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Abstract

Methanol is an appealing low or net zero carbon fuel. For large bore engines, most commercially
available engines or engines close to being introduced to the market employ a dual-fuel approach.
While this is attractive for quickly introducing methanol-capable engines, this comes with some
disadvantages too. Methanol is by its nature more suitable to spark ignition (SI), but the SI concept —
relying on flame propagation — is not easily applied to large bores and low speeds. This explains the
lack of experimental data on large bore methanol-fuelled Sl engines. The high knock resistance enabled
by methanol, due to its high autoignition temperature, high charge cooling and high laminar burning
velocity, means bore sizes could potentially be larger than for current high octane fuels. Moreover, the
S| concept is attractive for its power density, cost and low emissions potential. Assessing the actual
potential of a large bore methanol S| engine is most easily done through simulation, avoiding high
upfront costs. However, due to the lack of data, the validation of simulation results is not
straightforward. The paper explains the sub-models that were selected and refined, and the approach
taken to get to trustworthy results. It discusses a methanol evaporation model for port fuel injection,
approaches to obtain the burn rate for methanol SI combustion, and predicting the occurrence of
knocking combustion. Integrating these sub-models into overall engine cycle simulations finally leads to
some case studies that are discussed.

251


https://doi.org/10.18453/rosdok_id00004645

mE 8th Rostock Large Engine Symposium 2024

l. Introduction

Renewable fuels complement electrification, particularly for the heavy duty applications with high
demands on power and autonomy. Methanol is a particularly interesting option as it can be produced
in different ways, both from biomass as through the e-fuel route [1], or hybrids thereof [2]. Its unique
proposition is that of being the simplest hydrogen carrier that is liquid at atmospheric conditions.

So far, renewable methanol has primarily been demonstrated for marine applications, in bore sizes
going from truck-derived marine engines to large bore two-stroke engines. With some exceptions,
these employ the dual-fuel principle, with a pilot injection of a high reactivity fuel (mostly diesel). This
is done for several reasons. The main technical reason is the high autoignition temperature of methanol,
preventing easy compression ignition (Cl). A practical reason is the relatively straightforward retrofit
of a diesel engine, through adding a port fuel injection (PFI) system for methanol. The ability of a dual
fuel engine to switch to full diesel operation is also a compelling reason, offering redundancy and
reducing the risk of being able to secure renewable methanol as its production is only just getting
started.

Such dual fuel engines are characterized by their methanol energy fraction (MEF). The MEF is never
100%, due to the need for pilot fuel, and can drop down to 0% for the lowest and highest loads. The
actual MEF depends on the engine technology and the application. For a PFl conversion, methanol will
primarily burn in a flame propagation mode, with misfires limiting the achievable MEF at the lowest
loads (due to excessively lean mixtures) and end-gas autoignition limiting the MEF at the highest loads.
If the methanol can be directly injected, it can burn in a mixing-controlled fashion after being ignited
by the pilot fuel burning. The high heat of vaporization, which we will come back to later, is then a
limitation to the MEF at the lowest loads.

In the long run, it would be very attractive to be able to run engines fully on methanol. This would do
away with the complexity of needing to bunker and store two fuels onboard, and could take full benefit
from the fuel properties of methanol, such as the ability to completely eliminate soot formation as the
carbon atom in the methanol molecule is bonded to an oxygen atom [3]. Although compression ignition
operation on neat methanol has been demonstrated [4-6], methanol is more suited for a spark ignition
(SI) concept, because of its high autoignition temperature.

S| concepts have traditionally been limited to relatively small bore sizes, for several reasons. Larger
bores are needed for applications requiring higher power outputs, and for those applications the fuel
cost is a large part of the total cost of ownership. Thus, high engine efficiency is desired. Sl engines
have both lower peak and part load efficiency than Cl engines, the first because of compression ratio
limitations resulting from the need to avoid end-gas autoignition (“knock”), the latter because of the
pumping losses when throttling at part load.

Methanol’s fuel properties offer pathways to increase part and peak load efficiency of Sl engines
however: it is much more knock-resistant than gasoline, owing to its higher autoignition temperature
and its large cooling effect. Its heat of vaporization is roughly 3.5 times that of gasoline, and its heating
value half that of gasoline (requiring larger fuel volumes to be injected), which results in a about a
sevenfold increase in cooling effect [I]. As end-gas autoignition is primarily a temperature-driven
phenomenon, this greatly reduces the knock propensity. This has been known for over a century, with
methanol or fuel blends containing methanol being used as racing fuel or aircraft piston engines using
methanol or methanol-water blends as anti-knock agent [7,8]. Thus, higher compression ratios can be
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employed, and/or optimal spark timing at high loads, benefiting peak efficiency. Part load efficiency on
the other hand can be increased primarily due to the higher dilution tolerance of methanol, linked to
its higher laminar burning velocity. This allows reducing pumping losses through either increased lean
operation or increased amounts of exhaust gas recirculation (EGR).

There is, however, very limited data available on the potential efficiency of methanol Sl operation [9],
particularly for larger bore sizes [10]. Before investing in the testing of large bore S| engines on
methanol, assessing the actually achievable bore sizes, power densities and efficiencies through
numerical simulation is desired, which is the topic of this paper. The desired applications of the engine
models were on the one hand, assessing whether a medium speed methanol engine using conventional
spark ignition is possible; and on the other hand, for energy system optimization models (ESOMes). Such
ESOMs model entire energy systems, for example at the level of a country, to shed light on the best
strategies to reduce greenhouse gas emissions. Energy converters are part of such models, including
combustion engines, but need to be strongly simplified, to the level of an efficiency number, or a scaling
law relating fuel conversion efficiency to engine power [| I]. Hence, the chosen approach was a 0D/ID
one, as a compromise between computational expense and accuracy.

The main focus here, is how to model methanol’s injection, evaporation and combustion (normal as
well as abnormal, namely end-gas autoignition); the integration of these sub-models and the applications
of the resulting complete engine model.

2. Simulation framework

Combustion in Sl engines is characterized by flame front propagation. This premixed type of
combustion can be modelled via a two-zone framework, distinguishing a burned and an unburned zone
that are separated by a propagating flame front. The basic equations are derived from the conservation
of energy applied to these two zones as follows,

dt dt dt
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Here m denotes mass, u denotes internal energy, V denotes volume, Q denotes heat loss to the wall,
and h denotes enthalpy. Subscript u denotes parameters pertaining to the unburned zone, b those for
the burned zone, f denotes fuel, a denotes air, and i denotes injection. Note that the blow-by is
neglected in Egs. (1) and (2).

Egs. (I) and (2) contain a term describing the burn rate. Different approaches can be taken to close
these equations: either this burn rate can be prescribed, or it can be modelled. Both approaches are
discussed in subsequent sections. Before covering the treatment of combustion, however, it is
important to ensure that the conditions at the start of compression are correctly estimated. With port
fuel injection of methanol, having a strong cooling effect (as explained above), an accurate model of
methanol evaporation is needed. This is treated first.
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2.1. Methanol evaporation model

Previous experience of the authors has learned that the high heat of vaporization of methanol can lead
to problems getting methanol evaporated at the right time and the right place, so substantial effort was
put into how to model this evaporation in a way that can be integrated in 0D/ID tools.

First, a simple experiment was set up to collect data on the evaporation of methanol in the intake
runner of an engine, to guide the development of a suitable model. These measurements have been
reported elsewhere [12]. Figure | depicts the overall concept of the proposed methanol evaporation
model. The methanol spray is assumed to leave the injector nozzle in droplet form and then puddle at
the inside of the intake runner as a thin layer of liquid film. Both droplets and liquid film are assumed
to have a uniform temperature, and the proposed modelling framework deals mainly with the mass
flux, dm, and heat flux, ¢q, at the liquid-gas interface, namely the surface of the droplet and the surface
of the liquid film.

CDq, drop

wm, drop

Figure I: The schematic diagram of the proposed modelling framework in this research.
Here, T is the temperature, U is the flow velocity, ¢n is the mass flux and ¢ is the heat flux.
Subscripts ‘drop’ denotes the droplet, ‘film’ denotes the liquid film, and ‘<’ denotes the air flow.

For the droplet evaporation rate, the model proposed by Abramzon and Sirignano [ 3] is adopted due
to its wide applicability and outstanding predictability compared to other models [14]. The
instantaneous droplet evaporation rate is expressed in Eq. (3),

Marop = —2TRPD4pSh™ In(1 + By) @)

where R is the droplet radius, p is the air density, Dag is the mass diffusivity of methanol vapour through
air, Sh* is the modified Sherwood number that takes into account the Stefan flow and the thickness of

a gas mixture film around each droplet.
The film evaporation rate is evaluated with Eq. (4) [15]
mfilm = Afilm¢m = AfilmMMeOch(cfilm - Coo) 4)

Where Agsim is the surface area of the liquid film, k. is the mass transfer coefficient, Mmeon is the molar
mass of the methanol, and c is the molar concentration of the methanol. Subscript film denotes the
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concentration at the liquid film surface and ~ denotes the concentration far away from the liquid film
surface.

The temperature change of the air flow caused by both the droplet evaporation and the film
evaporation can then be evaluated with Eq. (5)
MAhyg,

ATatrop = oc
airCp 4,

©)

Where m is the evaporation rate as either droplets or film, Ah,q is the heat of vaporization of methanol,

Mgy is the air mass flow rate and ¢, qiris the specific heat capacity of air.

The thermophysical properties of air are referenced from [16] and the thermophysical properties of
methanol are referenced from [17]. The viscosity and thermal conductivity of the mixture is calculated
with the Wilke law [18].

The flow chart shown in Figure 2 summarizes the methodology for the proposed methanol evaporation
modelling framework. To see the detailed calculation for each step, the readers are referred to [19].
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Figure 2: Flow chart of the proposed methodology to evaluate the temperature drop
caused by methanol evaporation in the intake path.

One of the main conclusions of the model, that was validated using two sets of data from different
engines employing port fuel injection [19], was that film evaporation is the dominant evaporation mode.
Methanol droplets hardly get to evaporate before they impinge on the intake runner walls. On top of
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this, if the intake is such that there is no room for a methanol film to form, only a very limited amount
of methanol can evaporate before it enters the cylinders.

With the right conditions at the start of ignition, following the methanol evaporation, we now turn to
the burn rate modelling.

2.2. Burn rate: prescribed

Two approaches were taken to determine the burn rate term, to close the two-zone pressure and
temperature development equations. When studying the performance of end-gas autoignition
prediction (Section 2.4), it was decided to impose a burn rate so as not to compound uncertainties in
the burn rate prediction with those of the prediction of knocking combustion.

The available data on larger bore methanol Sl engine operation was reviewed. The former combustion
engine group at KTH Stockholm shared a comprehensive data set from a single cylinder version of a
Scania D12 engine, converted to PFI Sl operation with methanol, with a compression ratio of 13:1 [20].
The cylinder bore size was 127 mm, with a displacement of 1.95 liter. The dataset included sweeps of
ignition timing, boost pressure and air-to-fuel equivalence ratios (lambda); all at 1200 rpm. A larger
bore size and displacement volume was used at RWTH Aachen, with around 5 liter displacement, also
using PFI [21].

From these data sets, Wiebe law parameters were extracted, as a function of lambda, see Table I.
These values were used in an initial estimation of the potential of a 256 mm bore PFI SI methanol-
fuelled medium speed engine, see Section 3.1.

Table |: Parameters of the Wiebe functions representing mass fraction burnt curves with different A

Lambda | 1.5 2
Combustion efficiency | 98% 98% 98%
CAI10-90 [°CA] 20 30 40
Wiebe exponent m 2 I 0.5

Rather than fixed values for certain lambdas, one can also try to capture the change in the burn rate
curve in the form of a correlation. It was found that the KTH dataset could best be captured with a
cosine law [22], where the combustion duration is predicted with the correlation of Alam et al. [23],
which takes the compression ratio, spark timing, inlet pressure, lambda and engine speed into account.
This approach was used for an assessment of the maximum bore of a methanol PFl S| engine, see
Section 3.2.

2.3. Burn rate: predicted

The previous section used a data-driven approach, going from measured heat release profiles to burn
rate profiles than can be imposed in a simulation. The section however also highlighted the lack of data
on PFl SI methanol operation, particularly for larger bore sizes. An alternative approach is to predict
the burn rate based on a turbulent burning velocity model, which typically requires the laminar burning
velocity (LBV) as input. Specifically, the burn rate follows from the entrainment flame equations
proposed by Blizard and Keck [24],

dm,
dt

= pulel, (6)
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dmy _ (me —my) )
dt T

where me is the mass entrained by the flame front, p u is the density of the unburned mixture, A. is
the surface area of the flame front and u. is the entrainment velocity. t is a time constant that can be
associated to A 1, the Taylor length scale, and uj, the laminar burning velocity (LBV), as expressed in
Eq. (8):

T—Sl

©)

A 1 can then be associated to A, the integral length scale; Re. the turbulent Reynolds number, and U,

the turbulent intensity as defined in Egs. (9) and (10).

A
Ar = Crps— 9
I ©)

puu'A
R, = o (10)

The form of the correlation that Metghalchi and Keck [25] originally proposed for the LBV was based
on experimental data. This has been enhanced and modified by several other researchers. Vancoillie et
al. [26] used a chemical kinetic code developed at Eindhoven University of Technology, CHEMID [27],
to compare different chemical kinetic mechanism of methanol oxidation against the published
experimental data. Based on their studies, they selected the chemical reaction scheme of Li et al. [28]
and calculated the LBV at different temperature (400-1000 K), pressure (5-105 bar), equivalence ratio
(0.5-2) and EGR dilution ratio (0-50vol%). The calculation results were then used to establish an
improved polynomial correlation. Mahendar and Erlandsson [29] have implemented this polynomial
correlation in GT-POWER and demonstrated that it outperforms the default correlation within the
software, especially when operating lean.

The major issue of the original correlation proposed by Vancoillie et al. [26] is that it is developed
predominantly for automotive applications, hence the pressure range is not enough to cover the high
in-cylinder pressure in HD engines. Similar to the method Suijs et al. [30] proposed for their knock/IDT
model, Shahpouri et al. [31] calculated the LBV of methanol using the chemical reaction scheme from
Pichler and Nilsson [32], with a much wider ranges of the input parameters compared to the work
from Vancoillie et al., for example with the highest lambda going up to 4. All the dataset and codes
from the work of Shahpouri et al. are made available online, including the artificial neural network
(ANN) and support vector machine (SYM) models they trained for data retrieval. Since this research
focuses on Sl operation, the subset of the original dataset from Shahpouri et al. with excess air ratio
up to 2 was extracted and used to train another ANN model with different hyperparameter as specified
in Table 2. It can be noticed that with a much lower number of data points, the size of the trained
ANN in this research can also be significantly smaller than the one from Shahpouri et al. Its predictions
also agree better with the original calculation in terms of root mean square error (RMSE).
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Table 2: Comparison of the hyperparameters and RMSE of ANN models from Shahpouri et al. and this research

Shahpouri et al. This research
Number of points 67518 23324
Number of hidden layers 2 4
Layer sizes 67, 266 10,10,10,5
Hidden Layer Transfer Function Rectifier tanh
Output Transfer Function Rectifier Sigmoid
RMSE [cm/s] 0.8l 0.482

For the turbulent burning velocity (TBV), earlier work compared several models and concluded that
the model proposed by Zimont fares well [33]. This was combined with a flame development model
proposed by Lipatnikov and Chomiak [34]. A major concern after the attempt to calibrate the TBV
models in the GT-Power environment is that it is unclear how thermophysical properties are evaluated
within GT-POWER as the models fail to generate corresponding variations over a wide 1 range. To
avoid this issue, the thermophysical properties were estimated with data or correlations available in
literature. However, the thermophysical properties of methanol in NIST [17] are only available up to
620 K. It was then decided to use the thermophysical properties of air to represent the air-methanol
mixture in the cylinder. The term with the thermophysical properties that needs to be evaluated
involves the Prandtl number and the mixture viscosity. This was found to be very close between air
and air-methanol mixtures.

These two approaches: with a prescribed burn rate (with either a Wiebe or a cosine law, see Section
2.2) or a predictive burn rate model, were subsequently used together with a knock model, with the
latter being the subject of the next section.

2.4. Knock model

With the equations listed above, a "norma

I”

premixed combustion event in S| engines can be modelled.
S| engines can, however, also experience abnormal combustion. The specific abnormal combustion
phenomenon that poses major operating constraints depends on multiple factors. End-gas autoignition,
manifested as knock, is the largest concern for Sl operation on methanol in large bore engines, thus it
is important that the simulation tool is capable of predicting its occurrence. The phenomenological
predictions of knock can be made based on the widely employed knock integral (KI) proposed by
Livengood and Wu [35], as shown in Eq. (1),

KI—ftKo @ _q (I
twe Tip(6)

where 1 p is the instantaneous ignition delay time (IDT); tivc and tko are the time at the intake valve
closure and knock onset respectively. The instantaneous IDT is defined as the delay from the moment
an air-fuel mixture is exposed to certain conditions until it auto-ignites. The Kl approach compares
this characteristic time to the residence time of the unburned mixture in the cylinder to determine
whether a knock event would occur or not. If Kl reaches unity at a certain moment before exhaust
valve open, knock is predicted to occur at that particular time. Otherwise, no knock is predicted.
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By adopting this criterion, a knock model is in essence estimating the instantaneous IDT of various air-
fuel mixtures exposed to various conditions. Suijs et al. [30] utilized a range of input parameters that
are aligned with typical in-cylinder conditions of HD engines. The chemical kinetic software used was
the open-source Cantera [36] and the reaction scheme used was also from Pichler and Nilsson [32] as
it was found to give lower error under engine-like conditions. An ANN was trained with the tabulated
IDT values for fast data retrieval.

3. Simulation results

The models described in the previous sections were used to investigate two research questions, linked

to two research projects:

e Project FASTWATER [37] looked into, among many other things, whether a medium speed
engine running spark ignition on port fuel injected methanol is feasible, i.e. what would be
needed to ensure knock-free operation.

e Project BEST’s [38] mission statement was to work out, for Belgium, the most economical
electro- and synthetic energy carrier routes needed to face the climate change issues and
ensure the stability of the grid and the security of supply in 2040 and beyond. As explained
below, one of the pieces of the puzzle was to work out how large an engine running PFl Sl on
methanol can be, and how its power density and efficiency scales with engine size.

In order to do this, the models discussed previously were integrated either in a GT-Power
environment, or in an in-house Matlab code (as specified below).

3.1. Case study: feasibility of knock-free operation of a PFI SI methanol-
fuelled medium speed engine

First, a Wiebe law with the parameters as listed in Table | was used, along with a knock integral, to
calculate to occurrence of knock on a medium speed engine with a 256 mm bore and 1000 rpm
nominal speed. The results were reported elsewhere [39], and concluded that one needed to be able
to ensure a 290 K intake temperature to allow the same power output as the baseline diesel engine,

in order to avoid knocking operation.

The methanol evaporation model was used next to check the feasibility of attaining such an intake
temperature. The temperature drop after introducing methanol in the intake path of the engine was
evaluated using the methanol evaporation model. The injecting location was assumed to be the junction
between the intake plenum and the individual runners that lead to the intake ports. The injection angle
was assumed to be 45°. The geometries of the runner were referenced from the engine drawings.

The injector was assumed to be a commercially available product from Heinzmann GmbH, whose
detailed information is published in [40]. According to it, the injection pressure was set to 10 bar and
the initial droplet size is set to 0.175 mm.

Two different excess air ratios, corresponding to stoichiometric and lean operations, and 3 different
boost levels, corresponding to 25%, 50%, and 75% of load on the original engine were used as the
boundary conditions for the evaporation model. The results are detailed in Table 4.5. It can be seen
that the lowest possible mixture temperature achieved is around 35.6 °C (= 308.8 K) which is far
above the 290 K suggested by Pu et al. [39] to facilitate a knock-free operation with on-par output as
the original diesel-fuelled DZC.
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Table 3: The calculated temperature drops and methanol evaporated fractions under different operating conditions

Excess air ratio [A] | 1.5

Boost pressure [abs. bar] 1.34 1.76 2.32 1.34 1.76 2.32
Intake air temperature 53.7 55.1 58.5 53.7 55.1 58.5
Evaporated fraction (Droplet) 1.3% 1.6% 2.1% 1.3% 1.6% 2.1%
Evaporated fraction (Film) 8.5% 7.5% 6.8% 12.9% [1.4% 10.4%
Evaporated fraction (Total) 9.8% 9.1% 8.8% 14.2% 13.0% 12.5%
Temperature drop (Droplet) [°C] | 2.47 293 3.74 .65 1.95 2.50
Temperature drop (Film) [°C] 15.61 13.72 12.40 15.81 13.93 12.68
Temperature drop (Total) [°C] 18.09 16.65 16.14 17.46 15.88 15.17
Mixture temperature [°C] 35.61 38.45 42.36 36.24 39.22 43.33

Further investigation reveals that a 290 K temperature after methanol injection is only possible if the
initial droplet size (Do) is reduced to 0.12 mm, which poses a significant challenge to the injector
development under such a low injection pressure. Alternatively, the injection angle ( 0 inj) can be made
smaller relative to the flow direction, which will ease the requirement of the Do to 0.145 mm.

The trajectories of the three different cases are illustrated in Figure 3, it can be seen that the high
droplet evaporated fractions result from the extended airborne periods. However, if the intake runner
is not long enough, eventually the droplets will land on the port walls or the back of the valve and the
subsequent film evaporation will most likely not absorb heat from the air as these surfaces are hot.
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Figure 3: The droplet trajectories with different injection parameters. Do represents the initial droplet size, Xevap

represents the evaporated fraction (as droplets), and Ui, represents the injection angle relative to the intake air flow. The
black line indicates the end of the intake runner, the droplets enter the cylinder head when they go beyond it.
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The intake runner being too short is also the reason why film evaporation contributes so little to
cooling down the mixture. There is simply not enough space in the intake runner to form a liquid film.
Clearly, getting methanol evaporated in the intake is a challenging endeavour. The evaporation model
is a helpful tool to explore potential solutions.

3.2. Scaling PFI SI methanol engines

With a predetermined and much-needed rise in renewable energy production, particularly solar and
wind, a method of energy storage will be required to manage their intermittent nature. In addition, the
applications that are difficult to electrify in the broad field of the mobility sector will have to part with
their current use of fossil fuels. Within the BEST project, ‘electrofuels’ or ‘e-fuels’ are put forward as
a possible solution to both issues. To create these fuels, renewable energy is combined with water to
produce green hydrogen. This hydrogen can then be combined with nitrogen or carbon to produce a
variety of fuels, which can be in either a liquid (e-methanol, e-gasoline, e-diesel) or gaseous (e-methane,
e-ammonia) state at atmospheric conditions. Important questions that remain include how much e-
fuels are needed to power the Belgian energy system and which technology is most efficient for
converting these fuels back into final energy.

Given the variety of resources available, including nuclear, hydropower, wind and solar energy, as well
as the existence of various conversion technologies, and the fluctuating demand and production, it is
no longer feasible for an engineer to intuitively determine the optimal combination of these
technologies for maximum economic efficiency. Therefore, multi-sector and whole-energy system
optimisation models are being developed to assist in strategic energy planning of urban and regional
energy systems. Due to the crucial role played by conversion technologies in these models, it is
important to address their performance when running on the alternative e-fuels, particularly because
these fuels can have significantly different properties than the conventional fossil fuels.

Here, the focus is on the internal combustion engine as energy converter. It is estimated that most of
the light-duty applications where the ICE is currently used in, particularly passenger car applications,
will be electrified as soon as possible and to the greatest extent possible. However, for heavy-duty
applications such as long-haul trucks, marine propulsion, non-road mobile machinery, combined heat
and power units and gensets, the low energy density of a battery electric drive will not be sufficient to
meet autonomy requirements.

These applications are currently mainly powered by compression ignition diesel engines due to their
high power output and efficiency. A research question here is if it would be possible to replace them
with heavy-duty methanol-fuelled spark-ignition engines. As stated above, there are only a limited
number of test cases to be found in the literature, which raises the question of what they are truly
capable of. A two-zone semi-predictive zero-dimensional simulation model was developed within the
commercial software MATLAB. The aim of this model is to predict the performance of methanol-
fuelled port-fuel injected (PFI) SI engines as function of their size. A zero-dimensional approach was
chosen over a quasi- or multidimensional approach due to the trade-off between accuracy and
computational costs. The starting point for this model was a homogeneous two-zone finite heat release
model featuring a constant combustion rate. It first did not include a heat transfer or knock model.
Step by step, the complexity was increased by adding different sub-models to the simulation
framework. To determine the optimal load point for each engine size, the burn rate had to respond to
various imposed inlet operating conditions. As discussed in Section 2.2, burn rate parameters were
experimentally derived from a heavy-duty Scania D12 PFl Sl engine (B = 127 mm) and compared to
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various correlations for the implementation of a semi-predictive combustion duration. Additionally,
special attention has been given to the development of an improved Livengood & Wu knock model, as
described in Section 2.4.

The two-zone model was subjected to an optimisation procedure to find the knock-limited operating
load for each engine size. Different engine configurations were scaled based on the geometry of the
Scania D12 engine (B = 127 mm), ranging from a bore size of 80 mm to 260 mm.

Each engine starts at low load and an optimisation process gradually increases the load until either the
knock or peak pressure limit is reached. The following baseline starting conditions are set:

¢ Aninitial retarded spark timing of 10°ca aTDC
¢ In-cylinder pressure at [IVC timing of 101.5 kPa (atmospheric conditions)
e n-cylinder temperature at IVC timing of 30 °C

The two-zone model then calculates the associated pressure and temperature trajectory of the burned
and unburned gases and calculates the performance parameters, of which the achievable indicated mean
effective pressure and indicated thermal efficiency are of main interest here. Simultaneously, the knock
model evaluates the knock integral on a crank angle basis to check whether it exceeds one or not.
From this point onwards, if knock is not occurring, spark timing is advanced by |°ca increments until
the CA50 reaches 10°ca aTDC or end-gas conditions increase to the point where knock occurs.
Generally speaking, the spark timing where CA50 is between 8 - 10°ca aTDC is referred to as the
minimum spark advance for maximum brake torque (MBT timing). This optimum timing is a
compromise between starting combustion too early in the compression stroke and completing
combustion too late in the expansion stroke [41]. If the spark timing can be advanced to this point
without causing knock, it means that the engine load is below the maximum knock limit. Therefore,
the charge density is then increased by increasing the intake pressure at IVC timing in 5 kPa increments.
This step represents an increase in boost pressure to increase the load of the engine. To reduce the
number of unknown variables, we furthermore assume that the in-cylinder temperature at IVC remains
constant here regardless of the boost pressure.
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Figure 4: lllustration of the optimisation process for each engine configuration

Figure 4 illustrates the optimisation method. Starting from the left-hand corner, spark timing is
advanced until CA50 reaches 10°ca aTDC. As the resulting knock integral value is less than one, the
pressure can be increased to 105.5 kPa. This step is repeated until the knock integral reaches unity, in

this example, at an inlet pressure of 165.5 kPa and a spark timing of -2°ca aTDC. The associated IMEP
is called the knock-limited IMEP, and the parameter of interest for our upcoming scaling laws.

In addition, it is important to monitor the increase of load to ensure that it does not cause the peak
pressure limit to be exceeded. At a constant inlet temperature, the higher intake pressure increases
the charge density, causing the in-cylinder pressure to rise faster and to higher levels. Therefore, after

each evaluation of the two-zone model, the optimisation procedure also compares the maximum in-
cylinder pressure value with the defined limit.

An overview of the two-zone semi-predictive combustion model and its optimisation procedure is
given in Figure 5. For each engine configuration, the initial operating conditions will be imposed, and

the optimisation procedure will be executed to find the maximum indicated mean effective pressure
and efficiency.
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Figure 5: Flow chart of the optimisation procedure coupling a two-zone semi-predictive combustion model
to a zero-dimensional knock model

The Scania DI2 engine will be used as baseline engine for generating different (larger) engine
geometries, as it is the only larger PFl SI methanol engine with a fairly comprehensive set of
experimental data available [20].

To look at the performance of larger engines, the proportions of the combustion chamber are held
constant; the stroke/bore ratio, connecting rod/stroke ratio and the compression ratio. However,
engine rotational speed should not be considered as a constant. The speed of large-bore engines is
limited by the inertial forces acting on the pistons. It was therefore decided to use a constant mean
piston speed for each scaling law instead, as this parameter remains rather constant across different
engine platforms. The engine's bore size was increased in increments of 10 mm, starting from 80 mm
(automotive light-duty size) to 260 mm (medium speed engine size). Three mean piston speeds were
investigated: the baseline value of 6.16 m/s (1200 rpm for the D12), as well as its double and triple
values of 12.32 m/s and 18.54 m/s respectively. Starting with the lowest piston speed, engines up to a
bore size of 110 mm are not limited by knock, but rather by the imposed peak in-cylinder pressure
limit of the engine block. A near constant indicated mean effective pressure value of 29.6 bar
corresponds to this pressure limit. For this range of engines, the thermodynamic limit has not yet been
reached. Engine designers could therefore obtain even higher loads by investing in sturdier engine
blocks. From |10 mm onwards, the IMEP becomes knock-limited. The main influence here will be the
reduced rotational engine speed which decreases inversely with bore size for a constant stroke/bore
ratio. The combustion duration (in seconds) will be increased, allowing the end-gases to have more
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time to reach the conditions necessary to autoignite. For a bore size of 180 mm, the maximum IMEP
will therefore only be |5 bar. For even bigger engine sizes, the trendline in Figure 6 stagnates. The
reason for this is that boost pressure can no longer be applied without causing knock even for the
latest spark timings, hence the model stops at ambient operating conditions and tries to advance the
spark timing until the knock integral reaches unity.
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Figure 6: Knock-limited IMEP as function of bore size for different mean piston speeds
and a fixed air-to-fuel ratio of lambda = |

By doubling the mean piston speed (cm = 12.32 m/s), the knock constraints are significantly lifted.
Engines are now knock-free until a bore size of 170 mm. Using 25 bar IMEP as a target for heavy-duty
diesel operation, PFl SI engines running on green methanol would therefore be a viable sustainable
solution for engines up to 190 mm bore. For an even higher mean piston speed of 18.54 m/s, the
engines are peak pressure limited up to 230 mm. Note however that such a mean piston speed value
is already at the upper limit of what is possible in conventional spark-ignited engines [41]. Realistic
performance values should therefore be sought between the first and second curve.

With respect to indicated thermal efficiency, the efficiency increases for higher mean piston speeds,
see Figure 7. This is a result of the reduced residence time of the mixture in the cylinder, leaving less
time for heat transfer to the surroundings. Note that if a friction model were added to predict the
brake thermal efficiencies, the higher engine speed will have a detrimental effect due to the increased
friction losses, hereby partially negating the previous effect. Looking at each curve individually, the
efficiency for a cm value of 6.16 m/s can be seen to drop in three stages. During the peak pressure
limited stage, efficiency stays constant. The reduced surface area to volume ratio appears to have a
negligible effect on efficiency improvement at larger bore sizes. After that stage, the IMEP becomes
knock limited and efficiency reduces gradually together with the load. Once the inlet pressure reaches
atmospheric conditions, the IMEP does not decrease significantly any more, however spark timing is
retarded to remain below the knock limit. The efficiency therefore reduces as well. A similar behaviour
can be seen for the higher mean piston speed curves, albeit to a much lesser extent due to the reduced
occurrence of knock.
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Figure 7: Indicated thermal efficiency as function of bore size for different mean piston speeds
and a fixed air-to-fuel ratio of lambda = |

The influence of the air-to-fuel ratio lambda on the knock-limited performance was investigated for
the mean piston speed value of ¢, = 12.32 m/s. Figure 8 shows the trend lines for lambda ranging
from | to |.6. For the same in-cylinder peak pressure limit of 150 bar, lower IMEP values are found
in the pressure-limited zone. Due to the diluted mixture, a higher boost pressure is required to
reach the same energy content in the cylinder. For lambda equal to 1.6, the maximum IMEP is 26 bar,
while under stoichiometric conditions this could go up to 30 bar. On the other hand, the knock-
limited zone is pushed further into larger bore engines. For lambda = .4, knock-limited operation
only starts at 210 mm bore engines, while for lambda 1.6 it starts at 250 mm bore engines. At lean
operating conditions, the ignition delay time becomes significantly larger, hereby postponing the
moment of autoignition. In addition, because the loads are lower for the same boost pressure, the
temperatures of the unburned gases are also reduced, which in turn increases again the ignition delay
time. At the maximum bore size of 260 mm, the knock-limited IMEP is respectively 20.4 bar and

25.2 bar for lambda equal to 1.4 and 1.6. If an IMEP of 25 bar is targeted, PFl S| operation is possible
up to 190 mm engines under stoichiometric operation. For leaner conditions, engines up to 230 mm
and 260 mm are even feasible.
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Figure 8: Knock-limited IMEP as function of bore size for different air-to-fuel ratios
at a constant mean piston speed of ¢, = 12.32 m/s

Conclusions

This paper reported work on important building blocks for 0D-1D simulation of PFI SI methanol

engines:

A methanol evaporation model, to allow the estimation of the evaporated fuel fraction in the
intake. This is important to assess the temperature at the start of compression, which itself is
crucial to determine the occurrence of end-gas autoignition and thus the achievable power
density and efficiency of a methanol-fuelled PFl Sl engine.

The burn rate: data was extracted from the few reported measurements from literature, to
fit either Wiebe law parameters or a cosine law, in order to be able to impose a burn rate in
an engine simulation. Alternatively, one can opt for a predictive burn rate model, for which
the laminar burning velocity (LBV) is an important input. A neural network was fitted to LBV
calculations from chemical kinetics. The burn rate then results from an entrainment frame-
work with appropriate models for the turbulent burning velocity and flame development.

The occurrence of knock follows the Livengood-Wu approach using a knock integral.
Another neural network was trained to produce the necessary autoignition delay time of
methanol mixtures, as calculated from detailed chemical kinetics.

These building blocks were then applied on two cases, one to check the feasibility of a 256 mm bore

medium speed PFI SI methanol engine. The difficulty in getting methanol evaporated in the intake air,

so to make best use of its cooling potential, was shown to severely limit the achievable power

density.

A second case was aimed at producing the power density and efficiency as a function of bore size, of

PFI SI methanol engines. Such data can be used in Energy System Optimisation models, to check the

role of methanol in power-to-methanol-to-power schemes.
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An important takeaway for the modelling is that there is a strong need for more experimental data

on larger bore methanol-fuelled Sl engines.
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