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A B S T R A C T
The use of methanol as a fuel alternative is considered one of the more promising options to be
implemented in a relatively short to medium time frame; based on the potential availability, emission
reduction, energy density, potential to be synthetically produced, scalability of production, and its
implementation on board ships (both new build and retrofitted).

This paper investigates potential improvements of the injection system to achieve complete
evaporation in the air inlet of a port-fuel injection engine to avoid wall-wetting of the scavenger air
receiver and inlet valve. As a result, the methanol-air mixture in the cylinder would become more
homogeneous and able to provide 100% of the rated engine power. Earlier research indicated that
the wall-wetting fuel film and its evaporation rate directly affect the air-fuel ratio of the in-cylinder
mixture, stability of the combustion process, and overall engine performance. The study includes the
development of an injection model simulating low-pressure port-fuel injection, similar to the system
fitted on our Caterpillar test engine, and the development of a single-droplet evaporation model to
gain inside into the evaporation process of 100% methanol.

Based on the performed experimental research, we conclude the average droplet size ranges
between 100 and 120µm. The average droplet speed was determined at ±35 m/s and the spray angle
at 20°. At room temperature and pressure, the injection spray ended against the back-glass of the
evaporation chamber, indicating almost none of the ethanol evaporates under these conditions. The
injection length exceeds at least ±40 cm at atmospheric temperature and pressure, which is in line
with the results of the single-droplet evaporation model.

1. Introduction: Moving away from fossil fuels
The maritime sector faces challenges in meeting the set

goals in greenhouse gas reduction and lowering its climate
footprint. According to UK Research and Innovation [1],
the shipping industry is responsible for around 940 mil-
lion tonnes of CO2-emissions annually, around 2.5% of the
world’s total CO2 emissions. At the same time, regulations
regarding CO2 and other greenhouse gas (GHG) emissions
increase. The greenhouse gas regulations from the Paris
Climate Accords and subsequent agreements of the Interna-
tional Maritime Organisation (IMO), strive to reduce CO2-
emissions by at least 40% by 2030, pursuing efforts towards
70% by 2050, compared to 2008; and to reduce the total
annual GHG emissions from international shipping by at
least 50% by 2050 compared to 2008 [2].

Part of the solution is to switch from fossil to non-
fossil fuels produced with renewable or zero-carbon energy
sources, requiring developments into new fuel types for
the shipping industry are required [3]. Different shipping
sectors have different preferences for their choice in fuel
alternatives, both in the short and long term. For example,
a ship operating on battery power is only useful when it is
able to replenish within hours or days. For ships operating
on hydrogen, this operational window is extended to approx.
one week, while for methanol the operational window could
be extended to approx. two weeks. In case longer operational
windows are required, fossil or bio-fuel remains the main
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choice. In conclusion, autonomy is the key factor in the
consideration which fuel alternative to use [4].

At this time, methanol as fuel alternative is considered
as one of the more promising options ready for imple-
mentation in a relative short to medium time frame for
ships requiring medium autonomy. This is based on the
potential availability, emission reduction, energy density,
potential to be synthetically produced, scalability of pro-
duction, and implementation on board ships (both new-
build and retrofitted). Van de Ketterij [5] argued that the
use of fossil-based methanol as energy carrier could re-
duce Tank-to-Wake1 CO2-emissions by up to 10% compared
to Marine Diesel Oil (MDO) and improve the air quality
emissions such as SOx, NOx and PM. In addition, Well-to-
Tank emissions and energy consumption are associated with
the production, transportation, manufacturing and distribu-
tion of fuels. The Joint Research Centre of the European
Commission provides a comprehensive overview for a large
variety of fuels, and states that the production method and
feedstock dominates the overall Well-to-Tank emissions of
any bio- or synthetic fuel [7]. With use of renewable energy
sources, the production of synthetic fuel could potentially
reduce emissions up to 80% [8].

1The tank-to-wake approach solely looks at the emissions derived from
on-board fuel combustion, referring only to the life cycle assessments of
GHG emissions from the fuel in a ship’s tank to the ship’s exhaust [6]
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2. Objective
The objective of this paper is to investigate how to

improve the evaporation of methanol when injected in the
air inlet receiver, in order to achieve complete evaporation of
methanol before reaching the inlet valve. This would lead to
a homogeneous methanol-air mixture in the cylinder that can
provide 100% of rated engine power. We created an injection
model for 100% methanol as fuel. Currently, no research
has been found on the modelling of low-pressure injection
valves for the use of methanol. Next, we created a single-
droplet evaporation model especially created for the evap-
oration of 100% methanol. This single-droplet evaporation
model involves the spray development, droplet formation,
evaporation, and required heat of vaporisation of the injected
methanol. Finally, an experimental setup was constructed to
test various low-pressure injection nozzles at atmospheric
pressure and temperature, as well as measure their individual
spray characteristics and droplet size in those conditions.
3. Method
3.1. System Description

Originally, the Caterpillar G3508A test engine is a tur-
bocharged spark-ignited natural gas engine with eight cylin-
ders and a rated power of 500 kW at 1500 rpm, shown in Fig-
ure 1. The engine has been modified to run on methanol with
the use of eight separate injection nozzles; each nozzle being
installed off centre on the inlet air receiver of a cylinder,
circled in red. Figure 2 and 3 show the arrangement of the
inlet air receiver. Figure 3 shows the off-centre installation of
the injection nozzle (blue arrow) – ±2.5 cm off-centre, and
the location of the flame arrestor (red arrow). The inlet air
receiver has a diameter of ±9 cm, and the injection nozzle
is approx. 10 cm away from the end of the receiver. When
the flame arrestor is installed inside the air receiver, the
vertical distance reduces to approx. 7 cm. This is the distance
available for the evaporation of the entire methanol spray
from the nozzle, without the interference of any appendages.

Figure 1: Caterpillar G3508A

Figure 2: Airflow through inlet air receiver [9]

Figure 3: Arrangement of nozzle inside inlet air receiver [9]

3.2. Research structure
The research structure of this paper is visualised in Fig-

ure 4. The low-pressure injection model is created to obtain
the injection pressure and volumetric flow rate, whereas the
single-droplet evaporation model uses an estimated droplet
size as input to simulate the evaporation rate of a single
droplet. The low-pressure injection model and single-droplet
evaporation model are both connected by the droplet size.
The modelling of the spray characteristics (droplet size)
was not included in this research. This made it necessary
to perform experimental research to obtain a valid input
of droplet size into the single-droplet evaporation model.
Finally, a discussion is started that translates the findings
of this paper and the real-time situation inside the engine.
Followed by the conclusion and future research in improving
the low-pressure injection model, single-droplet evaporation
model, and custom-built experimental setup.

Figure 4: Research structure
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4. Theoretical framework
4.1. Types of injection

Methanol can be injected in internal combustion engines
in a number of ways. Because of its chemical properties,
the cetane number is too low to allow compression ignition
inside a standard compression ignition engine. The air-fuel
mixture can be ignited either by using a spark, or by means
of a pilot fuel. This results in the following options for the
injection and ignition of methanol in an internal combustion
engine [5]:

• Direct injection of methanol-diesel emulsifier blend
• Direct injection of methanol and separate pilot fuel

injection
• Port-fuel injection of methanol and pilot fuel ignition
• Port-fuel injection and spark-ignition of methanol
• Combination of port-fuel injection and direct injection

When more than 50% of methanol is being injected into the
scavenge air receiver, the process is referred to as major
fraction port-fuel injection. Otherwise, it is called minor
fraction port-fuel injection.

Direct injection of an emulsifier blend is the cheapest
way to realise injection and ignition of methanol for existing
compression ignition engines. This application requires the
least amount of hardware changes to the fuel injection sys-
tem, meaning that the normal injectors and fuel pipes could
be used. However, the use of methanol-diesel emulsifier
blends led to combustion problems at partial load and earlier
breakdowns of rubber parts of the engine. Before injecting
the methanol-diesel blend, it must be made sure that the
mixture is stable and homogeneously mixed. Otherwise,
ignition will fail if a pure methanol injection takes place
[10]. Separate direct injection of allows methanol and pilot
fuel to be injected separately and enabling the tuning of
injection timing. This ignition method requires a significant
reconstruction of existing engines. It would be necessary
to add additional piping and an extra injection nozzle in
the cylinder head. Smaller engines may not have sufficient
space in the cylinder head for these two injection nozzles.
This method therefore requires high investment costs for
new parts and research into engine performance for direct
injection CI engines [5, 10].

Methanol has a higher heat of vaporisation compared
to diesel fuel. This may negatively influence the in-cylinder
combustion process. To overcome this problem, methanol
could be injected into the air inlet of the engine, giving
the methanol droplets time to evaporate in the air. As a
benefit, the methanol is already in a vapour phase when
entering the cylinder. Moreover, the heat from the air after
the turbocharger could be beneficially used. In case of port-
fuel injection of methanol and pilot fuel ignition. Methanol is
injected into the intake air stream and diesel pilot is injected
directly into the cylinder to ignite the methanol-air mixture.

Port-fuel injection of methanol and pilot fuel ignition
requires two separate injectors. A low-pressure injector lo-
cated in the air inlet receiver and used for injecting the
methanol and a high-pressure injector in the cylinder head

used for the injection pilot fuel. In addition, a control system
is required to control the methanol and pilot fuel injection
quantity and timing, etc. A disadvantage of this method is
the increase in net weight of the system, due to the additional
fuel injection equipment required for the introduction of
methanol [11, 12].

This paper looks at port-fuel injection of 100% methanol
in a spark ignited engine. These engines use a spark plug to
ignite the fuel inside the cylinder. This type of injection and
ignition method is also utilised on the Caterpillar G3508A
test-engine. A schematic overview of the port-fuel injection
of methanol and spark-ignition is shown in Figure 5.

Figure 5: Schematic overview of the port-fuel injection of
methanol and spark-ignition [5]

It is also possible to have a combination of both port-
fuel and direct injection, making the engine independent
of being spark-ignited or pilot fuel ignited. This could be
done to improve the operability and response of the engine;
especially in varying load conditions.
4.2. Spray characteristics and evaporation of

methanol
During injection, as liquid jet of methanol leaves the

nozzle it becomes turbulent and spreads out as it entrains
and mixes with the surrounding air. The outer surface of the
jet breaks up into droplets, while the liquid column leaving
the nozzle disintegrates over a finite length into drops of
different sizes, called the breakup length. As the liquid jet
moves away from the nozzle, the mass of air within the
spray increases. This causes the spray to diverge, increasing
its width and decreasing its velocity. The methanol droplets
evaporate as the air-entrainment process proceeds, where the
droplets on the outer edge of the spray evaporate first, cre-
ating a fuel vapour-air mixture envelope around the liquid-
containing core [13].

The atomisation of a liquid fuel is a very important
process in engine combustion and emission formation. It
is therefore important to understand the effect of methanol
properties on the atomisation process. For port-fuel injection
engines, methanol spray must be produced fine enough to
enable a significant portion to evaporate and follow the
airstream directly into the cylinder. In case of liquid im-
pingement of fuel, where the fuel collides with the scavenge
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air inlet, inlet valve, or cylinder wall, pollutant emissions
and deterioration of the engine as a result of corrosion tend
to be higher - impacting maintenance costs and increasing
engine downtime. It is therefore essential to understand the
fuel spray dynamics under realistic engine-like conditions.

Several studies have been performed on the evaporation
of methanol spray characteristics [14, 15, 16, 17, 18, 19].
To summarise these studies, the following methods could
improve the spray characteristics of methanol [9]. Firstly,
a higher spray pressure decreases the formation period of
spray and increases the penetration rate. Whilst a higher
back-pressure inside the inlet manifold leads to the shrinkage
of the spray angle [14]. Secondly, an increase in injection
pressure results in a significant reduction in droplet size
and enhanced atomisation for methanol sprays [15]. Thirdly,
experimental research which varied the fuel temperature at
constant ambient temperature showed that the flash-boiling
sprays were able to increase the spray angle for rapid fuel–air
mixing, and strongly improved the evaporation of the fuel
spray [16]. It showed the important role between the ratio of
ambient pressure and liquid saturation pressure during the
spray flash boiling with good correlations to the spray char-
acteristics. The structure of the flash boiling spray is dom-
inated by the degree of superheat, denoted as the ambient-
to-saturation pressure ratio. This degree of superheat is the
difference in temperature between a superheated vapour and
saturated vapour at the same pressure. Spray penetration,
plume width and droplet size show a strong correlation with
the ambient-to-saturation pressure ratio [17]. Fourthly, the
ambient gas density has a significant effect on both methanol
liquid and vapour penetration. Research found that an in-
crease in ambient gas temperature significantly reduces the
methanol liquid penetration, however, it has only a limited
influence on the vapour penetration [18]. Finally, the droplet
size of the injector could be further reduced using a custom
air-assist injector cap, as shown by Dodge et al. [19]. The
initial spray test measured an average droplet size of 116
µm for the 4-ms pulse width (idle condition) and 136 µm for
the 10-ms pulse width (a higher power condition). After the
initial test, their research used a custom air-assist injector cap
to produce droplets with a cross-section average diameter
of approx. 7.5 µm with fuel-injection pulse widths of 4 ms
(idle condition) and average diameters of 9 µm with a 10-ms
pulse width. These fine-spray droplets were small enough
to follow the airstream past the intake valves and into the
engine cylinders.

Subsequently, the evaporation process inside the scav-
enger air inlet could be improved in various ways. The
studies state the following improvements [9]: An increase
of the inlet air temperature improves the evaporation of the
methanol spray. Heat transfer from the heated air to the
droplet increases the internal temperature and therewith the
fuel vapour pressure and evaporation rate, as stated by Hey-
wood [13]. Zeng et al. [16] showed that flash-boiling sprays
could result from increased fuel temperature or decreased
ambient pressure. This resulted in much higher evaporation
rate and increased spray angle for rapid fuel–air mixing. The

Figure 6: Working principle of PFI injector [20]

use of fine-spray port-fuel injectors inside the scavenger air
inlet must create spray droplets that are fine enough, approx-
imately 20 µm in diameter or smaller, to stay suspended in
the air and flow into the cylinder. This observation inspired
Dodge et al. [19] to develop the air-assisted cap previously
mentioned.
5. Injection Model

The development of the low-pressure injection model
focused on reproducing the behaviour of an electrical in-
jector used for port-fuel injection applications. This made
three parameters especially important: the volumetric flow
rate and pressure drop which the model provides, and the
droplet distribution which is established experimentally.
5.1. Injector Configuration

Figure 6 shows the main components and working prin-
ciple of low-pressure fuel injector. A filter strainer is placed
in the fuel injector inlet to protect the other components of
the injector against any contamination’s. The fuel injector is
energised by a voltage pulse. This generates a magnetic field
(𝐵) inside the coil and therefore a magnetic flux (𝜙), which
pulls in the armature and lifts the needle of the valve seat.
This movement allows fuel to flow through the fuel injector.
When the coil is de-energised, the spring force and pressure
force press the valve needle against the valve seat to seal the
fuel-supply system from the intake manifold. The injected
volume of fuel per time unit is determined by the system
pressure and the available cross-section of the spray orifice
in the orifices plate.
5.2. Modelling Methodology

The development of the one-dimensional simulation
model aimed at outputs comparable to real-life measure-
ments preformed by Ferreira et al. [20] on the performance
of a fuel injector. As starting point, the so-called black
box principle was implemented. The fuel injector was sub-
divided into three functional sub-groups, i.e. electric (mag-
netic), mechanic and hydraulic. Figure 7 illustrates each
sub-group, all relevant inputs, outputs, and identifies the
interaction between groups. The interaction between the
segments can be summarised as a chain effect, starting at
the solenoid controls, a force interaction, and the subsequent
lifting of the needle valve.
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Figure 7: General overview of function groups [9]

Simplified Solenoid Model
The electric actuation block consists of a solenoid and

magnetic force block. These two blocks calculate the mag-
netic force and control the injection timing of the injector.
The magnetic force output initiates the needle displace-
ment. The simplified solenoid model is based on the re-
sistor–inductor circuit. In a resistor–inductor circuit, the
current will not immediately rise to its maximum value when
a voltage is applied, due to the presence of inductance. This
results in a response delay, as is present in real solenoids. The
differential equation corresponding to the transitory regime
immediately after closing the resistor–inductor circuit is
given by Eq. 1 [21]:

𝐸 − 𝑅𝑖 − 𝐿𝑑𝑖
𝑑𝑡

= 0 ⟶ 𝑅𝑖 + 𝐿𝑑𝑖
𝑑𝑡

= 𝐸 (1)
The current expression through the resistor–inductor circuit
after closing is the solution of the differential equation of the
circuit Eq. 1, shown by Eq. 2 [21].

𝑖(𝑡) = 𝐸
𝑅

⋅

(

1 − 𝑒

(

−𝑅
𝐿 ⋅𝑡

)

)

(2)

Valve Model
The mechanical valve block is modelled according to the

principle of the mass–spring–damper system. The mathe-
matical description of this mass–spring–damper function is
shown in Eq. 3.
𝐹𝑚𝑎𝑔 = 𝐹𝑚+𝐹𝑝+𝐹𝑠+𝐹𝑑 ⟶ 𝐹𝑚 = 𝐹𝑚𝑎𝑔−𝐹𝑝−𝐹𝑠−𝐹𝑑 (3)

This equation of equilibrium (Eq. 3) is based on five
forces. 𝐹𝑚 is the resistance force or mass inertia (𝑚�̈�), 𝐹𝑑is the damping force of the needle, 𝐹𝑠 is the spring force, 𝐹𝑝is the pressure/hydraulic force, and𝐹𝑚𝑎𝑔 the electromagnetic
force of the solenoid.
These forces are calculated as follows: The pressure or
hydraulic force is calculated using Eq. 4.

𝐹𝑝 = (𝑃𝑟𝑎𝑖𝑙 ⋅ 𝐴𝑖𝑛) − (𝑃𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑 ⋅ 𝐴𝑛𝑜𝑧𝑧𝑙𝑒) (4)

Where, 𝐴𝑖𝑛 is the cross area over the valve, 𝑃𝑟𝑎𝑖𝑙 is the
rail pressure, 𝐴𝑛𝑜𝑧𝑧𝑙𝑒 the cross area under the valve, and
𝑃𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑 is the inlet manifold pressure.

The spring force is calculated using Eq. 5.
𝐹𝑠 = 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑘 ⋅ 𝑥 (5)

Where, 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial tension of the spring, 𝑘 is the
spring stiffness, and 𝑥 the displacement of the needle valve.

The damping force is calculated using Eq. 6.
𝐹𝑑 = 𝑏 ⋅ �̈� (6)

Where, 𝑏 is the damper rating of the needle valve [N/(m/s)],
and �̈� is the velocity of the needle valve.

The electromagnetic force is calculated using the follow-
ing equation described by Szpica et al. [22]. The electromag-
netic force being the result of the circuit operation can be
obtained from the relation shown in Eq. 7.

𝐹𝑚𝑎𝑔 = 1
2
𝐼2

𝑑𝐿(𝑥)
𝑑𝑥

(7)
Where, 𝐼 is the current and 𝐿 is inductance.

By using Faraday’s and Kirchhoff’s laws, one may obtain
a differential equation describing the change of the current
supplying the electromagnetic circuit, as shown in Eq. 8.

𝑑𝐼
𝑑𝑡

= 1
𝐿(𝑥)

(

𝑈 − 𝑅𝐼 −
𝑑𝐿(𝑥)
𝑑𝑥

𝑑𝑥
𝑑𝑡

𝐼
)

(8)

Where, 𝑅 is the resistance and 𝑈 is the voltage.
Consequently, substituting Eq. 4 to 7 into the second-

order differential equation of Eq. 3, which governs the dy-
namics of the needle valve, results in Eq. 9 shown below.

𝑚 ⋅ �̈� =
[1
2
𝐼2

𝑑𝐿(𝑥)
𝑑𝑥

]

−
[

𝑏 ⋅ �̈�
]

−
[

𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑘 ⋅ 𝑥
]

−
[

(𝑃𝑟𝑎𝑖𝑙 ⋅ 𝐴𝑖𝑛) − (𝑃𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑 ⋅ 𝐴𝑛𝑜𝑧𝑧𝑙𝑒)
]

(9)

Where, 𝑚 is the mass of the needle valve; �̈�, �̇�, and 𝑥 the
acceleration, velocity, and displacement of the needle valve
respectively.
Injection Nozzle Model

The final sub-model calculates the injection rate and in-
jection pressure over time; based on the needle displacement,
manifold pressure, and pressure drop over time as its inputs.
The volumetric flow rate of the methanol is calculated using
Eq. 10.

𝑄𝑖𝑛𝑗 = 𝜉𝑛 ⋅𝐶𝑑𝑛𝑒𝑒𝑑𝑙𝑒 ⋅𝐴𝑛𝑜𝑧𝑧𝑙𝑒 ⋅

√

2
𝜌
|

|

|

𝑃𝑑𝑟𝑜𝑝 − 𝑃𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑
|

|

|

(10)

Where, 𝜉𝑛 is a binary number representing the opening
of the nozzle determined by the needle lift; 𝐶𝑑𝑛𝑒𝑒𝑑𝑙𝑒 is the
discharge coefficient of the outlet orifice; 𝐴𝑛𝑜𝑧𝑧𝑙𝑒 is the area
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of the outlet orifice of the injector; and 𝑃𝑑𝑟𝑜𝑝 and 𝑃𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑are the pressure drop and manifold pressure outside the
injector respectively.

The pressure of the injection nozzle is calculated accord-
ing Eq. 11, as described by Chung and Zeng respectively
[23, 24]. In case there is no injection, the pressure inside the
injector is equal to the rail pressure of the fuel pump. During
injection, as fuel leaves the injector, the injection pressure
decreases.

𝑃𝑖𝑛𝑗 =
𝐾𝑓

𝑉
⋅𝑄𝑖𝑛𝑗 (11)

Where, 𝐾𝑓 is the bulk modulus of methanol, 𝑉 is the
injection volume, and 𝑄𝑖𝑛𝑗 is the previously calculated vol-
umetric injection rate.
5.3. Simulation and Results

Figure 8 illustrates the simulation results of the low-
pressure injection model. It visualises the needle valve dis-
placement, injection pressure decrease, and volumetric flow
rate of three pulses of 5 ms each. During each injection pulse,
the initial pressure of 5 bar decreases with approximately
0.12 bar per pulse. The injection pressure is almost instanta-
neously restored to the initial rail pressure. The volumetric
flow rate per pulse is approx. 33 cubic centimetres per pulse,
and approx. 330 cc of fuel over a total injection time of
100 ms. This injection volume can be tuned by modifying
the area of the needle holes. It can be concluded that the
developed mathematical description allowed for the simula-
tion of the injection process to obtain the volumetric flow
rate and injection pressure. This volumetric flow rate is an
important parameter, as it could be used as input for future
spatial evaporation models.

Figure 8: Simulation result of low-pressure injection system [9]

6. Evaporation Model
Droplet evaporation is of great importance for port-fuel

injection applications, as time is very limited and conditions
are relatively unfavourable for the evaporation.
6.1. Modelling

To investigate the effect of this evaporation process;
the model considers a pure liquid droplet, suspended in an
atmosphere of its own pure vapour, within a sufficiently large
vessel and free from any external forces such as gravity.

This assumption provided the basis of the single-droplet
evaporation model and is based on a paper by Alroe et al.
[25]. Because of the symmetry of a droplet, the physical
scenario leads to a two-phase one-dimensional model, as
shown in Figure 9.

Figure 9: One-dimensional domain of droplet evaporation
problem [25]

First, the systems of equations have to be established
in each phase. In an attempt to account for all the relevant
transport mechanisms, a "first principles" approach is taken
to develop a model based on the fundamental conservation
equations; the principles of conservation of continuity, mo-
mentum and energy. These conservation equations have been
extensively covered by Bird, Stewart and Lightfoot [26].
Figure 10 shows an overview of the general conservation
equations used by Alroe et al. [25] and during the modelling
of this single-droplet evaporation model [9].

Figure 10: General conservation equations [26]

These general conservation equations were written in
a system of equations outside the droplet and inside the
droplet, based on spherical coordinates (𝑟, 𝜃, 𝜙) and an
ideal gas (𝑝 = 𝜌𝑇 ). Outer boundary conditions were estab-
lished to prevent any flows at the centre of the droplet, and
Dirichlet boundary conditions were applied at the far vapour
boundary, as it is sufficiently distant to be unaffected by the
droplet over time (𝑟 → ∞). In accord with derivations by
Lock [27], boundary conditions are applied across the liq-
uid/vapour interface. These boundary conditions enforce the
continuity of temperature and mass, momentum, and energy
flux. Collectively, these equations and boundary conditions
form a closed system; however, solving such a highly cou-
pled and non-linear system presents a challenging task, and
made simplifications necessary. Firstly, it is assumed that the
vapour can be modelled as an ideal gas and that the liquid
is an in-compressible fluid. The former assumption removes
vapour pressure from the list of parameters by relating it
to density and temperature through the ideal gas law. This
can be consider as a valid assumption, as the ideal gas law
usually agrees with the behaviour of real gases to within 5%
at normal temperature and pressure. At low temperatures or
high pressures, real gases deviate significantly from ideal gas
behaviour [28]. The in-compressible fluid assumption leads
to three additional assumptions: constant liquid pressure,
no mass flow within the droplet, and no viscous stresses
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in either phase. As a result, both the conservation of mass
and momentum equations can be eliminated from the liquid
phase.

The temperature dependence of physical parameters was
examined by Alroe et al. [25], such as the thermal conduc-
tivity, thermal diffusivity, and surface tension. In each case,
for the relevant temperature ranges, the parameters did not
vary significantly and were approximated as constants. After
non-dimensionalising the system with the initial droplet
radius set equal to one, the original system of equations
was obtained. It demonstrated that the constants 𝜈11 and
the reciprocal of 𝜈2 were very small in comparison to the
other proportionality constants. Approximating these two
parameters are equal to zero, Alroe et al. [25] performed a
perturbation analysis to identify the specific terms that had
a negligible influence over the behaviour of the droplet. As
a result, the constant 1

𝜈2
in the conservation of momentum

equation for the vapour phase implied that any change in
the vapour pressure was insignificant. It reduced the con-
servation of momentum equation in the vapour phase to
a simple statement of the isobaric condition. The second
small coefficient, 𝜈11, is part of the inter-facial boundary
condition. It was derived from the continuity of momentum
and describes an equilibrium of forces at the interface. The
negligible magnitude of 𝜈11 implies a minimal contribution
from vapour evaporating from the surface of the droplet.

Next, Alroe et al. [25] stated that it would be convenient
to fix the moving interface by applying a spatial scaling to
numerically solve the system. This involved a Landau scal-
ing approach mentioned by Crank [29]. Although Landau
scaling is ideal within the droplet itself, it is not within
the vapour phase. As the droplet radius decreases due to
evaporation, the Landau scaling progressively reduces the
relative size of the vapour phase. This makes the Dirichlet
boundary condition increasingly inaccurate. To maintain a
fixed interface position, the following spatial translation in
the vapour phase was applied.

𝑟 = 𝑥 + 𝑅(𝑡) − 1 (12)
As a result of the simplifications and spatial transfor-

mations, the following reduced system of equations was
obtained:
Liquid phase (Conservation of heat):

𝜕𝑇𝑙
𝜕𝜏

= �̇�𝑥
𝑅

𝜕𝑇𝑙
𝜕𝑥

+

(

𝜈1
𝑅2𝑥2

)

𝜕
𝜕𝑥

[

𝑥2
𝜕𝑇𝑙
𝜕𝑥

]

(13)

Vapour phase (Conservation of mass):

𝜕
𝜕𝜏

[

1
𝑇𝑣

]

= �̇� 𝜕
𝜕𝑥

[

1
𝑇𝑣

]

−
𝜈3

(1 + 𝜈4)𝑟2
𝜕
𝜕𝑥

[

𝑟2

𝑇𝑣

𝜕𝑇𝑣
𝜕𝑥

]

(14)

Initial conditions:

𝑇𝑙(𝑥, 0) = 1 𝑇𝑣(𝑥, 0) = 1 𝑅(0) = 1

Outer boundary conditions:
𝜕𝑇𝑙
𝜕𝑥

(0, 𝑡) = 0 ; lim
𝑥→∞

𝑇𝑣(𝑥, 𝜏) = 1 (15)

Boundary conditions at the droplet surface:

𝑇𝑙 = 𝜈5𝑇𝑣 ; 𝑇𝑣 = 𝑇𝑖 exp
(

𝜈10𝜎
𝜈8𝜈9

(

1 − 1
𝑅

))

(16)

�̇� = 1
𝜈7

(

𝜈6
𝜕𝑇𝑙
𝜕𝑥

−
𝜕𝑇𝑣
𝜕𝑥

)

; 𝑇𝑖 = 𝐿
𝑅

(

𝑇𝑏
𝐿
𝑅
− 𝑇𝑏 ln

( 𝑝𝑣
𝑝𝑏

)

)

(17)

It is now possible to apply spatial and temporal discreti-
sations to allow the reduced system to be solved numerically.
As outlined by Patankar [30], these equations are well suited
to a control volume scheme for spatial discretisation, due
to their conservative nature. Alroe et al. [25] applied this
technique to Eq. 13 by integrating across the control volume,
which resulted in the following equation for the conservation
of heat at the liquid phase:

𝜕𝑇𝑝
𝜕𝜏

= 3
𝑥3𝑒 − 𝑥3𝑤

[

(𝑥4𝑒 − 𝑥4𝑤)
4

�̇�
𝑅
𝜕𝑇𝑝
𝜕𝑥

+
𝜈1
𝑅2

(

𝑥2𝑒
𝜕𝑇𝑒
𝜕𝑥

− 𝑥2𝑤
𝜕𝑇𝑤
𝜕𝑥

)] (18)

Where, the subscripts 𝑒 and 𝑤 refer to values at the east
and west face of the control volume, and the 𝑝 subscript
refers to values at the central node. The non-linear terms
were managed by assuming that the temporal derivative
of 𝑇𝑙 on the left hand side and the spatial derivative in
the advective term were approximately constant across the
control volume.

Next, temporal discretisation was applied by the inte-
gration of Eq. 18 over a discrete timestep with the use of
the backward Euler, or implicit Euler, method to minimise
any instability. The non-linearity in the advective term was
managed by lagging the spatial derivative and using its value
from the previous iteration.

𝑇 𝑛+1
𝑝 − 𝑇 𝑛

𝑝 = 3
𝑥3𝑒 − 𝑥3𝑤

[

𝑥4𝑒 − 𝑥4𝑤
4

𝜕𝑇 𝑚
𝑝

𝜕𝑥
ln

(

𝑅𝑛+1

𝑅𝑛

)

Δ𝜏 𝜈1
(𝑅𝑛+1)2

(

𝑥2𝑒
𝜕𝑇 𝑛+1

𝑒
𝜕𝑥

− 𝑥2𝑤
𝜕𝑇 𝑛+1

𝑤
𝜕𝑥

)] (19)

Alroe et al. [25] applied a similar process to Eq. 14;
however, the non-linearity within the diffusion term required
the use of an averaging scheme and lagging. This resulted in
the following equation for the conservation of mass at the
vapour phase:

𝜕
𝜕𝜏

[

1
𝑇𝑝

]

= �̇� 𝜕
𝜕𝑥

[

1
𝑇𝑝

]

−
𝜈3

(1 + 𝜈4)𝑟2
𝜕
𝜕𝑥

[

𝑟2

𝑇𝑝

𝜕𝑇𝑝
𝜕𝑥

]

(20)

1
𝑇 𝑛+1
𝑝

− 1
𝑇 𝑛
𝑝
= Δ𝜏

𝜕𝑥

[(

�̇� 𝜕
𝜕𝑥

1
𝑇𝑝

)

− 1
𝑟2

𝜕
𝜕𝑥

(

2 𝜈3
(1+𝜈4)

𝑟2

𝑇𝑝

𝜕𝑇𝑝
𝜕𝑥

)]

(21)
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Finally, these two equations (Eq. 19 and Eq. 21) were
numerically solved using MATLAB. This numerical solver
applied the Newton–Raphson method to iteratively solve
for droplet radius and temperature at each timestep. This
resulted in an efficient, stable convergence of the solution
at each timestep.
6.2. Simulation and Results

The model needs to behave similar to established rules of
droplet evaporation. In particular, it needs to follow the D2-
law, as discussed by McGaughey et al. [31] and Dodge et al.
[19]. The law predicts that the square of the droplet diameter
will change linearly over time. This D2-behaviour is investi-
gated using an initial simulated droplet evaporation. For this
simulation, an initial droplet size diameter of 100 µm is used.
The temperature of the methanol is set at 15°C, while the air
temperature is set at 50°C. Lastly, the ratio partial pressure
of methanol vapour at interface is set at 0.211%. This value
represents the ratio between partial pressure of methanol
over the saturated vapour pressure at variable temperature
conditions. The saturated vapour pressure of methanol is
determined using the Antoine equation, while the actual
partial pressure of methanol is determined using a look-
up table for the specific air temperature, volume, injector
type, and specific injection timing. Figure 11 and Figure 12
show that there is a complete droplet evaporation (100 µm
diameter) within one second (860 ms) and the square of the
droplet diameter closely approximates the linear trend. This
provides support for the model to follow the D2-law.

Figure 11: Droplet evaporation simulation at 50°C

Next, the evolution of the temperature profiles in the
vicinity of the liquid/vapour interface is examined. Figure
13 shows the temperature throughout the liquid phase. It
indicates that the liquid phase requires less than 90 ms to
reach the same level as the interface. At this point, the
entire liquid phase has a uniform temperature, approx. -
50°C. Thus, no heat flow can occur from the interface into
the liquid. However, the steep temperature gradients in the
vapour phase guarantees heat flow from the vapour phase
into the interface. In order to avoid violating the conser-
vation of energy equation, it is necessary for the interface
to move left into the liquid phase. This clearly shows that
the imbalance in heat flux is the driving mechanism behind

Figure 12: Comparison of D2-law to an arbitrary linear function

the evaporation process [25]. Figure 13 assumes the most
extreme and ideal situation at the liquid-vapour interface
achievable. Thus, some important boundary conditions must
be explained. The model considers a pure liquid droplet
suspended in an atmosphere of its own pure vapour, where
the ratio of partial pressure of methanol vapour is calcu-
lated and set as a constant of 0.211%; only considering
the partial pressure of methanol and no other substances
e.g., water vapour. The ratio directly outside the interface
is kept constant during the evaporation of the droplet (so a
simplification of reality). It results in the steep temperature
drop to -50°C at the interface at the start of evaporation,
from +50°C at an infinite distance away from the droplet.
It must also be noted that the temperature at an infinite
distance from the droplet remains equal to the set parameter
of 50°C. The temperature decrease was not implemented
into the model and will remain constant. Subsequently, the
temperature decrease of the liquid phase is consistent with
theory described by Heywood [13]. He uses the steady-
flow energy equation for a constant-pressure flow with liquid
fuel evaporation and with heat transfer. Heywood states
that if no heat transfer to the mixture occurs, the mixture
temperature decreases as liquid fuel is vaporised. For the
complete evaporation of methanol and using an equivalence
ratio (𝜙) of one, i.e the ratio of the actual fuel-air ratio to
the stoichiometric ratio, the value 𝑇𝐴−𝑇𝐵 would be -128°C,
compared to for instance iso-octane which has a 𝑇𝐴 − 𝑇𝐵of -19°C; where, 𝑇𝐵 is the temperature before evaporation
and 𝑇𝐴 after evaporation. In practice, heating occurs and the
methanol is not necessarily fully evaporated prior to entry
into the cylinder [13]. It could therefore be discussed that
the temperature decrease to approx. -50°C, creating a Δ𝑇 of
-100°C, is physically possible under these specific boundary
conditions.

Investigating the response to changing conditions, three
sets of simulations are performed. It uses the same initial
temperature conditions, but with three different droplet size
diameters (100 µm, 50 µm and 25 µm), and with a varying
partial pressure ratio of methanol vapour at the interface; at
the start of injection (no methanol present), halfway, and
at the end of injection. Figure 14 depicts the simulations
at 50°C. It clearly indicates that with an increasing partial
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Figure 13: Temperature profiles near liquid-vapour interface

pressure ratio of methanol vapour, the evaporation rate slows
down. Based on the performed simulation, it can be con-
cluded that with an increasing temperature and decreasing
droplet diameter the evaporation rate of a single-droplet
increases, i.e. the droplet evaporates faster. Figure 14 shows
that with an air temperature of 50°C and droplet diameter of
100 µm, the evaporation of a single droplet takes between
1800 and 860 ms. This reduces to between 480 and 210 ms
with a droplet diameter of 50 µm, and between 110 and 50
ms with a droplet diameter of 25 µm. To conclude, smaller
droplets and a higher temperature result in a faster evapo-
ration process. For the single-droplet evaporation model, it
indicates that the droplet size, scavenger air temperature and
liquid temperature, and the partial pressure ratio are the only
parameters that have a significant effect on the evaporation
rate. However, some parameters have a greater impact to the
evaporation rate compared to others [9].

Figure 14: Droplet evaporation at 50°C with varying diameter
and relative methanol saturation

7. Experimental Research
For this research, a custom-built experimental setup is

constructed to test various low-pressure injection nozzles at
atmospheric pressure and temperature, as well as measure
their individual spray characteristics and droplet size in those
conditions using the shadowgraphy technique.
7.1. Experimental Setup

The setup consists of three sub-systems; an evaporation
chamber, a fuel system and injector, and an electronic control
system. It tries to mimic the inlet air receiver of the Cater-
pillar G3508A test-engine, as shown in red in Figure 15.

Figure 15: General arrangement of inlet air receiver [11]

However, the conditions of the experiment vary with those in
the inlet air receiver. The tests are performed at atmospheric
pressure and air temperature, without any airflow, and inside
an evaporation chamber volume which is larger than the inlet
air receiver.
Evaporation chamber

The evaporation chamber is a transparent plastic box;
having a length of 40.5 cm, a width of 25.7 cm, and a height
of 22 cm, where the injector is installed longitudinally to
the chamber. A top cover was manufactured and fixed using
twelve bolts and a gasket, making the evaporation chamber
"airtight" from the environment.
Fuel system

In order to supply the injector with sufficient fuel, a
separate fuel system is constructed. The fuel system consists
of six different components: a injector, a pressure regulator
and pressure transmitter, a fuel pump, a portable balance,
and fuel tank. The fuel tank is positioned on top of a portable
balance, to measure the exact amount of fuel being injected
into the evaporation chamber. As fuel pump, the Bosch
FP165 inline roller cell pump was used. It is capable of
providing 165 l/h at 5 bar, but the delivery volume can
be tuned by changing the operating voltage, at a constant
delivery pressure. After the fuel pump, the fuel is delivered
to a three-way fuel pressure regulator. It ensures a constant
fuel pressure to the injector and a continuous flow to cool the
pump. The fuel pressure regulator is tuned to deliver 5 bar
of pressure to the injector, any over-pressure is discharged
along a return-line back to the fuel tank. The fuel pressure
is measured using a pressure transmitter installed after the
regulator. Finally, the Bosch EV14 injector is supplied with
fuel.
Electronic control system

The electronic control system is required to operate the
injector. This electrical signal actuates the solenoid coil and
consists of a period and time of injection. The time of
injection is the time the needle valve should be open for
the passage of fuel, also known as the pulse width. The
period (𝑇 ) is the time it taken to complete one cycle. A pulse
generator is used to tune the time of injection by modifying
the pulse width, as it is a percentage of the period (𝑇 ).
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8. Post-processing and Results
After preforming the measurements, the data is post-

processed. Unfortunately, the current setup did not allow the
ethanol spray to evaporate within the evaporation chamber,
resulting in a spray to the back-glass of the chamber. It
is assumed that this lack of evaporation is caused by the
very low atmospheric temperature inside the room. This is
expected as the simulated evaporation of a single-droplet
of 100 µm in ambient conditions (20°C and atmospheric
pressure) takes approx. 980 ms, while the droplet travels
across the entire evaporation chamber in approx. 11 ms.

Using the post-processed data, it is possible to investi-
gate the droplet size, droplet speed, and overall spray pattern
generated by the injection nozzle. Analysing the spray jet
between 0-10 cm, MATLAB was able to execute a droplet
search to detect more circular objects. Two different circle
radii thresholds were used during the radius search; the first
search was set between a circle radius of 5 and 20 pixels,
resulting in a total droplet count of 2054 droplets. The sec-
ond search was set between a circle radius of 1 and 8 pixels,
resulting in a total droplet count of 4246 droplets. It must
be noted that this count is not an accurate representation of
the total amount of droplets in the spray jet, due to the fact a
large part of the picture is out of focus. Thus, more droplets
are present in the total spray jet as counted.

Based on the post-processed photograph, the average
droplet size and average droplet speed are determined. The
average droplet size is determined by counting the average
amount of pixels for each single droplet and multiplying this
with the specific scale of the photograph. It concludes that
the average droplet size is between 100 and 120µm, with
some droplets exceeding 130µm. The average droplet speed
is determined at 35.6 m/s, by using the equation for dynamic
pressure [32].

Figure 16: Overall spray pattern generated by nozzle [9]

Subsequently, the overall spray pattern generated by
the injection nozzle is examined. This overall spray pat-
tern gives an inside into the overall structure, injection and
breakup length, droplet distribution, and spray angle. Figure
16 shows that the spray diverges away from the nozzle.
Based on the literature, the figure confirms the statement that
as one moves away from the nozzle, the mass of air within the
spray increases, the spray diverges, its width increases, and

the spray velocity decreases [13]. It distinguished the liquid-
containing core of the jet and the extent of the droplet region
of the spray which surrounds the liquid core. This droplet
region contains the droplet size distribution of the spray,
clearly visualising that more droplets are formed further
away from the liquid core as the overall spray velocity
decreases. The spray angle (𝛼) is defined as the angle the
jet forms at the moment when it leaves the nozzle orifice.
This spray angle was determined to be 20° which corre-
sponds by with the data sheet of the Bosch EV14 injector
valve. The breakup length is defined as a liquid column that
disintegrates over a finite length into different droplet sizes.
It is divided into a primary and secondary breakup. The
primary breakup length is the distance between the nozzle
and the disintegration of the liquid sheet into ligaments; the
secondary breakup length is the distance between the disin-
tegration of the ligaments into droplets. Lastly, the injection
length of the spray is determined. This length is defined as
the distance along the spray axis to the boundary of the spray.
Based on the performed experiments, the injection spray
ended against the back-glass of the evaporation chamber. It
can be stated that the injection length exceeds at least the
±40 cm at atmospheric temperature and pressure.

It was also possible to calculate the horizontal distance
a droplet travels, assuming a laminar flow and neglecting its
vertical component. This calculation assumed Stokes flow,
where the Reynolds number was less than one and thus the
particle drag coefficient was inversely proportional to the
Reynolds number itself [32, 33]. Based on this calculation,
it can be stated that a droplet of 100 µm diameter travels
a horizontal distance of approximately 85 cm, assuming a
laminar flow. In order to check whether the laminar flow
assumption is justified for every droplet, the laminar flow
required a low Reynolds number. At the start of injection, the
highest Reynolds number for a droplet is realised, as here the
higher velocity is present [32, 33]. This Reynolds number
is calculated as 𝑅𝑒 = 233.3333. The Reynolds number
for laminar flows is used to calculate the drag coefficient
(𝐶𝐷), which results in a value of 0.103. When this Reynolds
number is compared to that of the drag coefficient for a
sphere, as obtained from laboratory experiments, gives a
𝐶𝐷 value of 0.722. It can be seen that the resistance from
the laboratory experiments is higher than the resistance
according to the equation for laminar flow. This means that
the actual resistance is higher and that the estimated distance
is therefore an upper limit. For the first droplet, the laminar
assumption will give a reasonable estimate. However, for
the second droplet this difference will be much larger. Thus,
making this laminar assumption incorrect [33].

9. Discussion
Consequently, a discussion can be started based on the

results of this paper and its translation to the real-time
situation inside the engine. Especially, the results of the
experiment and its influence on the engine regarding the lack
of space in the inlet manifold. As a result, the following three
questions need to be answered:
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1. What could be concluded from the experimental re-
search?

2. How could this be linked to the engine itself?
3. What could/should be improved to obtain better re-

sults during future (full-scale) experiments?
First, based on the experimental research, it became clear

that the current setup did not allow the ethanol spray to
evaporate within the evaporation chamber, as the injection
spray hit the back-glass of the chamber. Using the post-
processed data, we could conclude that the average droplet
size is between 100 and 120 µm. The average droplet speed
is determined at approx. 35 m/s, and the spray angle at 20°.
The injection length exceeded at least the ±40 cm at atmo-
spheric temperature and pressure, which does not contradict
the results of single-droplet evaporation model. In addition,
calculations regarding the injection length determine a max-
imum horizontal droplet distance of approximately 85 cm
when assuming a laminar flow and neglecting its vertical
component.

Second, the above mentioned results can be linked to
the engine itself. The overall vertical distance available
for the entire evaporation of methanol was determined at
approx. 7 cm, as shown in Figure 3. Based on the performed
experimental tests, it could be discussed that the tested injec-
tion nozzle did not sufficiently perform under atmospheric
temperature and pressure, as the methanol jet would have hit
the inlet valve. However, the tested atmospheric conditions
of the experiment do not represent those in the scavenger air
manifold and engine when operating. Based on recent trial
runs with the Caterpillar G3508A engine, air temperatures
were estimated between 50 and 70°C after the intercooler.
The effects of these higher temperatures on the actual injec-
tion length and evaporation rate inside the engine are still to
be determined. The simulated droplet evaporation rate of a
100 µm droplet is determined at 860 ms at an air temperature
of 50°C, compared to 1.1 seconds at an air temperature of
20°C. It can be concluded that this evaporation rate is insuf-
ficient when operating the Caterpillar G3508A engine, due
to the limited time available for the injection and evaporation
of methanol. As a result, based on the theoretical frame-
work, small droplet sizes and/or higher air temperatures can
result in the faster evaporation rate of the methanol inside
the scavenger air manifold. Consequently, future research
must determine whether these higher air temperatures and/or
smaller droplet sizes are sufficiently enough to evaporate all
injected methanol within the available space of ±7 cm.

Third, in order to obtain better results during future
(full-scale) experiments and measurements, the following
improvements are discussed to be implemented and/or re-
searched. The first improvement is based on the single-
droplet evaporation model. It could be discussed that the
single-droplet assumption is not consistent with the actual
inlet manifold conditions, i.e. the spray pattern of the Bosch
EV14 injection valves. This leads to the limitation that the
single-droplet evaporation model is inadequate compared to
the actual injection spray consisting of multiple droplets. A
more detailed Computational Fluid Dynamics (CFD) model

is required to further investigate the evaporation process.
This CFD model would be beneficial in obtaining a more
detailed overview of the generated spray pattern and its in-
fluence on the multi-droplet evaporation process. The second
improvement is based on the custom air-assist injector cap.
It will be necessary to validate the claim by Dodge et al.
[19], stating that the droplet size of the injector could be
further reduced using a custom air-assist injector cap. The
necessity in validating this claim would be beneficial in
obtaining smaller droplets using the standard Bosch EV14
injection valve. The third improvement is based on the Bosch
EV14 injection valves. Currently, the tested Bosch EV14
injection valves have maximum flow rates which are inad-
equate to operate the Caterpillar engine at full load and one
single injector per cylinder. Future research must therefore
be performed in finding injection valves that create droplets
with diameter smaller than 100 µm, but still injects sufficient
amounts of fuel to operate the engine. The last improvement
is based on the experimental setup. It can be discussed that
the current experimental setup is not consistent with the
actual inlet manifold conditions, as the experimental setup
works at atmospheric pressure and temperature. This leads
to the discussion that a more advanced setup is required
to experiment with the injection valves. In order to gain
inside into the jet spray generated by the nozzle at higher
pressures and the subsequent evaporation process at higher
temperatures.

10. Conclusion
Injection, atomisation, and evaporation are important

processes in the combustion and emission formation of an
internal combustion engine. Previous research showed that
the wall-wetting fuel film mass and its evaporation rate
directly affect the air-fuel ratio of in-cylinder mixture, as well
as the performance of the engine itself.

Although the spray characteristics of methanol can be
improved in various ways. It could be concluded that the
important factors for atomisation inside the engine, i.e. a
smaller droplet size, could be best achieved either by higher
injection pressure or by use of the custom air-assist injector
cap [14, 15, 18, 19]. The evaporation process of methanol
inside the scavenger air inlet could be improved by higher
inlet air temperatures and smaller droplets. These have the
greatest effect on the evaporation rate according to the
theoretical framework [13, 19].

The development of the one-dimensional simulation
model of a low-pressure injector was focused on reproducing
the behaviour of an electrical injector used for port-fuel
injection applications. The model is based on a mathematical
description of a simplified solenoid valve and mass-spring-
damper system and consists of three sub-models. It can
be concluded that the developed mathematical description
allowed for the simulation of the injection process to obtain
the volumetric flow rate and injection pressure, which are
important inputs for future spatial evaporation models and
represent that of the Caterpillar G3508A test-engine.
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Next, an one-dimensional mathematical single-droplet
evaporation model for the evaporation of methanol droplets
was developed. To investigate the effect of this evaporation
process, the model assumed a pure liquid droplet suspended
in its own vapour. In an attempt to account for all rele-
vant transport mechanisms, a "first principles" approach was
taken by developing the model from fundamental conserva-
tion equations. The model required a limited set of assump-
tions to assist with the numerical analysis. It demonstrated a
realistic response to the temperature, droplet size, and ratio
partial pressure over the saturated vapour pressure, while
consistently following the D2-law to validate the model.

From the evaporation model, it was concluded that with
an increased temperature and decreased droplet diameter
the time of evaporation for a single-droplet decreased. This
conclusion was already discovered in the theoretical back-
ground, but is now visualised and verified with the evap-
oration model. For this reason, smaller droplet diameters
are required in case of engine-like conditions, preferably
less than 20 µm, and the temperature needs to be sufficient
for fast evaporation. The exact temperature could not be
investigated, as the heat transfer from inlet air and hot engine
parts to methanol liquid and vapour were not included into
the model. For this spatial (CFD) analysis would be required,
that could use the mechanism of this developed single-
droplet evaporation model.

The custom-built experimental setup was able to test var-
ious low-pressure injection nozzles at atmospheric pressure
and temperature and measure their individual spray charac-
teristics and droplet size using the shadowgraphy measuring
technique. The measurements taken by the experimental
setup could not be used to establish the evaporation rates,
also, because the evaporation at ambient conditions was
very slow. This was expected as the simulated evaporation
of a single-droplet of 100 µm in ambient conditions took
approx. 980 ms, while the droplet travels across the entire
evaporation chamber in approx. 11 ms. However, the current
setup could be used to investigate how smaller droplet sizes
can be achieved. For evaporation rate experiments, more
engine-like conditions are required.

11. Future research
Based on the performed research, the following recom-

mendations can be given on the future work into methanol
as a fuel alternative for the maritime sector [9]. Additional
research is required into improving the injector spray charac-
teristics. In order to validate if an increase in spray pressure,
higher ambient gas temperatures, and higher back-pressure
indeed result in a reduction of droplet size and enhanced
atomisation of methanol sprays. This could be checked by
means of experimental tests, varying the spray pressure and
temperatures. Secondly, it will be necessary to validate the
claim by Dodge et al. [19], stating that the droplet size of the
injector could be further reduced using a custom air-assist
injector cap and improving the evaporation of the spray.
This could be done by manufacturing a replica of the used
air-assist injector cap and checking whether similar results

are generated in an experimental setup. Thirdly, additional
research is required in validating if an increase in inlet air
temperature and back-pressure result in an improved evapo-
ration of the methanol spray. For this a more advanced setup
is required that could measure the spray and evaporation in
engine-like conditions, such as 3 bar charge pressure and 50
to 90°C inlet air temperature.

An important recommendation regarding the injection
model is the spray rate characteristic, which could be used as
an input for CFD analysis for the evaporation and combus-
tion of methanol. This additional research entails the spray
characteristic, to obtain a simulated spray rate, spray pattern,
and droplet size generated by the nozzle tip. Moreover, the
low-pressure injection model has not been validated due
to a lack of available time and resources. Further research
is therefore essential to validate the generated results and
improve upon the model’s accuracy.

The most important recommendation is to extend the
modelling framework of the single-droplet evaporation model.
It would result in the next step to include the heat transfer be-
tween the methanol droplet, liquid/vapour interface, and the
surrounding air and hot engine parts, as this would directly
influence evaporation process. The current single-droplet
evaporation model is too limited in its ability to display the
engine-like evaporation process. A switch to Computational
Fluid Dynamics (CFD) modelling is therefore recommended
to further investigate the evaporation process in more detail.
In addition, the model assumes the most extreme and ideal
situation at the liquid-vapour interface. It considers a con-
stant vapour ratio directly outside of the interface, which
does not vary during the evaporation of the droplet. This
assumption is a strong simplification considering the real-
life situation, whereby the vapour ratio increases over time
during the evaporation process (as a function of the distance
from the interface of the droplet) and partial pressures
of for example water vapour plays a role. It is therefore
recommended to improve upon this process analytically
by considering multiple layers of increasing vapour ratios
around the droplet. This would simulate the evaporation
process over time and its impact on the temperature profiles.

An important recommendation is additional research
into the spray characteristics of methanol at low-pressure
injection. The current experimental setup is very useful for
the evaluation of spray formation, droplet size distribution
in the spray, and flow rate of the injector. These parameters
are a crucial starting point for spatial CFD evaporation
modelling. It would be necessary to visualise the spray
characteristics and determine the (initial) droplet sizes at
various pressures, temperatures, and distances along the
spray length. It is therefore recommended to obtain a more
advanced experimental setup that could measure the spray
and evaporation in engine-like conditions. Especially, the
impact of the injection pressure, higher manifold charge
pressure, and higher temperatures on the evaporation speed.
Consequently, this more advanced setup would give an in-
side into the evaporation speed of (m)ethanol. Thus, it could
be used to validate the single-droplet evaporation model.
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