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ARTICLE INFO ABSTRACT

Keywords: The study investigates the auto-ignition characteristics of methanol/n-dodecane fuel blends at varying blend
Methanol/n-dodecane blends ratios and ambient temperatures using large eddy simulation (LES) in OpenFOAM with the Engine Combustion
ECN sPrayD o Network (ECN) Spray-D injector. The primary objective is to determine the maximum methanol fraction
EXPe;‘mfjmal validation in the blend that enables stable combustion with an engine-relevant ignition delay time (IDT) below
ombustion

1 ms at ambient temperatures of 900, 950, 1000, and 1100 K. The numerical framework validation is
performed against existing ECN n-dodecane data, new ECN experiments for pure methanol, and new methanol-
octanol-diesel blend experiments from the Combustion Research Unit (CRU). Four cases satisfy the IDT crite-
rion:

(D 10% methanol, 90% n-dodecane at 900 K, (II) 20%-80% at 950 K, (III) 30%-70% at 1000 K, and
(IV) 70%-30% at 1100 K. Increasing the methanol content suppresses ignition due to methanol’s high heat
of vaporisation and net consumption of OH radical at low temperatures. Ignition occurs under rich conditions
for cases I and II, near stoichiometric conditions for case III, and under lean conditions for the methanol-
dominant case IV. Case IV exhibits elevated centre-line temperature, increased NO emissions, and reduced
C,H, formation. Despite these differences, all cases display a similar heat release rate at quasi steady-state.

Adaptive mesh refinement

1. Introduction

Several combustion strategies, including dual-fuel (DF) [1,2] and
blended-fuels [3,4] have been proposed to improve efficiency and re-
duce emissions in compression ignition (CI) engines. Methanol
(CH30H) has attracted attention due to its lower emissions [5,6],
sustainable production pathways [7-9], and ease of storage relative
to hydrogen. However, the low cetane number and high heat of
vaporisation of methanol hinder its ignition stability, resulting in a
higher hydrocarbon (HC) emissions [5,10]. The poor ignitability of
methanol can be mitigated using an ignition improver, such as diesel,
to enhance the ignition quality [11-13]. This paper investigates the
combustion characteristics of methanol and n-dodecane (surrogate to
diesel) blends under engine-like conditions through high-fidelity large
eddy simulation (LES) technique in OpenFOAM.

Experiments investigating methanol/diesel blends have shown that
increasing the methanol fraction enhances the heat release rate (HRR)
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and in-cylinder pressure at high loads [13,14]. However, at low loads,
a higher methanol fraction prolonged ignition and reduced cylinder
pressure. Similarly, Garcia et al. [15] observed unstable combustion
for pure methanol at low engine loads, noting the requirement of
additional heat to sustain a stable combustion. However, at medium
to high loads, the combustion sustained without any supplementary
heat. These studies reveal a strong temperature-sensitive nature of
methanol combustion. Furthermore, experimental studies [16,17] re-
ported increasing NOx and reduced unburnt hydrocarbons with higher
methanol percentage at high engine load. Another challenge associated
with methanol/diesel blends is their immiscibility; experimental studies
commonly employ emulsifiers such as 1-dodecanol [18] to ensure blend
stability.

Regarding the ignition characteristics of pure methanol, a funda-
mental study [10] revealed that the large heat of vaporisation of
methanol reduces the temperature in the spray core, leading to an
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improper decomposition of H,0,, causing local combustion instability
and prolonging the ignition delay time (IDT). Numerical analysis [19]
attributed the ignition-inhibiting behaviour to methanol’s high net
consumption of OH radicals during low-temperature combustion. Ad-
ditionally, studies [20,21] have reported that methanol’s high heat of
vaporisation and low boiling point yield denser sprays with shorter
penetration length.

Kaario et al. [22] performed large eddy simulation (LES) of
pure methanol and n-dodecane sprays wunder high-pressure,
high-temperature conditions and compared their ignition behaviour. In
numerical studies, diesel is commonly represented using a surrogate
such as n-dodecane or n-heptane [23,24]. Kaario et al. reported two-
stage ignition behaviour for methanol under lean and high-pressure
conditions. Additionally, the study illustrated that the ignition of n-
dodecane occurs faster and at rich regions, whereas methanol tends to
ignite slower and at leaner regions.

Capturing such interactions in numerical simulations reliably and
accurately requires validation of the spray model against well-defined
experimental configurations. Kaario et al. [22] validated the spray
model with experiments for pure n-dodecane from the Engine Com-
bustion Network (ECN). ECN [25] provides an open-access data repos-
itory that contains baseline target conditions and standardised post-
processing guidelines for spray studies. Similar to the ECN, the Com-
bustion Research Unit (CRU) [26,27] replicates diesel engine-like con-
ditions and also offers valuable data for reacting spray studies, such as
pressure-rise and ignition delay time. The open-source CFD platform
OpenFOAM [28] provides a computational framework for conducting
such simulations. Consequently, the datasets from ECN and the Open-
FOAM platform have been widely adopted for the spray combustion
studies [29-31].

Sun et al. [32] performed a methanol spray simulation in a n-
heptane/air mixture and showed temperature-sensitive nature of
methanol. The study also validated the spray model for pure methanol
and n-heptane sprays with ECN datasets, including vapour penetra-
tion, ignition delay time (IDT), and flame lift—off length (FLOL). The
vapour penetration and IDT exhibited good correspondence, but dis-
crepancies in FLOL were observed. A similar LES study by Karimkashi
et al. [33] investigated methanol/air and methane/air combustion with
n-dodecane pilot spray, and observed a longer IDT for the n-dodecane
pilot in a methanol/air environment compared to the n-dodecane com-
bustion in air (validated with ECN Spray A reference case). The study
identified a narrow ignition window for methanol/diesel operation, due
to strong OH-radical sensitivity.

Existing literature provides a combustion analysis of methanol/n-
dodecane blends in a compression ignition (CI) engine environment,
reporting ignition instability and prolonged IDT at high methanol
fractions and low ambient temperatures. However, the methanol per-
centage and corresponding ambient temperatures at which the ignition
stability begins to occur remain unexplored. The current study aims to
evaluate the maximum methanol fraction in the methanol/n-dodecane
blend so that the mixture ignites reliably and within the engine-relevant
ignition times (IDT < 1 ms). The present study will perform a high-
fidelity LES analysis of methanol/n-dodecane blend sprays under the
validated ECN Spray D conditions. The specific objectives of the study
are:

1. to validate the spray model for pure methanol and n-dodecane
fuels against new and existing data from the ECN, respectively;

2. to compare the IDT obtained from previously unpublished CRU
experiments with the methanol/n-dodecane LES results;

3. to quantify the maximum methanol fraction in the blend for
proper combustion and to satisfy the ignition criteria (IDT < 1
ms) across various ambient temperatures (900, 950, 1000, and
1100 K);

4. to investigate the combustion characteristics of the blends at
varying mixture ratios and ambient temperatures.
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2. Methodology
2.1. 0D homogeneous reactor analysis

Prior to the large eddy simulation (LES) analysis, the present study
employs Cantera [34] to evaluate the combustion characteristics of
methanol/n-dodecane blends following established modelling assump-
tions, called the mixing-line concept in 0D homogeneous reactors [22,
33,35,36]. In the mixing-line concept, the temperature resulting from
fuel/air mixing is expressed as a function of the mixture fraction
(Z) [37]. The concept identifies the most reactive mixture fraction
(Zyr) — corresponding to the lowest ignition delay time (IDT,, ) —
which describes how the auto-ignition chemistry may prefer a particu-
lar mixture fraction, different from the stoichiometric mixture fraction.
The IDT is defined as the time of maximum pressure gradient.

The setup contains a cold stream of methanol/n-dodecane blends at
the temperature (7,,) of 363 K, referred to as the fuel stream, and a
hot ambient air stream with 21% O, and p = 22.8 kg m~3, mentioned
as the ambient. The two streams mix adiabatically in a homogeneous
reactor (IdealGasReactor in cantera). The blending ratio of the
fuel stream mixture is varied from 0% methanol/100% n-dodecane to
100% methanol/0% n-dodecane in 5% increments of methanol fraction.
The mixture fraction (Z) is varied from a lean mixture (Z = 0.02) to
a rich mixture (Z = 0.2). The stoichiometric mixture fraction (Z)
ranges from 0.061 for pure n-dodecane to 0.13 for pure methanol.
Additionally, different ambient temperatures (900, 950, 1000, 1100 K)
are tested in this setup. This analysis assists in the selection of cases for
3D LES simulations and is elaborated in Section 4.1.

2.2. 3D LES simulation

2.2.1. Numerical methods
The LES formulation of the governing equations, i.e., Favre filtered
continuity, momentum, species, and energy equations, is given below:
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where p, i;, ?,:, hy, h, and Tijs denote filtered density, velocity, pressure,
mass fraction of the species k, sensible enthalpy, total enthalpy and
viscous stress tensor, respectively. The tilde (~) represents a Favre
averaging, while the overbar (-) symbolises an LES spatial filtering. @,
and @, are the production rates of each species k and heat release rate
(HRR) respectively. In addition, C‘Th = Ah(}'kwfk, where Ahof’k is the

enthalpy of formation, and diffusion coefficient D = 1/(pc,). S,, S_u,-’
S_Yk, S_h are the source terms, which allow coupling between the liquid
and gaseous phases in mass, momentum, species, and energy equations,
respectively. In Eq. (4), ¢, and 7 represent the specific heat capacity and
thermal conductivity of the mixture, respectively. Finally, the ideal gas
law and the thermal equation of state close the system of equations.

The present study employs the finite-volume method within the
OpenFOAM-12 [28] framework to solve Egs. (1) to (4). The PIMPLE
algorithm [38,39] solves the pressure and velocity. The study adopts
the implicit-LES (ILES) approach, where the subgrid-scale (SGS) can be
modelled by selecting a dissipative discretisation scheme. In addition,
the cell size acts as the filter width, and the smallest resolved turbulent
eddies are twice the cell size.

A second-order accurate Gamma scheme [40] with k = 0.33 is
used for the convective terms. For time integration, the study applies
a second-order scheme, while a second-order central discretisation
scheme is used for the diffusion terms. The setup is consistent with the
previous works published by our research group [29-31,36,41,42].
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Table 1
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Operating parameters for the three-dimensional large eddy simulation (LES) and experimental cases considered

in this study.

LES cases
ECN Spray D [48] Fuel blend Unit
Fuel CH,OH CH,OH : Cp,Hyg
Blending ratios 100% Provided in Table 2
Temperature 1000-1200 900-1100 [K]
Density 22.8 22.8 [kg m~3]
Injection pressure 150 150 [MPa]
0, 0%-15% 21% [% mol]
Experimental cases
ECN Spray D [48] Combustion Research Unit (CRU)
Fuel CH3;0H CH,OH : diesel : CgH,,0H
Injector type Bosch 3-22 Bosch DLLA 158 P1281
Blending ratios 100% Exp-I: 9% : 77% : 14%
Exp-II : 17% : 69% : 14% [% w]
Exp-III : 29% : 48% : 23%
ambient Pressure 6-7* 7 [MPa]
Temperature 1000-1200 923/973/973%* [K]
0, 0%-15% 21% [% mol]

* Target density of 22.8 kg m~ is aimed, therefore the ambient pressure ranges from 6-7 MPa.
** The temperatures correspond to Exp-I, Exp-II, and Exp-III, respectively.

Table 2

Summary of the cases selected for LES simulations and their corresponding first-stage ignition delay from LES (z, ;s), second-stage
ignition delay from LES (z,;s), most reactive ignition delay time from OD simulations (z, ), and the flame lift-off length (FLOL).

(7 Y T o
Case Fuel blend [%w] Tomp Ty LES Ty 1ES 904 FLOL BLES ZLES
72.0d TILLES
CH;0H CyoHyg [K] [ms] [ms] [ms] [mm]
I 10% 90% 900 0.127 0.58 0.162 29.06 3.58 4.56
I 20% 80% 950 0.134 0.65 0.11 30.37 5.91 4.85
111 30% 70% 1000 0.119 0.8 0.086 30.29 9.3 6.72
v 70% 30% 1100 0.584 0.99 0.15 26.04 6.65 1.7
* 7y 1 ps is the time when 20% of CH,0,,,, is reached, while 7, is the time at which P, = 0.1 bar.

max

rise

** FLOL is the first location where 2% of the radially and time-averaged maximum OH is obtained. Further details are provided in the

supplementary materials (Section 7).

2.2.2. Computational setup

The present study adopts the ECN Spray A and D as baseline cases.
The study validates the spray model for pure n-dodecane against exist-
ing ECN Spray A and D measurements [43-46] and for methanol with
new Spray D experiments [47]. The validation results are presented in
Sections 3.1, and 3.2, respectively, while the operating conditions and
the injection parameters are provided in Table 1 and the ECN website:
https://ecn.sandia.gov/.

After validation of the spray model for pure methanol and n-
dodecane, the study investigates methanol/n-dodecane blends under
the ECN Spray D conditions. A mixture of n-dodecane and methanol
replaces the pure fuels in the Spray D simulations. The mass fraction of
the blends is adjusted in the injected parcels. The details of modelling
parameters are described in Section 2.2.4.

The present study simplifies the complex combustion chamber to
a cylinder with a length and diameter of 200 mm and 100 mm. Fig.
1(a) illustrates a section of the domain, highlighting the mesh, static
refinement zones (R2 and R3), refinement levels, and their correspond-
ing dimensions. The base mesh starts from 4 mm and the two initial
refinement zones, R2 and R3, result in the mesh resolutions of 125 pm
and 250 pm, respectively. The setup, excluding the R1 refinement zone
(depicted in Fig. 1(a)), produces approximately 9.5 million cells.

2.2.3. Dynamic mesh and load balance

In addition to the static refinement zones (R2 and R3), the study
adopts adaptive mesh refinement (AMR) (R1 in Fig. 1(b)) functionality
along with dynamic load balancing employing PARMETIS [49] in
OpenFOAM. The mesh is refined/unrefined based on the mass fraction
of fuel and temperature. This approach additionally refines the mesh
(described in Section 2.2.2), achieving a mesh resolution of 62.5 pm in

the spray area, and depicted in Fig. 1(b). Studies [31,50] have reported
that the resolution of 62.5 pm resolves the important turbulent eddies
in sprays.

The R1 refinement occurs up to 50 mm downstream of the nozzle,
covering key spray processes including liquid droplet evaporation, low-
temperature chemistry, and the ignition process. A buffer zone of
three cells, as depicted in Fig. 1(b), is maintained around the spray
to ensure that all of the necessary physical and chemical calculations
occur within the refined region. With all refinement stages, the total
mesh count varies from approximately 9.5 million cells at initialisation
to 36 million as the spray penetrates beyond 50 mm.

2.2.4. Spray and combustion modelling

The current study adopts the coneCylinder injection
model [29,31] to define the injection process, which extends the
standard two-dimensional cone injection model in OpenFOAM
to a fully three-dimensional configuration. Each Lagrangian parcel
contains both methanol and n-dodecane components and is injected
through a single nozzle. The amount of each component within a parcel
is determined by the prescribed mass fraction. The thermo-physical
properties of the fuel blends, including density (p) and specific heat
capacity (c,), are evaluated based on the mass fraction. At the same
time, vapour pressure and diffusivity are computed from the mole
fraction implemented within OpenFOAM. The mass flow rate is derived
from the experimental data of Payri et al. [51] for n-dodecane. For
methanol and n-dodecane/methanol blended cases, the mass flow rates
are adjusted according to the density of the blends with respect to the
mass flow rate of n-dodecane.

Following previous studies by Kaario et al. [52,53], the current
study injects the droplet with a constant initial droplet diameter of
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(a) Cut plane of the computational domain
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SE2a!

(b) adaptive mesh refinement (AMR) refining the R2 region.

Fig. 1. A cut-plane view of the computational domain meshing, highlighting (a) the static refinement regions (R2 and R3) and (b) adaptive mesh refinement
(AMR) (R1). R1, R2, and R3 correspond to 62.5 pm, 125 pm, and 250 pm respectively.

1 pm, corresponding to a Weber number (We) below 12. Under this
condition, the study employs Lagrangian particle tracking (LPT) with
a no-breakup model assumption under an implicit-LES (ILES) frame-
work, since droplet breakup occurs for Weber number exceeding 12.
Previous studies [31,54] have demonstrated that this approach in
ILES reliably captures the key features of high-speed sprays at engine-
relevant conditions. Additionally, the current study adopts the Ranz—
Marshall correlation [55] with Bird’s correction models for heat trans-
fer, the liquidEvaporationBoil [56] for phase change, while the
sphereDrag model governs the droplet motion and aerodynamic drag
effects.

The current study employs DLBFoam [57-59] to compute the chem-
ical source terms: filtered species reaction rates (aTk) and heat release
rate (HRR) (aTh) in Egs. (3) and (4), respectively. Turbulent-chemistry
interactions (TCI) are treated using a first-order closure hypothesis,
ie, @, = & (¥,,T,p). No sub-grid scale model is adopted for the
chemical source terms in the equations. The underlying assumption is
that the high turbulence associated with the spray injection leads to
intense mixing, and the high mesh resolution and the direct chemistry
integration capture the broadened reaction zone chemistry, leading to
a sufficient solution to the reacting problem. [41].

For chemical kinetics, the study adopts a mechanism developed
by Frassoldati et al. [60] (hereafter referred to as Polimi96) with
two additional species, N and NO, along with extended Zeldovich
reactions [61,62]. The corresponding Arrhenius parameters are taken
from [63-65]. The resulting mechanism is denoted as the modified-
Polimi. The original Polimi96 comprises 96 species and 993 reac-
tions, and has been validated for n-dodecane combustion by Kahila
et al. [41] and Tekgul et al. [30].

Additionally, the study compares the NO emissions predicted by
the modified-Polimi mechanism with an established mechanism for
n-dodecane, methanol, and NO,, chemistry, developed by CRECK Mod-
elling Group (hereafter referred to as detailed-CRECK,
TOT_HT_LT_NOX_537_18250) [66-70]. The comparison of NO
emission predicted by the two mechanisms are presented in the sup-
plementary materials (Section 1).

3. Experimental data and validation of the spray model
3.1. Validation of pure n-dodecane spray flame

This section validates the spray model for pure n-dodecane against
the existing ECN Spray A and Spray D datasets under both non-reacting
and reacting conditions [43-46]. The validation includes liquid and
vapour penetration and ignition delay time (IDT, 7, ;) for both
sprays, with ensemble and radial averaged mixture fraction and flame
lift—off length (FLOL) for Spray A. The liquid penetration length follows
the ECN definition [71] as the farthest axial location, where the pro-
jected liquid volume (PLV) equals 0.2x10~3 mm? liquid mm™~2. The PLV

represents the ratio of the volume of the sprayed liquid to the projected
area of the liquid. Vapour penetration is the axial position where the
fuel mass fraction first reaches 0.1%. The IDT (r,;pg) is the time
of maximum temperature gradient (max(dT,,,/d?)), while the FLOL
denotes the first axial location where the OH radical concentration
reaches 2% of maximum (OH,,,,). The details on the experimental setup
and the validation results are presented in the Supplementary materials
(Section 2 and 3, respectively).

3.2. Validation of pure methanol spray flame

Here, we present the validation for pure methanol spray under the
Spray D condition mentioned in Table 1. The validation is performed
with new experimental data from the Spray Combustion Laboratory at
Sandia National Laboratory [47]. Fig. 2 provides the validation results
for pure methanol sprays under both reacting and non-reacting con-
ditions, against the Spray D measurements. The validation dataset in-
cludes liquid and vapour penetration measurements under non-reacting
conditions at 1000 K, and IDT (z, ; 5) and flame lift-off length (FLOL)
under reacting conditions at 1100 and 1200 K, and 15% O,. The
definition of liquid and vapour penetration length, FLOL, and IDT,
remains unchanged from the validation of n-dodecane in Section 3.1.

The simulated vapour penetration profiles in Fig. 2(a) demonstrate
good correspondence with the experimental measurements, while the
simulated liquid penetration exhibits a slight underprediction by ap-
proximately 2 mm. Figs. 2(b) and 2(c) compares the simulated and
experimental values for IDT and FLOL at 1100 and 1200 K, and 15%
O,. The blue bars in the figures delineate the standard deviation in
the experimental observations. The simulated IDT values are 1.1 and
0.33 ms at 1100 and 1200 K, compared to experimental values of 0.78
+ 0.47 ms and 0.28 + 0.09 ms, respectively. The corresponding simu-
lated FLOL values are 21 and 14 mm, compared to the measurements
of 26 + 6 mm and 13 + 4 mm, respectively. A coarse mesh of 125 um
is employed to calculate FLOL at 1100 K, while a fine mesh of 62.5 pm
has been adopted for the remaining calculations.

In summary, the simulated value at 1100 K for IDT and FLOL de-
viates by approximately 40% from the mean experimental observation
but remains within the experimental uncertainty range, indicating that
the discrepancies are not statistically significant. Overall, the results
confirm the model’s ability to accurately capture the spray and ignition
characteristics of methanol.

3.3. Ignition delay of methanol/n-dodecane blends: comparison with the
CRU experiments

This section compares the IDT (7, ; ps) predicted by the LES sim-
ulations of the methanol/n-dodecane blends with new, previously
unpublished experimental data from the Combustion Research Unit
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Fig. 3. Comparison of ignition delay time (IDT) of methanol/n-dodecane
blends from the LES with the Combustion Research Unit (CRU) experiments.
The definitions of the CRU experimental cases (Exp-I, Exp-II, and Exp-III) are
provided in Table 1, while the LES cases — Case-I, Case-II, Case-III — refers to
0% methanol, 90% n-dodecane at 900 K, 20%-80% at 950 K, and 30%-70%
at 1000 K, respectively, and are elaborated in Table 2.

(CRU) [26], and presented in Fig. 3. The experiments and simulations
define the IDT as the time when the pressure rise reaches 0.1 bar.
Details of the experimental setup are discussed in the supplementary
materials (Section 4).

Some differences exist between the experimental and simulation
conditions. The ambient pressure and temperature vary by 0.6 to 0.8
MPa and 20 K, respectively. The injection pressure for the experiments
was recorded at 100 MPa, while that of the simulation corresponds
to 150 MPa. The experiments employ octanol as a co-solvent to blend
methanol and diesel, while the simulation does not include octanol. In
the simulations, n-dodecane replaces the octanol fraction used in the
experiments. Shock-tube studies by Cai et al. [72] and Shao et al. [73]
reported that n-dodecane and octanol exhibit similar ignition delay
time at the temperature range of the current study (900-1100 K). It
is elaborated in the supplementary materials (Section 5). In addition,
their thermo-physical properties are also comparable: for n-dodecane
heat of vaporisation and specific heat capacity (c,) (65 kJ mol™!, 375
T mol™! K-! at 300 K) are similar to those of octanol (70 kJ mol™!,
320 J mol~! K~! at 300 K). Due to these similarities, substituting
octanol with n-dodecane in the simulations is considered to have a low
influence on the predicted ignition delay. Nevertheless, the detailed
combustion chemistry of octanol differs from that of n-dodecane. This
aspect lies beyond the scope of the present study and requires further
investigation.

The IDT values obtained from the experimental and LES results
demonstrate a very close agreement, despite the small differences in
the setups. The CRU experiments provide a valuable comparison for
the LES simulations, as experimental data on these blends are rare in
literatures. However, more data, such as liquid and vapour penetration,
and flame lift—off length (FLOL) are required for a more comprehensive
validation.

4. Results and discussion
4.1. 0-D analysis

This section analyses of the variations of ignition delay time (IDT)
- obtained from 0-D simulations (z,,) — for different methanol/n-
dodecane blending ratios at various ambient temperatures (900, 950,
1000, and 1100 K) as well as the mixture fraction (Z), illustrated in Fig.
4. The fuel blending ratios vary from 100% methanol/0% n-dodecane
(yellow line in the figure) to 0% methanol/100% n-dodecane (blue
line in the figure). The figures also highlight the most reactive mixture
fraction (Z,,y, indicated by %) and the stoichiometric line (marked by
the black dashed line), which separates the rich and lean regions. Here,
the most reactive mixture fraction (Z,,z) corresponds to the minimum
IDT (I DT);R) for each blending ratio.

Fig. 4 illustrates the low-temperature reactivity of methanol and
the strong temperature sensitivity of methanol combustion, consis-
tent with previous literature [15,19,22,33,74]. In the figure, I DTy,
increases correspondingly to methanol, whereas IDT,,, decreases
sharply with increasing ambient temperature. A noteworthy observa-
tion near 80%-100% methanol at 1100 K (Fig. 4(d)), at first glance, the
IDT,,  value seems to decrease with increasing methanol percentage.
This would suggest that the addition of methanol results in a higher
reactivity at high temperature. However, a similar analysis with the
detailed-CRECK mechanism displays that a higher content of methanol
inhibits the reaction of the mixture even at 1100 K. Details on the
sensitivity analysis of the mechanism and its impact on the IDT values
are discussed in the supplementary materials (Section 6).

Kaario et al. [22] demonstrated that methanol tends to ignite on
the lean side of the mixture, whereas n-dodecane ignites on the rich
side. Fig. 4 reveals a similar behaviour, as with an increase in methanol
content, the most reactive mixture fraction shifts from the rich region
to the lean. The figures indicate that the transition of the most reactive
mixture fraction from rich to lean area occurs between approximately
75% and 90% methanol, where two local minima in the IDT appear.

This analysis assists in evaluating promising methanol/n-dodecane
blends at various temperatures that exhibit a reasonable IDT with
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Fig. 4. Mixture fraction (Z) vs. ignition delay time (IDT) from the mixing-line concept using 0D homogeneous-reactor calculations with the modified Polimi
chemical kinetics mechanism at different ambient temperatures, highlighting the most reactive IDT (IDT,, ).

engine-relevant time scales (IDT < 1 ms) under LES conditions. Stud-
ies [33,75,76] reported that for n-dodecane spray, the IDT in three-
dimensional LES (7, ; p5) is approximately two to three times the IDT
obtained in OD (z,,) at 950 and 1000 K. Similarly, Kaario et al. [22]
observed that for pure methanol at 1100 K, 7, ; g corresponds to 4.18
times the 7,,,. Based on these findings, the present study selects LES
cases with the assumption that for sprays with a high percentage of n-
dodecane, 7, ; g is three times larger than 7, ,, while for sprays with
a high methanol content, 7, ; p¢ is four times longer than 7, ,.

4.2. LES simulations

4.2.1. Ignition analysis of 3D flames using LES technique

Following the 0-D simulations and presenting the validation results,
potential blends were screened based on the ignition criteria (7, ; pg <
1 ms). From the screening process, four blending ratios — one for each
ambient temperature (900, 950, 1000, 1100 K) — are selected for LES
analysis. It should be noted that several LES cases were initially con-
sidered for each temperature. However, preliminary simulations with
a coarse mesh indicated that the mixtures listed in Table 2 represent
the maximum methanol fraction at a particular ambient temperature
that satisfies the ignition criteria. 10% additional methanol in any case
would result in ignition exceeding 1 ms.

The analysis of 7, ; g and 7, ; ¢ in Table 2 indicates that increasing
the methanol fraction prolongs 7, ; g, even at high ambient tempera-
tures. In LES, we define IDT or (r, ; ) as the time when the pressure
rise is 0.1 bar. At 900 K, methanol replaces only 10% of n-dodecane and

yields 7, ; g of 0.58 ms (case I). As the temperature rises to 950 and
1000 K, substitution levels of 20% and 30% n-dodecane with methanol
produce IDT of 0.65 and 0.8 ms (case II and case III), respectively.
At 1100 K, methanol replacement reaches 70%, with 7, increasing to
0.99 ms (case IV). Figs. 5 and 6 illustrate the combustion evolution of
methanol/n-dodecane blends for cases I to IV at the ignition (7, ; gg)
and quasi steady-state (2 X 7, ; ps) time instances, respectively.

Previous literature [41,42,50] classifies the spray combustion pro-
cess into the following regions: (1) liquid core with rapid atomisation,
evaporation, and mixing region, (2) low-temperature combustion (LTC)
zone (3), transition to high-temperature combustion (HTC) (ignition),
and (4) HTC zone. The regions are highlighted as A, B, C, and D,
respectively, in Figs. 5 and 6. In the figures, the blue field delineates
the methanol/n-dodecane fuel, highlighting the evaporation phase. The
green and red-yellow field represents the LTC and HTC zones in the
spray, respectively. The stoichiometric line — depicted as the yellow and
black contour line in Figs. 5 and 6, respectively — separates the rich and
lean regions of the spray. « is the ratio of the mass fraction of methanol
(Ycn,on) to the total mass fraction of the fuel blend (Yo, on + Yo, hy,)-
The current study defines the stoichiometric ratio as the point where
the Bilger mixture fraction (Z) [77] equals the stoichiometric mixture
fraction (Z,).

The initiation of LTC, often referred to as the first-stage ignition
(7,), produces several intermediate species. The LTC of n-dodecane pro-
duces species such as the dodecyl-peroxy radical (C;,H,500) [78,79]
and formaldehyde (CH,0) [80]. Similarly, methanol combustion emits
CH;0, CH,0, and CH,OH [10,81]. Since both fuels generate CH,O
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Fig. 5. The different phases of the ignition process for all cases at ignition delay time (IDT), highlighting the evaporation phase (A), low—temperature combustion
(B), and ignition (C). The red circular inset (C) illustrates the ignition location. « is the ratio of the mass fraction of methanol to the total mass fraction of the

fuel blend.
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Fig. 6. The different phases of the flame development for all cases at quasi steady-state (2 x I DT), highlighting the evaporation phase (A), low—temperature
combustion (B), and high-temperature combustion (D). « is the ratio of the mass fraction of methanol to the total mass fraction of the fuel blend.

during LTC, the present study defines the first-stage ignition (z,) as the
time when the spatially averaged CH,O mass fraction reaches 20% of
the maximum (Ycp,o, ) in the domain.

Fig. 5 highlights the presence of higher concentration of methanol
in the spray core for all cases. This can be attributed to heat of vaporisa-
tion of methanol. In addition, the figure presents the ignition initiation
location in the spray, labelled as C. For case IV, with predominantly
methanol (70% [w]), the spray ignition occurs in the lean area of the
spray compared to other cases, while for cases I and II with primarily n-
dodecane, the spray ignition initiates from the rich region of the spray.
For case III, the ignition starts near the stoichiometric line.

Fig. 6 provides a qualitative analysis of the flame development at
quasi steady-state (2 x IDT). The figure highlights the evaporation
phase (A), the LTC (B), and the HTC (D) zones. The spatial separation
between the evaporation phase and the HTC region qualitatively indi-
cates the flame lift-off length (FLOL) of the spray. During the HTC stage
(Fig. 6), intermediate species such as CH,O are consumed to form high-
temperature species, like OH, resulting in a reduced area of the LTC

region compared to the ignition stage. AS shown in Fig. 6, increasing
the methanol percentage in the blend results in a progressive decrease
in the area of the LTC region.

Fig. 7 presents the centreline temperature as a function of time
for all cases. A higher centreline temperature for case IV (Fig. 7(d))
compared to case I, (Fig. 7(a)) can be observed. Temperature fluctua-
tions along the centreline due to methanol are also evident. The figure
additionally illustrates the temporal evolution of the FLOL.

4.2.2. Temporal evolution of the 3D flames

Next, we look into the temporal evolution of temperature and
species such as CH,O and OH in Fig. 8. In the figure, the first-stage
ignition (7, ; ) and the second-stage ignition (7, ; g ) are marked by ®
and %, respectively, with corresponding values listed in Table 2. The
figure reveals that the methanol dominant blend (case IV) yields the
highest concentration of CH,O and OH species. However, the formation
rate of CH,O in case IV is slower than in cases I-III. Cases I-III show
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Fig. 7. Temporal evolution of centreline temperature of the methanol/n-dodecane blends.
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Fig. 8. Temporal evolution of maximum mass fraction of (a) CH,O, (b) OH, and (c¢) maximum temperature (dashed) and mean spray temperature (solid) for
Z > 1x 1073 in methanol/n-dodecane blends. The first-stage (z, ; ;) and the second-stage ignition (r, ;) are also highlighted.

comparable maximum CH,O concentrations, ranging from 0.015 to
0.017.

The mean spray temperature (7,,,,,, depicted as a solid line) in
Fig. 8(c), displays an initial decrease during the evaporation phase,

occurring approximately 0.2 x IDT. Case IV exhibits the largest re-
duction in the average spray temperature (AT =~ 150 K) compared to
116, 95, and 84 K for cases I, II, and III, respectively. Following the
evaporation phase, the mean spray temperature gradually rises until
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Fig. 9. Spatial concentration evolution of (a) OH and (b) CH,O (Z > 1 x 107%) at ignition and quasi steady-state (2 x IDT) instances. The colour of the scatter
plots indicates the temperature corresponding to each mixture fraction. The red, green and cyan line represents the average species concentration, stoichiometric
mixture fraction (Zst), and the probability distribution function (PDF) of the mixture fraction (Z), respectively.

ignition, after which the temperature increases rapidly and reaches a
quasi steady-state. These observations highlight the reaction-inhibiting
nature of methanol and the two-stage ignition process of methanol/n-
dodecane blends.

Fig. 8(c) also depicts the temporal evolution of maximum temper-
ature (7,,,, depicted as a dashed line) in the domain. In all cases,
the maximum temperature reaches approximately 2600 K. For the
methanol-dominant blend (case IV), the T,,,, increases slightly during
0.8 x IDT then remains constant until ignition occurs. Cases I and II

depict a similar trend around 0.7 x IDT, although the increase is less
prominent compared to case IV.

4.2.3. Spatial evolution of the 3D flames

We now examine the spatial evolution of species and temperature
with respect to mixture fraction (Z > 1 x 1073). The scatter plot
in Figs. 9(a) and 9(b) illustrates the spatial distribution of OH and
CH,O, for all cases, at ignition and at quasi steady-state (2 x IDT). The
colour scale represents the temperature associated with the species at
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Sub-grouping the total heat release rate (HRR) by chemistry modes for methanol/n-dodecane blended fuel. The critical
threshold values are 7,, = 1250 K, CH,O,, =2 X 1073, H,0, ,, =2 x 107* and OH,, =1 x 1075

Group name Definition

Colour

early LTC

LTC

pre-HTC

HTC pre-Ignition (OH < OH,) N (T >T,)

HTC (OH > OH,) N (T > T,)

(CH,0 > 2x107%) n (H,0, < Hy0, ) N (T <T,)
(CH,0 2 2x1076) 0 (Hy0, > Hy0, ) N (T < T,,)

(CH,0 < CH,0,) N (Hy0, > H,0, ) N (T <T,)

a given mixture fraction (Z). The green dashed-dot line indicates the
stoichiometric mixture fraction (Z,) for the mixture, while the red solid
line indicates the average of the scatter plot across the mixture fraction.
The cyan dashed curve represents the probability distribution function
(PDF) of the mixture fraction.

At ignition, the OH plots (top row in Fig. 9(a)) demonstrate that for
cases I and II, the OH species form at mixture fraction of Z = 0.093
and Z = 0.095, with stoichiometric mixture fraction Z; = 0.062 and
Z,; = 0.063, respectively. The formation of OH coincides with the high-
temperature flame region. This indicates that the flame initiates from
the rich conditions of the spray. In contrast, for case IV, OH forms at
the lean side at Z = 0.028 (Z,, = 0.073). For case III, OH forms near
the stoichiometric mixture fraction.

Similarly, the majority of CH,O species in case IV at IDT lie in the
lean region of the spray, whereas for cases I-III, the majority of CH,O
lie in the rich regions. A slower development of the HTC in case IV,
and higher mixing with the ambient, causes the CH,O to shift to the
lean condition.

At quasi steady-state (2 x IDT), Fig. 9(a) depicts an elevated tem-
perature accompanied by higher OH, indicative of high-temperature
flame formation. Case IV exhibits the higher average OH concentration
(red solid line), compared to cases I-IIL. For cases I-III, at quasi steady-
state, OH forms predominantly near stoichiometric conditions, while
for case IV OH forms slightly towards the richer side. This trend is
consistent with the qualitative observations from Figs. 6 which show
higher temperatures closer to the spray core.

In contrast, at quasi steady-state, CH,O (Fig. 9(b)) is consumed
and exhibits a lower average concentration (red solid line) compared
to the IDT. Nevertheless, the peak CH,O concentration in the scatter
plot increases for case IV at quasi steady-state relative to IDT. At IDT,
the maximum CH,O concentration is 0.009 at Z = 0.04, whereas
at quasi steady-state it increases to 0.02 at Z = 0.2. The shift in
mixture fraction associated with the maximum CH,O concentration
indicates that CH,O formation becomes confined to smaller regions
located closer to the spray core. Fig. 6 (case IV) further illustrates
the location of the elevated CH,O concentration (highlighted in dark
green), which appears just upstream of the flame lift-off location.

The probability distribution function (PDF) of the mixture fraction
(Z) for Z > 1 x 1073 provides further insight into the mixture fraction
evolution. The area under the cyan dashed curve indicates the prob-
ability of the mixture fraction in the domain. For cases I and II, the
mixture distribution remains approximately balanced between rich and
lean regions at both ignition and quasi steady-state. However, for cases
I and IV, the lean region constitutes 60% and 74% of the total spray
area at ignition, and 52% and 58% at quasi steady-state, respectively.

4.2.4. Heat release rate analysis

This section analyses the heat release rate (HRR) from all LES
cases. The modelling method is described in Section 2.2.4. Follow-
ing previous studies [22,29,33], the current work categorises the to-
tal HRR into 5 sub-groups: (1) early low-temperature combustion,
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(2) low-temperature combustion (LTC), (3) pre-high-temperature com-
bustion, (4) high-temperature combustion pre-Ignition and (5) high—
temperature combustion (HTC). The criteria for the subdivisions are
summarised in Table 3.

Fig. 10 depicts the contributions of each subgroup to the total HRR.
For all cases, the HTC contributes the highest (at least 80%) to the total
HRR. Fig. 10 outlines that the HTC heat release at IDT reaches 1290
and 1150 kW for cases IV and III, respectively, while cases II and I
yield 930 and 710 kW. The higher HTC in case IV can be attributed to
the presence of a higher quantity of fuel/air mixture in the chamber
at ignition. At quasi steady-state, the HTC decreases to approximately
300-400 kW for all cases.

Fig. 10 further describes that increase in methanol fraction sup-
presses the overall contribution of LTC to the total HRR. The share of
LTC decreases from 16% to 8.3% as the methanol percentage increases
from 10% to 70%, respectively. Additionally, the time when LTC starts
also prolongs with an increase in methanol content. For cases I-III, the
initiation of LTC chemistry starts from 0.3 x IDT, which peaks at 70
kW, 80 kW and 100 kW, respectively during ignition. However, for
case IV (Fig. 10(d)), the LTC starts from 0.65 x IDT and reaches 120
kW near the IDT. In addition, at quasi steady-state for cases I-III, the
LTC stabilises at 30-40 kW, whereas for case IV the LTC decreases to
4.5 kW.

4.2.5. Emission analysis

This section evaluates the temporal evolution of emissions — NO,
CO, and C,H, (a soot precursor) — from the combustion of the
methanol/n-dodecane blends, and presented in Fig. 11. In addition, it
examines the formation of NO as a function of mixture fraction (Z) and
the corresponding temperature, and is illustrated in Fig. 12.

Due to the elevated ambient temperature in case IV, the NO emis-
sions are 2.5 times higher than in case I, and the NO emission decreases
with a reduction in the ambient temperature, and depicted in Fig. 11(a).
Fig. 11(c) illustrates that C,H, emissions in case IV are 2.2 times lower
compared to case I. Across cases I-III, the C,H, concentration reaches
roughly 0.022 at quasi steady-state, though for case III, the generation
rate is slower compared to cases I and II, but it attains a comparable
concentration at quasi steady-state. The generation rate and maximum
concentration of CO are similar across all cases, as presented in Fig.
11(b).

Fig. 12 presents the spatial distribution of NO as a function of
mixture fraction (Z) at quasi steady-state (2 x IDT). The colour bar
and green dashed line indicate the temperature and stoichiometric
mixture fraction (Z,), respectively. For case IV, NO species forms
on the richer side and closer to the spray core, while for cases I-
111, the formation occurs at stoichiometric conditions. The peak of NO
formation coincides with the higher temperature region in the spray.

Overall, the NO emissions from the modified Polimi mecha-
nism have been compared with those from the detailed-CRECK
mechanism in 0-D analysis and elaborated in supplementary materials
(Section 1), which exhibit good agreements. The formation of NO in
the combustion of methanol/n-dodecane blends occurs mostly through
thermal NO pathways and therefore displays a strong temperature
sensitivity.
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Fig. 10. Volume integrated total heat release rate (HRR) of the entire spray as a function of normalised time. The pie chart illustrates the cumulative HRR

contributions over the spray duration.
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Fig. 11. Temporal evolution of maximum emissions concentration: (a) NO, (b) CO, and (c) C,H, for all cases.

5. Conclusion and future work

The present study investigated the reacting spray behaviour of

methanol/n-dodecane blends over a range of mixing ratios and am-
bient temperatures employing the large eddy simulation (LES) tech-
nique in OpenFOAM. The primary objective was to quantify the maxi-
mum methanol fraction in the blend that ensures complete combustion
within the engine-relevant ignition delay time (IDT) < 1 ms. The
modified Polimi mechanism (the Polimi96 mechanism with extended
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Zeldovich reactions) was employed for chemical kinetics. The main
conclusions are summarised as follows:

1. The validation of the spray model for pure methanol and n-
dodecane under reacting and non-reacting conditions was suc-

cessful.

2. The IDT from the Combustion Research Unit (CRU) measure-
ments exhibited good correspondence with the methanol/n-
dodecane blend LES cases.
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Fig. 12. Mass fraction of NO as a function of mixture fraction (Z) for all cases at quasi steady-state. The colour bar and dashed line highlight the corresponding

temperature [K] and stoichiometric line (Z,,).

3. Four cases at different temperatures met the ignition criteria
(IDT < 1 ms):

() 10% methanol, 90% n-dodecane at 900 K
(I1) 20% methanol, 80% n-dodecane at 950 K
(III) 30% methanol, 70% n-dodecane at 1000 K
(IV) 70% methanol, 30% n-dodecane at 1100 K

An additional 10% increase in the methanol content in any of
the cases led to the IDT exceeding 1 ms.

4. The addition of methanol content inhibits the ignition process of
the blend, as the higher heat of vaporisation of methanol results
in a larger drop in mean spray temperature during the evapo-
ration phase. In addition, net consumption of OH at low tem-
perature from methanol combustion further hinders the overall
ignition process of the blend.

5. The methanol-dominant blend (case IV) exhibited the shortest
flame lift-off length of 26.04 mm, while the remaining cases
showed longer values ranging between 29 and 30 mm.

6. For the methanol-dominant blend (case IV), the ignition takes
place on the lean side of the spray (Z 0.028 with Z,
0.073), whereas for cases I and II reactions occur on the rich side
(Z = 0.093 and Z = 0.095 with Z,, = 0.062 and Z,, = 0.063,
respectively). For case III, the spray ignition occurs near the
stoichiometric ratio (Z = 0.07 with Z,;, = 0.064).

7. The methanol-dominant blend (case IV) displayed the highest
heat release from high-temperature combustion (HTC) of 1290
kW during ignition, whereas cases I, II, and III exhibited 710,
930, and 1150 kW, respectively. The higher heat release in case
IV can be attributed to a greater presence of fuel/air mixture
in the chamber at ignition. At quasi-steady state, the total heat
release decreases to approximately 300-400 kW for all cases.

8. The contribution of low-temperature combustion (LTC) to the
total heat release rate decreases with an increase in methanol
percentage. For cases I to IV LTC contributed 16.3%, 12.9%,
11.3%, and 8.3% to the total heat release rate, respectively.

9. In the LES simulations, the methanol-dominant blend (case IV)

exhibited the highest centreline temperature, while the averaged

spray temperature remained similar across all cases.

The higher centreline temperature in methanol-rich blend (case

IV) resulted in the highest NO and lowest soot precursor (C,H,)

concentrations. In contrast, CO remains unchanged across all

cases.

10.

Given the novelty of this work, further validation of n-dodecane/
methanol blends is required. Although IDT of the blends were compared

12

with the measurements from the CRU, additional parameters such as
liquid and vapour penetration and flame lift—off length are required
for a complete validation. Moreover, the development of a reasonably
sized reaction mechanism that incorporates methanol, n-dodecane, and
octanol will also be important for a fully representative simulation.
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