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Application of a one-dimensional dilution and evaporation lubricant oil model to
predict oil evaporation under different engine operative conditions considering a

large hydrogen-fuelled engine.

Edoardo De Renzis!, Valerio Mariani', Gian Marco Bianchi!, Stefania Falfari!, Giulio Cazzoli!
! Department of Industrial Engineering (DIN), University of Bologna, Alma Mater Studiorum, Italy

Abstract

The increasing environmental concern is leading to the need for
innovation in the field of internal combustion engines, in order to
reduce the carbon footprint. In this context, hydrogen is a possible
mid-term solution to be used both in conventional-like internal
combustion engines and in fuel cells (for hybridization purposes),
thus, hydrogen combustion characteristics must be considered. In
particular, the flame of a hydrogen combustion is less subjected to the
quenching effect caused by the engine walls in the combustion
chamber. Thus, the significant heating up of the thin lubricant layer
upon the cylinder liner may lead to its evaporation, possibly and
negatively affecting the combustion process, soot production. The
authors propose an analysis which aims to address the behavior of
different typical engine oils, (SAEOW30, SAESW30, SAESW40)
under engine thermo-physical conditions considering a large
hydrogen-fuelled engine. The operative conditions are obtained by
means of simulations through a zero-dimensional engine model in
OpenWAM environment. The lubricant oils composition and
properties are defined by means of a statistical interference-based
optimization approach which identifies the most proper mixture of
heavy hydrocarbons as a surrogate of real oils. Then, the mixture is
implemented in an in-house developed heat and mass transfer one-
dimensional model which accounts for the lubricant oil evaporation
and the mutual diffusion between the oil surrogate components. This
work aims to test and analyze the response of different lubricant oils
to heating and evaporation processes during the compression and
combustion stroke of a hydrogen-fuelled internal combustion engine.
The behaviour and the properties evolution during the compression
and part of the expansion strokes of different lubricant oils in two
different engine operative conditions are captured and discussed.

Introduction

In the last decades, the rising public awareness about the impact of
the transport sector on the environment has led to the development of
new technologies which could satisfy the users power request while
keeping pollutant and greenhouse gases emissions as low as possible.
These new technologies involve innovative combustion systems, such
as Gasoline Compression Ignition (GCI) [1] and Spark-Assisted
Compression Ignition (SACI) [2], new thermal management (i.e.
High Pressure Direct Injection [3], Water Injection [4], Exhaust Gas
Recirculation [5], application of Miller cycle [6] etc.) and control
strategies but also the renewal of the traditional carbon fossil fuels
paradigm. In this context, hydrogen-fuelled engines are a possible
mid-term solution to reduce the transport sector carbon footprint both
as stand-alone propulsion devices and in a hybridization strategy with
fuel cells. Lubricant oil plays a fundamental role in each of these
technologies because of its cooling, lubricating and protection
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capabilities of the engine mechanical components. Thus, it is crucial
to study the behaviour of the lubricant oil and of its properties, for
instance viscosity and density, through the life of a propulsion
system.

The interaction between traditional fuels, such as gasoline and diesel,
and lubricant oil has been studied by many researchers in the past
decades due to the effects of this interaction. The generation of the
wall film depends on different factors, for instance on the engine and
injection system configuration (wall, spray, or air guided) [7]. The
fuel impacting the cylinder liner, which is wet by the lubricant oil,
dilutes and thickens the lubricant oil layer, thus causing the
contamination and thickening of the lubricant layer, causing its
degradation and enhancing parts wear [8] [9]. Also, the piston
possibly scrapes the accumulated liquid which may be scattered into
the piston top land crevice [10] [11]. The lubricant oil/fuel droplets
dispersed in the combustion chamber possibly burn according to
diffusive flames generating Particulate Matter (PM) [12] or autoignite
due to the higher chemical reactivity of the engine oil with respect to
the fuel. The droplets autoignition leads to a highly destructive
phenomenon known as Low-Speed Pre-Ignition (LSPI), which
damages the engine components.

Concerning hydrogen internal combustion engines, the lubricant oil
keeps playing its fundamental roles and the interaction with the
hydrogen combustion needs to be extensively investigated. At first, it
is useful to remember that hydrogen flame is subjected to a smaller
quenching distance from the cylinder walls with respect to traditional
fossil fuels, thus leading to the heat-up of the lubricant oil layer,
affecting its properties and possibly leading to its evaporation.

Hydrogen fuel does not contain carbon atoms, thus molecules
containing carbon such as carbon oxide (CO), carbon dioxide (CO2),
PM and unburned hydrocarbons (UHC) which are detected at the
engine exhaust are assumed to derive from combustion or partial
combustion of lubricant oil [13]. It must be considered that hydrogen
combustion produces water: due to the short hydrogen flame
quenching distance water vapor may interferes with the lubricant oil
on the cylinder liner in a cold start or low load operative engine
conditions [14]. Also, oil-water emulsion can be caused by the
adoption of Direct Water Injection (DWI) in a hydrogen-fuelled
engine, with the water being directly injected in the combustion
chamber. The typical high temperatures and lean operative conditions
of hydrogen combustion tend to enhance the NOx production, which
is one of the main drawbacks of this technology. In this context,
water injection could be adopted to reduce in-chamber temperature,
reducing NOx formation [15] [16]. Oil-water emulsion causes the
degradation of some lubricant oil key properties, such as viscosity,
possibly enhancing parts wear and friction. In light of above, de-
emulsified should be added to lubricant oil for hydrogen combustion



purposes in order to control water ingress [17]. Garcia et al. [18]
studied the lubricant oil pollution in a dual fuel diesel-hydrogen
engine. The authors found that metallic components deposited into
the lubricant likely due to the hydrogen-oil interaction.

In general, literature provides evidence that further studies on the
behaviour of the lubricant oil and its interaction with hydrogen in a
hydrogen-fuelled combustion engine are mandatory once engine
reliability, emissions and thermal management are considered.
Within this frame of reference and considering the experimental
difficulties related to investigate such phenomena, a numerical
approach based on simulations could be of interest to support new
hydrogen propulsion systems and to properly design and choose
lubricating oil. Distaso et al. [19] performed zero-dimensional
numerical simulations to study the variation of ignition delay time in
a hydrogen combustion due to the presence of different amounts of
lubricant oil, which influence the charge reactivity. They used a
lubricant oil surrogate based on n-hexadecane and developed a
reduced reaction mechanism that allowed to discover that lubricant
oil significantly facilitates the mixture ignition at lower temperatures
with respect to those typical of hydrogen autoignition. Concerning
lubricant oil - fuel dilution and fuel evaporation, Mariani et al. [20]
[21] developed a one-dimensional lubricant oil — fuel dilution model
which is able to qualitatively predict the lubricant oil deterioration
due to fuel impact on the cylinder liner wall. Though, attention must
be paid on the fact that these models does not account for lubricant
oil evaporation, being the characteristic temperatures of gasoline
combustion lower with respect to hydrogen combustion, thus not
enabling oil evaporation.

In this work, the authors pose further attention to the lubricant oil
evaporation and its correlation with a hydrogen-fuelled engine
operative conditions, in particular engine load. In order to properly
model the thermal behavior of the lubricant oil in such conditions, a
preliminary literature review is performed to determine the lubricant
oil composition in terms of number and nature of components.
Unused lubricant oils are mixtures of several HCs from C14-C16 to
C40-C50, plus additives [22] [23]. Then, a set of chosen pure
molecules is used to build a lubricant oil surrogate which is able to
match a set of the real fluid target properties. The surrogate is
achieved through a machine learning-based algorithm which relies on
the Bayesian statistical interference for the optimization of oil
surrogate mixture composition. This methodology is based on a
previous work of the present authors [24]. After a sensitivity test, the
number of saturated HCs is determined to limit the size of the set (8
components were chosen). Concerning the choice of the target
lubricant oil properties, viscosity, density, thermal conductivity and
flash point were selected. These properties were chosen according to
literature lubricant oil data availability: in particular, lubricant
datasheets usually report two different lubricant oil viscosity, i.e. at
313 K and 373 K, the density at 288 K and the flash point. Further
simulation-oriented considerations will be discussed later in this
work. This methodology is adopted to achieve the surrogates for
three different SAE multigrade lubricant oils, namely a 0OW30, a
5W30 and a SW40 which represent respectively a low, medium and
high viscosity and density oils. These three oils are then used in a
modified version of the oil-fuel interaction model proposed by the
present authors to address lubricant oil evaporation in two different
operative conditions in a hydrogen-fuelled ICE.
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Methodology

Hydrogen-fuelled engines, due to the hydrogen combustion
characteristics, are likely to be affected by lubricant oil evaporation
and properties derating. At first, an analysis is performed to define a
set of key properties which are involved in the heat and mass transfer
and evaporation phenomena. Though, few lubricant oil properties are
easily available in literature. For this reason, various lubricant oil
manufacturer datasheets were investigated [25], and a properties set
was chosen accordingly. Then, a literature review is performed to
define the lubricant oil components and to build the optimization
database. Once the lubricant oil compositions are determined, the
results are used in a one-dimensional mass and heat transfer model,
which accounts for oil evaporation, to analyse different lubricant oils
behaviour in two engine operative conditions representing a low and a
high load engine point. The engine operative conditions are achieved
by means of a tuned OpenWAM model which provides in-cylinder
temperature and pressure to be used, as boundary conditions, in the
dilution and evaporation model.

Pure components and properties choices

A literature review has been conducted to define the size of the
database and the pure components to consider to model properly the
lubricant oil behaviour. As previously mentioned, unused lubricant
oil is mainly composed by unbranched hydrocarbons [26].
Concerning unbranched hydrocarbons, normal paraffines from C15 to
C45 are found in lubricant oils [22] [26]. Thus, a database composed
by normal paraffines ranging from C5 to C45 is considered by the
authors.

The choice of the set of lubricant oil properties to be optimized has
been made upon practical and thermodynamic considerations. A
review of the lubricant oil manufacturer datasheets is performed to
understand which properties are usually provided. In this context, a
single value of density, two different values for viscosity (i.e. one at
313 K and one at 373 K) and the flash point are selected. Other
properties, such as thermal conductivity and normal boiling
temperature which are helpful to describe the thermodynamic
behaviour of the lubricant oil inside an ICE cylinder, are calculated
once the oil composition is defined. Engine oil is responsible for
fulfilling two main needs, i.e. lubricating the moving parts thus
reducing friction and energy losses, and dissipating part of the heat
generated by the combustion. With these regards, it is mandatory to
ensure that lubricant oils density and viscosity keep in a confidence
operating range. For instance, high-density oil is subjected to lower
evaporation rates with respect to a low-density oil. On the other hand,
a low-density oil is more able to penetrate engine areas which are
difficult to reach. Also, viscosity influences the oil capabilities to
adhere to the engine walls and to compensate for the clearance
deterioration due to engine aging and to flow through the engine
parts. The flash point of a lubricant oil is a fundamental property to
help understanding whether a mixture of oil vapor and air is capable
of igniting, under the in-cylinder pressure and temperature
conditions. In light of the above, viscosity (i, Eq. (1) from Perry’s
Handbook [27]), density (p, Eq. (2) from [28] and flash point (T 1y,
Eq. (3) from [29]) are modelled by means of the following equations
respectively.
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In Eq. (1), viscosity is expressed in cP, T is the temperature in K. T,
and B are constants which accounts for the viscosity dependency on
the hydrocarbon carbon number. Density (Eq. (2)) is expressed in
g/cm’, P is the pressure of the system expressed in MPa, M,, is the
molecular weight of the normal alkane expressed in g/mol.
A,B,C,D,E depend on pressure and temperature. Finally, flash point
is expressed in K, being I,,,;, the index for the hydrocarbons’ mixture
which is known once the volume fractions and the flash point of the
components are known.

In this work, three different lubricant oils are considered to address
their different behaviour under two different engine operative
conditions. Since lubricant oils properties depend on the lubricant oils'
composition, which is constituted by a large variety of hydrocarbon
molecules and additives not easily accessible, the authors decided to
focus on some key and easy to access properties, which are available
at a manufacturer website [25] where datasheets are stored. The chosen
properties are summarized in Table 1.

Table 1. Selected target properties for the three different lubricant oil
surrogates to be optimized.

Properties 0W30 SW30 S5W40
Density (kg m~3) @ 288 K 838.0 841.0 840.0
Viscosity (cP) @ 313 K 47.8 53.7 63.0
Viscosity (cP) @ 373 K 9.2 10.0 11.1
Flash point temp. (K) 499.0 509.0 515.0

Oil surrogate optimization

The optimization of the lubricant oil surrogate is performed with a
Bayesian statistical interference methodology. This choice was
mainly made because of the highly non-linear relation between oil
properties and oil composition together with the size of the domain,
i.e. the number of pure molecules available to made the oil surrogate.
The algorithm used for the surrogates optimization can be described
by four main points: i) initially, a defined number of randomly
generated composition sets on which the objective function is
evaluated; ii) priors are fit to these random sets according to a
Gaussian Process (GP); iii) the sets are used to evaluate the
Acquisition Function (AF) (which is a surrogate function tested in
place of the optimization function if the latter is complex with
unknown behavior over the domain); iv) the latest evaluated set of
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points allows to update the priors to posteriors, then, the workflow is
repeated based on those new points. In this framework, GP were a
suitable option since they precisely interpolate the new observations
while providing both new values and their confidence interval, being
probabilistic algorithms. As acquisition function, the upper
confidence bound was chosen. This function (u(x) + 6 - K(x)) uses the
mean () and the covariance (K) of the GP and a parameter for tuning
the split between exploitation and exploration phases (6). The higher
is the 6-value, the more the algorithm explores regions of the domain
with high uncertainty, in which the optimal composition may fall. For
oil surrogate application, a 8-dimension domain has been chosen
given by the following selection of saturated hydrocarbons: pentane
(CsHiz); pentadecane (CisHs2); eicosane (C20Ha2); pentacosane
(C25Hs2); triacontane (C3oHe2); pentatriacontane (CssHzz);
tetracontane (Cs0Hs2); pentatetracontane (C4sHoz). In this work, the
number of initial random sets is 50, the f-value is 0.5, regarding the
stop criterion, the algorithm evaluates new points up to 250 epochs.

The objective function to be maximized is reported in equation 4: e is
the relative error for each target property expressed as [reference
value — calculated value]/reference value x 100, W is the respective
weight, tuned by the authors in line with the analysis of intermediate
results in order to give more emphasis to the targets that are harder to
capture. The targets chosen to mimic the oil behavior are the liquid
phase density (p), the dynamic viscosity (i) at low load-like
temperature and high load-like temperature, the flash point (Flash
Point Temperature, FPT). The final set of weights (W, in Eq. (4))
associated to the abovementioned target properties is 1.1, 1.2, 1.1,
1.0, respectively. According to Eq. (4), the objective function is an
Euclidean distance which will be minimal for the optimum mixture.
Thus, the optimum surrogate is the composition which maximizes the
value of the F function. Due to the statistical base of the
methodology, repeated runs of the optimizer with fixed parameters,
results in different optimum surrogate identification. The
convergence of the set is achieved when the surrogates associated to
the higher scores of F have similar compositions.

2 2
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Diffusion and evaporation model

The methodology discussed above focuses on the achievement of the
lubricant oil compositions upon the choice of a thermodynamic
properties set. These compositions are needed as inputs in a mass and
thermal diffusion and evaporation numerical model, now briefly
described. This model relies on a previous work by the present
authors [20] and allows to evaluate the lubricant oil evaporation,
while accounting for the mutual diffusion among its components and
the temperature dependency of its properties during the working
cycle of a hydrogen-fuelled ICE. The computational domain is
composed by the cylinder liner wall, the lubricant oil layer and a
moving boundary to address lubricant oil evaporation, thus, the layer
thickness reduction during the simulation. The discretization of the



domain is one-dimensional along the radial dimension. Figure 1
shows domain, where SLI and LGI are the Solid-Liquid Interface and
the Liquid-Gas Interface.

Wall
— SLI
t=To Lubricant oil
P e
[ e LGl
1 Wall
— SLI
t=T, Lubricant oil
[ . 1
x oftm_ | SRRSO

Figure 1. Schematic representation of the computational domain, from the
cylinder liner wall to the gas and of the lubricant oil evaporation mechanism.
The SLI is the Solid-Liquid Interface and the LGI is the Liquid-Gas Interface.

The main assumptions for the present model are the following: a) the
phenomena of interest (oil components mutual diffusion, oil
evaporation) occurs only along the radial direction, thus,
considerations are made on the oil layer per unit area; b) the oil layer
is considered as a thin film; ¢) no viscous dissipation; d) the heat
exchange between solid (cylinder liner) and liquid (oil layer) is due to
conduction only, thus, no liquid motion is considered; e) the coolant-
side solid layer is considered at fixed temperature equal to that of the
coolant; f) oil consumption is due to evaporation only; g) gas and
vapours are considered as perfect gases.

The heat transfer is modelled as pure conductive both through the
solid layer, through the liquid layer and at the SLI according to the
Fourier’s equation (Eq. (5)). In Eq. (5), T is the temperature, o is the
thermal diffusion coefficient. The mass transfer by diffusion in the
liquid phase is modelled with the second Fick’s law (Eq. (6)), in
which D is the binary diffusion coefficient estimated according to the
correlation by Siddiqi and Lucas [30] (chosen in the light of the
considerations made in [31]) and & is the mass concentration of each
component. Furthermore, the mass transfer due to oil liquid-vapor
phase change is considered at the LGI by means of Eq. (7), in which
TG is the gas temperature from the engine simulation and H is the
convective heat transfer coefficient from the Woschni’s correlation
[32]. The evaporation of a component of the oil surrogate occurs if
the liquid film temperature in the last element of the grid is higher
than that of the saturation temperature of the component calculated at
the instantaneous cylinder pressure. For numerical stability reasons,
the evaporating cell is actually removed when an imposed cell
thickness threshold is reached. The threshold is set at the 30 % of the
initial cell thickness, i.e. 0.03 pm. It may happen that the cell
shrinking exceeds the threshold without exceeding the cell size. In
this case, the liquid cell is removed, and the remaining liquid mass is
merged in the adjacent cell and the mass concentration is adjusted.

dT d?T
E = QW (5)
dfi =D ngi (6)
dt - dx?
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The simulation time covers the span of the compression stroke and the
very first part of the expansion stroke. It is assumed to observe the
behavior of the oil layer element at the top dead center. The fate of oil
elements of the film layer covered by the piston stroke can be obtained
simply considering a shorter simulation time equal to the time at which
the piston reaches a specific axial coordinate. An initial oil thickness
of 4 um according to [33] [34] [35]. In order to capture diffusion
phenomena related to the oil components, the grid size has been set to
0.1 um. The simulation time step has been chosen after computational
and optimization considerations based on the Courant-Friederichs-
Lewy stability condition in thermal problems [36] resulting in a fixed
time step of 0.1 ps.

Engine characteristics and operative conditions

The diffusion and evaporation one-dimensional model needs in-
cylinder pressure and temperature as boundary conditions in the
whole simulation range. An OpenWAM [37] model, shown in Figure
2, is used to accomplish this goal. The Open WAM model has been
developed by adjusting and modifying an existing four-cylinder
automotive engine model. The engine geometry and the operative
conditions have been taken from the reference work [38], as well as
the double Wiebe configuration and the two Wiebe parameters.
Figure 3 shows the comparison between the reference and the
OpenWAM model calculated in-cylinder pressures adopted for the
model validation. The validation was performed following a
operative and boundary conditions setup discussed in the reference
work [38]. The main characteristics of the hydrogen-fuelled engine
are based on the marine lean-burn spark ignition (SI) engine of the
work [38] and are summarized in Table 2. A maritime engine has
been chosen because its operating windows is quite limited while
operating with natural gas. In this context, hydrogen lean burn
combustion seems to be an attractive solution [38].
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Figure 2. OpenWAM model used to obtain the boundary conditions for the
dilution/evaporation model.
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Figure 3. Comparison between the reference and the Open WAM model

calculated in-cylinder pressures.

Table 2. Main specification of the hydrogen-fuelled engine used in this work
and based on [38].

Parameters Specifications

Displacement 4313 cm?®

Bore x Stroke 170 mm x 190 mm

Geometric Compression Ratio 12:1

Engine speed 1500 rpm

Boost Pressure 1.2 bar, 1.8 bar

Intake air temperature 308 K
Coolant temperature 313 K,363 K
BMEP 6.7 bar, 18.0 bar

Piston, cylinder temperatures 493 K-393 K, 533 K-413 K

Air-to-fuel ratio 1.6

Two different operative conditions are simulated, which differs from
the validation test case: the first one addresses a low load-low speed
engine condition with a Break Mean Effective Pressure (BMEP) of
6.7 bar, a boost pressure of 1.2 bar, a coolant, piston and cylinder
temperatures of 313 K, 493 K and 393 K; the second one is a high
load-low speed engine condition with a BMEP of 18 bar, a boost
pressure of 1.8 bar, and a coolant, piston and cylinder temperatures of
363 K, 533 K and 413 K. Also, hydrogen ICE usually works on ultra
lean operative conditions, hence an air-to-fuel ratio of 1.6 is assumed.
Figure 4 shows the in-cylinder pressures and temperatures for both
cases.
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Figure 4. Pressure and temperature for the two simulated hydrogen-fuelled
engine operative conditions. LL is low-load, HL is high-load.

Results

In this section the results of the lubricant oil optimization and of the
one-dimensional lubricant oil diffusion and evaporation are
presented. The methodology described above allows to define the
compositions of different lubricant oils once some key target
properties are defined through a Bayesian-based optimization. The
compositions, along with in-cylinder pressure and temperature
achieved by means of a OpenWAM model, are used by the diffusion
model as initial and boundary conditions. Then, the multicomponent
diffusion and evaporation simulations are performed to study the
influence of the engine operative conditions, i.e. pressure and
temperature, and the lubricant oil composition on its properties in a
hydrogen-fuelled engine cycle and to address its evaporation.

Figure 5 shows the percentages errors which are evaluated as
((surrogate — target)/target x 100), where surrogate is the property
calculated by means of the optimization process and target is the
target property. Also, the objective function is shown.

Lubricant oils
100

Pere. Errors - Obj. Fun, 907
HEEE Density 33\ 801
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B Viscosity @ 373K S god
| F]ashranL :-'": 504
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£ 301
2 20
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Figure 5. Properties percentages errors and objective functions for the three
different lubricant oils.

Figure 6 presents the achieved surrogates’ compositions. For each of
the three lubricants, the errors on viscosities are slightly above the 10
%, while the errors on density and flash point are much lower. This
behaviour is possibly related to the fact that viscosity is strictly
related to the presence of lubricant oil additives, which are not
modelled in this work. Objective function keeps above the 90 % in
every case, thus the achieved surrogates are acceptable. The
composition of the SW30 is the most “balanced”, in a components’
perspective, because of its properties’ characteristics with respect to



the OW30 and the 5SW40. Also, the 5W40 shows the highest
percentages of heavier components, due to its higher viscosities.

Concerning the lubricant oil one-dimensional simulation, Figure 7
shows the film temperatures at different distances from the cylinder
liner wall and the film thickness evolution during the compression
and combustion phases for the SAE OW30. The film starts noticeably
evaporating only after the film reaches a temperature of =~ 500 K,
during the compression stroke. Figure 8, Figure 9 and Figure 10 show
the comparisons of the film mean temperatures, viscosities and
thicknesses respectively for the optimized and tested lubricant oils,
namely a SAE 0W30, a SAE 5W30 and a SAE 5W40.
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Figure 6. Compositions achieved after the optimization process.
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Figure 7. Film temperatures profiles at different distances from the cylinder
liner wall and film thickness evolutions during the one-dimensional lubricant
oil diffusion and evaporation simulation.

The liquid film mean temperatures (Figure 8) are around 50 K higher
in the high engine load operative condition with respect to the low
engine operative condition for the tested oils respectively. A slight
temperature difference (= 5+10 K) is also observable when different
oils are considered: this is due to the different lubricant oils thermal
conductivities, which affect the heat transfer.

Page 6 of 9

05/31/2023

1700
<
- 1600
E
i
S 1500 A
g
5]
= Lubricant Onl
5 14004 0W3D HL
= —— SW30HL
é 1300 1 —— 5W40HL
= —— OW30LL
= J
; 1200 —_— :V\{SOLL
= — SW40LL

1100 - T T T T T

750 755 760 765 770 775

Crank angle (deg)

Figure 8. Temperature profiles comparison for the tested lubricant oils.

Figure 9 shows the comparison of the lubricant oil viscosities for the
two tested engine operative conditions. The lowest temperatures of
the lower engine load lead to initially higher viscosities which
decrease drastically during the simulation and due to the rising in-
cylinder temperatures. At simulation start, the influence of the
lubricant oil composition affects the initial viscosities, while no
sensible differences are noticeable among the different cases at the
end of the simulation due to the high reached temperatures.
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Figure 9. Viscosity profiles comparison for the tested lubricant oils.

Finally, the lubricant oils thicknesses, initially equal to 4 um, are
shown in figure 10. The lubricant oils diffusion and evaporation
behaviors are strictly related to their compositions. As previously
shown in Figure 5, both lower and higher carbon number
hydrocarbons are present in the SAE 5SW30, while the SAE 0W30
and the SAE 5W40 are composed mainly of heavier hydrocarbons.
Though, being especially the SAE SW40 subjected to slightly higher
temperature due to its higher thermal conductivity, it tends to
evaporate more with respect to the SAE 5SW30. The higher
temperature and pressure of the HL case with respect to the LL case
does not show a noticeable difference in terms of film evaporation.
This is due to the fact that, especially for the heaviest molecules, the
evaporation is subjected to really high temperatures. Hence, the
evaporation of these components starts only during the end of the
compression stroke and the temperature difference of = 50 K does not
have noticeable effects for the limited time until simulation end.
Considering for instance the SAE 0W30 case, saturation pressures of
the C25, C35 and C45 hydrocarbon molecules are still very low at



720 CAD for both the high load and the low load operative
conditions. This means that these components are still non
evaporating despite an in-cylinder pressure difference of ~ 20 bar.
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Figure 10. Thicknesses comparison for the tested lubricant oils.

With regards on the multicomponent dilution between the SAE 0W30
lubricant oil components and their evaporation, Figure 11 and Figure
12 provide the evolution of the mass concentration of the lubricant oil
components at a distance of 0.05 pm with respect to the liner wall
and the evaporation rates of the components during the HL
simulation. The lighter molecules show a higher tendency to
evaporate, as expected, while the heavier ones are subjected to lower
evaporation rates and they start evaporating only when the lubricant
layer reaches high temperatures which are typical of the second part
of the compression stroke. Also, the evaporation rate of the C5
component shows its maximum during the compression stroke, while
it starts to decrease before the top dead center. The evaporation rate is
governed by the mass concentration difference of the component
between the gas and the liquid phase, hence if this difference
becomes lower and lower due to evaporation, the evaporation rate
tends to decrease.
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Figure 11. Mass concentration evolution of the SAE OW30 lubricant oil
components at a distance of 0.05 um with respect to the cylinder liner during

the HL simulation.
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Figure 12. Evaporation rates evolution of the SAE OW30 lubricant oil

components during the HL simulation.

Conclusions

This work focuses on the testing of a numerical methodology which
aims 1) to optimize the composition and the ii) the numerical
description of the thermal behavior of a commercial engine oil
assuming an hydrogen-fuelled engine. Surrogates of three different
lubricant oils (SAE 0W30, SAE SW30, SAE 5W40) are provided to a
1D multicomponent oil diffusion and evaporation model. Heat and
mass transfer involving the oil film on the cylinder wall are predicted
by means of the 1D model.

The simulations results show that the model is able to capture the
influence of different lubricant oil composition and engine operative
conditions on the lubricant properties and behavior. For instance, the
different lubricant oils viscosities are captured, as well as the
evaporation rates of the components. The heavier molecules are less
likely to evaporate, while the lighter ones start to evaporate before the
compression stroke due to the heat transfer from the wall to the liquid
film. The pressure and temperature differences between the high-load
and the low-load engine conditions did not substantially affect the
lubricant oil response, in particular concerning the evaporation. On
the other hand, the lubricant oil compositions had a more noticeable
impact.

In spite of the fact that a direct validation of the model is not
provided due to the lack of experimental data for a fair comparison,
the presented methodology can address different tasks in the early
development and testing steps of hydrogen engines. As an example, it
can be used to determine the likelihood of oil-induced PM formation
for a given hydrogen engine configuration. This can be done by using
Yield Soot Tendency correlations that usually require information on
composition, molecular structure and properties of the hydrocarbons
source, which are returned by the methodology thanks to the
surrogate definition and dilution-evaporation model. Furthermore, the
effect of operating gases with large water content (water would be the
only combustion product in H2-engines) can be assessed by
implementing the Henry’s law at the oil layer moving boundary in
order to calculate the water absorption in the multi-component oil.
Eventually, in the perspective of evaluating local effects of hydrogen
combustion on the oil layer (short quenching distance), the code can
be provided with the burned gas temperature profile from CFD
engine simulations.
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