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Abstract

Methanol has emerged as a cost-effective and scalable alternative fuel for the maritime sector. However, the use of methanol
in marine engines is limited by the unknown characteristics of methanol sprays when introduced through retrofitted port
fuel injection (PFI) systems. The present study investigates the characteristics of methanol sprays under relevant conditions
for marine engines, such as low injection pressure PFI. The primary objective of this research is to advance knowledge into
key spray characteristics, including spray penetration, droplet size, atomization quality, and evaporation. The proposed
methodology evaluates the efficacy of state-of-the-art computational fluid dynamics (CFD) models in simulating PFI
marine engine spray conditions. Moreover, the study compares the performance of the Kelvin-Helmholtz (KH-RT) and
Taylor Analogy Breakup (TAB) droplet breakup models under low injection pressure conditions. The results demonstrated
that the KH-RT model does not predict any droplet breakup occurrence suggesting that the TAB model is more suitable for
the given conditions. Furthermore, the liquid penetration of the spray was observed to align with the outcomes reported
in previous experimental literature on methanol sprays. Nevertheless, the droplet sizes for low pressure injectors appear
relatively large, indicating poor spray atomization, which impedes rapid evaporation and increases the risk of wall wetting
in the inlet manifold and combustion chamber.

Keywords: Methanol; Internal Combustion Engine; Computational Fluid Dynamics; Spray Penetration; Droplet Size;
Atomization Quality; Evaporation.

1 INTRODUCTION and direct injection (DI) [9], [11]. Among these
techniques, PFI systems are commonly favored in
the maritime sector as an easy retrofitting solution
for existing natural gas and diesel engines [9], [[12].
These systems introduce fuel into the engine’s in-
take manifold and are preferred because of their
affordability and simple installation process [9]].

However, integrating methanol into marine ICEs
presents a significant challenge owing to its high la-
tent heat of vaporisation [9)]. Compared to diesel,
methanol exhibits nearly half the lower heating
value, adding another degree of complexity to its
integration [[11f], [[13], [14]. Consequently, longer
injection duration and increased mass quantities are
required to achieve the same power output. In ad-
dition, operation under PFI conditions is limiting
because of the unknown characteristics of methanol
sprays [9]. Therefore, a thorough understanding
of methanol’s injection and evaporation process is
crucial for comprehending its combustion charac-
teristics and emissions.

This study examines the impact of methanol PFI

Increased greenhouse gas emissions from the
maritime industry contribute to climate change [1]].
These emissions are mostly produced during the
combustion of fossil fuels in internal combustion
engines (ICEs) that are used for power and propul-
sion [2]]. To address this issue, there is a growing
need to shift towards sustainable energy solutions,
such as electrified propulsion [3], [4]. However,
most of these energy solutions are not yet mature
enough for implementation at a scale due to their
low energy density and range limitation, therefore
enlarging the reliance on ICEs [3]], [5], [6]. Hence,
to reduce emissions, leveraging alternative fuels is
urgent to decarbonize ICE-powered vessels [[7], [8].

Methanol is identified as a potential alternative
fuel for the maritime sector, demonstrating scalable
production, adequate properties, and low cost [9]],
[10]. Moreover, the integration of methanol in state-
of-the-art marine ICEs is achieved through different
injection strategies, namely port fuel injection (PFI)
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systems on spray characteristics and evaporation.
The methodology involves computational fluid dy-
namics (CFD) modeling, with validation from ded-
icated spray experiments under PFI conditions [15]].
Moreover, the efficacy of state-of-the-art spray mod-
els was evaluated, leading to selecting of the most
appropriate droplet breakup and turbulence mod-
els. Particularly, under PFI conditions, the droplet
interactions with the surrounding ambient air differ
significantly from DI sprays. This differentiation
arises from the fact that the ambient pressure and
temperature conditions impose less intensive inter-
actions between the liquid spray and the ambient
air. Hence, using CFD, methanol spray behaviour
in PFI conditions can be studied and analyzed in
detail.

The paper is structured as follows. Section
provides a concise overview of the literature and
the problem related to low-pressure methanol PFI
sprays. In Section[3] the CFD numerical methodol-
ogy is described in detail. Furthermore, Section
presents the experimental conditions on which the
model is based, including information on the initial
and boundary conditions and the employed compu-
tational mesh. The comparison of turbulence and
breakup models, along with relevant discussions on
the performance of each model, is presented in Sec-
tion[5] Finally, Section [6] provides the conclusions
drawn from the study.

2 PROBLEM STATEMENT & RELATED
WORK

The phase transition process of methanol
presents unique thermodynamic properties, neces-
sitating an elevated amount of thermal energy for
evaporation compared to traditional fuels. This phe-
nomenon is attributable to its significantly higher la-
tent heat of vaporization: hyg vecor = 4 - g Diesel
as reported in [9]. Considering also methanol’s
lower heating value being half that of diesel, approx-
imately eight times the amount of thermal energy is
required for complete evaporation while maintain-
ing the same power output. Experimental research
in this domain has been predominantly confined to
DI conditions, which are characterized by high am-
bient and injection pressures, along with high tem-
perature [[16]—[19]. Particularly, these experimental
efforts have tried to characterize spray parameters
such as penetration length, cone angle and vapor
penetration under these conditions. Consequently,
a knowledge gap exists on the behavior of methanol
sprays at inlet manifold conditions, predominantly

characterized by near atmospheric ambient condi-
tions coupled with low injection pressures. Further
research is required to fill this gap, which would
contribute to a better understanding of the fuel-air
mixture formation process in methanol engines.

Previous research on conventional fuels demon-
strated that certain spray sub-models and boundary
conditions such as the liquid droplet breakup model,
the turbulence model [20]—[22], and the mass Rate
Of Injection (ROI) [23]] significantly affect the tran-
sient response of the spray. However, under low
injection pressure, it is still unclear whether the
state-of-the-art models can accurately predict spray
penetration and droplet breakup.

A factor that is greatly affecting the breakup be-
havior of the droplets is the Weber (We) number,
which is the ratio of the aerodynamic drag force im-
posed from the ambient air onto the droplet and the
droplet surface tension force [24]:

2
N PgU=Tq
g

We ey

where p, is the ambient air density, u is the droplet
velocity, r is the droplet radius, and o is the droplet
surface tension. Since the Weber number of low in-
jection pressure sprays is significantly lower than
in high pressure sprays, the droplet surface ten-
sion significantly impacts the liquid breakup sub-
model and, therefore, the liquid penetration [25]],
[26]]. Hence, this research aims to investigate the
influence of the Taylor Analogy Breakup (TAB)
model [24], which is recommended for low We-
ber number droplets in the vibrational breakup
mode [27]]. Consequently, the TAB model was com-
pared with the Kelvin Helmholtz - Rayleigh Taylor
(KH-RT) model [28]], which is widely adopted in DI
spray research.

3 NUMERICAL SETUP

This computational study employed the commer-
cial CONVERGE v3.0 CFD code [29]], which con-
tains a framework for the numerical analysis of mul-
tiphase flow studies. The framework utilizes the
finite volume approach to solve the compressible
conservation equations of mass, momentum, and
energy, coupled with a variable time-step control
algorithm based on the Courant-Friedrichs-Lewy
(CFL) criterion [30]-[32]]. The conservation of
mass, momentum, and energy are formulated ac-
cording to Equations and [5] respectively:
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where the total specific energy is eg = e 4 “&&,
p is the fluid density, w is the velocity in each axis,
P is the pressure, w is the viscosity, u, is the dilata-
tional viscosity (set to zero), d;; is the Kronecker
delta, T is the temperature, K is the thermal con-
ductivity, m are the species, Y, is the mass fraction
of species, D,, is the species mass diffusion coeffi-
cient, and h,, is the species specific enthalpy.

Moreover, the density-based solver [30] was uti-
lized using the Pressure Implicit with Splitting of
Operators (PISO) method [33|]. The fluids compris-
ing the simulation, including air and methanol, were
modeled based on the Redlich-Kwong equation of
state [34]. Finally, the simulations were run in paral-
lel utilizing the DelftBlue supercomputer [[35]] with
the Message Passing Interface (MPI) [36]]. An ad-
vantageous feature of CONVERGE is its scalability
to many cores, resulting in a substantial acceleration
in the solution process [30].

Regarding turbulence modeling, the present
study employed the RNG and the Standard k& — €
turbulence models in the modeling process [37].
Those & — € models are based on the Reynolds-
Averaged-Navier-Stokes (RANS) equations which
approximate the velocity field as a summation of a
mean and a fluctuating velocity (u = @ + u’). The
result of this assumption generates a turbulence in-
duced Reynolds-stress tensor in the Navier-Stokes
equations. Resolving the stress tensor leads to mod-
eling two additional transport equations accounting
for the turbulent kinetic energy (k), and the rate
of dissipation of turbulent kinetic energy (e) [32],
[38]]. The transport equations for k and e are as
follows [30]
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where p is the fluid density, w is the velocity in
each axis, 7;; is the modeled Reynolds stress, y is
the viscosity, y; is the turbulent viscosity, Pr is the
Prandtl number, C.1, Ce, and C,3 are turbulence
model parameters.

Additionally,
k= 1u-’u" (8)
2 7 79
k2
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where C),, 7,10 and 3 are turbulence model param-
eters. For the Standard k£ — € model the last term
R, =0.

The Lagrangian Particle Tracking (LPT) tech-
nique was utilized for modeling the multiphase flow
through a Lagrangian-Eulerian (LE) two-way cou-
pling approach [39], [40]]. The LPT technique treats
the liquid droplets as Lagrangian particles tracked
based on their position in the computational do-
main. On the contrary, the gaseous phase is treated
using an Eulerian representation, which treats the
flow parameters based on a fixed mesh grid. The
coupling between the droplets and the surrounding
gaseous medium is ensured through the exchange of
momentum, energy (heat transfer), and mass (evap-
oration) [39]. In addition, various phenomenolog-
ical sub-grid models are implemented to resolve
the physical phenomena that occur in the sub-grid
length scales [21]], [39]. The sub-grid models ac-
count for a wide range of physical phenomena that
occur during the life cycle of a droplet, starting from
the initial injection from the nozzle until its com-
plete evaporation.

The injection of parcels was performed using
the Reitz and Diwakar [41] model, which assumes
the initial discrete spherical droplets ("blobs’) to be
the same size as the nozzle diameter. The droplet
breakup process was modeled using the KH-RT
model, widely used in high pressure DI sprays [28]],
[42]], [43]. The KH-RT model is based on two
separate mechanisms that occur during the primary
and secondary phases of the breakup of droplets.

(10)



Kelvin-Helmholtz hydrodynamic instabilities domi-
nate the primary breakup phase, attributed to the un-
stable waves of the droplet-air interface [41]. More-
over, the secondary breakup is mainly caused by the
aerodynamic drag force between the droplets and
the air on the tip of the spray, attributed to Rayleigh-
Taylor instabilities [41]]. In addition, the TAB model
was utilized, which assumes the droplet distortion
and breakup to be proportional to a spring-mass-
damper system [24]. Hence, the foundation of the
model is based upon the analogy of the following
parameters:

» Spring force = Droplet surface tension

» External force = Aerodynamic drag force

* Damping force = Viscosity force

Consequently, droplet breakup occurs when the
external aerodynamic force surpasses the droplet’s
internal forces from surface tension and viscosity.
The two breakup models were compared and evalu-
ated based on spray penetration and breakup occur-
rence.

The spray droplets interact through collisions
and coalescence. The No Time Counter (NTC)
algorithm [44]] estimated the collisions between
droplets, while the model of Post and Abraham
[45]] predicted the post-collision outcome, including
bouncing, stretching, reflective separation, and co-
alescence. The droplet aerodynamic drag force was
modeled using a dynamic drag model [46]. Lastly,
the evaporation model is based on the Frossling cor-
relation, assuming a uniform temperature distribu-
tion within each individual droplet [30], [47]. The
correlation provides a link between the Reynolds
(Re) and Schmidt (Sc) numbers with the Sherwood
(Sh) number of the droplet. The Sherwood number
quantifies the mass transfer rate from the droplet
to the ambient environment playing a fundamental
role in the evaporation process. Hence, the droplet
radius rate of change is calculated as follows:

d D
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where 7 is the initial drop radius, cgprqy 1S a user-
specified scaling mass transfer coefficient, D is the
mass diffusivity, p, and p; are the gas and liquid den-
sities respectively, and By is the fraction of vapour’s
mass fraction at the drop surface to the vapour mass
fraction of the droplet. The Frossling correlation
estimates the Sherwood number (Sh) as indicated
by the following equation:

1+ B
Shy = (2.0 + 0.6Reg3 S¢5 ) In 2

(12)

where Reg is the droplet Reynolds number and
Sc is the Schmidt number of air. The numerical

models utilised in the computational study are sum-
marised in Table[Il

Table 1: Numerical models

Physical Phenomena Numerical Models

Fluid Flow Navier Stokes, density-
based solver [30]]

RNG and Standard k£ — ¢
model [37]

Blob model [41]]

Turbulence

Droplet Injection

Liquid Breakup KH-RT model [28] & TAB
model [24]]

Droplet Drag Force Dynamic Drag Model [46]

Droplet Collision NTC model [44]

Droplet Coalescence ~ Post Collision Outcome
model [45]

Droplet Evaporation ~ Frossling correlation-based
model [30]

4 PORT FUEL INJECTION CONDITION
STUDY

The employed numerical CFD study was based
on the conditions reported in the experimental
methanol PFI study by Liu, Chen, Su, et al. [15].
In their experiments, the authors utilized backlight
imaging and high-speed photography to capture the
spray morphology of methanol under low injection
pressure conditions (constant 6 bar injection pres-
sure). The study deployed a 14-hole injector with
the intention of investigating the effect of varied am-
bient and fuel temperatures and ambient pressures
on spray penetration. Based on their experimen-
tal study, Liu, Chen, Su, et al. [15] concluded that
higher ambient and fuel temperatures result in faster
evaporation time and larger penetration and cone
angle.

4.1 Computational Study Initial & Boundary
Conditions

The validation of the CFD model originates from
the reported experimental spray penetration length
under the 2 bar ambient air pressure and 25 °C am-
bient air temperature condition [15]]. Moreover, for
the optimal performing model, a brief comparison
of the 1bar and 2.5bar cases was conducted to
demonstrate the robustness of the method. The se-
lection of these ambient pressure conditions was
closely related to the intake manifold conditions of
turbocharged marine engines.

Detailed information about the initial conditions
is presented in Table The modeling included
assumptions about the injected mass and nozzle di-



ameter, while the injector was modeled as a single-
nozzle. These quantities have a significant influence
on the spray structure and penetration. Therefore,
their selection was conducted through trial and error
resulting in a rational spray penetration prediction.
Moreover, the order of magnitude of the values was
in the context of automotive injection quantities and
nozzle diameters [48]]-[50]. The nozzle hydraulic
characteristics were also tuned to match the experi-
mental injection pressure.

Table 2: Low pressure PFI case conditions

Item Value Unit
Ambient Pressure 2 [bar]
Injection Duration 10 [ms]
Injection Pressure 6 [bar]
Injection Quantity (Assumed) 4.67 [mg]
Ambient Temperature 25 [°C]
Fuel Temperature 25 [°C]
Nozzle Diameter (Assumed) 0.15 [mm)]

[

Nozzle Discharge Coeflicient  0.87

Figure 1: Simulation control volume

In this study, a cylindrical shaped control vol-
ume was adopted for the numerical computations
(fig. [[) with a 60 mm radius and 180 mm height.
The dimensions of the geometry were chosen in
accordance with the literature of CFD spray stud-
ies for marine engines [20]], [21]]. The boundaries of
the control volume were set as a wall-type condition
with Neumann boundary conditions for the tempera-
ture and the turbulent kinetic energy. The numerical
results considered 95% of liquid fuel mass fraction
for calculating the liquid penetration. In the experi-

ment, the liquid penetration was regarded as the ver-
tical distance between the nozzle and the identified
spray edge [[15]. Moreover, the liquid penetration
definition was slightly different between experimen-
tal and numerical data. However, the error in the
comparison was sufficiently smaller than the other
induced experimental uncertainties.

4.2 Mesh Convergence Study

A coarse mesh was employed with a uniform
mesh grid having a base cell size of 4mm. The
mesh grid was refined in the spray cone region to
better resolve the flow field and the interactions be-
tween the droplets and the ambient air while keeping
the overall cell count low for faster computation. As
depicted in light green color in Fig. [I] the finer grid
area encloses the cone of the spray area where the
refinement was performed.

A grid convergence study was conducted for both
turbulence models. Five different uniform cell sizes
were tested for the spray cone area, ranging from
2mm to 0.125 mm. The liquid penetration length
was monitored as the criterion for the convergence
of the CFD model. The comparison with the liquid
penetration results from the experiment showcased
that the 0.5 mm grid was the most adequate for the
study, aligning with spray-mesh guidelines from the
literature [51]]. Hence, the 0.5mm grid was se-
lected as the balanced trade-off for maintaining a
grid-convergent and computationally viable mesh
for the LE coupling.

80
X =
e —
g -
o= ==
=
<
% 40
=]
L / ——dx =2 mm
~ // ——dx =1 mm
%\“ 20 L 7 dx = 0.5 mm
a ——dx = 0.25 mm
wn ——dx = 0.125 mm
Experimental Data
0

0 05 1 15 2 25 3 35 4 4.5
Time [ms]

Figure 2: Grid convergence study

5 RESULTS & DISCUSSION

The comparison of the turbulence models
demonstrated that the RNG k — € is overpredicting
spray penetration, aligning with the recommenda-
tions from diesel spray literature [20]]. Therefore,



the Standard k£ — € model coupled with the TAB lig-
uid breakup model yielded reasonable predictions of
the experimental liquid penetration values, account-
ing for the inherent uncertainties and unknowns in
the experimental study (fig. [3).
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Figure 3: Influence of turbulence model & droplet
breakup model on spray penetration

Moreover, in fig. 4] the coupling of the TAB
model with the Standard k& — e turbulence model
demonstrated satisfactory predicting capabilities for
the other ambient pressures from the paper. How-
ever, accurately tuning the CFD model is impossible
due to incomplete information on the reported ex-
perimental conditions. The primary objective of
this study is to compare the droplet breakup model
rather than assess the predictive capability of the
numerical method. Therefore, the obtained com-
putational results were considered rational for the
scope of this research.
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Figure 4: CFD model results for different ambient
pressure conditions

5.1 Comparison of Droplet Breakup Model

In the section, the results considering the out-
come of the droplet breakup model are demon-
strated. Since there is a significant difference in
the liquid penetration length between the TAB and
the KH-RT models, this will greatly impact the re-
sulting droplet sizes after breakup occurrence and,
thus, the evaporation rate and the mixture fraction.
Fig.[5|illustrates the Sauter Mean Diameter (SMD)T}
calculated for the entire spray structure, using each
breakup model. The results indicate that the KH-RT
model does not predict the occurrence of rational
droplet breakup since the SMD remains approxi-
mately constant.

The opposite happened for the TAB model,
demonstrating the presence of lower mean diam-
eter length scales. Consequently, the higher SMD
in the KH-RT model justifies the difference in the
liquid penetration length due to the higher momen-
tum of the larger droplets. It is also worth noting
that the KH-RT model exhibited a slight increase in
SMD due to droplet coalescence.
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Figure 5: Comparison of Droplet Breakup Model

(non evaporating conditions) - SMD

5.2 Evaporating Conditions

The conditions reported in this paper include a
relatively low ambient temperature, which hinders
spray evaporation. In this section, a set of higher
ambient and fuel temperature conditions was exam-
ined to facilitate evaporation of the methanol spray
(shown in Table [3)).

IThe SMD is interpreted as the diameter of a drop having the same volume to surface area ratio as the entire spray [52].



Table 3: Evaporating conditions

Item Value Unit
Ambient Temperature 100 [°C]
Fuel Temperature 80 [°C]

The previous study’s adopted models were used
to examine the performance of the KH-RT and TAB
breakup models under evaporating condition. As
before, the KH-RT model predicted higher liquid
penetration length (fig.[6) due to diminished droplet
breakup occurrence (fig.[7). This difference in pen-
etration length was more pronounced due to the
decreased evaporation rate of large droplets in the
KH-RT case.
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Figure 6: Comparison of Droplet Breakup Model

(under evaporating conditions) - Spray Penetration
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Figure 7: Comparison of Droplet Breakup Model

(under evaporating conditions) - SMD

Figure [8] illustrates a comparison of 3D droplet
diameters between the droplet breakup models. The
plot displays the individual diameters of each parti-
cle in the computational domain. The comparison
highlights the discrepancy in the SMD, with droplet
sizes ranging from 120 pm to 160 pm for the KH-
RT model. In contrast, the TAB model exhibits

smaller droplet sizes ranging from 40 pm to 80 pm
microns.

As mentioned before, the difference in the out-
come particles after droplet breakup significantly
influences the evaporation rate. Mass fraction con-
tours illustrate the extent of methanol evaporation
and mixing with the surrounding air. Fig.[T0|con-
firms higher predicted mass fractions for the TAB
case, supporting the initial hypothesis of evapora-
tion prediction.

KH - RT TAB

A 1 R y

>160 |

Figure 8: Droplet Diameter comparison, for ¢ =
0.27, 2, 4.5 ms - Diameter in pum.

Furthermore, fig. [0 presents the total mass of
evaporated methanol. This result emphasizes the
importance of selecting the appropriate droplet
breakup model for simulating low pressure PFI
sprays.
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Figure 9: Comparison of Droplet Breakup
Model (under evaporating conditions) - Evaporated
Methanol
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Figure 10: Methanol mass fraction contours plot -
Comparison between KH-RT and TAB model, for
t = 1.5, 3.0, and 4.5 ms.

Finally, examining the We number during the
initial phase of the injection is crucial. Accord-
ing to O’Rourke and Amsden [24], the critical We
number for vibrational breakup is 12. Therefore, it
is important to maintain a value below this threshold
for the TAB model’s validity. Since the liquid jet
is injected into an ambient environment with zero
initial velocity, the drag force will naturally decel-
erate the droplets, resulting in a decrease in their
We number. Consequently, the initial velocity of
the ”blobs” exiting the nozzle is the primary condi-
tion for selecting the appropriate breakup model. In
fig.[11} the visualization of the We number confirms
the rationality of choosing the TAB model.

R

t=0.27ms

200 t=3ms

<0.00

Figure 11: Weber number in TAB model injection

6 CONCLUSIONS

This study aimed to conduct a preliminary as-
sessment of the impact of spray submodels on CFD
spray predictions. The study examined the influence
of the droplet breakup mechanism and the turbu-
lence model under low injection pressure. The KH-
RT and TAB models were compared, along with
an investigation into the performance of the RNG
and Standard k£ — e turbulence models. The results
demonstrated a satisfactory prediction of the spray
penetration, consistent with experimental observa-
tions reported by Liu, Chen, Su, et al. [15]]. This
analysis provides a valuable initial step towards se-
lecting appropriate models for maritime methanol
PFI spray simulations. Therefore, the utilization
of the TAB breakup model and the Standard k — €
model provided rational predictions for PFI condi-
tions, which is in line with the previous findings
in the literature [20], [25], [26]. This simulation
step could be instrumental in shaping future studies
in marine engines encompassing predictive CFD
modeling to assess atomization quality and mini-
mize wall wetting. Moreover, this study’s predicted
droplet sizes demonstrated poor spray atomization
under low injection pressure in intake port condi-
tions. Hence, the relatively large droplets hindered
the evaporation process and increased risk of wall
wetting of the inlet manifold.

In conclusion, this study highlights the impor-
tance of investigating spray submodels for PFI con-
ditions. Understanding the specific droplet breakup
mode is crucial for selecting an appropriate model-
ing technique that accurately captures the under-
lying physics. Specifically, in low-pressure PFI



sprays, the dominant breakup mode is characterized
by droplet vibration, which can be effectively mod-
eled using the TAB model. CFD analysis confirmed
this by observing low Weber numbers indicating
the prevalence of vibrational breakup. Additionally,
the TAB model outperformed the KH-RT model in
capturing breakup behavior under these conditions.
However, further investigation is required to assess
the limitations of the TAB model in PFI scenarios.
This investigation should consider the critical Weber
number and compare the droplet breakup regimes
predicted by each model. Specifically, the evalu-
ation should be conducted under modified droplet
breakup regimes at higher injection pressures in PFI
conditions. Lastly, appropriate experimental data,
including spray images and SMD measurements,
are necessary to sufficiently validate the proposed
modeling approach.
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