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ABSTRACT tics between dodecane and OMEx-type fuels under Engine Com-

Poly-Oxymethylene Dimethyl Ethers (OMEXx) are being in- bustion Network (ECN) Spray A conditions is reported. In par-
tensively investigated because of their potentially renewable syn- ticular, a blend of different OMEX fuels have been investigated
thesis path, which make them suitable as liquid fuels for low- and compared to dodecane, which is a more conventional diesel-
carbon transport applications. In the present contribution, a like fuel. The modelling framework consists of a high-fidelity
computational study on the difference in combustion characteris- LES approach together with a Eulerian-Lagrangian spray model

and flamelet-based turbulent combustion model. Results indi-
cate ignition delay time and lift-off length according to the fuel
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reactivity properties, with the OMEX fuel performing similarly to
dodecane. Flamelet calculations show that ignition of the oxy-
genated fuels is in general similar to that of dodecane, but it
occurs at higher mixture fraction values due to the differences in
stoichiometry. One of the most relevant outcomes of the study is
the important effect that the oxygenated characteristics of OMEx
has on the flame structure. Results show that for OMEXx the re-
action front is stabilized at distances closer to the nozzle than
for dodecane, and that the flame shape as well as its internal
structure is clearly affected.

Keywords: Poly-Oxymethylene Dimethyl Ethers ; ECN;
Spray A; LES; flamelet.

INTRODUCTION

The need to reduce the effects of the pollutant emissions and
greenhouse gas effects from combustion systems has stimulated
intensive research in the scientific community. Among the many
research lines [1], synthetic fuels obtained from renewable en-
ergy sources, have emerged as an attractive solution to contribute
to the decarbonization of the transportation sector [2]. These
electrofuels or e-fuels are synthesized from hydrogen obtained
by electrolysis with renewable electricity and, aside from being
used to balance the grid during off-peak periods, they are aimed
at replacing fossil fuel sources in propulsion systems. However,
they have to meet certain requirements in terms of engine oper-
ation and combustion performance and this is still an open re-
search topic.

In this context, oxygenated fuels based on oxymethylene-
dimethyl ethers (OMEX) appear as an interesting alternative to
reduce soot formation in spray flames [3,4]. OMEXx already con-
tains oxygen in the fuel compounds, so they need less mixing
to achieve burning conditions and displace combustion to leaner
conditions. Additionally, with the absence of C-C bonds there is
an overall reduction in soot formation in the flame.

Compared to other oxygenated fuels such as alcohols,
OMEXx present a much higher oxygen content as well as higher
cetane numbers, making them more suitable for current com-
pression ignition (CI) engine architectures. In this sense, re-
search on OMEXx has shown a clear and steady growth during
the last decade [4]. Published works indicate that the research
on these fuels is diverse, with publications mainly being associ-
ated with production, engine performance, environmental impact
and political and economic implications. Starting from engine-
related investigations [5-8], which indicate that these fuels can
be a good alternative to fossil fuels, experimental studies have
moved towards more fundamental works [9-11], as fundamen-
tal knowledge on the flame structure is needed. Currently, many
efforts are focused on improving chemical mechanisms [12, 13]
and computational fluid dynamics models [9, 14] to deliver more
accurate predictions on the combustion behaviour of these fuels.

In this study, the Spray A nominal condition from the En-

gine Combustion Network (ECN) [15] is used to evaluate the
performance of calculation models to predict the combustion be-
haviour of OMEx-type fuels. Spray A is an interesting test case,
as it is representative of the operation conditions of current CI
engines. The simplified configuration allows discarding addi-
tional phenomena that can complicate fundamental analysis of
the spray flame. Spray A has been deeply studied using dodecane
as fuel through experiments [16-19] as well as Computational
Fluid Dynamics (CFD) simulations using flamelets, Conditional
Moment Closure (CMC) and Transported Probability Density
Functions (TPDF) models [20-22], in a wide range of condi-
tions. The large amount of results provided a clear picture of the
underlying phenomena, with special attention to the analysis of
the combustion structure at the lift-off length (LOL) and flame
stabilization mechanisms as well as soot formation [19, 23, 24].
However, there is a need to expand the research and gain in-
sights on the physical and chemical interactions in high-pressure
spray flames with new fuels such as OMEx, following recent re-
search [9-11, 14].

This study is focused on gaining further insights into the
flame structure of high pressure spray flames of OMEXx at the
nominal condition of the ECN Spray A. The work includes a
systematic analysis of the flame structure from laminar to turbu-
lent regimes using high-fidelity simulations coupled to a tabu-
lated chemistry method. Such goal is decomposed into the study
of auto-ignition and flame propagation and the description of the
flame structure in physical and mixture fraction spaces. To pro-
vide a clearer picture, and due to its relevance and abundant lit-
erature, dodecane is taken as a reference. The analysis evidences
the differences in flame structure between OMEx and dodecane
from the perspective of the laminar flame structure and turbulent
spray development. Finally, the numerical results are compared
with the experiments carried out at the CMT Motores Termicos
facility [10, 11].

The paper is structured as such, first, the boundary condi-
tions of the sprays are presented and the computational mod-
els are described. This is followed by an analysis of the flame
structure using unsteady counterflow diffusion flames and the
flamelet method. The thermochemical database generated with
the flamelet model is used to describe the turbulent spray flames
for the different fuels. Subsequently, a validation of the spray
flame for both fuels is given in the next subsection, followed
by an analysis of the quasi-steady flame regime with attention
to species distribution in respective mixture fraction-temperature
maps. Finally, conclusions and outlook close the paper.

CASE DESCRIPTION

The current work aims to compare an oxygenated e-fuel with
a reference fuel n-dodecane at the nominal conditions of the
Spray A of the Engine Combustion Network (ECN) [15]. Fol-
lowing previously reported experiments [10, 11], a representative
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OMEXx fuel was chosen, which is made up of blends of differ-
ent single-component fuels with a generic molecular formula of
CH30-(CH,;0)n-CH3 (where n varies between 3 and 5) and a
composition of 57.9, 28.87 and 10.08% for OME3, OME4 and
OMES, respectively. However, regarding the simulations, as the
chemical mechanism does not contain OMES, its corresponding
composition has been added to that of OME4 due to the similar-
ity in the chemistry of the molecules [13].

The boundary conditions for the simulation correspond to
those from the nominal condition for spray A, that is, 900 K air
temperature, 15% in volume of oxygen in air and an air density
of 22.8 kg/m? [15]. Fuel is injected at 150 MPa at a temperature
of 363 K through a nozzle of 90 um nominal diameter with a
discharge coefficient of 0.9 (nozzle 210675) and an injection rate
longer than 4 ms to reach quasi-steady state.

The computational domain is represented by a cylinder of
radius 23.5 mm and height 108 mm discretized as a structured
O-grid mesh. It contains a refinement region of side 1.938 mm,
where the cells have a square base of side 62.5 um [25], being
similar to the one used in the study [24] but with higher refine-
ment. The mesh consists of a total number of 6M hexahedral
cells with 157 x 124 x 292 elements in the radial, azimuthal and
axial directions, respectively, with an expansion ratio between
elements of 1.01 in both the radius and the height.

MODELLING APPROACH

The numerical simulations of the reacting spray were con-
ducted using the Lagrangian Particle Tracking (LPT) method for
the dispersed-phase, while large-eddy simulation with a flamelet
method is used to describe the gas phase. The liquid phase is
described by a set of ordinary differential equations (ODEs) that
provide the state of a droplet, location ()(7,,), velocity (Up), tem-
perature (7)) and diameter (d,). A kinematic modelling based
on Schiller and Neumann [26] is used to describe particle mo-
tion, which is given by

X, -

—L=U 1

dt b M
dU, 3Cpp ~ ~.~ -~
L == (i-U,)|i-U 2
di d, pp(“ p)|“ p|, 2

where p and p, are the gas and particle densities, respectively,

while i is the gas velocity and Cp is the drag coefficient which is
calculated as

2/3
24 Re
Cp=—|1+—2L 3
D Rep< G >7 3

with Re, the Reynold number seen by the particle and defined as
I} ﬁ— U, bldp/ tm With 1, the viscosity in the boundary layer near
the droplet surface obtained from the 1/3 rule (in the following
subscript m will denote properties computed according to the 1/3
rule).

The model proposed by Ambramzon and Sirignano [27] is
used to account for droplet evaporation. Therefore, heat transfer
effects between the droplet and the surroundings are accounted
for by the Ranz-Marshall correlation for the calculations of the
Sherwood (S%) and Nusselt (Nu) numbers according to

Shy=2+0.6Rey/*Scyl? | 4)
Nty =2+0.6Rel> Pry>, (5)

with Sc and Pr being the Schmidt and Prandtl numbers, respec-
tively. When evaporation is present Bird’s correction is consid-
ered to account for the reduction of heat transfer.

The effect between the dispersed phase and the carrier
phase comes from the two way coupling between both phases.
This coupling is defined by imposing the source terms gener-
ated by drag, heat and mass exchange on the gas phase. The
poly-disperse spray injection model is represented by a Rosin-
Rammler distribution with a mean diameter of 1.5 um and expo-
nentn =2.7.

The flow solver uses the low Mach number limit of the
Navier-Stokes equations and the combustion model is based on
the flamelet method [28]. The governing equations describing
the gaseous phase include momentum, continuity and total en-
thalpy, along with governing equations for each of the control
variables of the low-dimensional manifold. In terms of con-
trolling variables, mixture fraction 7, its variance Z,, progress
variable ¥, and normalised enthalpy 7 are used to parametrize
the thermochemical conditions of the flame with the flow field.
Therefore in order to account for the subgrid effects of mixture
fraction, an additional transport equation describing the subgrid
variance of the mixture fraction ZNV is solved.

Mixture fraction is determined by Bilger’s formula, while
the progress variable Y, is defined as Y, = 1/3(Yco, + Yco +
Yro,)- The system of equations is given by:

(pZ .
(gl )—i—V (puZ)=-V-T,+V-(pDVZ)+5;,  (6)
AT o
PI) v (piif.) =~V 7, + V- (pDVI) + 6. ()

where the unresolved terms appearing after the LES filtering 77
and Ty, are closed using a gradient diffusion approach [29]. The
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Vreman eddy-viscosity model has been adopted [30] using a con-
stant ¢; = 0.1. The same single-value constant has been used in
previous studies and it is also retained here [31,32]. The source
term Sz in the Z equation refers to the mass generated by droplet
evaporation, while @y, is the filtered progress variable source
term, which is tabulated in the flame manifold. Finally, D is the
diffusion mass coefficient.
Equation for mixture fraction variance reads:

2(pZ,)

4. (ﬁfifv) =—V.T; +V. (pDVZ,) - ®
2T, -VZ-25,,,

where 5y, is the unresolved part of the scalar dissipation
rate and is modeled assuming a linear relaxation of the variance
within the subgrid [29]. Finally, equation for the total enthalpy &
reads

d(ph)
ot

+V- (pith) = -V -7+ V- (pDVR) +51, ©)

where 7, is the unresolved enthalpy flux, which is modelled also
by a gradient diffusion approach [29] and S, is the source term
due to evaporation. To access to the manifold % is normalized
according to the expression

i= = == (10)

Z_ hmin(zazz)
hmax(Za Zv) - hmin (Za Zv)

where A,y (Z, Z) and A, (ZZ:) are the minimum and maxi-
mum enthalpy, respectively, computed from the maximum heat
loss and the adiabatic case.

The Turbulence-Chemistry Interaction (TCI) is accounted
for by the Filtered Probability Density Functions (FPDFs), which
depend on the set (Z,Z,,Y,,i). Statistical independence is as-
sumed among all four controlling variables. A beta function is
adopted as FPDF for mixing variables (Z 7Z~V), while Dirac’s delta
0 FPDF is used for the progress variable Y. and normalized en-
thalpy i

Regarding the numerical algorithms, the governing equa-
tions are solved using a low dissipation numerical scheme based
on a third order explicit Runge-Kutta scheme for momentum and
scalars, with a second order spatial discretization using linear fi-
nite elements [31]. The numerical simulations were conducted
with the multiphysics code Alya developed at BSC [33].

FLAMELET GENERATION

The combustion process is described by the use of tabulated
diffusion flamelets at varied strain using a low-dimensional man-
ifold based on the flamelet method. This method has been cho-
sen since it has been shown to be suitable for diesel-like sprays
modelling [24,34]. The chemistry is described by two different
reaction mechanisms, a skeletal mechanism from Yao et el. [35]
widely used in the ECN for dodecane and [13] for OMEx.

For each enthalpy level, the autoigniting process of a sin-
gle laminar flame at at a fixed strain rate a = 500 1/s is com-
puted [28], while the rest of the manifold is filled with the
steady flamelet solutions from the counterflow diffusion flame
(S-curve). After the flamelet generation, a thermochemical
database with the gas properties is parametrized in terms of mix-
ture fraction Z, progress variable Y. and normalized enthalpy i.
Such database is integrated based on the FPDFs to obtain a man-
ifold that contains the turbulent variables. The manifold is dis-
cretized in 101, 11, 501 and 5 values for Z, Z~V, }Z and 7 respec-
tively. The discretization was chosen as a balance between ac-
curacy and memory limitations. The computation of single one-
dimensional flames is obtained from the code Ember [36], while
the flamelet tabulation and FPDF integration are done from the
in-house Python-based tool FlameGen [37].

THERMOCHEMICAL STRUCTURE OF THE FLAME

In this section, a preliminary analysis of the flame structure
is carried out through the inspection of the ignition of the two fu-
els under nominal spray A conditions. The analysis is conducted
by the evaluation of the unsteady evolution of an auto-igniting
flamelet at a fixed strain (a = 500s~"). Figure 1 shows these pro-
files for dodecane and OMEx using a counterflow diffusion flame
configuration. Taking into account the differences in stoichio-
metric mixture fraction, the two fuels show a similar flame struc-
ture during ignition, starting the oxidation on very lean mixtures,
with a subsequent slow down of reactivity during the the cool
flame, which may produce increments in temperature around 150
K for some mixtures, after the first ignition [9, 22]. Such reduc-
tion of reactivity allows that ignition propagates towards richer
mixtures while a wide range of mixtures remains frozen due to
the long period of the cool flame. Then, after reaching a rich
mixture with equivalence ratio ¢ around 2, the high tempera-
ture chemistry triggers chemical reactions (second ignition) and
combustion mainly occurs at one fixed mixture fraction (most re-
active mixture fraction Zysg), as shown by the dashed line in Fig.
1. The rapid production of radicals and heat release generates
intense diffusion fluxes from Zy to its leaner and richer mixture
vicinity [22,38] which in turn allow to overcome the cool flame
period in these mixtures and start their second ignition. Subse-
quently, the mixture fraction that acted as the most reactive (0.10
for dodecane and 0.19 for OMEX) suffers a decrease in reactivity,
around 1300 K for dodecane and 1600 K for OMEX, provoking
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a displacement to leaner mixtures of the most reactive mixture
until reaching stoichiometry.

Even if the ignition process is very similar for the two fuels
from a qualitative point of view, there exist important differences
regarding the shift towards higher mixtures in the case of OMEx
due to its larger stoichiometric mixture fraction value, caused by
its content in oxygen, and the different range of temperatures
where the richest most reactive mixture fraction leads ignition.
Finally, another noticeable difference is the milder temperature
increase during the lean ignition phases of OMEx compared to
dodecane, which is a result of a not so prominent cool flame be-
haviour. It is worth mentioning that even if the quantitative evo-
lution of the flame may be affected by the choice of the mech-
anism [22], the qualitative picture of ignition is expected to be
accurate considering the agreement with experiments in subse-
quent results.

The ignition process can be better understood analysing the
chemical source term of the progress variable, Gy, = @y, (Z,c)
where c is the normalized progress variable Y., that corresponds
to the previous laminar flames and is shown in Fig. 2. This source
term is used in equation 7 after integrating with the FPDF. While
for dodecane a region of intermediate values for @y, is found at
relatively low values of the progress variable, which correspond
to the first steps of the ignition, and the highest source terms
occur in a very narrow region close to the stoichiometric at very
high values of the progress variable, for the OMEX no intense
source terms are detected at the first period of ignition while the
highest source terms are observed in the vicinity of the richest
Zyr (0.2) in a relatively wide region and only intermediate values
are found again close to Zy. The position of the peak values for
@y, are clearly in correspondence with the evolution of the flame
ignition shown in Fig. 1.

Finally, the profiles of acetylene (C,H>) as a function of the
mixture fraction for the one-dimensional steady laminar flames
are shown in figure Fig. 3 for the two fuels under investiga-
tion. Acetylene is the first soot precursor and hence, its anal-
ysis can give a measure of the potential of oxygenated fuels,
such as OMEX, to reduce soot emissions. As shown in figure 3,
acetylene is only found at rich mixtures with the maximum mass
fraction at an equivalence ratio of 2.5 for both fuels. The max-
imum mass fraction is reduced when increasing the strain rate
but with a remarkable lower sensitivity for OMEx than for dode-
cane. The values for acetylene are one order of magnitude lower
for the OMEX flames compared to those of dodecane, anticipat-
ing a drastic reduction of C,H, mass production in the turbulent
spray. Moreover, the convex shape of the profiles at Z=0.42 for
OMEXx shows that there is chemical consumption of acetylene at
these very high equivalence ratios, which in turn, provokes that
the mass fractions for C,H, fall much faster that would happen
if the profiles were similar to those of dodecane. These effects
contribute to have lower production of soot precursors. However,
this aspect may have no effect on the turbulent spray since, due
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FIGURE 1: Temporal evolution for dodecane (top), OME; (bot-
tom). Vertical line represents stoichiometric mixture fraction,
dashed line the evolution of most reactive mixture fraction and
the solid line the flamelet with maximum temperature equal to
1300 K (see ECN ignition delay definition).

to the residence times of the spray, the thermochemical states of
these very rich mixtures are found practically at inert conditions,
as will be observed in next sections, what prevents the formation
of precursors.

SPRAY-FLAME ASSESSMENT

This section shows a validation of the predictions of the
modelling tools in terms of characteristic spray and combustion
metrics. The simulations are compared with a recent experimen-
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FIGURE 2: Chemical source term @y, as a function of the mix-
ture fraction and the normalized progress variable for dodecane
(top) and OMEx (bottom).

tal database of renewable fuels generated in the high-pressure
high-temperature vessel from CMT-Motores Térmicos [10, 11].
The experimental database contains spray diagnostics based on
high-speed Schlieren, Diffuse Back-Illuminated (DBI), OH*
chemiluminescence and Natural Luminosity (NL) imaging [10],
as well as planar Laser-Induced Fluorescence (PLIF) of OH rad-
ical and formaldehyde (CH,O) [11].

The tip penetration and the liquid length for the two sprays
are shown in Fig. 4. Following the ECN guidelines, the tip pen-
etration is defined as the distance from the nozzle projected on
the axis to the most distant point with Z = 0.001, while the liquid
length is the distance from the nozzle projected on the axis with
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FIGURE 3: Acetylene mass fraction profiles versus mixture frac-
tion for one-dimensional steady laminar flames for strain rates
ranging from 100 to 500 1/s for dodecane (top) and OMEx (bot-
tom).

95% of the liquid enclosed. The results show good correlation
for the liquid length for both fuels, which is quite similar due to
not very different volatility properties. The same injection con-
dition, calibrated for dodecane, was retained for the two fuels for
the sake of comparison, although it is expected that the primary
breakup is slightly different. The spray tip penetration also shows
an overall good agreement though it is slightly under-predicted
for OMEXx.

The validation is continued by comparing the ignition delay
(ID) and lift-off length (LOL) for the experiments and simula-
tions. For the simulations, ID is defined as the time spent from
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FIGURE 4: Comparison between experiments and LES for the
spray tip penetration (STP) and liquid length (LL) for the two
fuels. Uncertainty of measurements is delimited with shadowed
regions.

start of injection (SOI) until the maximum temperature reaches
the ambient temperature plus 400 K (1300 K), while the LOL is
defined as the minimum distance from the nozzle projected on
the axis to the point where 14% of the maximum instantaneous
OH value in the domain is reached. The values for ID and LOL
for the two fuels are presented in Table 1, showing good agree-
ment between experiments and simulations, though an under-
prediction of the ignition delay is found with the Yao et al. [35]
mechanism for dodecane, as reported in the literature [22].

ID (us) LOL (mm) LL (mm)
Dodec. - Exp 432 18.89 10.0
Dodec. - LES 360 15.78 10.25
OMEx- Exp 323 19.33 11.6
OMEx- LES 306 22.67 11.2

TABLE 1: Ignition delay (ID), lift-off length (LOL) and liquid
length (LL) for dodecane and OMEx with experiments and sim-
ulations.

QUASI-STEADY FLAME REGIME

This section deals with the analysis of the quasi-steady flame
regime, to better understand the distribution of species and their
role on the flame characteristics. A qualitative comparison of
the tracer species for low and high temperature combustion are
shown in Fig. 5 and 6 for dodecane and OMEX, respectively. A
superposition of CH,O and OH PLIF ensemble-averaged signals

is presented and compared to azimuthally-averaged mass frac-
tions as predicted from CFD.

In the case of dodecane, CH,O from simulations is the first
species to be observed starting from the nozzle, which extends
further downstream and is eventually enclosed in-between the
two OH lobes at the lift-off distance. CH,O is consumed in
this region due to the existence of the transition to high tem-
perature reactions, as confirmed by the OH presence. Further
downstream, OH is distributed along the stoichiometric reacting
surface up to the spray tip. LIF measurements mainly confirm
the simulated OH distribution, while CH,O is not observed at
the flame base mainly due to lasersheet attenuation as a conse-
quence of the presence of soot and the spray head-on illumination
configuration, as discussed in [11].

For OMEXx, the numerical results show that both species
are located similarly to dodecane and in agreement with experi-
ments. The CH,O is found upstream of OH, but the radial distri-
bution is quite different. CH,O cloud is narrower and fully dis-
appears at the location where OH appears, with very little over-
lap, i.e. they are sequential in axial distribution. OH location is
highly affected by the oxygenated character of the fuel and the
corresponding location of the reacting front. As the stoichiomet-
ric mixture fraction is around a factor of 2 higher compared to
dodecane, the stoichiometric surface will be narrower and much
closer to the orifice. This pushes both OH lobes much closer to
each other, as observed both in simulations and experiments, and
they merge on the axis at an axial distance of around 65 mm.
Regarding the low intensity of the experimental OH signal for
OMEX between 65 and 80 mm, a more detailed study with a
modified LIF setup has shown that it was most probably caused
by OH* chemiluminescence interference. At the particular tim-
ing for Fig. 6, the tip penetration is found almost at 80 mm for
both fuels (Fig. 4), but while OH fully reaches the tip of the jet
for dodecane (Fig. 5), the OH disappears further upstream in the
case of OMEXx, see Fig. 6, meaning that the reaction front has
reached a fully steady state.

Instantaneous temperature fields are shown in figure 7 to-
gether with the iso-contour for the stoichiometric mixture frac-
tion. The previously discussed differences in key species are
confirmed here in terms of temperature. For dodecane, tem-
perature distribution is typical of a lifted hydrocarbon diffu-
sion flame, with a radially displaced stoichiometric surface along
which the reaction front is stabilized and, consequently, temper-
ature achieves the peak values. Due to the larger air mass needed
to achieve stoichiometry, the reaction front is not axially stabi-
lized, and it progresses further downstream together with the tip
of the jet, consistent with the previous discussion for OH distri-
bution.

For OMEZX, howeyver, the stoichiometric surface is much nar-
rower and shorter, due to the lower air needed to achieve stoi-
chiometry, and this surface reaches the spray axis well upstream
of the tip of the jet at around 65 mm, consistent with the location
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FIGURE 5: Comparison of OH (in purple) and CH,O (in green)
distribution for dodecane at 2600 ps. Experimental planar LIF
intensity (top), CFD-derived azimuthally-averaged species mass
fraction (bottom).

where the latest OH was found. Even though peak temperature
values are also found on this surface, a high temperature zone
is also observed further downstream, due to the presence of hot
combustion products which become diluted before reaching the
jet tip.

Finally, mixture fraction - temperature maps for the previ-
ous timing for both fuels are shown in Fig. 8, where only points
with species mass fraction above a threshold of 10% have been
included. Moreover, the value of mass fraction is denoted by
the level of transparency, while the iso-contours of density of
the cloud of points have been included for reference. This map
merges information from Figs. 5, 6 and 7 into a more quanti-
tative single plot. Dodecane shows the well-known distribution,
with high temperature flame equilibrium values up to a mixture
fraction of 0.11 (equivalence ratio slightly higher than 2.5) [22].
Consistent with previous observations and analysis, OH is mostly
found around the stoichiometric high-temperature location with
a similar distribution in both the lean and the rich mixtures, while
CH,O0 is present for rich mixtures and low and intermediate tem-
peratures.

In agreement with the flamelet discussion above and the
higher stoichiometric mixture fraction, the observed structure
for OMEXx is different. The reacting region is shifted towards
higher mixture fraction values, however, the high flame equilib-
rium temperatures are confined to lower equivalence ratios (up to
1.6) and at Z = 0.17 such flame equilibrium temperatures suffer
a very abrupt slope evidencing that the flame is globally much
leaner. Regarding the species, and differently from the case of
dodecane, OH extends mainly in the region of lean mixtures

Axial [m&
0 001 002 003 004 .05 006 007 008

FIGURE 6: Comparison of OH (in purple) and CH,O (in green)
distribution for OMEx at 2600 us. Experimental planar LIF in-
tensity (top), CFD-derived azimuthally-averaged species mass
fraction (bottom).

while a very low proportion of the population is found at rich
mixtures and CH;O is present in a broad range of mixture frac-
tion values up to 0.25. Moreover, most of the points for OH
are very close to the flame equilibrium temperature, as seen in
Fig.7, while the vast majority of points with representative mass
fractions for CH,O are close to the mixing line and with temper-
atures lower than 1300 K. This demonstrates that there is a clear
separation without overlapping between the spatial regions oc-
cupied by these species. Such separation is not observed for the
case of dodecane where the species extend in wider regions in the
mixture fraction-temperature map, with a cloud of points for OH
found in both lean and rich sides at high temperatures but rela-
tively far from the equilibrium and CH,O reaching temperatures
as high as 1700 K, and points may be found much closer. This is
also consistent with the difference in low temperature behaviour
between both fuels observed in Fig. 2.

Finally, it is worth mentioning, that a reduction of two orders
of magnitude in the total mass of acetylene in the CFD domain
for the turbulent spray is observed when going from dodecane to
OMEXx which, in turn, is expected to strongly reduce the soot for-
mation in OMEX spray flames. This is in agreement with results
from Fig. 3 as well as experimental measurements, for which no
soot formation was observed for OMEX at the current operating
conditions [11].

Copyright © 2021 by ASME



0.085
0.08
0.075
0.07
0.065
0.06
0.055
0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

Temperature (K)
400 600 800 1000 1200 1400 1600 18002000 2200
| |

e S

FIGURE 7: Instantaneous temperature for OMEXx (left) and dode-
cane (right) at 2.5 ms. White line corresponds to stoichiometric
mixture fraction. Scale is in meters.

CONCLUSIONS

Oxymethylene ethers represent a possible solution in the de-
carbonization path of the transportation sector, which may also
help to meet restrictions in soot production imposed by the regu-
lations without altering the engine architecture due to their sim-
ilar properties to diesel fuel. In this work the flame structure for
these fuels has been analysed by means of LES simulations and
compared to dodecane under the Spray A condition from the En-
gine Combustion Network.

First, the igniting laminar flamelets have helped describe
chemical reaction steps. The role of the cool flame has been
highlighted to explain how the first ignition kernels are located at
lean mixtures and subsequently frozen allowing the propagation
of combustion towards the rich mixtures. Differences between
both fuels are evident in terms of stochiometry, as well as the in-
tensity of the low temperature period, with OMEx exhibiting an
initially milder temperature increase due to the lower reactivity
for low progress variable values. For OMEx, the most reactive
mixture fraction corresponds to a leaner equivalence ratio com-
pared to dodecane.

In a second step, LES simulations have been assessed by
their direct comparison to experimental results in terms of spray
tip penetration, liquid length, ID and LOL. All combustion met-
rics are adequately predicted by the simulation framework. The
quasi-steady flame has been described in both physical space
and mixture fraction-temperature maps. Compared to dodecane,

Equivalence Ratio ¢ [-]

0.0 0.5 1.0 1.5 2.0 3.0 5.0 7.0
2500 | | | | | | |
e OH
2+ CH20
2000
“
S
3
E 1500
@
o
£
2
1000 4 et e e '
{ g, T R,
\‘r"
500 : ; ; ; ; .
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mixture Fraction Z [-]
Equivalence Ratio ¢ [-]
0.0 15 2.0 3.0
2500 . .
e*s OH
s+ CH20
2000 L=
Al
1]
< [
— )
E 1
=} 1
E 15004 'I .....
@ ]
E— 1
@ \
1
1000 | -~/4 -
) 3 AR e,
o .
500

0.00 005 010 015 0.20 025 030
Mixture Fraction Z [-]

FIGURE 8: Mixture fraction-temperature map at quasi-steady
regime for dodecane (top) and OMEx (bottom). Only points
with ¥; > 0.1 %Y} jqx, with ¥; .4, the maximum mass fraction for
species i, are represented. The mass fraction is denoted by the
transparency level being maximum at ¥; ,,.,. Level curves for the
density of points in the map are shown for 5 and 40% of the max-
imum density for each species. Dashed line indicates the maxi-
mum temperature as a function of the mixture fraction found in
the spray. Vertical line is placed at the stoichiometric mixture
fraction.

combustion in OMEX is not only displaced to leaner mixtures,
but there exists an accentuated separation in low and high tem-
perature species location (CH,O and OH, respectively) caused
by the different chemical behaviour. Moreover, a strong reduc-
tion in the production of acetylene in the turbulent spray has been
observed pointing out the potential of oxygenated fuels to avoid
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the formation of soot. Finally, OMExX reaction front stabilizes
within the injection period, resulting in a much shorter diffusion
flame compared to dodecane.
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