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Abstract

A different methodology for implementing the standard mechanism reduction technique directed relation graph (DRG) is
presented and applied to develop a new skeletal mechanism for ethanol. Two combustion processes, ignition delay time
and flame speed, that are mandatory for a mechanism to reproduce are used to calculate the species coupling through DRG
index. Based on a detailed mechanism of 57 species among 383 reversible elementary reactions, a skeletal mechanism of 37
species and 184 reactions is obtained, which represents a decrease of 35% in the number of species and almost 52% in the
number of reactions. The new mechanism is validated for ignition delay time and flame speed measurements, and also for
one-dimensional burner stabilized flat and counterflow flames simulations, which were not considered in the development of
the skeletal mechanism. Comparisons with experimental data and with the behaviour of other mechanisms in the literature
are also displayed. The methodology presented can be useful and contribute to generate skeletal mechanisms with less effort
that can reproduce a more demanding simulation.

Keywords Chemical modelling - Ethanol - Skeletal mechanism - Combustion - DRG

1 Introduction

Energy conversion is a fundamental resource of today’s soci-
ety well-being. In 2017, world consumption of energy was
approximately 13511.2 Mtoe (million tonnes oil equivalent),
of which 34% was derived from oil, 23% from natural gas,
27% from coal and, in this scenario, only 3% is related with
renewable energy sources [3]. Most of the consumed energy
worldwide is due to fossil fuels, a process that generates
several gaseous and particulate emissions which are harmful
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to human health and motivates environmental imbalance.
Despite the growth in using renewable energy, combustion
will remain being the major source of conversion for several
years [30]. Nonetheless, the fuel to be burned will be differ-
ent, and considerable studies are being focused in the use of
biofuels, such as ethanol and biodiesel.

Among biofuels, the use of ethanol (C,H;OH) as an
energy source that can be produced through renewable
resources stands out. Most of this fuel is derived from the
fermentation of sugar cane, although studies show that it
can also be derived from other types of biomass, such as raw
material of cellulose, corn stalk, rice straw, beet, wood pulp
and municipal solid waste.

Therefore, it is natural that studies regarding the oxidation
of ethanol emerge. In the past years, several studies were
developed in order to study the kinetics and the combustion
characteristics of ethanol [5-7, 13, 21-23, 27, 31]. Egolfo-
poulos et al. [8] did an experimental and numerical study
on ethanol oxidation kinetics, using counterflow premixed
flame to determine laminar flame speed, flow and shock tube
reactors. Ignition of ethanol in a shock tube reactor was stud-
ied both numerically and experimentally by Curran et al. [4].
Marinov [20] proposed a detailed kinetic mechanism for
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ethanol oxidation in high temperatures. The validation was
performed with simulations of constant volume bomb and
counterflow flames for laminar flame speed, shock wave to
catch ignition delay time and ethanol oxidation product pro-
files from jet-stirred and turbulent flow reactor. Saxena and
Williams [32] proposed a detailed kinetic mechanism for
ethanol oxidation and developed numerical and experimental
studies to validate it. The concentration of pollutants was
also investigated. Nevertheless, these works are focused in
a diverse range of parameters and applications, and usually
are only applicable to the conditions in which they were
validated.

Recently, Olm et al. [28], in an attempt to overcome this
problem, developed and detailed mechanism that is suitable
to cover a wide range of parameters and applications, using
an optimization approach and based on an modified version
of the mechanism developed by Saxena and Williams [32].
The validation was held out for a great amount of available
experimental data, and the authors claim that the mecha-
nism provides the best description of the currently available
experimental data.

However, using detailed kinetic mechanisms in the simu-
lation is computationally prohibitive. Techniques for chem-
ical reduction are mandatory in order to develop reduced
models with less variables and moderate stiffness, so that for
a specific application and interval of operating conditions,
accuracy can be maintained. The purpose of techniques for
chemical reduction is to limit the number of intermediary
species and reduce the number of equations to be solved in
order to represent with accuracy the behaviour of the main
species [37]. A complete review of the chemical reduc-
tion techniques can be found in the works of Goussis and
Maas [11], Griffiths [12], Lgvés [15] and Tomlin et al. [34].

The directed relation graph (DRG), developed by Lu and
Law in 2005 [16, 17], is a reduction method based on the
construction of skeletal mechanisms, and consists in evaluat-
ing the error produced when one species is withdraw of the
full mechanism. For its implementation, different applica-
tions must be defined so that the resulting skeletal mecha-
nism can reproduce with accuracy different combustion
processes. Usually, DRG is a first stage step to produce a
reduced mechanism, and can be used to reduce very large
fuels mechanisms [1, 14, 19, 24, 26, 33, 39]

In the present work, a new skeletal mechanism for ethanol
oxidation is developed using DRG. Compared to the original
DRG formulation [16], we propose a slightly different imple-
mentation methodology. Two applications, namely, ignition
delay time and flame speed are considered to generate a skel-
etal mechanism that can be used in different combustion
processes. Results are validated for ignition delay times,
premixed flat and counterflow diffusion flames for different
equivalence ratios, so rich, lean and stoichiometric mixtures
can be analysed.
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2 Chemical reduction: directed relation
graph

The modelling of chemical kinetics must consider the
accurate description of concentrations profiles of the
important species that can be defined according to the
objective of the model [36]. For such purpose, necessary
species should remain in the model, so that the important
characteristics of the important species are well-described.
All other species can be considered redundant, and thus
withdraw of the resulting skeletal mechanism. Subse-
quently, reactions that contribute little to the remaining
species are eliminated.

The methods for skeletal reduction can be applied locally,
i.e. for specific pressure, temperature and concentration pro-
files. In this case, the achievement of a good skeletal scheme
for a more complex combustion situation depends on the
range of conditions to give the reduced model validity in
reproducing certain features.

An important consideration to be made is that since most
methods depends on the concentration of the species through
a specific application, the process should be repeated to dif-
ferent configurations, i.e. several states over the trajectory
of a species. The ones that are considered redundant to all
relevant simulations and conditions are removed from the
mechanism.

The directed relation graph (DRG), developed by [16],
is a reduction method based on the construction of skeletal
mechanisms. The aim of the method is to efficiently solve
the species coupling, so that those who has little or no influ-
ence on the important species can be removed.

The contribution of species B in the production/consump-
tion rate of species A can be quantified through the normal-
ized index r,p, given by

- =Z?;1 |VA,id)i53,i|
A Z?;l |VA,iCDi| ’

where v, ; is the stoichiometric coefficient of A in reaction i,
w; is the reaction rate, n, the number of reactions and 6y is

ey

5 _{ 1, if the ith elementary reaction involves species B;
Bi ™) 0, otherwise.
2)
The terms in the denominator of Eq. (1) are the contribution
of reactions to the production/consumption of species A, and
the terms in the numerator are those from the denominator
that involve species B [17].

Defining a threshold limit value € (0 < € < 1), and if
index r, z is bigger compared to this threshold (r,z > €), then
removing species B can induce error in the production of
species A, so that species B must be maintained in the skel-
etal mechanism. Usually, species A are chosen as those who
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have some desirable chemical attributes that the reduced
mechanism should reproduce [29], and called target species.

The specification of target species is arbitrary and decided
considering the range of parameters and application. A com-
bination of fuel molecules, oxygen and main products of
combustion is an appropriate starting set [35, 40]. Recent
works developed an automated strategy to deal with this
issue, where the target species is dynamic and automatically
identified through a simplified algorithm [2, 9].

The resulting skeletal mechanism obtained has errors
according to the user-specified threshold e for the condi-
tions under which it is developed [16]. Therefore, mecha-
nisms with different levels of accuracy can be obtained by
assigning different values for €. The skeletal mechanism will
converge in detail as € is approaching zero, and the number
of species can vary abruptly as the threshold is varied.

To obtain a mechanism over a sufficiently wide range of
parameters, such as pressure, temperature, equivalence ratio
and resident time, a group of points in the parametric space
are sampled for typical applications [17]. Consequently, for
each application, a skeletal sub-mechanism can be obtained
for each point considered, and the union of these consists
of the application-specific skeletal mechanism. Finally, the
union of those generates an efficient skeletal mechanism that
can describe the applications for which was developed over
all the parameters.

3 Methodology for implementing DRG

The DRG computational code was implemented in Python,
using the open-source software Cantera [10] for the zero-
and one-dimensional simulations. Cantera is an open-source
object-oriented software for problems involving chemical
kinetics, thermodynamics and transport processes. The
choice for Cantera was due the free availability to obtain it,
as well as its easy usage and the possibility of using func-
tions that facilitate the implementation of DRG.

The proposed methodology differs from the original strat-
egy based on implementation. The original DRG [16, 17]
aims to construct the graph whose edges are species, calcu-
late the weights of each coupling and define dependent sets
for each species, using for this a depth first search (DFS)
algorithm (or, e.g. the Dijkstra algorithm [25]). However, in
this work, the methodology (explained below) is based on
the numerical simulations of combustion processes, using
the concentrations profiles and temperature from these simu-
lations and, with that, defines which paths of reactions are
important to represent the chosen applications and remain in
the mechanism. The reactions are selected if they have the
species in which index (1) is greater than the user-specified
€. Therefore, index (1) is used as a measure of importance

of each species in the detailed mechanism against the target
species.

The goal of this work is to apply the DRG for ethanol
(C,H50H). The detailed mechanism chosen was developed
by [20], and consists of 57 species among 383 reversible
elementary reactions. This mechanism was validated using
experimental data from shock tube reactor and flame speed
measurements. The applications that will be applied are a
batch reactor, with constant volume and internal energy,
aiming to catch the ignition delay time, and a freely propa-
gating premixed flat flame, to catch the flame speed. The first
is used to cover the range of low temperatures considering
only the reaction progress, without any transport process,
while the latter covers a one-dimensional flame with both
reaction and transport (convection and diffusion). We show
that even without taking into consideration a non-premixed
flame, the skeletal mechanism generated reproduce with
accuracy this type of flame. These situations will be calcu-
lated varying initial temperature, pressure and equivalence
ratio.

Firstly, the targets species for the DRG was chosen, con-
sisting of the fuel, oxygen and the main products of com-
bustion, CO, and H,0. These are the usual targets species
when applying DRG [25, 26, 29]. However, it was observed
that some species that was important to maintain the path
of oxidation from fuel to products was not being retained by
DRG, even for small €. It is the case of C,Hy and CH;CO.
Also, C,H,, which appears to be produced only in one reac-
tion, so its index will also be very small, was defined as
a target species, since its presence is observed to be very
important to maintain accuracy. Thus, the final set of target
species used for DRG is: C,H;OH, O,, CO,, H,0, C,H,
CH;CO and C,H,. These species will play the role of A spe-
cies in index (1), while the B species are all species of the
detailed mechanism. The threshold value used was ¢ = 0.08.
This value was achieved for a simple DRG calculation for
stoichiometric mixture in the ideal gas reactor, and is con-
sistent with the values used in the literature [40]. Generally,
a choice above 0.2 causes the eliminations of important spe-
cies and those that are strongly coupled would be removed
together from the mechanism [18]. This is shown in Fig. 1,
which presents the number of species that are retained in the
skeletal mechanism as the threshold e increases. From 0.05
to 0.15, most of redundant species are withdraw. After this
point, we have some constant values for the number of spe-
cies or jumps of the strongly coupled groups. The used value
of € = 0.08 is between the desirable range, and the accuracy
of the mechanism is maintained.

The calculation is performed as follows: the detailed
mechanism is used to simulate a freely propagating pre-
mixed flat flame in order to find the flame speed. Then,
the DRG is applied using the species concentrations and
temperature from these flat flame calculations. The species
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Fig. 1 Number of species retained in the skeletal mechanism against
the threshold value e

that has its index greater than the threshold is retained in
a set; the others are discarded. The next step is to use the
detailed mechanism to simulate an ideal gas reactor to catch
the ignition time. Again, for each time step, the DRG is
applied using concentrations and temperature from the reac-
tor calculations, and the species with the index greater than
the threshold are retained. Finally, the final set of species
is found by the union of each application species set. The
reactions containing only those species then are selected to
be in the skeletal mechanism. The search stops at the first
level, i.e. the DRG loop is not applied again to the final set
of reactions. It is important to emphasize that the flat flame
simulation is performed varying equivalence ratio from 0.5
to 2.0, while the pressure and temperature are varied from
1 atm to 100 atm and 500 K to 2000 K, respectively, in the
reactor. For each of these parameters and each point in the
domain of the simulation, the DRG is applied.

The skeletal mechanism obtained consists in 37 species
and 184 reactions, which represents a decrease of 35% in
the number of species and almost 52% in the number of
reactions. This reduction is satisfactory since the remaining
variables reproduce the detailed mechanism with accuracy.
Error in flame speed and ignition time is less than 20% for
all range of parameters. The skeletal mechanism is shown
in the supplementary material, and its validation is shown
in the next section.

4 Results and discussion
This section presents the numerical simulations for validat-

ing the skeletal mechanism developed with DRG. The simu-
lations of this section were all carried out with Cantera [10]

@ Springer

Table 1 Number of species and reactions of different kinetic mecha-
nism for the oxidation of ethanol

Mechanism Number of Number of References
species reactions
Marinov 57 383 [20]
Saxena and Williams 46 235 [32]
Olm et al. 49 251 [28]
Mittal et al. 113 710 [23]
Metcalfe et al. 253 1542 [21]
UC San Diego 50 247 [38]

The results are validated against available experimen-
tal data. To further show the efficiency of the proposed
skeletal mechanism, the one-dimensional simulations of
premixed and counterflow flames comparisons are also
made with other mechanisms, which differ from size and
range of parameters or applications: the already mentioned
mechanisms of [20, 28, 32], and the mechanisms proposed
by [21, 23, 38]. Characteristics of these mechanisms are
shown in Table 1. To better show the results of the skeletal
mechanism, these comparisons are made only for tempera-
ture and a few species mass fractions profiles.

4.1 Ignition delay times

The batch reactor is used to catch the autoignition time
of the mixture. With Cantera, a reactor can be viewed as
a box reduced to a single point, such that there is no spa-
tial evolution but only temporal evolution of the quan-
tities it contains. Thus, the evolution in time is carried
out with a network of reactors, i.e. multiple reactors are
interconnected, and the mass and heat flow among them
are realized.

The autoignition time is calculated as the point where
there is an exponential growth of OH radical, and the
simulations are calculated varying the equivalence ratio
(¢ =0.5,1.0,1.5,2.0) and pressure (p = 1, 10, 35, 100 atm).
Simulations were performed for 800-2000 K temperature
range. The same configuration is applied to the detailed
and skeletal mechanism. The results are shown in Fig. 2
for different pressures and equivalence ratios.

Results show that the skeletal mechanism predicts very
well the detailed model. This is expected, since the DRG
was used using ignition as an application. Errors are below
10%. There is a small deviance from reduced and detailed
model in high temperatures and pressure equal to 100 atm
for the stoichiometric mixture. Nevertheless, these differ-
ences from reality are expected.
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Fig.2 Ignition delay times
(s) for different pressures and

equivalence ratios. Symbols are
results for the detailed mecha-
nisms [20]—circles: 1 atm;
squares: 10 atm; diamonds:

35 atm and triangle: 100 atm—
and lines for the skeletal
mechanism
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4.2 Premixed flames

The solution of a freely propagation premixed flat flame
with Cantera follows the axisymmetric stagnation flow
equations. The goal is to calculate the laminar flame speed
for different values of equivalence ratio. We set different
initial temperatures and maintain atmospheric pressure.
Figure 3 shows the comparison of the results between
measurements and numerical simulations with the skeletal
mechanism and the detailed mechanism of [20] for laminar
flame speed calculated with the flat flame, for different ini-
tial temperatures. Experimental data are obtained from [8].
It can be seen that the lean zone of the flame shows
practically the same behaviour as the experiment and
other mechanism, and the region between 0.8 < ¢ < 1.4
presents the higher deviations. This is normal since several
intermediate reactions were withdraw of the mechanism,
which influences in the calculated laminar flame speed
and depends of the activation energy. Besides, the skeletal
mechanism reproduces the detailed mechanism, which has
the same behaviour in this region. The deviations do not
influence the validity of the model, since in most practice

— — T T
0.8 0.9 1 11 1.2

1000/T (K 1)

applications, combustion processes occur in lean-stoichi-
ometric configurations.

Figures 4, 5, 6, 7, 8 and 9 show the results of a burner-
stabilized flat flame, with a mixture of ethanol/air/argon,
for three equivalence ratios (¢ = 0.75,1.0,1.25). These
comparisons show the validity of the skeletal mechanism
for low pressures, since the simulations were performed for
50mbar. The experimental data are from [13]. The burner
consists of a cooled, brass, sintered plate, with 8cm diameter,
in a vacuum chamber. The sampling position of the flame
was varied by moving the burner to modify the distance of
the quartz cone, and this was adjusted for the comparisons
in this work. The conditions used are shown in Table 2, the
same used in [13].

Figures 4, 5 and 6 show the comparison between the
skeletal mechanism with other mechanisms and the exper-
imental data, for temperature and mole fraction of fuel. It
can observe a good agreement for the skeletal mechanism
for these quantities, specially with other mechanisms. The
peak for temperature for the stoichiometric flame in the
experiment is 7 = 1820, while for the skeletal mecha-
nism is 7 = 1825. In the lean flame, peaks are T = 1752
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Fig.5 Temperature and fuel mole fraction for different mechanisms against experimental data from [13] at ¢p = 1.25. Results are for a burner-
stabilized flat flame with initial temperature 7, = 560 K and atmospheric pressure

and T = 1702 and in the rich, T = 1740 and T = 1912, for
experiment and skeletal mechanism, respectively.
Figures 7, 5 and 9 show the comparison of main spe-
cies and radicals mole fractions between skeletal, detailed
and experimental data. The lean flame shows the higher
deviance when compared to the experimental data, with
a under-prediction in almost all quantities, although the
same behaviour of the skeletal is observed for the detailed
mechanism. Besides, the low pressure used in these simu-
lations is not in the range used for developing the skel-
etal mechanism, which can explain the deviations. Nev-
ertheless, the results present the expected performance to
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reproduce a burner flat flame, although this was not the
same used in developing the skeletal mechanism.

4.3 Counterflow flames

Albeit counterflow flames are not used in DRG as an appli-
cation; it consists of one of the best simulations to validate
a reduced model, since this type of flame has a very evident
diffusion process. Besides that, a good result from counter-
flow simulations can indicate that the skeletal mechanism
will provide good and reliable result for two- or three-
dimensional CFD simulations, specially turbulent flows. We
choose not to consider this type of flame when generating

'2H5OH

0.07

Distance from the burner (mm)

Fig.6 Temperature and fuel mole fraction for different mechanisms against experimental data from [13] at ¢ = 0.75. Results are for a burner
stabilized flat flame with initial temperature 7, = 560 K and atmospheric pressure
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Fig. 7 Species mole fractions for detailed and skeletal mechanisms against experiment data from [13] at ¢p = 1.0. Results are for a burner-stabi-
lized flat flame with initial temperature 7, = 560 K and atmospheric pressure

the skeletal mechanism because it would largely increase the
computational time of the reduction process.

The boundary conditions to calculate the counterflow
flames are displayed in Table 3 for both streams and con-
figurations. Those are the same values of the experiment
carried out by [32].

The experimental counterflow burner [32] consists of
two opposing ducts of 23.1mm inner diameter with shield-
ing of annular nitrogen curtains separated by 12mm. Air

@ Springer

flows from the top duct and fuel through the bottom duct
at flow rates adjusted according to a momentum balance
to maintain the stagnation plane halfway between the duct
exits. An insulated vaporizer, temperature controlled to
provide the desired ethanol mole fraction in nitrogen, gen-
erates the fuel vapour which flows through a heated line
to the lower duct.

Figures 10, 11, 12 and 13 show the results for counter-
flow flames of both premixed and non-premixed ethanol/air
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Fig.8 Species mole fractions for detailed and skeletal mechanisms against experiment data from [13] at ¢p = 1.25. Results are for a burner-stabi-
lized flat flame with initial temperature 7,, = 560 K and atmospheric pressure

mixture. The temperature and mass fractions of fuel, oxi-
dizer ad nitrogen are compared with experiment and differ-
ent mechanisms (Figs. 10 and 11), while main species are
compared between experimental, detailed and experiment
(Figs. 12 and 13).

In the non-premixed flame, the results of the skeletal mech-
anism reproduce exactly the detail for the principal reactants
and products. Over-prediction can be observed for H,O and

under-prediction occurs for CO and H,. The skeletal mecha-
nism also has results that are consistent with other mecha-
nisms. The adiabatic maximum temperature achieved by the
skeletal mechanism is 7 = 1637 K, while the detail results
in T = 1740K and the experimental value is 7 = 1811 K.
Despite that, the results of the reduced model shows that it
can be used in other simulations, validating that the results
will remain in an acceptable error range.
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Fig.9 Species mole fractions for detailed and skeletal mechanisms against experiment data from [13] at ¢p = 0.75. Results are for a burner-stabi-
lized flat flame with initial temperature 7,, = 560 K and atmospheric pressure

Table 2 Flame conditions for the burner-stabilized flat flame (species

in mole fractions)

Equiv. ratio (¢p) C,H;OH 0, Ar

1.00 0.069 0.206 0.725
0.75 0.069 0.275 0.657
1.25 0.085 0.206 0.709

@ Springer

Comparisons for a premixed counterflow flame show
almost the same results that are observed from the non-pre-
mixed flames, with over-prediction for H, O, and under-predic-
tion for CO and H,. However, the temperature profile shows
exactly the same values for detailed and skeletal mechanism,
withapeekin7 = 1990 K and T = 1991 K, respectively. The
experiment yields 7 = 2151 K.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:105

Page 110f 14 105

Table 3 Conditions used in the simulation of a non-premixed coun-
terflow flames

Non-premixed flame Premixed flame

Fuel stream Ox. stream Fuel stream OxX. stream

Xc,m,0n 0.3 0 0.1385 0
Xy, 0.7 0.79 0.6803 0.79
Xo, 0 0.21 0.1812 0.21
Velocity (cm/s)  29.8 30 30.22 30
Temperature (K) 340 298 327 298
Pressure (atm) 1 1 1 1

Species quantities are given in mole fractions

Results for both calculations, premixed and non-premixed,
of counterflow flames show that the skeletal mechanism can
reproduce with accuracy the existing diffusion processes in
reactive flow simulations. One difference that can be seen in
the figures is that premixed flames produce higher quantities
of CO, while the quantities for CO, are practically the same.
This can be explained since there is a higher amount of oxygen
in the fuel side of the burner, which also makes the production
of CO to start sooner in the domain. The presence of oxygen
also explains why the fuel is consumed earlier in premixed
flames, which influence the mass fraction of H,, that is almost
two times the value for non-premixed.
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Fig. 10 Temperature and species mass fractions of fuel, oxidizer and nitrogen for different mechanisms for a non-premixed counterflow flame,
compared with measurements [32]. The boundary conditions are given in Table 3
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Fig. 11 Temperature and species mass fractions of fuel, oxidizer and nitrogen for different mechanisms for a premixed counterflow flame, com-
pared with measurements [32]. The boundary conditions are given in Table 3
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Fig. 12 Species mass fractions for skeletal and detailed for a non-premixed counterflow flame, compared with measurements [32]. The boundary

conditions are given in Table 3

5 Conclusions

The purpose of this work was to present a different meth-
odology for the mechanism reduction technique DRG and
its implementation for ethanol. We show that a skeletal
mechanism developed with the standard DRG with two
applications (ignition delay time and flame speed) can
reproduce other types of combustion processes for the
ethanol oxidation.

@ Springer

Albeit the skeletal mechanism developed in this work
does not take into account a counterflow and burner stabi-
lized flames, it can be seen by the results that it reproduces
these configurations. This is an important characteristic
since, when dealing with high chain hydrocarbons or alco-
hols molecules, in which detailed mechanism can have
thousand of elementary reactions and species, is possible
to have a less effort to produce a skeletal mechanism that
can reproduce a more demanding simulation. This also
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Fig. 13 Species mass fractions for skeletal and detailed for a premixed counterflow flame, compared with measurements [32]. The boundary

conditions are given in Table 3

can lead to a smaller result in the number of species and
reactions that are retained.

One question that arrives is which type of applications
(and range of parameters) should be chosen when devel-
oping a skeletal mechanism with DRG, if one aims to
reproduce more complex problems, e.g. turbulent flames?
And which would be the minimum dimension that the
reduced model should have—and how much the choice of

applications can influence that—to reproduce other prob-
lems? These questions will be addressed in future works.
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