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Abstract: Hydrogen combustion in internal combustion engines is a strongly awaited technology on the way
to carbon neutrality, but still with major challenges to takle. There are plenty of combustion anomalies like
preignition, backfire, knock and lube oil ignition that come along with the technology, hence not yet controllable.
To gain more knowledge about their origin, optical engines and CFD simulations are well established methods
to investigate and develop knew combustion processes. Hydrogen’s wide flammability range and its short
quenching distance bring new challenges. However, optical engines give the best insight into the real combustion
behavior. Therefore, their understanding and proper modeling in the simulation is of great importance to calibrate
the simulation models accurately. For optical engines there are diverging opinions on how to deal with their
blow-by losses. Due to their lack of oil different sealing mechanisms exist and those seem to be crucial for the
question on how or wether the blow-by has to be modelled. [1] proposed a numerical multi-zone blow-by model
whereas the opinion at [2] is to neglect those losses.

Keywords: hydrogen combustion; fully optical ICE; CFD Simulation; CHT; blow-by; thermodynamical losses;
Bowditch-design

1. Introduction

Fully hydrogen-fueled internal combustion engines (ICE) are an essential part of the world’s race
to decarbonize our future. Hydrogen, as an easily electrical-produced, completely carbon-free fuel, is
a smart way to store the energy needed for remote power consumption, like in marine applications.
Hydrogen combustion in internal combustion engine is a technology strongly awaited, but still
with major challenges to takle. There are plenty of combustion anomalies like preignition, backfire,
knock and lube oil ignition that come along with the technology, hence not yet controllable. Those
combustion anomalies were investigated in detail in experiments of [3,4] at NMA. To gain more
knowledge about their origin, optical engines are a well established method to investigate and develop
knew combustion processes. Nowadays CFD simulations are another approach to gain deep insights
into those proceedings. Simulation works well at standard thermodynamic engines, but what about
simulating an oil-free optical engine. The usually used simulation approaches don't fit exactly to this
engine type. It’s often said, that optical engines suffer from a major mass loss through blow-by [1,5,6].
But how do we quantify this to get the mass balanced for the CFD calculations? This article gives an
overview about some approaches [1,5,7] and the differences in optical engine design that might be
important for proper modeling. Not only the mass loss is addressed, but also the thermodynamic
differences of optic materials compared to standardly used ones [2,8-10]. In the Institute of Sustainable
Mobile Powertrains [2] describes the losses in gap volumes that are much larger in optical engines, as
shown in Figure 1. A third point is the differing properties of the fuel hydrogen itself, addressed by
[11-15]. An exciting approach to address these challenges is taken by [16,17] by reducing the wall heat
loss through load stratification. This works well in this specific test environment. Still, for engine use,
more developments must be made in optical engines and CFD simulation of hydrogen combustion to
access this urgently needed technology for carbon neutrality.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. A schematical view of the NMA'’s full-optical engine can be seen here [18]. Sealings are set

backward due to the significant glass elements, and their reduced thermal persistence. This leads to
larger gap volumes.

2. Materials and Methods

During this work, appropriate simulation techniques for the fully optical research engine of the
Institute of Sustainable Mobile Powertrains (NMA) were systematically studied. The research was
concluded in online databases like ScienceDirect, IEEE Xplore, JSTOR, MDPI, Google Scholar, and the
library of Technical University of Munich (TUM). The research goal was to get a good idea of how to
deal with engine phenomena such as blow-by, and thermodynamical losses in simulations of the own
optical research engine. The knowledge of the engine and combustion anomalies frequently occurring
at hydrogen combustion should be deepened. The Engine (3170 mm /210 mm) has a displacement
volume of 4,8 1 as shown in Table 1. It is driven with full optical access in Bowditch design or a
thermodynamic setup [18,19]. The literature used in this article has a review process to ensure quality
and is not older than 20 years to show technical relevance. For organization and documentation, Citavi
was used as a database to get a good overview of the results and conclusions.

Table 1. Engine parameters of the full optical research engine at the Institute of Sustainable Mobile
Powertrains at TUM. [2]

Parameter Value
Bore x Stroke 170 mm x 210 mm
Swept Volume 4,77 1
Compression Ratio Adjustable 11 to 17

Piston Window @105 mm

Optical Access - piston Piston Bowl (@120 mm) completely visible

120 mm x 36 mm
Optical Access - liner directly below flame deck
to entire combustion chamber

Peak Pressure 300 bar - by design
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3. Results
3.1. Evaluation of Blow-By at Optical Engines

Blow-by describes the mass losses of the in-cylinder gas fraction that passes by the moving piston.
Because the loss of mass comes with a non-neglectable energy loss, we need accurate knowledge of
these losses to know how to deal with them in our simulation. In thermodynamic engines, the cylinder
volume is sealed using metal piston rings and engine oil, whereas in optical engines, dry seals are
used because the oil disturbs vision. It’s frequently assumed that blow-by in optical engines is more
significant than in thermodynamic ones [1,7]. But a closer look to the literature shows that the topic
isn’t as evident as assumed. Kashdan et al. compares a thermodynamic engine with an optical one
at the IFP Energies Nouvelles [7]. They characterize the differences and evaluate the use of optical
engines for developing new combustion strategies. One significant outcome for the characterization of
blow-by is that the pressure maxima of both engines are identical. This means that the losses are not
relevant to the overall result. For the optical engine, the elongation of the piston due to high-pressure
loads is determined to be 0.23 mm at 85 bar static pressure. This decreases 0.6 points of the compression
ratio and doesn’t include any inertial effects yet. The way to deal with their [7] losses in the optical
engine were to adjust the compression ratio because the direct measurement of blow-by would need
specific engine modifications. This is due to the open crankcase of optical engines required for optical
access. An optical engine with a large blow-by up to 25% at the top dead center is described at [5].
This engine has sliced piston rings made of synthetic Vespel. [5] builds up a 0-D crevice flow model
that was developed by [6] and incorporates it into his 3-D CFD code. The model is validated against
experimental motoring data and shows a result of 5-6% mass losses due to blow-by effects. [1] chose a
similar approach at the Universita di Bologna. They implemented a detailed multizone blow-by model
to characterize engine losses. To validate the model, the engine was compared to an engine without
any blow-by losses. Therefore, the flows around the valves in the engine were simulated in detail in
steady conditions in 3-D CFD to get the gas load of the engine as precise as possible. The result was an
excellent agreement of measurement data and simulation data. However, there was still a dependence
on the chosen cylinder temperatures. They found blow-by rates between 9 to 18% for their engine,
which has sliced synthetic piston rings as in [5]. The transfer of this model to the optical engine of
NMA is restricted because the model is adapted very close to the engine geometry of [1]. This engine
has a diameter of 78.4 mm, which is only half size, and the detailed valve geometry will surely be
different. Before this work, [20,21] focused on the dependence of compression ratio and blow-by and
the effect of convective heat transfer on blow-by. But this multizone blow-by model was what they
finally got to. Similar to [7], the deformation of the optical piston is characterized by [22]. Additionally,
they measured the blow-by with an AVL 442 blow-by-meter. The results were below the measuring
threshold, so they set blow-by to zero at their model.

3.2. Conclusion of Blow-By at Optical Engines

In conclusion, it can be said that some optical engines have a non-neglectable blow-by, and this has
to be accounted for in the modeling. For the engine of the Institute of Sustainable Mobile Powertrains
the blow-by is assumed to be near zero because of the different sealing concept. We use non-sliced
piston rings made of PTFE. They need special equipment for mounting and have to be changed after
approximately 3 hours of engine operation. This is a huge amount of maintenance but is rewarded
with a very well-sealed combustion chamber and well-fitting pressure curves, as seen in Figure 3. In
this state of the simulation, we applied a correction of the intake pressure curve of +0.246 MPa. This is
necessary because the inflow boundary is not yet located at the plane of the pressure sensor, which is
located at the entry of the plenum (see red PFI in Figure 2). For the last delta in maximum pressure, we
suggest a compression ratio fitting (variation of epsilon) to account for the elastic piston deformation.
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Figure 2. The fully optical engine of the Institute of Sustainable Mobile Powertrains in Bowditch design
can be seen here. This shows the engine prepared for hydrogen port-fuel injection.
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Figure 3. Validation of cold-flow simulation. (a) shows the best result (16 mm) after a meshstudy with
32,16, 8 mm basegrid size. In (b) a correction of the intake pressure curve of +0.246 MPa was applied.
This is necessary due to the inflow boundary not yet located at the plane of the pressure sensor.
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3.3. Heat Losses of Optical Engines

Especially when it comes to hydrogen combustion, the heat distribution in the combustion area
is crucial. This is especially important for gaining insights into controlling frequently occurring
combustion anomalies like pre-ignition, knock, lube oil ignition, and backfire. In optical engines, the
piston materials strongly differ from those of thermodynamic engines. Also, the cooling system is not
the same due to adaptions needed for optical access. Knowing about those differences is fundamental
to investigating hydrogen combustion and its irregularities. A detailed investigation was made by [8].
They compared five different engine concepts and their heat transfer characteristics. This included
an optical engine in Bowditch-design, as used at NMA but in much smaller scale. The engine of [8]
has two different piston crevices and a metal piston instead of glass ones. The heat transfer and heat
release for those experiments were calculated after [23]. Their findings were described as follows:

¢ duration of combustion elongates with an enhancement of optical access;

¢ delay of combustion process is dependent on heat losses of cylindric wall and is shortest with a
piston made of quartz;

* optical engines are quite independent at the start of injection SOL

A different approach was taken by [2] at NMA for the fully-accessible large-bore optical engine. In an
experimental approach [2] describes the heat losses in this optical engine coming from the piston’s
fire land as major. [2] shows in calculations that at a compression ratio of 17, about 10% of the gas
fraction is in all crevice volumes of the engine. When one considers the colder wall temperatures and
follows the colder gas temperature in those crevice volumes, it comes up to 20% of the gaseous mass
fraction within those crevices. The gap between the expected and observed pressure maximum in the
experiment was measured. The peak pressure occurred earlier at the optical engine than at standard
thermodynamic ones with smaller gap volumes. [9] describes the same effects. His clearance volume
is more prominent because of lower-placed piston rings and an in-cylinder pressure sensor instead
of a spark plug. The wall heat losses are described as minor due to the use of optical materials. But
it follows no quantification and closer specification of those phenomena. [10] addresses the larger
gap volumes through a special simulation approach. His Large Eddy Simulation (LES) shows that
combustion reaches inside piston crevice but doesn’t burn the fuel completely there. In LES, the Navier
Stokes Equations are filtered, and large eddies are directly calculated. This reduces the modeling
affords compared to Raynolds Averaged Navier Stokes Equations (RANS) [24]. Due to the incomplete
combustion in piston fire land, fuel slip, heat transfer, and cylindric pressure are affected. In conclusion,
those losses in crevices should always be accounted for in optical engine simulation.

3.4. Special Heat Transfer Phenomena of Hydrogen

Additionally to the engine geometry, the strongly different characteristics of hydrogen have to
be considered to describe the heat transfer mechanisms sufficiently. The best way is to use the heat
flux coefficient of the media. [14] and [15] proposed well proven methods. [11,12] measured the heat
flux coefficient of hydrogen and determined a value larger than the one described by [14] previously.
Hydrogen combustion is often compared to methane combustion, but the heat transport capability
is larger than that of methane due to its smaller quenching distance [13] as shown in Table 2 . For
stoichiometric or near stoichiometric mixtures, the flame speeds are very high, and this results in
higher convection. In addition to the higher thermal conductivity of hydrogen, the resulting thermal
conductivity of the mixture is much higher compared to hydrocarbons. [12] proposes an alternative
equation for heat transport that agrees well with its own measurements. It depends on the time of
ignition and fuel-air-ratio and gives the rate of heat release as a result. [25] shows those described
effects in a graph of the local heat flux 4. Hydrogen shows the steepest increase in heat flux compared
to the one measured by methane. They also show that the maximum gas and wall temperatures are
higher at hydrogen combustion. With the steep increase of heat flux comes the observation that the
time between ignition and heat flux maximum is very short at hydrogen combustion. Following those
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findings, not only does the engine design affect the combustion mode, but one should also avoid the
simplification of using methane instead of hydrogen combustion mechanisms.
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Figure 4. Demuynck et. al [25] shows differences in the amount and time dependence of local heat
flux. Methane releases heat during an almost stationary phase (red dashed line) and shows a plateau.
Hydrogen’s behavior is strongly different (dot-dashed blue line). It’s heat release starts later and
increases to max level almost instantaneous. Afterwards heat release decreases almost exponential.

Table 2. Fuel properties of Hydrogen at Standard Temperature and Pressure (STP) compared to other

commonly used fuels as shown in [26] and [27].

Fuel properties H2 CH4 Gasoline
Density (kg/m?) 0.08 0,65 750
Ignitability in Air (vol%) 475 5-15 17
Autoignition temperature in Air (K) 858 813

Minimum ignition energy (m]) 002 028 024
Laminar burning velocity (m/s) 185 038 04
Quenching distance (mm) 064 203 2
Volumetric energy density (MJ/m3)  10.7 328  33x103
Gravimetric energy density (MJ/kg) 120 50 44.8

3.5. Consequences and Design Optimizations for Hydrogen Combustion

One promising step towards design optimization of hydrogen combustion was made by [16,17] in

an optical engine with a large pre-chamber. They reduce the heat flux by about 50% by forming eddies
to separate fresh air from the fuel-air mixture in the center of the combustion area. This happens by
using the Coanda Effect [28] in the large cylindric pre-chamber, where two separate areas of flow are
created by two tangentially oriented inflows. In the outer wall-near area, the flow of pure air is rotating,
and in the more central area is the lighter fuel-air mixture, as seen in Figure 5. The flow accelerates
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with the compression stroke proceeding so that the directly injected fuel and air are rapidly mixed.
Due to gravity effects and the centripetal forces, the lighter hydrogen and its combustion products
with lower density move further inward. The differences in density between the outer and inner areas
get higher with the proceeding heat release of the hydrogen combustion. In the borderline case of
the rotating fuel speed being too high, this leads to too early extinction of the flame in the central
area. Then the air-fuel equivalence ratio (A) is too low in this central area. The results shown in the
experiments and the CFD simulations of [17] are promising, but for a practical engine concept, some
major changes are needed in the pre-chamber design. Because in a more practical setup, the heat losses
of the hot gas passing from the pre-chamber to the engine cylinder to do the mechanical work there are
too significant. The conclusions we draw from this for combustion development at NMA is to focus on
those centripetal speeds in our engine cylinder. The question is how we may create similar benefits by
using swirl and tumble effects in our large-bore engine.

--------------- A air-fuel equivalence ratio
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Figure 5. The prechamber design of [16] and it’s main characteristic is shown here. The circular flow
results from tangentially orientated air inflow during compression stroke. Due to density differences
the resulting centrifugal forces lead to a species separation. The directly injected lighter Hydrogen stays
in the central area, whereas air is concentrated in a wall-near rotating boundary (dashed red lines).
In this area the movement is almost bulk-like, as seen at the circumferal velocity. After ignition, the
flames move inward to reach the unburnt fuel until no more oxygen is left and the flame extinguishes.
The reciprocal behavior of air-fuel equivalence ratio A and density p is shown over the radius of the
prechamber.

3.6. Conclusion Thermal Losses on Hydrogen Combustion

Thermal losses through the cylindric walls seem to be of no significant interest at conventional
fuels. But when it comes to hydrogen combustion, this is changing. Hydrogen burns closer to the
cylindric walls and has a higher heat flux coefficient with its high combustion temperature. In optical
engines, thermal losses are minor compared to standard thermodynamic engines, and due to the
enlarged crevice volume, the amount of unburnt fuel increases. These circumstances have to be taken
into consideration when it comes to designing hydrogen combustion processes.
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4. Discussion

All those different findings and approaches show that there isn’t one solution for all optical
engines. Furthermore, one has to consider carefully which modeling is appropriate and necessary
for the addressed problem. For blow-by, it's obvious, that the general statement "it's widely known
that optical engines suffer from large blow-by compared to thermodynamic engines" isn’t true for
every optical engine. At NMA, we consider the modeling of blow-by not necessary in our CFD
simulations due to the tight sealing concept developed at NMA, especially for those full-scale large-
bore optical engines [18]. The PTFE sealings, usually used in air compressors, work very well in this
environment. However, due to their reduced thermal resistance, the maintenance is high for the optical
test site (change of sealings every three hours of test site operation time). Important knowledge for the
simulation about the quality of the engine’s sealing can be gained by properly validating the cold flow
simulation. If the peak pressure and the pressure curve of the in-cylinder pressure in measurement
and simulation are well-fitting, like shown in Figure 3, this is a good sign for the following combustion
simulation. Despite neglecting the effects of blow-by, the thermodynamic losses of NMA’s optical
engine due to increased gap volumes have to be considered. This happens in accurate modeling and
meshing of those gap volumes, namely the elongated piston crevice and the gap around the lateral
optical access. Another point that was considered in the simulation was the structural integrity of the
elongated crank itself. The whole piston and crank construction is much more elastic than the ones
of standard thermodynamic engines. To this point, we can say that this effect is not as significant as
the thermodynamic influence of the gap volumes. Then there are further thermodynamic differences
that have to be considered as well. On the one hand, there are different engine materials that might
influence combustion and, therefore, have to be adequately modeled in the CFD simulation. On the
other hand there is the differing behaviour of the fuel hydrogen itself. Because hydrogen burns close
to the walls, it might be crucial to model the heat characteristics near the cylinder wall. Especially
when it comes to combustion anomalies, hot spots at the cylindric liner or the exhaust valves have to
be taken a closer look at. The aim is to understand the combustion process completely, so that those
hot locations can be avoided, and following hydrogen combustion can be controlled and anomalies
prevented. The result will be highly efficient, GHG-neutral hydrogen combustion engines, reliable and
long-range, that bring marine applications to their goal of carbon-free transport at around or before
2050, at least.

(2050 is the IMO's goal for carbon-free marine transport [29]).
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Abbreviations
The following abbreviations are used in this manuscript:
CH4 Methane
CFD Computational Fluid Dynamics
DOAJ  Directory of open access journals
GHG  Greenhouse gas
H2 Hydrogen
IMO International Maritime Organization
LD Linear Dichroism
LES Large Eddy Simulation
MDPI  Multidisciplinary Digital Publishing Institute
NMA  Institute of Sustainable Mobile Powertraings, TUM
PTFE  Polytetrafluoroethylene
RANS Reynolds-Averaged Navier—Stokes Equations
STP Standard Temperature and Pressure
TLA Three letter acronym
A Air-fuel equivalence ratio
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