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A B S T R A C T

Poly-Oxymethylene Dimethyl Ethers OMEx are synthetic and potentially-renewable fuels that lead to a notable
reduction of the lifecycle CO2 emissions while promoting lower soot emissions than conventional Diesel fuel. In
the present contribution, a computational study with a single component OME1 and a multicomponent OMEx
fuel has been carried out under reference Spray A conditions from the Engine Combustion Network (ECN),
which mimic in-cylinder conditions representative of Diesel engines. For both fuels, three ambient temperature
conditions have been swept at constant ambient density. Calculations have been carried out using an Unsteady
Flamelet Progress Variable (UFPV) combustion model and detailed chemical mechanisms. For both OMEx-type
fuels, low temperature ignition in flamelet configurations start in lean mixtures, which shifts towards the fuel-
rich zone and eventually leads to high temperature ignition, similar to typical hydrocarbons. In agreement
with corresponding fuel cetane numbers, ignition of OMEx occurs at timings similar to those of n-dodecane,
which is the reference fuel for ECN studies, while a delayed ignition is obtained for OME1. However, the actual
difference in ignition timing between OMEx and n-dodecane depends on diffusion in the mixture fraction space.
Moreover, ignition in spray calculations seems to occur fully on the lean side, especially for OME1, as well
as for the low temperature cases. This difference in ignitable mixture range between the canonical flamelet
configuration and the spray calculations results from the finite residence time for relevant mixtures in the
latter case, compared to an infinite residence time in flamelets. Comparison with experiments show that the
modeling approach predicts most combustion metrics for both fuels and temperature values. The combination
of ambient temperature and fuel-related reactivity has enabled a transition from a short ignition lifted diffusion
flame structure (OMEx at 1000–900 K) towards long ignition cases, where lift-off length may eventually be
longer than the maximum length of the stoichiometric surface. This results in a reaction front stabilization at
very lean conditions, i.e. a type of lean mixing-controlled flame.
1. Introduction

Due to the steady increase in energy consumption and the si-
multaneous restrictive objectives to reduce greenhouse gas emissions
it is necessary, among other environmental measures, to reduce the
consumption of fossil fuels, which make up the main worldwide energy
source so far. The transport sector is particularly immersed in an
unstoppable and promising transition towards electric mobility, but
in any case, the autonomy needs of the vehicle make electrification
difficult for high power and long range applications. For this reason,
the use of propulsion plants based on combustion engines in the short-
medium term will continue to be necessary. This means that fossil
fuels will have to be replaced, regardless of electrification, by other
sustainable alternatives, mainly in the form of synthetic and renewable
fuels [1,2]. This change will be achievable if the emission of pollutant
emissions comply with the corresponding regulation [3,4].
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Among different synthetic and renewable-based fuels currently un-
der evaluation, the family of the so-called poly-Oxymethylene Dimethyl
Ethers have turned out to be very promising candidates. Their gen-
eral formula CH3O − (CH2O)𝑛 − CH3, with 𝑛 > 0, shows that they
are oxygenated molecules that are characterized by the absence of
carbon–carbon bonds. Furthermore, they have compatible physical and
chemical properties for their use in conventional propulsion systems.
These fuels are the focus of an important activity in the transport sector
in the transition towards decarbonization [5,6]. The particular compo-
sition of this type of fuels improves the trade-off between emissions of
soot and nitrogen oxides (NOx) in compression-ignition engines. This
effect was studied in [7], where the increase of the 𝑂𝑀𝐸𝑥 content in
blends of diesel and gasoline was shown to reduce both soot and NOx
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emissions. These results were also in agreement with those presented
in [6].

From a more fundamental perspective, the oxygenated character
of these fuels results in a different flame topology compared to that
of regular hydrocarbons, as recent experimental results in a high-
pressure high-temperature vessel have shown [8–10]. Using the Engine
Combustion Network (ECN) single-orifice Spray A nozzle [11], the
combustion process of different fuels was analyzed in [8], including
𝑂𝑀𝐸1 and 𝑂𝑀𝐸𝑥. The presence of oxygen was shown to have a major
impact on the equivalence ratio at characteristic locations such as the
lift-off length and flame stabilization. Furthermore, these oxygenated
fuels did not produce detectable soot for the investigated conditions, in
agreement with [9,12]. Additionally, laser-induced fluorescence tech-
niques were used in [10] to resolve the spatial distribution of OH and
CH2O for 𝑂𝑀𝐸𝑥. The different flame characteristics were described
by means of such species and compared to n-dodecane, and the null
soot production was confirmed. On the computational side, very few
fundamental studies are found in the literature [5,13,14]. They all show
that such fuels develop a different flame structure if compared with a
reference fuel such as n-dodecane, shifting the combustion to leaner
mixtures. They also confirm the reduction in soot precursor formation
due to the oxygen content and its influence in the mixture fraction
distribution.

The present work aims at further clarifying the differences between
combustion characteristics and flame structure of 𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1
y means of computational tools. Experiments in [8–10] will be used
or analysis and validation, with particular focus on the effect of the
mbient temperature. The approach will start from the analysis of a
anonical configuration, closed homogeneous reactors, to compare the
hemical kinetics characteristics of the fuels. This will be later extended
o laminar flamelets, the second canonical configuration proposed in
his work, where the interaction between chemistry and diffusion will
e accounted for. After that, computational fluid dynamics (CFD) cal-
ulations will be carried out for both inert and reacting configurations.
or both canonical configurations, as well as for the inert spray cal-
ulations, results will be extensively compared to those of n-dodecane,
hich is a reference for ECN studies.

. Target conditions

Following experimental work in [8–10] two fuels from the group of
oly-Oxymethylene Dimethyl Ethers have been selected for the study,
amely the single-component with the shortest chain 𝑂𝑀𝐸1 and a
ulticomponent fuel 𝑂𝑀𝐸𝑥 made up of a blend of different chain

engths. The original composition of 𝑂𝑀𝐸𝑥 in the experimental study
ncluded 57.90% 𝑂𝑀𝐸3, 28.87% 𝑂𝑀𝐸4, 10.08% 𝑂𝑀𝐸5, 1.91% 𝑂𝑀𝐸6
nd negligible (≤0.01%) proportions of 𝑂𝑀𝐸1 and 𝑂𝑀𝐸2 (all values in
eight %). As the base chemical mechanism to be used in the present

tudy [15] only considers 𝑂𝑀𝐸2, 𝑂𝑀𝐸3 and 𝑂𝑀𝐸4, the original
omposition was simplified to 59.14% 𝑂𝑀𝐸3 and 40.86% 𝑂𝑀𝐸4. n-
odecane will be used for comparison for canonical configurations
closed homogeneous reactors and flamelets) as well as inert spray
alculations. Reacting spray calculations have only been performed for
𝑀𝐸𝑥 and 𝑂𝑀𝐸1, as n-dodecane has been extensively investigated in
revious work [16]. The main properties of the fuels in this study are
resented in Table 1.

Calculations of a single hole spray injected into an ambient at steady
onditions have been performed. Operating conditions coincide with
hose found in [8], which were performed following ECN standards,
nd using Spray A injector corresponding to single-hole nozzle (ref-
rence 210675) with a diameter of 89.4 μm, which is representative
f automotive engines. Table 2 summarizes the calculated CFD cases
nder reacting conditions. For each fuel, three calculation cases were
arried out to assess the effect of varying ambient temperature of the
ombustion chamber into which the fuel is injected, while keeping
onstant density and oxygen content.
2

Table 1
Fuel properties [8].

Characteristic [unit] n-dodecane 𝑂𝑀𝐸1 𝑂𝑀𝐸𝑥
Density [kg/m3] (T = 15 ◦C) 751.2 866.7 1057.1
Viscosity [mm2/s] (T = 40 ◦C) 1.44 0.36 1.08
Cetane number [–] 74 28 68.6
Lubricity [μm] 563 747 320
Flash point [◦C] 83 <40 65
Lower heating value [MJ/kg] 44.20 19.25 19.21
Initial boiling point [◦C] 214 37.40 144.90
Final boiling point [◦C] 218 38 242.4
Carbon content [% m/m] 84 48.4 44.2
Hydrogen content [% m/m] 16 10.4 8.8
Oxygen content [% m/m] 0 42.1 45

Table 2
Thermodynamic and fuel injection conditions for the simulated reacting CFD cases,
nominal temperature in bold.

Fuel 𝑂𝑀𝐸𝑥
𝑂𝑀𝐸1

Ambient Temperature 1000 K
900 K
800 K

Ambient density 22.8 kg/m3

Ambient O2 composition 15%
Injection pressure 150 MPa
Fuel temperature 363 K
Nozzle diameter 89.4 μm

3. Modeling approach

The computational methodology in this work evaluates the fuel
starting from fundamental chemistry characteristics up to turbulent
spray calculations. To begin the study, canonical configurations rel-
evant for the study, namely closed homogeneous reactors and lam-
inar flamelets, are investigated using corresponding solvers [17,18].
As for CFD turbulent spray cases, Converge software is used [19],
where the turbulence–chemistry interaction is modeled using an Un-
steady Flamelet Progress Variable (UFPV) approach. Throughout all
such steps, the detailed chemical mechanism by Jacobs et al. with
530 species and 2889 reactions [20] has been used for 𝑂𝑀𝐸1, and
the mechanism developed by Cai [15] with 322 species and 1611
reactions has been used for 𝑂𝑀𝐸𝑥. Whenever n-dodecane is used as
a comparison, the corresponding mechanism has been the one by Yao
et al. [21] with 54 species and 269 reactions.

3.1. Closed homogeneous reactors and laminar flamelets

In a first 0D analysis, the three fuels were investigated with homoge-
neous constant pressure adiabatic reactor simulations performed with
Cantera [17]. Initial conditions are obtained from the adiabatic mixing
between fuel and air streams in a range of equivalence ratios spanning
both lean and rich conditions, similarly to the initial conditions for
flamelet calculations.

Under the conditions mentioned above, the time evolution of the
chemical state has been tracked following a characteristic progress
variable (𝑌𝑐). In the present study, 𝑌𝑐 includes the evolution of three
major species (CO2, H2O and CO) according to the definition 𝑌𝑐 =
0.75𝑌CO + 𝑌CO2

+ 𝑌H2O, which has been previously used in [16]. Homo-
geneous reactor calculations show that the relative trends among fuels
do not change much with other progress variable definitions.

𝐶 =
𝑌𝐶 − 𝑌𝐶 𝑖𝑛𝑒𝑟𝑡

𝑌𝐶𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑌𝐶 𝑖𝑛𝑒𝑟𝑡
(1)

A normalized version of the progress variable (𝐶) is used to define the
ignition delay according to Eq. (1), where 𝑌𝐶 𝑖𝑛𝑒𝑟𝑡 and 𝑌𝐶𝑠𝑡𝑒𝑎𝑑𝑦 are the
inert and steady values for the progress variable, then 0 ≤ 𝐶 ≤ 1. The
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ignition delay corresponding to the low- and high-temperature regions
(𝐼𝐷𝐻𝑇 , 𝐼𝐷𝐿𝑇 ) are distinguished according to values of 𝐶 = 0.1 and

= 0.9, respectively.
In a second step, 1D laminar flamelet calculations are performed

sing the ZLFLAM code [18]. Flamelets in counterflow configuration
re solved in mixture fraction for any ‘k’ species in the chemical
echanism space by Eq. (2).

𝛿𝑌𝑘
𝛿𝑡

=
𝜒
2
𝛿2𝑌𝑘
𝛿𝑍2

+ �̇�𝑘 (2)

where the chemical source term �̇�𝑘 is obtained from the chemical
echanism. The scalar dissipation rate 𝜒 , which considers the flamelet

diffusion in mixture fraction space, is assumed to follow a steady profile
following Eq. (3), as derived by Peters [22].

𝜒(𝑆𝑅,𝑍) = 𝑆𝑅
𝜋
𝑒𝑥𝑝[−2(𝑒𝑟𝑓𝑐−1(2𝑍))2] (3)

n Eq. (3), 𝑆𝑅 is the strain rate, defined by the velocity gradient at
he oxidizer side of the counterflow flamelet. It is possible to write
he profile of 𝜒 independent of 𝑆𝑅 by normalizing the expression with
he scalar dissipation rate at stoichiometric condition 𝜒𝑠𝑡 according to
q. (4):

(𝜒𝑠𝑡, 𝑍) = 𝜒𝑠𝑡
𝐹 (𝑍)
𝐹 (𝑍𝑠𝑡)

(4)

3.2. Spray combustion modeling

Spray calculations in the present work are carried out with the same
computational framework as previously developed by the authors [16]
for n-dodecane with the Converge code [19], so only an overall sum-
mary is provided here. The domain is a cylinder 102 mm in length and
50 mm in radius. The base mesh grid is composed of 2 mm cubes, which
is generated automatically by Converge cut-cell Cartesian method. Near
the nozzle area, grid mesh resolution is added using a truncated cone-
shaped fixed embedding. The adaptive mesh refinement capabilities
of Converge, which allow for grid refinements based upon velocity,
temperature and fuel mass fraction gradients [19], have been used, so
that a minimum cell size of 125 μm is reached.

For the description of the liquid phase the Lagrangian parcel Eule-
ian fluid approach has been used. The Favre-averaged Navier–Stokes
quations are solved within a RANS framework. The standard k-𝜖
urbulence model with 𝐶𝜖1 = 1.55 in order to account for round jet

correction, has been used.
In terms of turbulence–chemistry interaction, an Unsteady Flamelet

Progress Variable approach (UFPV) based on the concept of flamelet
has been adapted and used. This approach is based upon the description
of a turbulent flame as a set of strained laminar counterflow flamelets.
The general workflow (Fig. 1) starts with an external tabulation of a
laminar flamelet table or manifold which is done offline. The temporal
evolution of the chemical reactions is represented by the progress
variable 𝑌𝐶 , with the same definition as shown above for both closed
homogeneous reactors and flamelets. The time evolution in the flamelet
is re-parametrized from a temporal basis to a normalized progress
variable basis (Eq. (1)).

After laminar flamelets have been calculated, the influence of tur-
bulence is accounted for to produce a turbulent manifold, i.e. a set of
tables or manifold that are used interactively during the CFD calcu-
lation. The turbulence–chemistry interaction is taken into account by
considering that the mixture fraction and the scalar dissipation rate are
statistical independent, using a presumed probability density function
(PDF) approach for these two variables. On the one hand, a 𝛽-PDF
function is used for the mixture fraction, which is defined by the mean
value of mixture fraction (�̃�) and the corresponding variance ̃𝑍 ′′2 . This
implies that a function 𝑃𝑍 (𝑍, �̃�, 𝑆) exists, with the segregation factor
𝑆, which normalizes the mixture fraction variance according to the
Eq. (5).

𝑆 =
̃𝑍 ′′2

(5)
3

�̃�(1 − �̃�)
On the other hand, a log-normal function with 𝜎 =
√

2 is used for
the scalar dissipation rate, according to 𝑃𝜒 = (𝜒𝑠𝑡, 𝜒𝑠𝑡, 𝜎). This means
that the mean value of the scalar dissipation rate 𝜒 can be obtained by
the expression presented in Eq. (6).

̃ =
(

∫

∞

0
𝜒𝑠𝑡𝑃𝜒

(

𝜒𝑠𝑡;𝜒𝑠𝑡, 𝜎
)

𝑑𝜒𝑠𝑡

)(

1
𝐹 (𝑍𝑠𝑡) ∫

𝑍

0
𝐹 (𝑍)𝑃𝑍 (𝑍;𝑍,𝑆)

)

= 𝜒𝑠𝑡𝐽 (𝑍,𝑆) (6)

where 𝐽 relates 𝜒𝑠𝑡 and 𝜒 , the former one used to parametrize the
lamelet manifold, while the latter one is retrieved from the CFD
alculation following Eq. (7)

𝜒 = 𝐶𝜒
𝜀
𝑘
�̃�′′2 (7)

Turbulent-averaged values of any variable (�̃�) can be obtained
according to Eq. (8).

�̃�(�̃�, 𝑆, 𝜒𝑠𝑡, 𝑡) = ∫

∞

0 ∫

𝑍

0
𝜓(𝑍, 𝜒𝑠𝑡, 𝑡)𝑃𝑍 (𝑍, �̃�, 𝑆)𝑃𝜒 (𝜒𝑠𝑡, 𝜒𝑠𝑡, 𝜎) 𝑑𝑍 𝑑𝜒𝑠𝑡

(8)

n particular, the turbulent manifold stores turbulent-averaged values
f relevant ‘k’ species in terms of average and variance of mixture
raction, average stoichiometric scalar dissipation rate and average nor-
alized progress variable, i.e. 𝑌𝑘 = 𝑌𝑘(�̃�, 𝑆, 𝜒𝑠𝑡, 𝑐) using the formulation
resented in Eq. (8). The lookup tables that compose the turbulent
anifold are discretized with 51 points in 𝑐, 27 points in 𝜒𝑠𝑡, 41 points

n �̃� and 17 points in 𝑆.
The coupling of UFPV and the CFD solver is performed by means

f the chemical source term of the transport equation of any 𝑘 species
ccording to Eq. (9).

̃̇𝜔𝑘 =
̃𝑌𝑘𝑡𝑎𝑏(�̃�, 𝑆, 𝜒𝑠𝑡, 𝑌𝑐 (𝑡 + 𝛥𝑡)) − 𝑌𝑘

𝑐𝑒𝑙𝑙(𝑡)
𝛥𝑡

(9)

where 𝛥t is the CFD time-step, the species mass fraction at the cell is
represented by 𝑌𝑘

𝑐𝑒𝑙𝑙 and is 𝑌𝑘
𝑡𝑎𝑏 is the species mass fraction tabulated

in the next time step, for which 𝑌𝑐 (𝑡 + 𝛥𝑡) is calculated according to
Eq. (10).

𝑌𝑐 (𝑡 + 𝛥𝑡) = 𝑌𝑐 (𝑡) + ̃̇𝜔𝑌𝑐 (�̃�, 𝑆, 𝜒𝑠𝑡, 𝑌𝑐 (𝑡))𝛥𝑡 (10)

To reduce the computational cost, only a reduced number of the
species in the chemical mechanism are transported by the CFD solver
[24–26]. Some sink species are selected following the method presented
in [27] to close the atomic mass balance, as well as to keep similar
mixture thermophysical properties.

4. Results

This section is structured as follows: First, the results of closed
homogeneous reactor and laminar flamelets are presented, focusing
on the analysis of chemical kinetics and diffusion effects. Then, the
mixing process at inert condition for OMEx-type fuels and n-dodecane
is shown. After that, the analysis of the reactive spray for each fuel is
presented. This analysis starts with global combustion parameters, fol-
lowed by the autoignition sequence and eventually the flame structure
at quasi-steady state. Although the main combustion analysis deals with
𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1, some results for n-dodecane, standard fuel for ECN
studies to highlight the differences between the oxygenated fuels and
a more conventional hydrocarbon.

4.1. Closed homogeneous reactors

The first step in the analysis is the study of the chemical kinetics
in closed homogeneous reactor conditions for all the fuels under inves-
tigation. This allows to compare the different chemical mechanism in
terms of an ignition delay that is only influenced by chemical reactions.

Ignition delay (ID) evolutions for three mechanism are shown in Fig. 2
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Fig. 1. UFPV model workflow [23].
as a function of mixture fraction (𝑍) for baseline operating conditions
(i.e. ambient temperature 900 K). Similarly to other hydrocarbon fuels,
different zones can be identified along the ignition process depending
on the reactivity state, namely those corresponding to the low and high
temperature zones.

High-temperature ignition delay (𝐼𝐷𝐻𝑇 ) exhibits the typical v-
shape for all three fuels as a function of mixture fraction, with a
minimum value at the so-called ‘most reactive mixture fraction’ [28],
which is relatively rich for all cases (0.059, 0.123 and 0.112 for 𝑛 −
𝑑𝑜𝑑𝑒𝑐𝑎𝑛𝑒, 𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1 respectively). As for the low-temperature
ignition delay (𝐼𝐷𝐿𝑇 ), the v-shape is also visible spanning a wider mix-
ture fraction range compared to the high-temperature one. However,
differences among fuels are more evident, especially for n-dodecane
and 𝑂𝑀𝐸𝑥, where the minimum 𝐼𝐷𝐿𝑇 is reached for very low mixture
fractions, well in the lean range. The time elapsed between low and
high temperature ignition delay (𝐼𝐷𝐿𝑇 and 𝐼𝐷𝐻𝑇 ) is the cool flame
period as defined e.g. Payri [29]. This is relatively long for the latter
two fuels in the lean region. For 𝑂𝑀𝐸1 this interval is overall short,
hinting at a single-stage ignition process in most of ignition delay
results shown which are in a relevant range in terms of spray ignition.
Furthermore, 𝑂𝑀𝐸1 presents longer ignition delay values than the
other two fuels for both low and high temperature regimes. Finally,
calculated ignition delays at the most reactive mixture fraction follow
the trend presented by the cetane numbers in Table 1, with n-dodecane
(0.23 ms) being the first one to ignite, closely followed by 𝑂𝑀𝐸𝑥
(0.32 ms), and finally 𝑂𝑀𝐸1 shows the longest ignition delay (0.82 ms).

The chemical analysis of homogeneous reactors is complemented by
the source term for the progress variable �̇�𝑐 over the mixture fraction–
temperature map, Fig. 3. These maps show different reactivity islands
depending on the mixture fraction and the distance to the equilibrium
temperature, i.e. the progress variable. The same figures have been
included in Appendix in terms of equivalence ratio (Fig. A.14), so
that mixture composition compared to stoichiometry can be better
compared. For all three fuels, a clear chemical activity region is found
around stoichiometric locations and close to equilibrium temperatures
(Region I). This island is narrower in terms of mixture fraction range
for n-dodecane, compared to the oxygenated fuels. Just as an example,
maximum �̇�𝑐 in this region is found at around 2000 K, ranging within
0.045 < 𝑍 < 0.060 for n-dodecane, while this range is 0.085 <
𝑍 < 0.145 for 𝑂𝑀𝐸𝑥 and 0.085 < 𝑍 < 0.12 for 𝑂𝑀𝐸1. A second
intermediate island of reactivity (Region II) is found at around 1100 K
for n-dodecane. While this happens at roughly below 1500 K for both
𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1, it spans the mixture fraction range from almost zero
to 0.3 for all three cases. This second reactivity island is very close to
the initial adiabatic mixing curve for n-dodecane, so this will be the
4

trigger for initial reactions for the alkane fuel. For the two oxygenated
fuels, the second island is further away from the initial inert state, but
one can still find a third island (Region III) at or below 1000 K, with
increasing �̇�𝑐 values as one moves towards rich regions.

Some of the differences from the ID plots can be explained based
upon the �̇�𝑐 maps. As previously discussed, only two reactivity islands
are observed for n-dodecane, which overlap for slightly lean to and
rich mixtures (0.03 < 𝑍 < 0.1), where 𝐼𝐷𝐻𝑇 is shortest. Furthermore,
the intermediate region between both islands, which would be repre-
sentative of cool flame period, still exhibits a noticeable �̇�𝑐 value, and
hence short differences between 𝐼𝐷𝐿𝑇 and 𝐼𝐷𝐻𝑇 (Fig. 2) are obtained
within that range. Compared to the two other fuels, the intermediate
reactivity island extends well into the lean region and very close to
the adiabatic mixing, which results in a faster initiation of the low
temperature chemistry reactions. However, no other reaction island is
present in this range, which increases 𝐼𝐷𝐻𝑇 (Fig. 2).

For 𝑂𝑀𝐸𝑥, (Region III) is close to adiabatic mixing in the 0.07 <
𝑍 < 0.15 region, where low temperature ignition delay will be shortest
(Fig. 2). Furthermore, for this mixture fraction range there is an overlap
of three reactivity islands resulting in the lowest ignition delay, and
a short duration of the cool flame period. In spite of the difference
in reactivity distribution, 𝐼𝐷 values in this region are quite similar
to those of n-dodecane, but the cool flame period is slightly longer
due to the presence of a �̇�𝑐 valley at around 1000 K. Finally, in the
𝑍 < 0.07 range (Region III) close to the adiabatic mixing line is similar
to that of n-dodecane, but high temperature reactivity islands are weak
or non-existent, and hence 𝐼𝐷𝐻𝑇 is longer than for n-dodecane.

Finally, 𝑂𝑀𝐸1 shows only the intermediate and high temperature
reactivity islands (Region I and Region II). �̇�𝑐 values close to the
adiabatic mixing line are lowest compared to the two other fuels,
resulting in a very late initiation of reactions, and hence the longest
𝐼𝐷 values. Most of the ignition occurs in the 0.05 < 𝑍 < 0.2 range
at relatively high temperature with an almost single step, as the short
transition between 𝐼𝐷𝐿𝑇 and 𝐼𝐷𝐻𝑇 shows (Fig. 2).

4.2. Laminar flamelets

The analysis of laminar igniting flamelets makes up the intermediate
natural step to bridge the gap between the chemical analysis of homo-
geneous reactors and the spray problem. In fact, the initial evolution of
a flamelet with the limit cases of a very low strain rate (SR) should be
relatively close to a homogeneous reactor situation. As SR increases, the
combustion process of the flamelet is increasingly affected by diffusion.
Therefore, the relative roles of chemical reactivity and diffusion modify
the ignition process.
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Fig. 2. Ignition delay for 𝑂𝑀𝐸𝑥, 𝑂𝑀𝐸1 and n-dodecane (C12) for closed homogeneous reactors. Both low- (dashed line) and high-temperature stage (solid line) have been
quantified. Starting conditions are obtained from an adiabatic mixing between fuel and air at nominal operating (ambient temperature 900 K). Vertical solid lines correspond to
the stoichiometric mixture fraction 𝑍𝑠𝑡.
Fig. 3. Chemical source term �̇�𝑐 = 𝑑𝑌𝑐∕𝑑𝑡 for homogeneous reactor calculations in terms of mixture fraction and temperature.
Fig. 4 shows the flamelet auto-ignition contour maps of �̇�𝑐 (𝑇 ,𝑍)
similarly to the homogeneous reactor (Fig. 3) for two different SR
values, namely 𝑆𝑅 = 10 and 1000 (1∕s). A set of solid gray lines
is superimposed on each case indicating instantaneous flamelet tem-
perature with a constant 10 μs time-step increase between lines. In
that way, the density of lines is indicative of the progression rate of
the autoignition sequence, e.g. temperature increases fast in the less
dense region of the contour map. A dotted line is drawn to identify the
maximum temperature at every time step, starting at the location where
this maximum temperature is equal or higher than 905 K to identify
the differences in the behavior of the first reactors. A solid black line
identifies the steady solution.

In general terms, the most intense reactivity island at stoichiomet-
ric mixtures and high temperature is present for all cases, but clear
differences can be observed in the intermediate and low temperature
reactivity zones compared to Fig. 3. Starting with n-dodecane at the
lowest strain rate value, one can find the reactivity zone associated to
the low temperature, which ranges from very lean up to rich conditions
0.025 < 𝑍 < 0.1. Moving towards high temperature, a drop in reactivity
is observed at around 1000 K, similarly to the homogeneous reactors,
followed by the final high reactivity around stoichiometric conditions.
The high reactivity island observed at rich mixtures (𝑍 > 0.1) in
homogeneous reactors (Region II) is not present here. This could be due
to the effect of diffusion at richer mixtures in mixture fraction space,
as the imposed profile of scalar dissipation rate increases with mixture
fraction in the plotted range. Note that this diffusion effect is the result
of both convection and diffusion in physical space.

For the 𝑂𝑀𝐸𝑥 case, a low intensity zone is observed close to the
initial adiabatic mixing line, especially around the stoichiometric-rich
zones, which was already present in homogeneous reactors. Moving to
higher temperature, the drop in chemical activity is seen up to 1000–
1100 K, followed by a reactivity pattern similar to that of homogeneous
5

reactors at high temperature, with two zones separated by a small
valley at around 1500 K leading up to the steady solution. The peak
reactivity zone observed for homogeneous reactors at rich conditions
(0.15 < 𝑍 < 0.3) and below 1500 K (Region II) vanishes at low SR,
although it can again be observed at the high one.

When moving to 𝑂𝑀𝐸1 the reactivity zone close to the adiabatic
mixing line disappears, consistently with he long 𝐼𝐷𝐿𝑇 , and the middle
zone island is narrower in terms of mixture fraction range compared to
homogeneous reactors in Fig. 3. Similarly to 𝑂𝑀𝐸𝑥, no presence of the
rich reactive zone is seen for low SR, while it appears again at high SR.

In general terms, a higher strain tends to shift reactivity towards
richer mixtures. This is specially evident for both oxygenated fuels and
for the intermediate-high temperature reactivity islands, which tend to
expand within the mixture fraction space.

The overlap of instantaneous and maximum temperature lines su-
perimposed upon reactivity contours helps explain the temporal evolu-
tion of flamelet ignition. For all three fuels, ignition is seen to start at
lean conditions, shifting towards rich mixtures along the low reactivity
zone at around 1000 K with a very small temperature increase. For low
𝑆𝑅 the flame reaches the intermediate reactivity island, after which a
very steep temperature increase is observed towards the steady state,
which is evidenced by the apparent decrease in the density of instan-
taneous temperature lines around the maximum temperature line. As
𝑆𝑅 increases, diffusion effects tends to propagate ignition from the
most reactive mixture fraction to other mixtures, both on the rich and
lean sides. This is evidenced by the wider profiles of the instantaneous
temperatures in mixture fraction space.

Fig. 5 compares the evolution of 𝑇𝑚𝑎𝑥 against mixture fraction (left)
and time (right). The left plot is also included in Appendix in terms
of equivalence ratio, Fig. A.15. For n-dodecane, one can observe the
typical time evolution of a two-stage ignition process. The initial cool
flame can be identified independently of SR by a clear drop in the
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Fig. 4. Contours of �̇�𝑐 = 𝜕𝑌𝑐∕𝜕𝑡 from laminar flamelet solver in terms of mixture fraction and temperature. Superimposed on the contours, instantaneous flamelet temperature
distributions (solid lines) with 10 μs timestep have been plotted, together with the evolution of maximum temperature at every timestep (dashed lines). Top row corresponds to
𝑆𝑅 = 10(1∕s), bottom row to 𝑆𝑅 = 1000(1∕s). Left column corresponds to n-dodecane, middle 𝑂𝑀𝐸𝑥 and right 𝑂𝑀𝐸1.
Fig. 5. Evolution of maximum temperature in the flamelet during autoignition against time (right) and against the mixture fraction value at which it occurs for dodecane, 𝑂𝑀𝐸𝑥
and 𝑂𝑀𝐸1 at three strain rate values, namely 10, 500 and 1000 (1∕s).
slope of the maximum temperature for some period until the final jump
at high temperature ignition timing occurs. This is not quite the case
for 𝑂𝑀𝐸1, which aside from showing a later increase in temperature
also features a more progressive initial temperature increase without
an explicit drop in slope. After reaching around 1100 K, the second-
high temperature increase is observed. 𝑂𝑀𝐸𝑥 shows an intermediate
behavior with a timing similar to that of n-dodecane, and at the same
time a more steady initial temperature increase. This evidences that
such oxygenated fuels are closer to a single-stage ignition process.

For n-dodecane, increasing SR does not have any effect on the
initial low temperature rise, while it tends to delay high temperature
ignition. Another clear effect of increasing SR is the shift of the subse-
quent temperature rise towards rich mixtures. The steep temperature
increase at constant mixture fraction only proceeds until reaching a
point from which maximum temperature shifts back towards lower
mixture fraction values. This turning point coincides with the high
temperature limit of the reactivity island at rich location (0.1 < 𝑍 <
0.2) (Fig. 4). After that, maximum temperature eventually reaches the
stoichiometric high reactivity region, where evolution becomes steady.
For medium and high strain rate, this results in an apparent 3-stage
ignition of maximum temperature versus time, namely the initial low
temperature increase, the steep increase at constant mixture fraction
in the rich region and the final temperature increase when reactivity
shifts back towards stoichiometry. This behavior is not observed for
low strain rates, where high temperature ignition occurs almost at
stoichiometric conditions. Some of the previous effects can be discussed
for the oxygenated fuels:
6

• Little effect of SR is observed on the timing of the low tem-
perature ignition phase for 𝑂𝑀𝐸𝑥, while it tends to delay the
high temperature phase. In the early ignition stages, gradients of
species are small and hence SR does not have a strong effect. It
must be highlighted that a lower sensitivity of 𝑂𝑀𝐸𝑥 to strain is
observed compared to n-dodecane, which results in a faster high
temperature ignition of the latter fuel versus n-dodecane at the
highest SR, compared to the slower ignition at low SR. As for
𝑂𝑀𝐸1, the much lower reactivity results in a high sensitivity to
strain for both the low and high temperature ignition stages.

• For both oxygenated fuels maximum temperature evolution in the
mixture fraction space also shows that ignition occurs at richer
mixtures as SR increases. A similar behavior to that of n-dodecane
is also observed, with also a steep increase to a constant mixture
fraction followed by a shift of maximum temperature back to
stoichiometric mixtures. However, for oxygenated fuels the latter
phase starts at a higher temperature and closer to stoichiometric
conditions, in agreement with the important reactivity island at
rich locations (Fig. 4).

In this section the auto-ignition process of the flamelets of the three
fuels has been described. Important differences among them have been
found, namely the absence of the zone of reactivity associated with
low temperature in oxygenated fuels, as well as the presence of an
important reactivity zone at intermediate temperature, not present in
n-dodecane. Ignition characteristics of 𝑂𝑀𝐸𝑥 are at an intermediate
situation between n-dodecane and 𝑂𝑀𝐸 .
1
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Fig. 6. Mixture fraction profiles on the spray axis at 1.5 ms vs. axial distance (𝑎) and vs normalized axial distance (𝑏) for the nominal inert condition. Vertical dashed lines show
the location where maximum liquid length is found.
4.3. Inert spray mixing characteristics

In order to isolate the mixing process of the combustion effects, inert
cases have been calculated. Previous work developed for the group
showed the validation of the model setup for n-dodecane [16]. Fig. 6a
shows the evolution of the mixture fraction on the spray centerline for
n-dodecane [16], 𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1 for nominal Spray A conditions.
Results show that the evolution is quite similar for all three fuels, with
different plots peaking close to the location where the maximum liquid
length is found, an dropping downstream with the typical 𝑥−1 law.
Mixture fraction is very similar between n-dodecane and 𝑂𝑀𝐸1 from
10 mm up to the tip of the jet, while 𝑂𝑀𝐸𝑥 shows slightly higher
mixture fraction values. Fig. 6b shows the mixture fraction evolution on
the centerline versus the axial coordinate normalized by the equivalent
diameter of each fuel, 𝑥∗ = 𝑥∕𝑑𝑒𝑞 . The equivalent diameter is defined
according to Eq. (11).

𝑑𝑒𝑞 = 𝑑𝑜

√

𝜌𝑓
𝜌𝑎

(11)

where 𝑑𝑜 stands for the nozzle effective diameter, and 𝜌𝑓 and 𝜌𝑎
correspond to fuel and air density. Starting from n-dodecane, fuel
density increases 15% and 40% when moving to 𝑂𝑀𝐸1 and 𝑂𝑀𝐸𝑥,
respectively (Table 1), while all other parameters are constant. The
normalized plot evidences that the scaling law is adequate, and that the
only differences among mixture fraction distribution downstream of the
liquid length are due to the effect of fuel density, in agreement with pre-
vious knowledge from mixing-controlled turbulent sprays. Therefore,
mixture fraction distribution for 𝑂𝑀𝐸1 is essentially coincident with
that of n-dodecane [16], and 𝑂𝑀𝐸𝑥 will have a slightly higher mixture
fraction values due to the higher density. Inert calculations were not
extended to other ambient temperature cases, but if one accounts for
the scaling parameter, mixing distribution should be the same, as the
temperature sweep has been carried out at constant ambient density.
The only expected difference will be related to maximum liquid length,
but due to the relatively high volatility of these fuels, no other major
differences are expected.

4.4. Global combustion parameters

In the present section, predicted combustion global parameters for
𝑂𝑀𝐸 and 𝑂𝑀𝐸 , namely tip penetration and lift-off length results
7

𝑥 1
are presented to give an overview of the prediction capabilities of the
modeling approach. Numerical results are compared to those obtained
from experiments for validation purposes. Tip penetration and ignition
delay (ID) are determined from schlieren, and lift-off length (LOL) is
obtained from OH* chemiluminescence [8]. On the CFD side, ECN
recommendations are followed. Tip penetration is define as the axial
distance from the nozzle to the maximum location where mixture
fraction reaches a value of 0.001, ID is defined as the time elapsed from
the start of injection to the point where the maximum derivative of the
maximum of temperature in the domain is achieved, and LOL is defined
as the minimum axial distance from the nozzle to the closest location
where 14% of the maximum value of the mass fraction of OH in the
domain is reached.

The time evolution of tip penetration and lift-off length for both
fuels and the different temperature values is shown in Fig. 7. Results
show the steadily increasing tip penetration with time, while lift-
off length is observed starting from ignition delay, with an initially
decreasing evolution until a quasi-steady value is reached. Tip pene-
tration evolution coincides with previous experimental and numerical
results in the literature [30–33] progressing with the well-known inert
evolution from the start of injection until some time after ID. At ignition
timing, the jet expands radially, and there is a reorganization of the
flow during which tip penetration does not depart from the inert one.
Once this flow reorganization occurs, tip penetration accelerates and
proceeds faster than the inert case.

For the investigated temperature sweep, tip penetration of all three
temperature cases overlap for timings before ID. This parameter is
governed by nozzle momentum flux and ambient density, which are
all constant. The overlap continues until some period after ignition,
from which tip penetration acceleration eventually occurs. Acceleration
occurs later with lower ambient temperature, concurrently with the
stabilization of LOL further away from the nozzle [34]. For the 𝑂𝑀𝐸𝑥
800 K case, ID is around 4 times longer than for 900 K and 6 times
longer than for 1000 K. This results in an almost inert tip penetration
until 1.2 ms for the 800 K case, at a much lower rate compared to the
two other cases. A similar conclusion can be derived for 𝑂𝑀𝐸1 cases.

Predicted tip penetration for 𝑂𝑀𝐸𝑥 (Fig. 7, left) agrees with ex-
periments until ignition timing, after which a slight overprediction is
obtained for 900 and 1000 K, and satisfactory agreement is observed
for the 800 K case. Lift-off length predictions for 𝑂𝑀𝐸 also match
𝑥
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Fig. 7. Time evolution of tip penetration and lift-off length for 𝑂𝑀𝐸𝑥 (left) and 𝑂𝑀𝐸1 (right). Marker shows the ID timing as derived from CFD calculations.
Table 3
Ignition delay and stabilized lift-off length for both experimental results and CFD calculations. Experimental data include both
average and standard deviation.

800 K 900 K 1000 K

Experiments CFD Experiments CFD Experiments CFD

𝐼𝐷𝑂𝑀𝐸𝑥 [ms] 1.21 ± 0.08 1.26 0.33 ± 0.02 0.34 0.19 ± 0.01 0.18
𝐼𝐷𝑂𝑀𝐸1

[ms] – 3.30 1.20 ± 0.08 1.31 0.45 ± 0.03 0.66
𝐿𝑂𝐿𝑂𝑀𝐸𝑥 [m] 0.037 ± 0.022 0.034 0.019 ± 0.0008 0.020 0.0140 ± 0.0005 0.015
𝐿𝑂𝐿𝑂𝑀𝐸1

[m] – 0.050 0.040 ± 0.002 0.030 0.020 ± 0.001 0.020
experimental values, especially in the quasi-steady state. ID and quasi-
steady LOL values are presented in Table 3, confirming the good
agreement between experiments and simulations for all temperatures
values.

Fig. 7 (right) also shows spray tip penetration and lift-off length
for 𝑂𝑀𝐸1 at the three ambient temperature conditions. The overall
evolution is essentially the same until ID, but this characteristic timing
is reached later due to the lower reactivity of 𝑂𝑀𝐸1. After ID, spray
tip acceleration is also observed, with differences among conditions
depending on the ignition timing. Lift-off length is also observed to
stabilize further away from the nozzle compared to 𝑂𝑀𝐸𝑥. Comparison
between simulation and experimental results show excellent agreement
for tip penetration, while predicted lift-off length presents a strong
flame recession at 900 and 1000 K, which is not observed in experi-
mental results. This results in an under-predicted stabilized value of
the lift-off length, which is noticeable at the highest temperature and
becomes much more evident at the nominal one. It must be noted that
no ignition was obtained in the experiments for 800 K. This behavior
was not reproduced by the numerical results, where a very late ignition
was obtained at 3.3 ms. However, numerical results for 800 K are
presented for substantiation of the obtained flame topology in later
sections. Additionally, ignition delay and stabilized lift-off length value
are presented in Table 3. Ignition timing is also properly captured
by CFD, while quasi-steady lift-off is underpredicted, as previously
discussed.

Differences between both fuels are obviously linked to the fuel
reactivity characteristics, which have been discussed in previous sec-
tions at flamelet level. Subsequent section will discuss the spray ig-
nition sequence to help draw an overall picture of the combustion
characteristics of both fuels.

4.5. Autoignition sequence

This section describes the analysis of autoignition in terms of rate of
heat release and mass species, both in terms of the spatial and temporal
8

evolution. Previous results have shown that 1000 and 900 K exhibit a
very similar tip evolution, ignition timing and LOL stabilization. There-
fore, only the sequence corresponding to 900 and 800 K is presented for
both 𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1. Starting for the nominal condition (900 K) for
𝑂𝑀𝐸𝑥, Fig. 8 shows the fields of local heat release rate (right panel)
and mass fraction of CH2O and OH (left panel). These two species are
used as tracers for low and high temperature ignition, respectively.
Keeping in mind that modeled ID for this case is 0.344 ms, several time
instants have been selected around this timing to describe the auto-
ignition sequence. Contours show the appearance of CH2O at the same
time (0.22 ms) as the low temperature heat release rate begins to rise
mildly. This is consistent with the concept of using CH2O as a tracer
of the low temperature ignition. As time advances, the spray is seen
to grow both in axial and radial directions. Starting at 0.38 ms, which
is the first frame after ID (0.344 ms), a noticeable increase in OH mass
fraction can be observed, concurrent with a drop in total CH2O as well
as a sharp increase in heat release rate. Both OH and the most intense
heat release are located at the tip of the spray.

Once ID timing is elapsed, the flame progress and develops into a
typical diffusion structure, with CH2O distributed around the center of
the spray and OH mainly on the stoichiometric reacting surface. Both
the total mass of CH2O and the heat release rate stabilize, while OH
mass increases due to the elongation of the diffusion flame front. The
overall species distribution is similar to that presented in [16] for n-
dodecane at the same operating conditions, hinting at a very similar
flame topology for 𝑂𝑀𝐸𝑥 and regular hydrocarbons.

Fig. 9 shows the ignition sequence for the lower temperature case
(800 K). Spray tip is observed to be longer than for the nominal case
due to the later ignition timing. However, the stoichiometric surface
does not increase with the spray tip, but becomes stabilized with a
maximum length of 40 mm after 0.86 ms. This behavior creates a lean
region between the stoichiometric surface and the tip of the spray
where ignition is seen to occur.

A very different distribution of species and heat release is found
during ignition. CH O is seen to be relatively uniformly distributed
2
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Fig. 8. Time sequence of CH2O and OH mass fraction (left panel) and local heat release rate (right panel) around ignition timing for 𝑂𝑀𝐸𝑥 at 900 K. Colorscales are normalized to
the instantaneous maximum. Spray radius and stoichiometric mixture fraction isocontour are marked with solid and dotted lines, respectively. Bottom plot shows the time-resolved
maximum values of mass fraction and heat release rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
throughout the whole spray width until 1.22 ms, after which both heat
release and OH appear at the very tip of the jet. This ignition site later
recedes towards the orifice, as seen both in heat release and OH along
the different timings until 1.7 ms. At that timing, heat release rate is
seen to start from a region at around 𝑥 = 35 mm close to the spray
radius and extends almost linearly towards the spray center, which
is reached at around 𝑥 = 47 mm, where the maximum OH values
are found. Note that a detailed inspection shows that maximum OH
is not always coincident with maximum heat release locations. Heat
release rate layer is close to the stoichiometric surface but clearly on the
lean side. Compared to the nominal temperature, flame ignition occurs
under lean conditions, which is rarely found in Diesel-like sprays.

Fig. 10 shows the autoignition sequence for 𝑂𝑀𝐸1 at 900 K, which
is quite different to the corresponding 𝑂𝑀𝐸𝑥 condition. Contours show
actually more similar features to those of the low temperature 800 K
𝑂𝑀𝐸𝑥 case. CH2O is uniformly distributed before 1.28 ms, with absence
of low-temperature heat release. OH is first observed between 1.28 and
1.4 ms at the tip of the jet, concurrently with a sharp increase in both
local and global heat release rate, from which it later recedes towards
the nozzle. Similarly to the 800 K 𝑂𝑀𝐸𝑥 case, high temperature ig-
nition is seen to occur in a lean region outside of the stoichiometric
surface, which remains steady from the first instant until being reached
by the later heat release recession at 1.52 ms. After that, stoichiometric
surface increases in length due to the lower entrainment linked to the
drop in local density, and it ends up interacting with the heat release
front. The last frame shows a heat release rate front anchored at the
9

tip of the stoichiometric surface, with OH located further downstream
under lean conditions.

Due to the particular flame structure developed by 𝑂𝑀𝐸1, it is
also interesting to show the auto-ignition sequence of the case with
the lowest ambient temperature, Fig. 11. It is worth reminding the
fact that, based on experimental results [8], 𝑂𝑀𝐸1 did not ignite at
this operating condition, but CFD calculations predicted reaction onset.
In this case, the analysis of species and local heat release shows a
similar sequence to that at 900 K (CH2O uniformly distributed, high
temperature ignition occurring at the jet tip and the reaction zone
receding towards the orifice until stabilization). However, both ignition
and flame stabilization occur later in time and further away from
the orifice. Furthermore, the observed recession of the reaction zone
after ignition does not reach the stoichiometric surface, and hence the
reaction zone always occurs under lean conditions.

Finally, Fig. 12 shows the evolution of the maximum temperature
in the CFD domain at each time step against the mixture fraction
value at which this occurs. The layout is then very similar to the one
used for the laminar flamelets (Fig. 5). 𝑂𝑀𝐸𝑥 at 900 K presents a
similar autoignition sequence as in flamelets, with an initially lean
low temperature ignition that propagates to rich mixtures, where it
eventually runs into the high temperature phase. This is also similar to
the typical ignition sequence for n-dodecane. For all other three cases,
namely 𝑂𝑀𝐸𝑥 at 800 K, and 𝑂𝑀𝐸1 at 800, 900 K, the evolution is quite
different, with chemical activity always proceeding at lean conditions.
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Fig. 9. Time sequence of CH2O and OH mass fraction (left panel) and local heat release rate (right panel) around ignition timing for 𝑂𝑀𝐸𝑥 at 800 K. Colorscales are normalized to
the instantaneous maximum. Spray radius and stoichiometric mixture fraction isocontour are marked with solid and dotted lines, respectively. Bottom plot shows the time-resolved
maximum values of mass fraction and heat release rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
They are examples where laminar flamelet ignition sequence is not
quite the same as that of spray.

To give a first explanation of the difference in the ignition sequence
between flamelets and sprays, one can resort to the residence time,
which can be defined as the amount of time spent by the fuel at a given
mixture fraction/equivalence ratio value. The mixing field in flamelet
space can be considered as having an infinite residence time, in the
sense that all mixture fraction values are present from the initial time,
while in the spray cases the mixing field develops with time. As shown
in [16], residence time changes along iso-lines of mixture fraction,
and it increases when moving downstream and further way from the
axis. This finite residence time has strong implications on how reaction
develops in mixture fraction space versus spray calculations, and can
be considered as a first factor explaining differences between Figs. 12
and 5.

4.6. Quasi-steady flame structure

In this section, the effect of ambient temperature on the flame
structure is analyzed at quasi-steady state for both fuels and all tem-
perature conditions. Fig. 13 shows spatial distribution of heat release
rate (left), scaled mass fractions of CH2O and OH (middle) as well as
normalized progress variable (right). The spray radius is plotted with
gray solid line, the blue vertical line indicates the 𝐿𝑂𝐿 position and
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the stoichiometric mixture fraction is plotted with a dashed gray line
as in Fig. 8.

Starting with 𝑂𝑀𝐸𝑥 at 900 K, a heat release rate zone is observed at
the flame base upstream of the 𝐿𝑂𝐿 region, which can be associated
to the low temperature ignition stages. Then, an intense heat release
zone is found at the lift-off location, and further downstream heat
release is found on the stoichiometric surface. This structure is very
similarly to n-dodecane cases shown in [16]. As for species, CH2O is
first found slightly upstream of the lift-off length location and extending
towards the spray centerline, always within rich mixtures, while OH is
found on top of the stoichiometric surface, where the diffusion flame
high temperature reaction occurs. The spatial distribution of species
has good correlation with recent experimental results [10] obtained
by measuring CH2O and OH radical distributions using planar Laser-
Induced Fluorescence techniques. Moving to 1000 K, the quasi-steady
flame topology remains very similar to that of the nominal temperature,
except for the reduction in LOL. A typical diffusion flame is still
observed, very similar to n-dodecane case in [16].

On the other hand, the bottom panel shows local heat release rate
for the 800 K case. The long 𝐿𝑂𝐿 and concurrently short stoichiometric
surface implies that local heat release is only present at around the
lift-off location, with no further reaction on the downstream part of
the stoichiometric surface. This heat release structure can be seen to
modify the spatial distribution of the relevant species. CH2O is seen
to be present much extensively upstream of the lift-off location, while
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Fig. 10. Time sequence of CH2O and OH mass fraction (left panel) and local heat release rate (right panel) around ignition timing for 𝑂𝑀𝐸1 at 900 K. Colorscales are normalized to
the instantaneous maximum. Spray radius and stoichiometric mixture fraction isocontour are marked with solid and dotted lines, respectively. Bottom plot shows the time-resolved
maximum values of mass fraction and heat release rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
OH is essentially located downstream of the CH2O surface, instead
of extending on the stoichiometric surface. The flame topology under
quasi-steady conditions, hence, is governed by the presence of a highly
premixed reaction front at the very tip of the stoichiometric surface.

Finally in the right panel, the normalized progress variable 𝐶 field
is shown. This variable indicates when the reaction state reaches steady
conditions. Similarly to both heat release and relevant species, no big
differences are found between 900 K and 1000 K, where the transition
towards equilibrium values occurs at the lift-off length throughout the
whole radial cross-section. At 800 K, however, a fast transition is seen at
the tip of the stoichiometric surface, but this transition is more gradual
at radial locations higher than the stoichiometric ones, hinting at a
lower reactivity within such lean locations.

Fig. 13 also shows results at quasi-steady state for 𝑂𝑀𝐸1. Overall,
the case at 1000 K is quite similar to those for 𝑂𝑀𝐸𝑥 at 900 and 1000 K,
i.e. a typical lifted diffusion flame with the intense heat release rate
starting at the lift-off and extending along the stoichiometric surface.
For 𝑂𝑀𝐸1 the stoichiometric surface stabilizes closer to the nozzle
compared to 𝑂𝑀𝐸𝑥. This is mainly due to the lower fuel density, as
the analysis of the inert spray distribution in Section 4.3 has shown.
The distribution of both relevant species and progress variable is also
overall similar to the corresponding 𝑂𝑀𝐸𝑥 cases.

On the other hand, results at 900 and 800 K are more similar to
the 800 K 𝑂𝑀𝐸𝑥 case, showing a lift-off length stabilizing close to
(900 K) or downstream (800 K) the tip of the stoichiometric surface.
In fact, the 𝑂𝑀𝐸 case at 900 K seems to be an intermediate situation
11

𝑥

between the 𝑂𝑀𝐸1 cases at 900 K and 800 K. The reduction in reactivity
due to a low ambient temperature or a low reactive fuel evidence
similar effects, i.e. it shifts the lift-off length downstream, which for
these oxygenated fuels strongly interacts with an intrinsically short
stoichiometric surface. This displaces the main reaction zone further
downstream and eventually, a lean mixing-controlled flame is obtained,
with the reaction zone happening at equivalence ratio below 0.72. This
behavior is also reflected in the spatial distribution of relevant species
and progress variable. In the latter case, the normalized progress has
a more gradual transition towards steady conditions, quite different
from the typical diffusion flame. Although not shown here, the max-
imum temperature of the 800 K case will be dictated by that of the
lean premixed front, which could have advantages in terms of 𝑁𝑂𝑥
formation.

For both fuels and all temperature cases, the evolution of the
normalized progress variable around the lift-off location shows that
CH2O peak values are found at locations where progress variable starts
to rise, while OH tends to occur in locations where progress variable
is close to the steady value. Further detailed analysis (plot are omitted
here for brevity reasons) indicates that for the low temperature cases,
where the flame front is in fully lean regions, peak heat release rate
occurs in locations concurrent with high CH2O concentrations, and not
with high OH, which is usually the case when a diffusion flame front
exists.
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Fig. 11. Time sequence of CH2O and OH mass fraction (left panel) and local heat release rate (right panel) around ignition timing for 𝑂𝑀𝐸1 at 800 K. Colorscales are normalized to
the instantaneous maximum. Spray radius and stoichiometric mixture fraction isocontour are marked with solid and dotted lines, respectively. Bottom plot shows the time-resolved
maximum values of mass fraction and heat release rate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. Evolution of instantaneous maximum temperature along ignition as a function of mixture fraction as derived from CFD results for both oxygenated fuels at 800 and 900 K.
5. Conclusions

The combustion process and flame topology for isolated liquid
sprays have been computationally studied for two oxygenated and
renewable fuels, namely 𝑂𝑀𝐸𝑥 and 𝑂𝑀𝐸1, under ECN Spray A con-
ditions. Three ambient temperature levels have been evaluated, and
results have been compared to those available in experiments. Through
12
the analysis of homogeneous reactor, flamelets and spray calculations,
the following conclusions have been derived:

• Homogeneous reactors evidence differences in reactivity in terms
of ignition delay and mixture fraction. Ignition delay for 𝑂𝑀𝐸𝑥
shows a similar behavior to that of n-dodecane, for both low
and high temperature paths. 𝑂𝑀𝐸 ignition, however, is slower
1
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Fig. 13. Quasi-steady local HRR contour (left), normalized CH2O and OH mass fractions (middle) and normalized progress variable (right) at ambient temperature of 800 K
(bottom), 900 K (middle) and 1000 K (top) for (a) 𝑂𝑀𝐸𝑥 and (b) 𝑂𝑀𝐸1. Solid gray line represent the spray radius, dashed green line drawn at 𝜙 = 1 and the corresponding
lift-off length of each case is showed with the blue vertical line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
ct
than the other two, consistently with the lower cetane numbers.
For both fuels, the most reactive mixture fraction is slightly rich,
similarly to n-dodecane.

• Laminar flamelets have shown the effect of diffusion on reactivity,
which is later translated to the spray calculations. Compared to n-
dodecane, oxygenated fuels tend to show lower reaction rate close
to the initial adiabatic mixing conditions. The ignition sequence,
described in terms of maximum temperature, shows a similar path
to n-dodecane, with an initially lean low temperature ignition
followed by the transition to high temperature ignition for rich
conditions. Two important differences are to be noted. The first
one is the absence of strong low temperature ignition for the
oxygenated fuels, especially when compared to n-dodecane. The
second one is the effect of diffusion, which scales with strain rate
and may eventually result in faster ignition for 𝑂𝑀𝐸𝑥 compared
to n-dodecane, although in the homogeneous reactor calculations
the results were opposite. This highlights the effect of diffusion
on ignition.

• In general terms, CFD modeling results are found to closely match
experimental ones in terms of global combustion metrics, such as
tip penetration, ignition delay and lift-off length. However, sta-
bilization of lift-off length for 𝑂𝑀𝐸1 occurs at shorter distances
to the nozzle, and CFD predicts ignition for 𝑂𝑀𝐸1 at the lowest
ambient temperature, which does not occur in experiments.

• The combination of ambient temperature and different reactivity
for both fuels has enabled the transition from a high reactivity
typical diffusion flame structure (𝑂𝑀𝐸𝑥 at 1000–900 K) towards
lower reactivity cases, where lift-off length may eventually be
longer than the length of the stoichiometric surface, and hence the
flame stabilizes at very lean conditions, i.e. a type of lean mixing
controlled flame is obtained. This is reflected in the spatial distri-
bution of species. For the diffusion-flame topology, CH2O is found
at rich mixtures and low temperature, starting slightly upstream
of the lift-off length location, while OH mainly occurs around the
stoichiometric surface. For the lower reactivity conditions (𝑂𝑀𝐸1
at 900–800 K), CH2O is similarly found upstream of the lift-off
length location, while OH is close to the axis at the flame lift-off
length, and may also be found at stoichiometric conditions, but
only if lift-off length is shorter than the maximum stoichiometric
length.

• Laminar flamelet calculations with 𝑂𝑀𝐸𝑥-type fuels show a typ-
ical low temperature ignition on the lean mixtures, moving to-
wards a high temperature ignition in the fuel-rich zone, similar
13
to typical hydrocarbons. However, ignition in CFD configuration
seems to occur on the lean side, especially for 𝑂𝑀𝐸1 as well as for
the low temperature cases. This results from the finite residence
time for relevant mixtures in the spray calculations, compared to
the infinite one available for the flamelet ones.

• As a general conclusion, these oxygenated fuels can develop
very different flames structures compared to conventional hydro-
carbons depending on the ambient temperature. The numerical
approach followed here, which has been based upon igniting
diffusion flamelets, is able to reproduce a lean mixing-controlled
flame structure, although for those situations it under-predicts
LOL.
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Fig. A.14. Chemical source term �̇�𝑐 = 𝑑𝑌𝑐∕𝑑𝑡 for homogeneous reactor calculations in terms of equivalence ratio and temperature.
Fig. A.15. Evolution of maximum temperature in the flamelet during autoignition against the equivalence ratio value at which it occurs for OMEx and OME1 at three strain rate
values, namely 10, 500 and 1000 (1/s).
Appendix. Selected plots versus equivalence ratio

Most of the results in the analysis section dealing with flamelets
have been plotted against mixture fraction. The purpose of the authors
when using the mixture fraction axis was to highlight the important
role of mixing on absolute terms, which is crucial in spray combustion.
Furthermore, mixture fraction can be more easily compared to axial
distance to the nozzle, as shown by the inert spray analysis (Fig. 6).
Using equivalence ratio as independent variable is interesting from the
chemical point of view, so we have included Figs. A.14 and A.15, which
are identical to Figs. 3 and 5 but with equivalence ratio as independent
variable.
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