to those of similar
stable species, as reported by Placido et al,”' Kogekar et al,,*'
and Tang and Brezinsky.”> A comparison between the literature
ethanol'”*® and Joback’s estimated critical properties is
presented in Table 6. Also, the ethanol chemical structure is
illustrated in Figure 6.

Figure 6. 3D structure of ethanol: a molecular model where white
spheres represent hydrogen atoms, black spheres carbon atoms, and red
spheres oxygen atoms. This illustration was created based on molecular
representations available in previous literature.>

After this process, the parameters (a*), (b*), and @ from R—
K and P—R EoS for each species were implemented directly into
the developed “Ethanol RM_2nd” reduced chemical kinetics
mechanism file, available as Supporting Information.

4. COMPUTATIONAL TIME COMPARISON OF
DIFFERENT EQUATION OF STATES (EOS)

A comparison of the simulations using the “Ethanol RM_2nd”
model using the Ideal, R—K, and P—R EoS was performed to get
the average computational time when comparing results of LFS
in ranges of temperatures from 298 to 949 K, pressures from 1 to
10 atm, and equivalence ratio (¢) from 0.6 to 1.6. Also, the
average computational time for stoichiometric ignition delay
(IDT) ranged from 769 to 1430 K, and 10—80 atm were
calculated.

The simulations used Cantera version 3.0.0 through a Python
interface on a Linux Ubuntu 22.04.4 LTS operating system with
128.0 GB of RAM and an Intel Xeon W-2265 CPU with 24
processors. LFS was calculated using two different grid
refinement criteria: medium and fine. The medium grid
refinement utilized a 0.03 m width and refinement criteria
with a curve of 0.25, a slope of 0.06, and a ratio of 3. The fine grid
refinement employed a 0.01 m width and refinement criteria,
including a curve of 0.12, a slope of 0.008, and a ratio of 3. The
time taken for each EoS in the “Ethanol RM_2nd” model was
determined with 60 data points for the IDT calculation and
around 33 data points for LFS calculations, and the time for each
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data point was recorded. The mean time for all data points was
considered to be the computational time for each EoS.
Understanding when to use or not use a real gas state equation
is crucial in computational fluid dynamics (CFD). The main
issue is the need for a reduced mechanism that can produce
results with high accuracy and minimum computational time.
The data presented in Table 7 compares the average time

Table 7. Mean Computational Time Requisite for Each
Equation of State (EoS) in the “Ethanol RM_2nd” Model and
the Normalized Ratio of Time Concerning the “Ethanol
RM_2nd” Using Ideal Gas

LES IDT
EoS to LFS t(s) t/tgew  E0Sto IDT t(s) t/tdeal
ideal EoS 47.23 1.00 ideal EoS 0.18 1.00
R—K EoS 320.73 6.79 R—K EoS 1.25 6.93
P—R EoS 422.53 8.95 P—-R EoS 2.90 16.04

calculation for each equation of state normalized by the ‘Ethanol
RM_2nd’ mechanism using the Ideal EoS. This information is
useful for LFS and ignition delay time (IDT) simulations using
the ideal EoS, offering practical guidance for future research and
applications about the computational costs of using a more
accurate equation of state (RK or PR EoS) at low or
intermediate pressure and temperature conditions.

As expected and shown in Table 7, the Peng—Robinson
equation of state (PR EoS) requires higher computational
resources compared to the Redlich—Kwong state equation (RK
EoS) due to the inclusion of an additional parameter (the
acentric factor (w) presented in the real equations of state
section). This parameter needs to be used along with the
molecular interaction parameters (a*) and (b*), providing
more accurate results for PR EoS compared to RK EoS. On the
other hand, RK EoS only requires the latter two molecular
interaction parameters.

5. RESULTS AND DISCUSSION

5.1. IDT and LFS Validations for Subcritical, Tran-
scritical, and Supercritical Combustion Conditions Using
Real Gas State Equations. 5.1.1. Anhydrous Ethanol IDT.
Experimental high-pressure shock tube (ST) data conditions
were compared with the developed ethanol-reduced mechanism
under more comprehensive high-pressure and temperature
conditions to test its accuracy. These experimental shock tube

(ST) data for ethanol were collected from.”>*>** It is important
to point out that the supercritical pressure of ethanol/air
mixtures is over 73 atm, as presented in previous works of
Placido et al.”""

Figure 7 shows a good agreement between the transcritical
numerical IDT simulations and the experimental data from,”
respectively, with a root mean square error (RMSE) of all three
EoS quite similar exhibiting values around 6.210 X 107%* (s) at
10 (), around 1.762 X 107 (s) at 30 (diamond), and of
around 9.200 X 10™% (s) at 50 atm (circle).

Concerning the same conditions, a relative deviation around
0.71% at 10 atm, 2.15% at 30 atm, and 3.62% at 50 atm is
observed between P—R EoS and the ideal EoS as inserted in the
last column in Table 8. Regarding R—K EoS, the relative
deviations were 0.45, 1.35, and 2.36% for the ideal EoS at the
same experimental pressure data. There was no significant
difference between the ideal gas state equation and the two cubic
EoS used at these transcritical conditions (10, 30, and 50 atm),
not justifying the higher computational cost in IDT for the real
gas R—K EoS (seven times higher) and for the P—R EoS (16
times higher), as indicated in Table 7.

In Figure 8, the “Ethanol RM_2nd” mechanism shows a good
agreement with the ignition delay time (IDT) transcritical shock
tube data from Heufer et al.>* at various pressures. The RMSE is
approximately 2.370 X 107% (s) at 13 atm, 1.091 X 10~ (s) at
20 atm, and 1.560 X 10~** (s) at 40 atm. Additionally, compared
with the supercritical shock tube data, the RMSE is about 1.004
X 107% (s) at 75 atm for all tested equations of state (ideal EoS,
R—K EoS, and P—R EoS). At transcritical and supercritical
conditions, a relative deviation of approximately 0.94% at 13
atm, 1.41% at 20 atm, 2.89% at 40 atm, and 5.09% at 75 atm is
observed between the P—R EoS and the ideal EoS. Relative
deviations using the R—K EoS are approximately 0.7, 1.02, 1.85,
and 3.00%, respectively, at the same experimental pressures.

At 10, 13, 20, 40, and 50 atm (for transcritical conditions), no
significant difference (deviation < 5%) was observed between
the ideal gas equation of state (EoS) simulations and the real gas
EoS simulations. However, at 75 atm, an initial nonideal
behavior is noticed (deviation > 5%), suggesting that higher
pressures increase the deviation between the ideal gas and real
gas EoS. Indeed, in Figure 9, an anhydrous ethanol/air mixture is
compared to supercritical shock tube experimental data from
Lee et al.”® at 80 atm, showing a 5.4% relative deviation from the
P—R EoS to the ideal gas EoS, and a 3.16% relative deviation
from the R—K EoS to the ideal gas EoS.

Ethanol: Pressures: [10, 50] atm; ¢:1.00

Ethanol: Pressures: [30] atm; ¢:1.00

1072
Pure Ethanol-air Pure Ethanol-air
Shock Tube ) o° 1074 Shock Tube
10-3 Cancino et al. (2010)  _~q o . Cancino et al. (2010)
. o - 10724 -
_ ‘D/‘ﬂ - ~ _ &S &
m p ® 73] O S
N Pa Qe <10 o
= m] - = P
a 5 2 10-4] -
S Symbols: Exp., Ethanol =
1073 O P=10atm - - - Ethanol RM_2nd_RK 10-5 < Symbols: Exp., Ethanol
O P=50atm Ethanol RM_2nd_PR <& P=30 atm =+ = Ethanol RM_2nd_RK
— = Ethanol RM_2nd_IG 10-64 — = Ethanol RM_2nd_IG Ethanol RM_2nd_PR
10°°
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Figure 7. Numerical stoichiometric IDT transcritical simulations of a mixture composition of ethanol, O,, and N, comparing the “Ethanol RM_2nd”
using ideal gas EoS (_IG) (green dashed lines), R—K EoS (_RK) (blue dashed dotted line), and P-R EoS (_PR) (pink dotted dashed lines) versus the
experimental high-pressure shock tube data of Cancino et al.** at 10 (square), 30 (diamond), and 50 atm (circle).
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Table 8. IDT RMSE of the “Ethanol RM_2nd” Model against Various High-pressure Shock Tube Ethanol Experimental Data™”

experiments kinetics model
figure authors pressure (atm) ideal gas (s) real gas (R—K) (s) real gas (P—R) (s) rel. D. (R—K) (%) rel. D. (P—R) (%)

Ethanol

Figure 7 » 10 6.210 X 107 6.170 X 107 6.130 X 107 0.456 0.715
Figure 7 » 30 1.762 X 107 1750 X 107 1.720 X 107% 1.352 2.147
Figure 7 > 50 9.200 X 107% 8.200 X 107% 6.900 X 107 2.357 3.617
Figure 8 s 13 2.370 X 107 2310 X 107 2.250 X 107 0.666 0.932
Figure 8 o 20 1.091 x 107% 1.079 x 107 1.054 x 107% 1.017 1412
Figure 8 s 40 1.560 X 107" 1.650 X 107% 1730 X 107% 1.854 2.887
Figure 8 * 75 1.004 x 107 9.860 x 107 9.280 x 107 2.960 5.099
Figure 9 20 80 7.440 X 107 7.320 X 107 6.980 X 107 3.160 5.392
Figure 9 250 11.237 17.248
Figure 9 500 24.140 33.236
Figure 9 1000 49.865 59.192

“In addition, the relative deviations (%) of IDT simulations were analyzed using distinct cubic equations of states (Redlich—Kwong and Peng—
Robinson) compared to the IDT simulations from the ideal EoS under the same pressure conditions. bRel. D., Relative deviation about the IDT
simulations adopting the ideal EoS.

Ethanol: Pressures: [13, 40] atm; ¢:1.00 Ethanol: Pressures: [20, 75] atm; ¢:1.00
Pure Ethanol-air o < 1074 pyre Ethanol-air <0
_,| Shock Tube L (é/‘A Shock Tube e §m6©00
107°1 Heufer et al. (2012) ‘94;‘/»/‘ Heufer et al. (2012) ,Q*‘o -
‘Qf}/" 1073 AM o~
B o - S 0 /4}@ o
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Figure 8. Numerical stoichiometric IDT simulations comparing the “Ethanol RM_2nd” using ideal gas EoS (_IG) (green dashed lines), R—K EoS
(_RK) (blue dashed dotted lines), and P-R EoS (_PR) (pink dotted dashed lines) versus the experimental high-pressure shock tube data of Heufer et
al>* at 13 (0), 20 (0), 40 (A) and 75 atm (O).
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Figure 9. Numerical stoichiometric IDT supercritical simulations of a mixture composition of Ethanol, O,, and N, comparing the “Ethanol RM_2nd”
using ideal gas EoS (_IG) (green dashed lines), R—K EoS (_RK) (blue dashed dotted lines), and P—R EoS (_PR) (pink dotted dashed lines) at 250
atm, 500 and 1000 atm, and also versus the experimental high-pressure shock tube data of Cancino et al.** at 80 atm (circle).

Considering the absence of shock tube IDT experimental data (250—1000) significantly accentuates the deviation from the
for an anhydrous ethanol/air mixture at pressures exceeding 100 ideal EoS to R—K EoS and P—R EoS, resulting in 11.23 and
atm and in light of the prior results, Figure 9 includes three 17.25% deviation at 250 atm, 24.14 and 33.24% at 500 atm, and
additional supercritical IDT simulations at 250, 500, and 1000 49.87 and 59.19% at 1000 atm. These values are summarized in
atm, highlighting the differences when simulating ideal and real the last two columns of Table 8. Finally, the computational cost
gas EoS (R—K and P—R EoS). It is found that increased pressure associated with using real gas state equations (R—K and P—R
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Figure 10. Numerical atmospheric LFS simulations of a mixture composition of ethanol, O,, and N, comparing the “Ethanol RM_2nd” using ideal gas
EoS (_IG) (green dashed lines), R—K EoS (_RK) (blue dashed dotted lines), and P—R EoS (_PR) (pink dotted dashed lines) at 298, 358, and 398 K,
versus symbols representing experiments of LES data from Giilder,” Egolfopoulos et al,,*® Liao et al.,*® Bradley et al,,*” Van Lipzig et al.,*” Konnov et
al,”’ Dirrenberger et al,®® Monteiro et al,°' and Alviso et al.”

Table 9. LFS RMSE of the “Ethanol RM_2nd” Model against Various Anhydrous Ethanol LFS Experimental Data®"

experiments kinetics model
figure authors  pressure (atm)  temp. (K)  ideal gas (s) real gas (R—K) (s) real gas (P—R) (s) rel. D. (R—K) (%) rel. D. (P—R) (%)

Anhydrous Ethanol LFS

Figure 10a 0 1 298 1.320 1354 1.363 0.060 0.076
Figure 10b 0 1 358 1.619 1.630 1.633 0.182 0.226
Figure 10c 0 1 398 2248 2269 2274 0.128 0.157
Figure 11a 4 2 380 2.781 2.726 2.713 0.221 0.273
Figure 11a 2 4 380 2.360 2.334 2.329 0.472 0.576
Figure 11b  * 2 450 2.986 2,971 2.966 0.105 0.124
Figure 11b 2 4 450 2.490 2.461 2.454 0.275 0.315
Figure 12a 57 1 358 2.029 2.011 2.006 0.128 0.160
Figure 12a 7 5 358 2.686 2.598 2.575 0.746 0.863
Figure 12a 57 10 358 2.199 2.197 2.199 1.524 1.836
Figure 13a e 1 500—949 9.380 9.328 9.319 0.153 0.239
Figure 13a 863,64 1 300—744 8.517 8.500 8.494 0.050 0.065
Figure 13b 50 300744 0.940 1.516
Figure 13b 100 300—744 1.697 2.416
Figure 13b 250 300744 2.042 2416
Figure 13b 500 300—744 15.566 16.333

“In addition, the relative deviations (%) of IDT simulations were analyzed using distinct cubic equations of states (Redlich—Kwong and Peng—
Robinson), compared to the IDT simulations from the ideal EoS under the same pressure conditions. “Rel. D., Relative deviation about the LFS
simulations adopting the ideal EoS.

EoS) in IDT simulations, as indicated in Table 7, is justified by Table 8 estimates the agreement of the “Ethanol RM_2nd”
) o mechanism with the ethanol IDT measurements at distinct

the substantial deviation between these real gas EoS and the ]
pressures based on the RMSE values. Furthermore, the relative

ideal gas EoS. deviations (%) of IDT simulations utilizing cubic state equations
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Figure 11. Numerical LFS simulations of a mixture composition of ethanol, O,, and N, comparing the “Ethanol RM_2nd” using ideal gas EoS (_IG)
(green dashed lines), R—K EoS (_RK) (blue dashed dotted lines), and P—=R EoS (_PR) (pink dotted dashed lines) at (a) 380 K and (b) 450 K, versus
symbols representing experiments of LES data at 2 and 4 atm from Hinton et al.**

(Peng—Robinson and Redlich—Kwong) were compared to
simulations using an ideal EoS at the same conditions, as
presented in the last two columns of Table 8.

5.1.2. Ethanol LFS. Unfortunately, experimental data of
laminar flame speed (LFS) are unavailable in the literature under
supercritical conditions (P > P.) and (T > T,). Therefore, to
validate the kinetics model for a satisfactory range, different
temperatures (298—949 K), compositions (anhydrous ethanol
and hydrous ethanol (Supporting Information)), and pressure
conditions (1 > P < 10 atm) are considered at subcritical and
transcritical conditions using the Ideal gas, Peng—Robinson, and
Redlich—Kwong EoS.

In the study of anhydrous ethanol fuel, the results presented in
Figure 10 at atmospheric pressure (1 atm) and temperatures of
298, 358, and 398 K exhibit a good agreement with most of the
experimental data from various sources found in the literature,
such as Giilder,*” Egolfopoulos et al,’® Bradley et al,’” Liao et
al,>® Van Lipzig et al,>® Konnov et al.,”’ Dirrenberger et al,
Monteiro et al,®" and Alviso et al.®* This indicates that the
“Ethanol RM_2nd” mechanism offers reliable results at
atmospheric pressure, with the highest RMSE of approximately
2.2 cm/s using all three equations of state (ideal, P—R, and R—K
EoS).

Moreover, there is a slight difference between the three
equations of state, with the highest relative deviation around
0.2%, as presented in Table 9. This underscores the prevalence
of ideal gas behavior at atmospheric pressure, supporting the use
of the ideal gas EoS. Furthermore, the increase in computational
cost when using R—K and P—R EoS at this atmospheric pressure
does not seem justified.

Moreover, for other pressures, the LFS numerical results of
the “Ethanol RM_2nd” model closely agree with the
experimental data at 380 K, 2—4 atm, as shown in Figure 11a,
and at 450 K and 2—4 atm, as shown in Figure 11b. The highest
root-mean-square error (RMSE) is approximately 2.9 cm/s, as
indicated in Table 9. It is worth noting that these LFS
simulations exhibit no significant deviation from ideal gas
behavior, presenting a marginal difference of 0.576% from the
ideal Equation of State (EoS) when using the R—K or P—R EoS.

For pressure conditions above 4 atm, Figure 12 shows that the
“Ethanol RM_2nd” model using all three EoS (Ideal, PR, and
R—K EoS) agrees well with the experimental data from Bradley

Ethanol LFS - 358 K; P=[1.0, 5.0, 10.0] atm

80
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Figure 12. Numerical LFS simulations of a mixture composition of
ethanol, O,, and N, comparing the “Ethanol RM_2nd” using ideal gas
EoS (_IG) (green dashed lines), R—K EoS (_RK) (blue dashed dotted
lines), and P-R EoS (_PR) (pink dotted dashed lines) at 358 K, versus
symbols representing experiments of LFS data at 1, 5, and 10 atm from
Bradley et al.*’

etal>” at 358 K, 1, 5, and 10 atm, with a root-mean-square error
(RMSE) of approximately 2.5 (cm/s). Additionally, as observed
in IDT simulations, it is expected that in LFS, increasing
pressure (1, 5, and 10 atm) leads to an increase in the relative
deviation from the ideal gas EoS to R—K (ranging from 0.128 to
1.524%) and the P—R EoS (ranging from 0.160 to 1.836%).
To observe the behavior of the “Ethanol RM_2nd” model
using three different equations of state (EoS), Ideal, R—K, and
P—R EoS, at temperatures above the critical temperature (T >
T.), a recent study by Zheng et al.”” involved the experimental
measurement of stoichiometric laminar flame speeds (LFS) in a
shock tube using ethanol blends in a 21% 02—79% Ar oxidizer,
also known as “airgon”, whose measurements were conducted
for a 500—949 K temperature range and at atmospheric
pressure. It is worth noting that the LFS experiments also
involved the scaling of mixture data for fuel/argon to determine
equivalent fuel/air (21% 02—79% N2) flame speeds with a
maximum deviation of 1%. These values were then compared
with those of our “Ethanol RM_ 2nd” model. The comparison, as
shown in Figure 13, revealed a good agreement between the
model and the experimental data, with a root-mean-square error
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Figure 13. Numerical shock-tube atmospheric-pressure flame speed simulations of a mixture composition of Ethanol, O,, and N, (air) and ethanol, O,,
and Ar (argon) comparing the “Ethanol RM_2nd” using ideal gas EoS (_IG) (green dashed lines), R—K EoS (_RK) (blue dashed dotted lines), and
P—R EoS (_PR) (pink dotted dashed lines) at (a) 1 atm versus symbols representing shock tube experiments of flame speed, in range of temperatures
of 300 K up to 949 K, from Liao et al,>® Rau et al,** and Zheng et al,® and (b) 1, 25, 50, 100, and 500 atm.

(RMSE) of approximately 9.3 (cm/s) in an LFS range of 178—
525 cm/s, representing a deviation of less than 8%.

In the absence of LFS experimental data for an anhydrous
ethanol/air mixture at pressures exceeding 15 atm, and based on
previous results, Figure 13b presents four additional LFS
simulations at 25, 50, 100, and 500 atm. These simulations
highlight the differences between ideal and real gas EoS (P—R
and R—K EoS). It is observed that as the pressure increases
(100—500 atm), the relative deviation from ideal EoS to R—K
EoS and P—R EoS becomes more pronounced, resulting in a
1.697 and 2.416% deviation at 100 atm, 2.042 and 2.416% at 250
atm, and 15.566 and 16.333% at 500 atm. These findings are
summarized in the last two columns of Table 9. Furthermore,
the computational cost of using real gas state equations (P—R
and R—K EoS) in LFS simulations, as indicated in Table 7, is
justified by the significant deviation between these cubic
nonideal gas EoS and the ideal gas EoS.

6. CONCLUSIONS

The study developed a reduced kinetic model for ethanol
combustion, which consisted of 53 species and 385 reactions.
This model was developed to simulate subcritical, transcritical,
and supercritical conditions. By using reduction techniques on
the comprehensive AramcoMech3.0 mechanism, the study
addressed the high computational costs associated with the
detailed reaction mechanisms. Through sensitivity analysis,
directed relation graph with error propagation (DRGEP), and
the stoichiometric integral form of sensitivity analysis based on
the concentration of OH, the reduced model effectively
preserved essential pathways for high-pressure oxidation,
focusing on key species such as OH, CO, HO,, acetaldehyde
(CH;CHO=C,H,0), hydrogen peroxide (H,0,), and the 1-
hydroxyethyl radical CH;CHOH.

The study’s simulations indicated that the improved reduced
model (“Ethanol RM_2nd”) achieved an excellent agreement
with experimental data for stoichiometric ethanol combustion in
laminar flame speed (LFS) and ignition delay time (IDT)
simulations at lean, stoichiometric, and rich conditions. The
reduced model improved computational efficiency without

compromising accuracy at pressures ranging from 1 to 80 atm
and temperatures of 298—949 K.

The study also explored the limitations of the ideal gas state
equation (EoS) in capturing real gas effects, particularly under
ultrahigh-pressure conditions (>100 atm). By implementing the
Peng—Robinson (PR) and Redlich—Kwong (RK) EoS param-
eters, the study addressed the discrepancies observed at
pressures exceeding 100 atm. Simulations of ignition delay
times at 500 atm showed that these discrepancies stayed about
24.14—33.24% for IDT and about 15.57—-16.33% for LFS,
respectively, for R—K and P—R EoS. The findings highlighted
the importance of accurate thermodynamic modeling, with
notable deviations at higher elevated pressures. It also highlights
that due to the highest computational cost of PR and RK EoS,
the ideal gas EoS satisfies lower and intermediate pressure
ethanol combustion conditions accurately.

In summary, the developed model significantly reduces the
computational cost of ethanol combustion simulations while
retaining high accuracy. Incorporating real gas EoS enhances the
model’s applicability to high-pressure and supercritical con-
ditions. It is a valuable tool for future research and practical
applications in combustion modeling and related technologies.
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