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ABSTRACT

Methanol is a promising alternative fuel, which can assist
in reducing emissions in heavy-duty dual-fuel (DF) compression
ignition (CI) engines. In medium and large bore marine engines,
DF operation is achieved through either direct injection (DI) or
port fuel injection (PFI) of methanol with diesel acting as a DI pi-
lot fuel for ignition. However, the injection of methanol presents a
significant challenge due to its high latent heat of vaporization and
decreased lower heating value (LHV) compared to diesel. There-
fore, for the same energy content operation, methanol requires
around eight times the amount of heat to evaporate completely
in comparison to diesel, which results in lower in-cylinder tem-
peratures. This charge cooling effect leads to a strong negative
temperature gradient influencing ignition and flame propagation.
This paper aims to quantify the cooling effect of methanol in
a heavy-duty dual-fuel DICI engine environment. The presented
methodology uses Computational Fluid Dynamics (CFD) simula-
tions to model methanol sprays with validation originating from
the Engine Combustion Network (ECN) Spray D experimental
data. The CFD models operate within the Lagrangian-Eulerian
framework in CONVERGE-CFD using the Reynolds Averaged
Navier Stokes turbulence modelling. Compared to diesel, inject-
ing methanol with the same energy content exhibited up to 100 K
more decreased temperature within the mixture. Consequently,
this cooled mixture may pose challenges to combustion stabil-
ity due to the intense temperature gradients. Nonetheless, lower
mixture temperature decreases NOx emissions, which can prove
beneficial for high methanol energy fractions in dual-fuel DICI
engines.
Keywords: Methanol, Computational Fluid Dynamics, Spray
Modelling, Alternative Fuels
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RANS Reynolds Averaged Navier Stokes
LES Large Eddy Simulation

TDC Top Dead Center

aSOI After Start of Injection

1. INTRODUCTION

In the heavy-duty (HD) automotive and marine sector, power
and propulsion is mainly realized by diesel compression igni-
tion (CI) internal combustion engines (ICEs), which cause local
(NOy, SOy, unburned hydrocarbons, and soot) and global CO;
emissions [1-3]. Despite recent advances in the use of alterna-
tive energy sources, ICEs will remain at the forefront of power
generation due to their power density, robustness, and cost ad-
vantages [4, 5]. To mitigate the combustion emissions issue,
alternative fuels produced from biomass or captured CO, can
assist in decarbonizing ICEs [6, 7]. Among the candidate al-
ternative fuels, methanol is a promising contender owing to its
advantageous properties (e.g., high burning velocity, low com-
bustion temperature), scalable production, and lower hazardous
emissions, such as NO,, SOy, and soot, compared to diesel [8, 9].
Contrary to ammonia and hydrogen, methanol is liquid at atmo-
spheric conditions, which simplifies transportation and storage,
while having adequate energy density [10]. For these reasons,
methanol is considered the most cost-effective sustainable fuel
option for the transportation sector [11].

Methanol combustion in CI HD engines is commonly ac-
complished by either dual-fuel (DF) operation using a pilot fuel
for ignition or the addition of ignition improvers [8, 12]. In DF
engines, methanol is premixed with the air, either through port
fuel injection (PFI) or direct injection (DI), creating a low reac-
tivity mixture. This premixed charge has the main energy content
and is ignited by a high reactivity fuel, like diesel, initiating the
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flame propagation [13, 14]. However, increasing diesel substitu-
tion in DF engines is limited due to methanol’s high latent heat
of vaporization and high auto-ignition temperature. Methanol’s
phase transition draws about eight times more energy from the in-
cylinder air compared to diesel. Eventually, the air-fuel mixture
will have a significantly decreased temperature prior to combus-
tion initiation [15].

Previous studies on HD methanol-diesel engines have mainly
focused on combustion performance and emissions [16—19]. The
reported conclusions in these studies implicitly indicated the
strong impact of the methanol cooling effect on engine stabil-
ity and NO, emissions. Using an optical HD engine, Matamis
et al. [19] demonstrated that the cooling effect impedes flame
propagation while increasing the ignition delay. Moreover, other
experimental studies suggested intake air heating as a way to
maintain combustion stability [16, 20], especially under low load
conditions [17]. Using PFI of methanol, Dierickx et al. [20] stated
that the exacerbated cooling intensity even led to the condensa-
tion of methanol in the intake manifold. Despite this, lower NO,
emissions than in diesel operation were observed due to lower
combustion temperature [16-18, 20].

Concerning previous methanol spray-dedicated studies,
Wang et al. [21] experimentally compared methanol with diesel
sprays in CI engine conditions. Their study demonstrated that at
moderate ambient temperatures (600 K) and increased ambient
pressures (ranging from 20 to 40 bar), methanol evaporates faster
due to its lower boiling point. Their experiments highlighted
many similarities in methanol’s macroscopic spray structure with
diesel. Furthermore, Karimkashi et al. [14] conducted a Large
Eddy Simulation (LES) study on DF ignition of methanol-air
mixtures with n-dodecane acting as pilot fuel. Their simulated
conditions showcased non-robust ignition of the methanol-air
mixture and increased ignition delay, which could be attributed
to the cooling effect of methanol. In addition, Kaario et al. [22]
used Engine Combustion Network (ECN) reacting Spray A data
to validate their LES framework using n-dodecane under light-
duty automotive injection quantities. Subsequently, the validated
model was converted for methanol injection using a set of in-
creased ambient temperatures to facilitate ignition. Compared to
n-dodecane, the authors reported increased flame lift-off length
under lower ambient temperatures. This increase is directly cou-
pled to the reduced mixture temperature, which stems from the
augmented latent heat.

While previous research has investigated igniting diesel-
methanol sprays with a focus on ignition delay and flame lift-off
length [14, 22], a significant gap of knowledge exists on the charge
cooling during the mixture formation process prior to combus-
tion. To sufficiently understand methanol’s impact on mixture
formation, predictive computational fluid dynamics (CFD) mod-
els can assess the spray behaviour under CI engine conditions.
This paper aims to study the spray formation, evaporation, and
mixing of methanol in a DICI engine environment in the context
of HD-DF engines. The novelty of the present study constitutes of
the quantification of the mixture cooling effect originating from
methanol injection in comparison to diesel. For the present anal-
ysis, CFD modelling was used utilizing the Lagrangian-Eulerian
(LE) coupling method to reproduce the multiphase flow phenom-

ena. The model was developed using CONVERGE-CFD [23]
following a Reynolds Averaged Navier Stokes (RANS) turbu-
lence modelling approach in a constant volume chamber.

To validate our models, we used non-reacting data from the
n-dodecane ECN Spray D experiments, which are representa-
tive of large-nozzle HD injection quantities. Consequently, the
validated model was converted for methanol simulation to facil-
itate near Top-dead-center (TDC) DI typical of DF engines. In
the converted model, methanol was implemented through a set
of varied properties and altered mass diffusivity constants used
for evaporation modelling. The methanol spray model was used
for different cases which represented equal quantity and equal
energy injections as the baseline diesel model. To assess the
mixture cooling effect, these methanol models were compared
with diesel based on their liquid length, the evaporated mass
fraction, and the mixture temperature distributions. The results
demonstrated an excessive decrease in mixture temperature for the
methanol cases. These findings indicate that methanol injection
will eventually create cold spots in the cylinder, which impede
flame propagation and influence combustion stability, confirming
the experimental observations in HD-DF engines.

2. BACKGROUND

Methanol exhibits a significantly increased latent heat of va-
porization, which is four times higher compared to diesel (Table
1). Considering also the reduced lower heating value, approxi-
mately eight times extra thermal energy is required for complete
evaporation of methanol for the same energy content compared
to diesel [24]. Therefore, the extra heat required for the mixture
formation leads to lower in-cylinder temperature highlighting an
intensive charge cooling effect [15]. Subsequently, methanol
combusts differently than diesel, posing long ignition delay and
local flame quenching originating from lower mixture tempera-
ture [19]. This phenomenon causes increased cycle-to-cycle vari-
ability and unstable operation over the working range of methanol
engines.

TABLE 1: FUEL PROPERTIES [25]

Property Diesel Methanol
Lower Heating Value (LHV) [MJ/kg] 42.7 20.1
Density (at STP) [kg/m’] 840 790
Heat of Vaporization (at 1 bar) [kJ/kg] 250 1089
Boiling Point (at 1 bar) [°C] 180-360 65
Surface Tension (at 20 °C) [mN/m] 27 23
Dynamic Viscosity (at 20 °C) [mPa - s] 2.1 -2.52 0.57
Cetane Number [-] 38-53 <5
Octane Number [-] 15-25 109

2.1 Experimental Background

The present study used the ECN Spray D to validate our
computational models [26]. The Spray D is a Bosch single-
hole injector characterized by a convergent channel to minimize
cavitation (see Fig. 1). The nozzle diameter is 0.186 mm mak-
ing it suitable for HD-DI conditions with large injection quan-
tities. The Spray D experiments were conducted in a constant

Copyright © 2024 by ASME



volume chamber under various ambient conditions reminiscent
of CI diesel engines using n-dodecane as a fuel. The ambient
conditions were characterized by altered oxygen concentrations
ranging from non-reacting to reacting conditions. Since we are
investigating the mixture formation phenomena of methanol, we
focus on the non-reacting condition with 0% oxygen. Table 2
summarizes the non-reacting Spray D conditions used in our
study. Lately, the ECN has conducted dedicated methanol spray
experiments using a multi-hole gasoline DI-style injector [27].
Although the experiments use methanol as a fuel, they could not
be utilized for validation purposes here, as our focus is HD and
marine applications.

FIGURE 1: SPRAY D X-RAY SCAN PROVIDED BY REF. [26]

TABLE 2: ECN SPRAY D NON-REACTING CONDITIONS

Item Value
Test Fuel N-dodecane
Ambient Pressure 60 bar
Ambient Temperature 900K
Fuel Temperature 363K
Injection Pressure 150 MPa
Injection Quantity 228 cc/min

Injection Duration 4.5ms

Nozzle Diameter 0.186 mm

Ambient Gas Composition 0= 0%, Ny = 89.71%,
CO;, = 6.52%, H,O = 3.77%

3. COMPUTATIONAL METHODOLOGY

In this study, we used the CONVERGE v3.0 CFD soft-
ware [23, 28] to solve the compressible conservation equations of
mass, momentum, and energy. To model turbulence, a RANS ap-
proach was followed using the RNG k —e model [29]. The conser-
vation equations were solved using the density-based solver [30]
along with the Pressure Implicit with Splitting of Operators
(PISO) algorithm [31]. The numerical scheme is first order
accurate in time and second order in space. Furthermore, the
Courant-Friedrichs-Lewy (CFL) criterion [30, 32] was used to
determine the time-step of the simulations. The thermodynamic
properties of air, n-dodecane, and methanol were modelled based
on the Redlich-Kwong equation of state [33].

3.1 Computational Domain & Mesh Grid
For the computational domain, we created a cylindrical ge-
ometry to conduct the numerical computations (Fig. 2) with a

54 mm radius and 108 mm height. The dimensions of the ge-
ometry were chosen accordingly with similar ECN spray litera-
ture [34, 35]. All the cylinder boundary conditions were assigned
as wall-type Dirichlet for the temperature and Neumann for the
turbulent kinetic energy. The computational domain was dis-
cretized with a base cell size of 4 mm with additional manual and
automatic refinements in the spray region. The spray cone region
was treated with fixed embedding mesh refinement to increase
resolution near the nozzle exit (Fig. 2). Moreover, finer mesh
resolution was applied using Adaptive Mesh Refinement (AMR)
based on velocity and species gradients. The max embedding
level was set as 4 leading to a minimum cell size of 0.25 mm.
The minimum cell size was selected as the most adequate in terms
of computational cost and numerical accuracy [28]. Lastly, the
sub-grid criterion was set as 0.1 m/s for the velocity refinement
and 0.001 fuel mass fraction for the species refinement.

)

ASOI 0 ms ASOI 1 ms

FIGURE 2: SIMULATION CONTROL VOLUME AND MESH GRID AT
DIFFERENT SIMULATION TIMES

3.2 Spray Model

For the multiphase flow modelling, we used a Lagrangian-
Eulerian (LE) coupling approach, which treats the liquid droplets
as particles and the gas with Eulerian representation. A suite of
phenomenological spray models was applied to the particles to re-
solve sub-grid physical phenomena. Moreover, the computational
particles were injected using the Reitz and Diwakar [36] "blob’
model. These particles interact with the ambient medium and
undergo breakup due to flow instabilities. To model breakup, we
used the Kelvin Helmholtz - Rayleigh Taylor (KH-RT) model,
which is based on fluid phenomena occurring during atomiza-
tion and droplet breakup. Initially, primary breakup occurs un-
der Kelvin-Helmholtz hydrodynamic instabilities due to unsta-
ble shear waves acting on the interface of the particles and the
air [36, 37]. Similarly, the aerodynamic drag forces acting on
the particles cause the secondary breakup under Rayleigh-Taylor
instabilities [36, 37].

In the KH model, after breakup occurred, the resulting child
droplet radius r. is established as follows [37]:

re = BoAxgw, (D

where Agy is the wavelength of the fastest growing wave, and
By is the KH model size constant. The parent parcel radius 1, is
estimated according to the following expression:
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dr (rp—re)
—r= 2
t TKH
where the breakup time 7y is calculated by:
3.726B1rp 3)
TKH= ———,
N

where B is the breakup time constant, and Qkyy is the growth
rate of the Axy wavelength.

In the RT model, breakup occurs when the droplets deceler-
ate due to unstable waves normal to the spray tip. Hence, the RT
instabilities also represent growing waves, which are dictated by
the fastest wavelengths [37]. Similarly with the KH model size
constant in Eq. 1, the RT model size constant Crt determines
the instability wave sizes. Subsequently, breakup occurs when
the wave length scale (CrrArt) is smaller than the parent droplet
diameter while the RT waves grow on the droplet surface for a
sufficient time (greater than the breakup time). The RT breakup
time 7rt is computed by the following expression:

C;
Qrr’
where C; is the RT breakup time constant, and Qg is the fastest

wave growth rate. The resulting child droplet radius r. is calcu-
lated by the following expression:

“4)

TRT =

CrTART
o =
2

Particle interactions were modeled by the No Time Counter
(NTC) algorithm [38], estimating the collisions between droplets.
The model of Post and Abraham [39] was used to predict the
post-collision outcome, including bouncing, stretching, reflec-
tive separation, and coalescence. Furthermore, the particles were
coupled to the ambient medium by aerodynamic drag forces and
turbulent flow phenomena. The drag force was modelled using a
dynamic drag model with altering drag coefficient according to
the flow conditions [40]. The particle distortion was considered
by Taylor Analogy Breakup (TAB) model calculations to ensure
a consistent estimation of the drag coefficient. Turbulence effects
on the particles were established through a turbulent dispersion
model by O’Rourke [41]. Lastly, for evaporation modelling, the
Frossling correlation was applied assuming uniform tempera-
ture distribution within each particle [42]. The summary of the

adopted numerical models is shown in Table 3.

(&)

3.3 Numerical Setup

The details of the used model parameters are presented in
Table 4. These modelling parameters were kept constant for
both n-dodecane and methanol injection cases. To calculate the
liquid and vapor penetration, a 95 % threshold for the liquid mass
fraction and a threshold of 0.1 % of fuel vapor mass fraction
was used respectively. The rate-of-injection (ROI) profile was
defined according to the measurements provided by ECN for the
150 MPa injection pressure case [43]. Moreover, Fig. 3 depicts
the normalized non-dimensional mass flow ROI profile that was
used in the present study.

TABLE 3: NUMERICAL MODELS

Physical Phenomena

Numerical Models

Fluid Flow
Turbulence

Droplet Injection
Liquid Breakup

Droplet Drag Force
Droplet Collision
Droplet Coalescence

Droplet Turbulent Dispersion
Droplet Evaporation

Navier Stokes, density-based
solver [30]

RNG and Standard &k - €
model [29]

Blob model [36]

KH-RT model [37] & TAB
model [41]

Dynamic Drag Model [40]
NTC model [38]
Post Collision
model [39]
O’Rourke model [41]
Frossling correlation-based
model [42]

Outcome

TABLE 4: MODELLING PARAMETERS

KH Model constants By=0.61, B;=10
RT Model constants Crr=0.1, C;=1
RANS Constants C.=0.0845, Ce¢1 =142,
Cer =168, Cez=-1.0
Initial Turbulent Kinetic En- ko = 1 m?/s?
ergy (TKE)
Initial TKE Dissipation Rate £y = 90 m?/s?
Cone Angle 20°
Discharge Coeflicient Cy=0.86
N-dodecane mass diffusivity Do =4.16-107%, ny=1.6
constants
Methanol mass diffusivity D =1.336-107>, ng=1.8
constants
1.2

—_
T

o
o0

o
~

o
b

Non-Dimensional Mass Flow [g/s]
o
D

o

05 1 15 2 25 3 35 4 45
Time [ms]

o

FIGURE 3: SPRAY D RATE OF INJECTION (ROI) PROFILE FOR 150
MPA INJECTION PRESSURE (PROVIDED BY [43])

4. RESULTS & DISCUSSION

In this section, we present the validation of our numerical
model using the publicly available ECN Spray D data. Conse-
quently, we convert our model for methanol operation and conduct
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an explicit comparison with the n-dodecane spray model. Since
methanol exhibits nearly half the LHV of diesel, three extra mod-
els were run using increased injection quantities to account for
equal energy content with diesel. By keeping the injection dura-
tion constant, these models utilized three different nozzle diam-
eters to achieve the increased methanol quantity, which account
for 100, 150, and 200 MPa injection pressure. Lastly, for the
150 MPa injection pressure simulation case, we investigated the
effect of initial ambient temperature and evaluated the cooling
effect.

4.1 Model Validation

We used the liquid and vapor penetration experimental data
provided by ECN to validate our CFD setup. In Fig. 4, we com-
pare the simulated liquid and vapor penetration with the experi-
mental results. The model captures the liquid length accurately,
while the vapor penetration is slightly overpredicted due to the
employed mesh size. Moreover, Fig. 5 depicts the spatial com-

30

=25} y
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o
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—
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T
I

——CFD Liquid Penetration
—— Experimental Liquid Penetration

Liquid Penetration [mm
—_
o

ot
I

0 0.5 1 1.5 2 2.5 3
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(a) Liquid Penetration
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FIGURE 4: VALIDATION FOR LIQUID AND VAPOR PENETRATION
PREDICTIONS FOR THE DIESEL BASELINE MODEL SHOWING
BOTH CFD AND ECN SPRAY D EXPERIMENTAL RESULTS
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FIGURE 5: COMPARISON OF SPRAY MORPHOLOGY OF ECN
SPRAY D (LEFT) AND CFD N-DODECANE MASS FRACTION
(RIGHT). EXPERIMENTAL RESULTS PROVIDED TO ECN BY SAN-
DIA NATIONAL LABORATORIES [26, 44]

parison of the spray morphology between the experiment and
the simulation. For the comparison, we used the mass fraction
contours along with the Lagrangian particles to demonstrate the
predictive capabilities of the presented model. The CFD spray
morphology also reflects the slight overprediction in the vapor
penetration. Despite the inability of the model to predict the ini-
tial flow dynamics, the predicted final liquid and vapor penetra-
tions are within and near the experimental uncertainties presented
in Fig. 4 as a gray shaded area. Based on the presented results, we
consider the model validated for the scope of our study. Thus, the
presented n-dodecane spray model is employed as the baseline
model for the following methanol spray calculations.

4.2 Spray D style Methanol Injection

Initially, we conducted an explicit comparison between the
baseline diesel model and methanol. Fig. 6 compares the liquid
and vapor penetration of the two fuels using the same injection
quantity. Methanol exhibits slightly lower liquid length and sim-
ilar vapor penetration compared to diesel. These outcomes align
with the study of Wang et al. [21], which investigated light-duty CI
engine conditions. Methanol injection facilitates increased evap-
oration rates originating from its lower boiling point. Hence, the
model successfully captured the decreased liquid length under
the designated HD conditions.

The increased evaporation of methanol is also observed in
the fuel mass fraction contours (Fig. 7). Methanol’s spray struc-
ture is similar to diesel’s, but slightly increased mass fractions of
evaporated fuel are observed in the vicinity of the spray. Further-
more, Fig. 8 depicts the mixture temperature during the initial
stage of the injection. Due to intense evaporation conditions, the
mixture cooling effect is observed in the plotted contours by the
low temperature in the vicinity of the spray. Thus, methanol
exhibits reduced temperature zones under 630 K, while temper-
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FIGURE 8: MIXTURE TEMPERATURE FOR EQUAL QUANTITY
DIESEL AND METHANOL INJECTION

ature at the same location in the diesel simulation is higher than
660 K. However, this difference may also be influenced partially
by methanol’s slightly increased evaporation rate.

4.3 Equal-Energy Methanol Injection

To accommodate equal energy injection quantities, we run
three cases with increased fuel mass flow rates accounting for
100, 150 and 200 MPa injection pressure, and altered nozzle di-
ameter. The injection duration was maintained constant by alter-
ing the nozzle diameter to accommodate the required mass flow
rate for the designated injection pressure. The aim was to main-
tain the injection pressure at a predefined value to achieve similar
initial bulk velocity of the spray jet as the initial simulation cases.
Thus, by keeping the velocity of the jet similar, the effect of evap-
oration cooling due to methanol’s properties could be isolated.
Thus, the nozzle diameter for each case is the following:

e For 100 MPa injection pressure, D,,, = 0.298 mm.
 For 150 MPa injection pressure, D, = 0.269 mm.

 For 200 MPa injection pressure, D,,,, = 0.25 mm.

Fig. 9 presents the liquid and vapor penetrations for the equal
energy models and the baseline diesel and methanol cases. Par-
ticularly in the lower injection pressure case of the equal energy
methanol injection, the liquid length is substantially increased.
This is justified by the lower injection pressure case, which pro-
duces larger droplets due to increased nozzle diameter which
evaporate at a decreased rate. Moreover, the low injection pres-
sure sprays have a decreased tendency for droplet breakup due
to decreased jet velocity. This tendency is reflected by the spray
Sauter Mean Diameter (SMD) for the initial stages of the injection
(Fig. 10). Similar trends are also observed for the vapor penetra-
tion of the equal energy methanol cases. Contrary to the results
for the liquid length, the higher injection pressure cases pro-
duced slightly higher vapor penetration lengths. Fig. 11 presents
the mixture temperature for the equal energy methanol injection
cases. For the increased injection quantities, the mixture temper-
ature contours display enlarged cooled zones with temperatures
lower than 600 K. These zones may impact significantly the
combustion by forming zones of cooled mixture, which hinder
the flame propagation phenomena.

In the case of methanol premixing, increased methanol sub-
stitution may induce increased cycle-to-cycle variability and un-
stable operation. A quantitative comparison of the mixture cool-
ing in the vicinity of the spray is plotted in Fig. 12. For the equal
energy cases, the temperature drop in the vicinity of the spray
(40 mm axial location downstream) can reach up to 340 K. This
decrease is significantly more intense than the diesel baseline
case, with an average temperature drop of 200 K. Lastly, Table 5
shows the average temperature drop in the vicinity of the spray.
In the equal energy cases, the different injection pressures lead
to similar mixture cooling intensity, while diesel has a much less
intense cooling effect exhibiting up to 100 K increased mixture
temperature.
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FIGURE 11: MIXTURE TEMPERATURE FOR EQUAL ENERGY
METHANOL INJECTION FOR 100, 150, AND 200 MPA INJECTION
PRESSURE
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FIGURE 12: TEMPERATURE DROP AT Z = 40 MM AXIAL LOCATION
DOWNSTREAM

TABLE 5: AVERAGE TEMPERATURE DROP AT Z = 40 MM AXIAL
LOCATION DOWNSTREAM

Case Average
Temperature
Drop (K)

Diesel Spray D 198.3

Methanol Spray D Quantity 240.2

Methanol equal energy: P;,; = 100 MPa  283.1
and D7 = 0.298 mm

Methanol equal energy: Pinj = 150 MPa 2994
and D7 = 0.269 mm

Methanol equal energy: P;;; = 200 MPa  297.0
and Doz = 0.25 mm

4.4 Cooling Effect Sensitivity - Ambient Temperature

Variation

In this section, we studied the mixture cooling under altered
initial ambient temperatures using the equal energy methanol
case with 150 MPa injection pressure. The tested range included
ambient temperatures of 500, 700, 900, and 1100 K, while all the
other parameters were kept constant. Here, the aim is to pro-
vide preliminary insights on varying methanol injection timings,
which correspond to different levels of mixing ranging from pre-
mixed injection, during compression, to non-premixed injection
near TDC. Fig. 13 illustrates the temperature contours for each
reported ambient temperature case. Due to varying scales of mix-
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ture temperature, the color bar was varied accordingly to accom-
modate the initial assigned ambient temperature as the maximum
value. For the higher initial ambient temperature cases, the cool-
ing zones are significantly increased demonstrating a very intense
cooling effect. The cooling intensity increases progressively and
in proportion with the increase of initial ambient temperature.

Taro= 100K
E—

— —

0.25 ms asol 05 msasol 0.75 ms asol 1,00 ms asOl 125 ms asol

FIGURE 13: MIXTURE TEMPERATURE FOR DIFFERENT AMBIENT
TEMPERATURES

Fig. 14 illustrates the temperature difference between the
initial ambient temperature of each case and the point which is
40 mm downstream in the axial direction. In the high ambient
temperature cases (i.e., 900 and 1100 K), the rapid evaporation
rate causes a significant temperature drop of 299.4 K and 351.3K
respectively (Table 6). However, these cases are related to near-
TDC late injection conditions, when the piston has reached TDC.

Considering compression to be an approximately adiabatic pro-
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FIGURE 14: TEMPERATURE DROP FOR 150 MPA EQUAL EN-
ERGY METHANOL INJECTION UNDER DIFFERENT INITIAL AMBI-
ENT TEMPERATURES AT Z = 40 MM AXIAL LOCATION DOWN-
STREAM

cess [45], then the cooled zones in the cylinder prior to com-
bustion will be enlarged. Thus, after the mixture formation is
completed, these cooled zones will inevitably act as an impedi-
ment to flame propagation and stable combustion. As a result, in
early-like injection conditions, the mixture cooling is more im-
pactful in the lower ambient temperature case (500 K), where the
average temperature drop is around 100 K.

TABLE 6: AMBIENT TEMPERATURE VARIATION: AVERAGE TEM-
PERATURE DROP AT Z = 40 MM AXIAL LOCATION DOWNSTREAM

Case Average
Temperature
Drop (K)
Diesel Spray D 198.3

Methanol - Ambient Temperature = 500K 107.1
Methanol - Ambient Temperature = 700K 2454
Methanol - Ambient Temperature = 900K 299.4
Methanol - Ambient Temperature = 1100K  351.3

5. CONCLUSIONS

In this paper, we analysed the implications of methanol DI
sprays on the mixture temperature in the context of HD-DF en-
gines. The simulated conditions were characterized by a high
ambient pressure and temperature environment, which resembles
DICI near-TDC and, in the lower ambient temperature cases,
early-stroke injection conditions. The presented approach used
ECN non-reacting Spray D data with diesel as the baseline case
to validate the CFD spray model. The validated model was then
converted for methanol injection under equal quantity and equal
energy content as the diesel baseline. Consequently, using the
equal energy model, we performed a sensitivity analysis on the
ambient temperature. By altering the initial temperature, we
aimed to roughly recreate varying mixing levels during the com-
pression stroke. The performance of each methanol model was
compared with diesel based on the outcome mixture temperature
and spray characteristics.

Our findings revealed a significant increase in the cooling
intensity of methanol-air mixture formation, an effect mainly
attributed to methanol’s high latent heat of vaporization. Con-
sidering also methanol’s decreased LHV, the average mixture
temperature was significantly lower for injections under equal
energy content as diesel. Specifically, our analysis demonstrated
a drop in mixture temperatures of up to 300K in the core of
the spray plume, which was more than 100K of temperature
drop compared to diesel. Moreover, when methanol quantity
was increased to facility equal energy injection as diesel, the lig-
uid length was substantially increased due to slower evaporation
rate, which could pose challenges with piston wall wetting. The
mixture cooling was more pronounced for higher initial ambient
temperatures due to rapid methanol evaporation. However, lower
initial temperatures exhibited excessive mixture cooling of more
than 100K forming low temperature zones. These zones will
eventually spread out in the cylinder in an uncertain way, and
serve as the main cause of unstable combustion.

In conclusion, this study contributed an assessment of the
charge cooling effect of methanol injection in DICI engines. By
analyzing the spray and initial mixture formation prior to ignition,
the impact of methanol’s increased latent heat of vaporization on
engines can be estimated. Future work could potentially apply
the presented methodology and study the mixture formation in
a full engine cylinder model. Thus, a link between the mix-
ture formation and combustion with the methanol cooling effect
can be established. Resolving the flow phenomena during the
compression stroke prior to ignition is essential to improving
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methanol substitution while maintaining stable operation. In ad-
dition, potential measures to counteract the cooling effect could
include the increase of air intake temperature and split injection
of methanol. Furthermore, future methanol CFD models should
incorporate methanol-dedicated spray experiments for proper val-
idation. This step will ensure the accurate representation of the
complex physics encompassing droplet breakup, evaporation, and
mixing of methanol. This study’s outcomes could provide a road-
map to investigate further and implement advanced methanol-
diesel CI combustion modes, which can ultimately reduce the
emissions and carbon footprint of HD and marine engines.
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