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Abstract: The performance of hydrogen combustion engines can be significantly influenced by the
geometry of the piston bowl. In this work, various piston bowl designs are explored to assess their
effects on thermal load and mixture formation, all while maintaining a constant compression ratio.
The engine, originally developed for commercial utility vehicles, has been specifically converted for
hydrogen operation to accommodate the specific requirements of this fuel. Abstract piston bowl
geometries are modeled and evaluated through Computational Fluid Dynamics (CFD) simulations
using the commercial software AVL FIRE M. A validated operating point based on a reference piston
bowl geometry serves as the basis for comparison. Piston bowl variations with shallower and deeper
profiles are investigated to achieve an optimal compromise, leveraging the benefits of each design.
Special attention is placed on flow quality and mixture formation when using hydrogen as fuel.
Potential adverse effects observed in conventional piston bowl configurations could be mitigated due
to hydrogen’s exceptionally high diffusivity. This characteristic allows overcoming geometry-
induced drawbacks and emphasizes the positive aspects of particular bowl shapes. The study
provides a comprehensive understanding of how piston bowl topology influences thermal load,
mixture formation, and flow quality in the context of hydrogen combustion engines.

Keywords: SI Hz-engine; flow characteristics; charge exchange; H> combustion; engine efficiency

1. Introduction

The global transition towards a sustainable and decarbonized energy system is among today's
most urgent scientific and technological challenges. While renewable-based electrification expands
rapidly, certain sectors such as aviation, maritime transport, and heavy industry, due to their specific
demands on energy density and storage, cannot easily switch to direct electric solutions.
Consequently, renewable fuels like hydrogen gain increasing attention, offering significant potential
for storing renewable electricity and enabling indirect electrification through flexible reconversion
technologies ([1], [2]).

Internal combustion engines (ICE) utilizing hydrogen as a fuel represent a promising technology
pathway to decarbonize these challenging sectors. Hydrogen combustion engines are particularly
appealing because they produce primarily water vapor and exhibit high combustion efficiency.
However, the high combustion temperatures associated with hydrogen lead to challenges, notably
increased nitrogen oxide (NOx) formation above temperatures around 1800 K ( [3], p. 495 ff.). Thus,
the optimization of hydrogen combustion conditions—particularly mixture formation and in-
cylinder charge motion—becomes a key research area.

A crucial factor influencing combustion quality in ICEs is the piston bowl geometry. The piston
bowl significantly impacts in-cylinder airflow patterns, such as swirl (rotational motion around the
cylinder axis) and tumble (vertical vortex formation), which directly affect mixture homogeneity,
combustion stability, and emissions ( [4], p.670). Different design approaches, such as the dynamic
adjustment of intake channel geometry or controlled closure of intake valves during partial load

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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operation, have demonstrated the potential to improve combustion efficiency and significantly
reduce emissions ( [5], p. 27, [6], p- 299, [7], p44, 47 £.).

Hydrogen combustion engines particularly benefit from optimized piston bowl geometries due
to hydrogen's unique combustion characteristics, notably its extremely high diffusivity and flame
speed. While conventional piston bowl designs sometimes induce adverse flow patterns that
negatively affect combustion efficiency, the properties of hydrogen could potentially overcome these
disadvantages and leverage specific bowl shapes more effectively ([8], [9], [10], [11]). Nonetheless,
considerable debate still exists regarding the optimal piston bowl geometry for hydrogen engines,
particularly concerning the balance between desirable turbulence and the management of NOy
formation through temperature control.

This work, therefore, aims to systematically evaluate various piston bowl designs through
Computational Fluid Dynamics (CFD) simulations using the AVL FIRE M software. A validated
reference operating point, based on a previously tested piston bowl geometry, serves as a
comparative benchmark. The principal objectives of the study are to analyze the influence of piston
bowl topology on thermal loads, mixture formation quality, and flow behavior, and ultimately
identify optimal configurations for hydrogen combustion. Preliminary results indicate that tailored
piston bowl geometries significantly enhance mixture preparation and combustion stability, thus
reducing NOx emissions and improving overall engine efficiency. By providing a deeper
understanding of these relationships, this research contributes essential knowledge towards the
practical optimization of hydrogen-fueled ICE technology, supporting broader efforts to achieve
sustainable and efficient energy systems.

2. Materials and Methods

This research employs numerical simulations validated by experimental data to
comprehensively investigate the combustion behavior of hydrogen in a modified internal
combustion engine. Simulations were conducted using AVL FIRE M, a commercial CFD software
widely used for simulating fluid dynamics, heat transfer, and combustion processes in engine
development [12]. The combustion chamber design is adapted from the MAN D38 heavy-duty diesel
engine series, conventionally utilized in high-load commercial applications, operating nominally at
a speed of n = 1800 rpm [13]. The engine specifications include a cylinder bore radius of rvore = 69 mm,
a clearance volume of V. = 255.87 cm?, and a displacement of Vi = 2542.71 cm?, resulting in a piston
stroke of s = 170 mm. Figure 1 shows the adapted combustion chamber design, emphasizing
modifications made specifically for hydrogen operation. To enable hydrogen fueling, an injector
designed for gaseous fuels was installed alongside a spark plug to provide reliable external ignition.
Intake air was managed through a system combining swirl and filling channels, with the design
aimed at exploiting variable charge motion strategies to enhance in-cylinder air-fuel mixing. Such
strategies are especially important for hydrogen combustion, where achieving an optimal trade-off
between mixture homogeneity and local turbulence intensity directly affects efficiency and
emissions. Previous studies, such as the investigation by Mahla et al.,, have demonstrated that
enhancing swirl flow intensity in hydrogen-fueled engines significantly improves combustion
stability and reduces cyclic variation, ultimately contributing to higher overall efficiency [14].
Additionally, tailored intake designs enabling swirl and tumble motion are particularly
advantageous for promoting a homogeneous or slightly stratified charge, depending on the engine's
operating conditions [14].
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Figure 1 Cross-section of the combustion chamber with a detailed view of the upper piston area in the cylinder.

The dimensions refer to the reference piston.

To systematically analyze the influence of piston bowl geometry, simulations were conducted
with five different bowl shapes while keeping the compression ratio constant at € = 11. The reference
piston features a lens-shaped bowl with a radius of R =200 mm. Additional piston designs with radii
of R =125 mm, 150 mm, 250 mm, and 300 mm were created by adjusting the concavity of the piston,
thereby altering the bowl volume without changing the compression ratio. Research has shown that
changes in piston bowl geometry strongly influence in-cylinder flow structures and turbulence
generation, both of which are critical for air-fuel mixing quality and flame propagation dynamics in
direct-injected engines. Specifically, tighter bowl designs generally intensify swirl strength, while
flatter bowls may promote more uniform tumble motions, each affecting ignition and combustion
differently [15].

During the simulations, full engine cycles were calculated over crank angle intervals ¢ € [158°;
878°] at an operating speed of n = 1500 rpm. Due to variations in piston bowl geometry, slight
differences in the top dead center (TDC) position occur; thus, to enable a consistent comparison
between different piston designs, flow field planes were defined based on fixed distances from the
piston crown, expressed as percentages of the piston stroke rather than fixed crank angles. This
allows a geometry-independent evaluation of in-cylinder flow structures across the engine cycle.

The general methodology for analyzing the resulting flow fields involved two main steps. First,
the flow distribution along the cylinder’s vertical axis was assessed at various stroke positions to
capture the evolution of the large-scale flow structures (see Figure 2, left). Second, to gain deeper
insight into the local flow phenomena, a sectional view through the combustion chamber was
evaluated, illustrating the interaction between intake air motion, fuel injection, and piston shape (see
Figure 2, right). This combined approach enables a comprehensive understanding of the effects of
piston bowl variations on mixture formation and subsequent combustion behavior, providing a
consistent basis for the results discussed in the following sections.
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Figure 2 Comparison of in-cylinder flow structures for different piston bowl geometries. (a) Flow fields along
the cylinder’s vertical axis at selected stroke positions (20%, 40%, 60%, 80% of the stroke) relative to the top dead
center (TDC), enabling a consistent analysis across geometries; (b) Sectional view through the combustion
chamber showing the intake and exhaust channels, the injector, and the resulting air motion generated by the

swirl channel, highlighting the interaction between intake dynamics and piston bowl design.
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Efficiency calculation was performed to assess combustion performance for each piston
geometry. Hydrogen mass flow was kept constant across simulations, ensuring comparable
conditions. The total potential heat release Q was calculated based on the mass of hydrogen () and
its lower heating value (H), yielding a constant of Q = 8552.66 ] energy regarding reference piston.
Potential heat release is calculated as follows:

Q=m-H (1)

The net gas work Wu was determined through numerical integration of the pressure-volume
(p-V) diagram generated from the simulation results. Subsequently, the combustion efficiency nu was
calculated as:

NMu 0

The pressure-volume diagram remains a fundamental tool in thermodynamic analysis for

@)

evaluating the performance of internal combustion engines, providing insights into losses,
compression efficiency, and expansion work. The aim of this study is to evaluate the generated
simulation model in the execution of simulations with reference piston. In the most important options
and boundary conditions of this CFD model are summarized.

Table 1 Key simulation model settings and boundary conditions

Boundary condition Method Value
Engine speed rpm 1500 1/min
Time steps globally Angle step 0.1°CA
Inlet Pressure 2.14 bar
Exhaust back pressure Pressure 1.35 bar
Injector inlet Mass flow 9gls
AVL ECFM -3Z Spark ignition
Combustion model Stretch factor 0.425
Mixing model parameter 0.5

For turbulence modeling, the Reynolds-Averaged Navier-Stokes (RANS) equations were
employed, coupled with the k-C-f turbulence model [16]. This model has been proven effective in
accurately predicting complex in-cylinder flows characterized by transitional turbulence and wall-
bounded layers. For simulating combustion processes, the Extended Coherent Flame Model (ECFM-
3Z) was integrated as an additional source term. ECFM-3Z models the flame front as a coherent
surface that propagates through turbulent premixed gases, assuming that chemical reactions occur
much faster than turbulent mixing processes. This model decouples turbulence effects from chemical
kinetics by representing combustion within thin flamelets, depending primarily on local conditions
such as pressure, temperature, and equivalence ratio [17]. The use of ECFM-3Z has been validated
extensively in the literature, where it has shown to accurately reproduce flame propagation behavior
in both spark-ignited and diesel-type combustion engines fueled with hydrogen and hydrocarbon
mixtures [18].

Model validation was achieved by comparing simulated cylinder pressure traces to
experimental measurements conducted at a defined operating point of 1500 rpm and an indicated
mean effective pressure (IMEP) of 13.5 bar. As Schlieren imaging was not feasible due to practical
limitations, validation focused on matching the pressure curves. Figure 3 presents the comparison
between simulation and experiment, demonstrating strong agreement. Quantitative validation was
performed by calculating the Uniformity Index and the Root Mean Square Error (RMSE), yielding
values of 0.09% and 4.38%, respectively, which fall well within the accepted margin of <5%.
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Figure 3 Comparison between measured and simulated OP with reference piston radius (R = 200 mm). Pressure

curse analysis used vor validation purposes of the simulation model

Mesh generation for the CFD simulations was performed using PolyMesher with standard
settings. The use of polyhedral meshes provides notable advantages for complex geometries like
combustion chambers, due to their higher numerical accuracy and lower sensitivity to cell stretching
compared to tetrahedral meshes. Studies have shown that polyhedral meshes not only improve the
fidelity of turbulent flow predictions but also reduce the computational cost by allowing coarser but
more accurate discretization of curved surfaces and high-gradient regions [19].

By investigating multiple piston bowl designs, this study aims to clarify the influence of
geometric parameters on charge motion, mixture formation, and ultimately combustion efficiency in
hydrogen-fueled internal combustion engines. Previous reviews, such as by Verhelst and Wallner,
have highlighted the importance of tailored combustion chamber designs for optimizing hydrogen
combustion, emphasizing that mixture preparation strategies and geometric control are critical for
achieving low NO;x emissions and high thermal efficiency [20]. Thus, the insight gains from this
research are expected to contribute valuable design guidelines for future hydrogen engine
developments, enabling cleaner and more efficient use of this versatile energy carrier.

3. Results

Variations in piston bowl geometry influence multiple aspects of hydrogen combustion,
particularly regarding charge motion, mixture formation, thermal efficiency, and emissions. The
results are presented in a structured sequence to reflect these interdependencies and their cumulative
effects. First, in-cylinder charge motion is evaluated to establish the underlying flow conditions
relevant for mixture distribution. This is followed by an analysis of efficiency differences between
geometries, supported by quantitative calculations. Subsequently, the distribution of critical sub-
stoichiometric zones is examined to understand potential implications for ignition stability and
pollutant formation. Finally, the raw emissions resulting from each geometry are assessed and
compared with model predictions to evaluate the consistency between simulation and physical
behavior.

3.1. Charge Motion

The initial part of the analysis focuses on the characterization of in-cylinder swirl flow across all
simulated piston bowl geometries, using hydrogen as the injected fuel. The vertical planes, as shown
in Figure 2a, were used to analyze the flow field at four equidistant stroke positions (20%, 40%, 60%,
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80% of total stroke), enabling a consistent comparison between geometries regardless of small
variations in TDC position. These planes are especially suited to detect coherent swirl structures,
vortex stabilization, and axial flow intensities relevant for the hydrogen jet's interaction with the
ambient air.

Across all five piston geometries, the global swirl pattern remains largely consistent, indicating
that the overall intake-induced charge motion is predominantly governed by the swirl channel
configuration, which remains unchanged. However, when examining the flow fields in more detail —
particularly between piston bowls with extreme geometrical characteristics—subtle but functionally
significant differences emerge. For a more detailed and comparative investigation, two geometries
were selected as reference cases: a compact piston bowl with a lens radius of R =125 mm (Figure 4a,
left side), and a wider bowl with R = 250 mm (Figure 4b, right side). These geometries represent the
lower and upper bounds of the bowl curvature spectrum in this study and enable a focused contrast
of their impact on charge motion.

Figure 4, located below, displays the swirl vector fields for both R125 and R250 configurations
at three selected crank angles (¢ =590°, 620°, 660°CA) and four vertical positions. The R125 geometry
exhibits a more concentrated swirl core, especially during the early compression phase at ¢ =590°CA.
This swirl center is located near the cylinder axis and retains its coherence across stroke positions,
producing elevated axial velocities that persist throughout the compression event. This flow behavior
promotes stronger vortex stability and axial momentum, which in turn supports favorable conditions
for fuel jet penetration and uniform air-fuel mixing. By contrast, the R250 piston produces a broader,
more diffuse swirl pattern. The central region shows lower axial velocities and more radially
deflected flow vectors, indicating a diminished capacity to support downward jet motion. While both
geometries produce comparable swirl magnitudes at the outer radius, the inner core structure is
significantly more dynamic and coherent in the R125 variant.
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Figure 4 Comparison of in-cylinder flow velocity fields at selected crank angles and stroke positions based on
vertical planes defined in Figure 2a. (a) Piston bowl geometry with lens radius R = 125 mm; (b) Piston bowl
geometry with lens radius R = 250 mm. Velocity magnitude is shown using vector fields and a color-coded scale

in (m/s).


https://doi.org/10.20944/preprints202505.0274.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025 d0i:10.20944/preprints202505.0274.v1

7 of 19

These observations are particularly relevant because axial swirl intensity and vortex stability
directly affect how the hydrogen jet interacts with the ambient air during and after injection. A strong
central swirl can enhance the breakup and mixing of the hydrogen jet, increasing the potential for
homogeneity and avoiding local stratification. This effect is further amplified by the reduced density
and high diffusivity of hydrogen, which allows for rapid transport along axial flow vectors—
provided such structures are present and stable. The R250 bowl, despite its larger volume and surface
area, fails to generate comparable axial support, which limits the hydrogen’s ability to reach deeper
regions of the combustion chamber.

To better assess how these flow characteristics influence fuel distribution, the corresponding
sectional planes through the combustion chamber —defined in Figure 2b—were used to visualize the
interaction between airflow and hydrogen injection. Figure 5, shown on the following page, presents
the flow vectors and hydrogen mass fraction for all piston geometries at ¢ =565°CA and ¢ =590°CA,
two key crank angles during and shortly after injection.

R 150

& = 565 KXW

Legend

Mass fraction fuel

8R 250

R125
R 150

& = 590 "KW
R 250

R 300
R 200

Figure 5 Hydrogen mass fraction and flow vector fields at crank angles ¢ = 565°CA and ¢ = 590°CA for all piston
bowl geometries. The sectional view follows the plane defined in Figure 2b. Arrows indicate in-cylinder airflow;

color scale represents local hydrogen concentration.

The difference in jet penetration between geometries becomes clearly visible in Figure 5. The
R125 geometry generates a narrow, vertically oriented hydrogen jet that penetrates deeply into the
combustion chamber, supported by the stronger axial flow discussed previously. At ¢ = 565°CA, the
leading edge of the fuel plume already reaches mid-chamber height, and by ¢ = 590°CA, it extends
close to the piston surface. This deep penetration promotes a more uniform axial fuel distribution,
potentially improving combustion initiation and reducing local lean zones. Conversely, in the R250
case, the jet bends laterally soon after injection, indicating insufficient axial flow guidance. As a result,
the hydrogen remains concentrated in the upper half of the chamber, with limited mixing along the
vertical axis.


https://doi.org/10.20944/preprints202505.0274.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025 d0i:10.20944/preprints202505.0274.v1

8 of 19

By examining the distribution later in the injection process, these tendencies become even more
apparent: the late-phase snapshots at ¢ = 590°CA confirm that only the R125 and, to a lesser extent,
the R150 and R200 geometries achieve a sufficiently broad fuel spread over the full vertical chamber
height. This vertical coverage is critical, as it determines whether the mixture is ignition-relevant
throughout the entire chamber volume—a prerequisite for stable combustion and consistent power
output.

Taken together, these findings point toward a clear structural influence of the piston bowl
geometry: specifically, the curvature radius and bowl depth shape the axial charge motion, which in
turn governs the behavior of the hydrogen jet and its degree of stratification. A strong, coherent swirl
core with axial components—as established in the R125 configuration—not only improves the
efficiency of fuel-air mixing, but also reduces the risk of stratification-induced instabilities. In
contrast, flatter or broader bowl shapes tend to weaken these effects and lead to less favorable mixing
outcomes.

3.2 Efficiency

The preparation of the data for evaluating efficiency involved multiple validation steps to ensure
that the pressure—volume (PV) data computed by AVL FIRE were suitable for constructing reliable
high-pressure loops. These loops are essential for assessing thermodynamic performance through the
application of Equations (1) and (2) outlined in the Materials and Methods section. Initially, the raw
outputs from AVL FIRE were transferred into MATLAB, where volume and absolute-pressure
datasets were plotted to assess consistency across all piston bowl geometries.

Upon initial inspection, it became apparent that certain segments of the PV diagrams,
specifically those corresponding to the gas exchange processes, exhibited atypical shapes. This
anomaly was primarily due to the simulation domain encompassing portions of the intake and
exhaust channels, which resulted in data points representing external conditions rather than closed
combustion chamber states. Consequently, only the high-pressure portion of the cycle—where both
intake and exhaust valves remain closed —was selected for subsequent efficiency evaluations. To
achieve this, all data points corresponding to valve overlap phases were systematically removed.

Additionally, it was recognized that each simulation ran over a single engine cycle only, without
cyclic boundary conditions. As a result, a small discontinuity between the end and beginning of the
PV curve appeared, manifesting as a minor gap when the raw data were plotted. In practical multi-
cycle simulations or real engine operation, this discontinuity would not occur. To correct this artifact
and achieve a closed PV loop necessary for accurate work integration, the initial pressure and volume
conditions were appended at the end of each dataset.

Further adjustments were necessary in the specific case of the piston bowl geometry with a lens
radius of R = 200 mm. Here, missing pressure-volume coordinates near the end of the expansion
phase resulted in an incomplete high-pressure loop. To mitigate this, the missing points were
substituted with corresponding data from the R = 250 mm hydrogen simulation. The substitution is
justified by the remarkable similarity in expansion behavior between the R =200 mm and R =250 mm
cases, particularly during the late expansion stroke, ensuring minimal error introduction. This
correction can be visually validated in Figure 6, where the high-pressure loops across all geometries
exhibit consistent trends during the expansion phase.

Figure 6 highlights the profound impact of piston bowl geometry on the compression
characteristics and the maximum in-cylinder pressures achieved. Specifically, the R125 bowl] exhibits
the steepest pressure rise and highest peak pressure, followed sequentially by R150 and R200. The
R300 configuration, in contrast, demonstrates the flattest pressure curve and the lowest peak
pressure, suggesting suboptimal conditions for hydrogen combustion efficiency under the tested
operating point.
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Figure 6 Comparison of the high-pressure loops at 1500 rpm for hydrogen combustion, highlighting the
influence of piston bowl design on peak pressure and compression behavior

These geometric effects are amplified by the distinct thermodynamic properties of hydrogen as
a fuel. Hydrogen's low compressibility compared to hydrocarbon fuels means that the compression
process results in sharper pressure increases as the piston approaches top dead center (TDC).
Additionally, hydrogen’s high thermal conductivity accelerates post-combustion cooling processes
[21], The effect of water vapor, a primary product of hydrogen combustion, further enhances the
cooling during the expansion stroke due to its large specific heat capacity [8], [22].

The resulting pressure dynamics do not merely affect temperature behavior but directly
determine the mechanical work that can be extracted from the cycle. Specifically, the steepness of the
compression curve and the magnitude of the peak pressure define the area enclosed in the PV loop,
which represents the gas work Wx. This work increases with sharper pressure gradients and higher
combustion completeness —conditions typically favored by geometries that promote efficient charge
motion and rapid flame development.
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Figure 7 Visualization of intake valves, exhaust valves, spark plug, and injector positioning, illustrating how

charge motion and hydrogen jet development are influenced by geometry

It is important to highlight that hydrogen, compared to conventional hydrocarbon fuels, exhibits
an extraordinarily wide flammability range, supporting combustion at equivalence ratios up to A =
10 ([2], p- 203). Consequently, hydrogen tolerates a leaner mixture while still remaining combustible.
Previous investigations have indicated that, through suitable piston bowl geometries and the
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corresponding influence on charge motion, hydrogen tends to form advantageous fuel clouds around
the spark plug when using lens radii of R = 125 mm or R = 300 mm.

Figure 8 reinforces this conclusion: among the examined variants, R125 exhibits not only the
steepest pressure rise and the highest peak pressure during the combustion phase but also the most
favorable hydrogen distribution near the spark plug at ignition timing (¢ = 709 °CA). The contour
plot reveals a concentrated and symmetrically placed hydrogen-rich region in the central upper part
of the combustion chamber, closely surrounding the ignition site. This localized enrichment fosters
rapid kernel formation and robust flame propagation.

In contrast, the R300 and R250 variants show more diffuse hydrogen distributions, with leaner
zones near the spark plug and displaced rich regions toward the periphery. These characteristics are
visible both in the color gradients and in the numerical A-range values provided alongside the figure.
Particularly for R150, the extremely wide span from A = 0.64 to 106.22 indicates pronounced
inhomogeneity, which may destabilize ignition and slow down early combustion.

The tabulated equivalence ratio extremes in the figure further supports these observations. R125
maintains a narrow A-range with moderate deviation, suggesting more homogeneous mixing in the
spark vicinity. Such distribution characteristics are desirable in direct-injected hydrogen engines,
where lean misfire limits and incomplete combustion must be avoided. The spatial positioning of
hydrogen around the intake valves and central spark plug demonstrates how piston bowl geometry
directly governs the three-dimensional mixture stratification at ignition-relevant conditions.

R =150 R = 200

R = 250 R = 300 ALs=T09 KW

R125
[0,90; 7,911
R 150
[0,64; 106,22]
R 200
[0,81; 49.69]
R 250
[0,82; 30,33]
R 300
[0.89: 8,76]

Figure 8 A-maps showing local hydrogen concentrations near the spark plug for different piston bowl

geometries, emphasizing differences in mixture preparation

The pressure development in the combustion phase for each geometry is summarized in Figure
9, where the combustion-specific portion of the high-pressure loop clearly illustrates the delay and
flattening in pressure rise for the wider bowl variants. These findings directly link mixture
distribution at ignition timing to subsequent thermodynamic performance.

In particular, the R125 configuration shows a noticeably steeper pressure rise immediately after
ignition, resulting from the more concentrated hydrogen cloud around the spark plug. This promotes
faster flame kernel formation and more rapid heat release compared to the wider bowl designs. In
contrast, the R250 and R300 configurations demonstrate a visibly flatter pressure curve, indicating a
slower combustion progression likely due to leaner local mixtures and delayed flame development.

Such differences are critical because the steepness of the pressure rise is directly connected to
the rate of energy release during the combustion phase. A rapid pressure increase suggests that a
large portion of the chemical energy is converted into thermal and mechanical work within a short
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crank angle window, thereby enhancing cycle efficiency. Conversely, a more gradual pressure rise
spreads the combustion over a larger crank angle interval, which can reduce peak pressures and lead
to less favorable work extraction during expansion.

. 106 High pressure course loop, p-V diagram
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Figure 9 Detailed comparison of the pressure development during combustion, demonstrating the rate of heat

release and efficiency differences resulting from piston bowl variations

3.2.1 Efficiency calculation

In the present study, the hydrogen mass flow was kept constant across all simulated piston bowl
geometries by applying an identical injector mass flow within the simulation environment. This
parameter consistency allowed for a geometry-based comparison of conversion efficiency, without
introducing additional thermodynamic variables. The efficiency analysis is based on the gas work
WH, obtained by integrating the high-pressure loop of each pressure-volume (PV) diagram. The
methodology follows the thermodynamic definitions given by Equations (1) and (2) in the Materials
and Methods section.

The results are summarized in Tables 2 and 3, which document the computed work values and
corresponding efficiencies for each piston geometry. As anticipated from the pressure trace analysis,
the configurations with steeper pressure gradients—particularly R125 and R150—produced the
highest gas work output. These geometries support faster flame propagation and more favorable
expansion characteristics, thereby enhancing thermodynamic performance. In contrast, the R300
configuration consistently yielded the lowest efficiency due to a slower combustion process and more
dispersed hydrogen distribution.

Table 2 Numerical amounts of gas work in the high-pressure loops

Piston Value
R 125 3267.95
R 150 3188.04
W []] R 200 (ref) 3163.90
R 250 3161.28
R 300 3223.14

Here, WH is the gas work obtained from the high-pressure portion of the engine cycle, and Q
represents the potential heat for the injected hydrogen. The efficiency results are presented analog to
Table 2 in Table 3.
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Table 3 Efficiency of the high-pressure loops nu

Piston Value
R 125 0.382
R 150 0.373
N [-] R 200 (ref) 0.370
R 250 0.369
R 300 0.377

Figure 9 illustrates the combustion-specific section of the PV diagrams and reveals the
differences in pressure evolution between bowl designs. The R125 variant exhibits the most rapid
pressure rise and highest peak pressure, which translates directly into increased mechanical work.
R150 and R200 follow closely, while R250 begins to show signs of delayed combustion, and R300
trails with significantly lower pressure buildup. The trend correlates with earlier findings from
mixture distribution and charge motion, underscoring the influence of geometry on flame speed and
combustion timing.

These observations further validate the robustness of the simulation approach. The uniform
simulation settings and careful PV data treatment ensure reliable work integration and isolate the
geometric impact. The fact that pressure development trends and gas work results converge across
independent metrics reinforces the internal consistency of the CFD methodology and builds
confidence in its predictive capability.

Additionally, the R125 geometry benefits not only from optimal flame development but also
from its ability to channel hydrogen into ignition-relevant regions early in the compression stroke.
This localized fuel availability enhances pre-ignition stratification in the spark plug vicinity,
supporting rapid energy release immediately after ignition. Such effects are clearly evident when
comparing flame surface density and local equivalence ratio plots across geometries, which are
discussed in the following section. Ultimately, this makes R125 the most efficient geometry among
the configurations tested, offering a favorable balance between stratification, turbulence, and thermal
efficiency.

3.4 Critical sub-stoichiometry

The evaluation of combustion dynamics revealed that several geometries—particularly those
with broader piston bowls —were susceptible to the formation of locally sub-stoichiometric zones at
ignition timing. These are regions where the local air—fuel equivalence ratio 1 exceeds the optimal
range for complete combustion. Although hydrogen offers a wide flammability spectrum, lean
mixtures with limited hydrogen concentration may delay flame propagation or suppress ignition
altogether.

Figure 10 visualizes the location and effect of such sub-stoichiometric zones. The left portion of
the figure shows lean regions (A = 1.01) shortly before ignitionat ¢ =709 ° CA. The central image
contrasts this by highlighting areas below stoichiometry (4 < 1), while the right side depicts the
corresponding flame surface density (FSD) shortly after ignition at ¢ = 730 °CA. It becomes evident
that fuel-rich and fuel-lean regions are highly geometry-dependent. Specifically, in the R300 and R250
configurations, unburned hydrogen remains concentrated along the bowl edge due to delayed flame
access and insufficient radial mixing.
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Figure 10 The left and middle images depict regions of the combustion chamber with equivalence ratios above
(A =1.01, lean) and below (A <1.00, rich or stoichiometric) at ¢ =709 °CA, respectively. The right image shows
the flame surface density at ¢ =730 °CA,

The sub-stoichiometric zones referenced in Table 4 can be directly linked to geometric features
of the combustion chamber. Sharp transitions and bowl edges hinder the flow, forming so-called
vortex or “dead” zones[23], which disrupt local air—fuel mixing and lead to persistent stratification.
As a result, it is challenging to fully eliminate such regions through piston design alone. Most of the
simulated configurations exhibit some degree of local sub-stoichiometry. For instance, the R125
piston shows minor lean regions near the inlet valve, while the reference geometry R200 reveals
stratification around the fire step area.

Beyond their thermodynamic implications, these locally unreacted fuel zones also pose
mechanical risks —particularly when they form near chamber walls. High hydrogen concentrations
in proximity to the cylinder liner, especially in the top-land region, can displace the protective oil film
and increase localized thermal stress. This condition accelerates wear on piston rings and cylinder
surfaces and may reduce the long-term durability of key components. Although such effects might
be tolerable under transient conditions like cold starts, they raise concerns when persistent, especially
under steady-state loads. It should be noted that the simulations in this study were limited to a single
engine cycle and do not capture long-term degradation.

Unlike conventional hydrocarbon fuels, hydrogen provides no lubricating function and exhibits
a combination of properties—namely, high diffusivity and low quenching distance —that amplify its
interaction with solid surfaces [24], [25]. When hydrogen-rich zones persist near thermal boundaries,
they may therefore increase the likelihood of local material degradation through thermal fatigue and
oil-film destabilization.

Table 4 Summary of regions exhibiting air-fuel equivalence ratios significantly above stoichiometry (A >1.01) at
ignition timing (¢ =709 °CA). Sub-stoichiometric zones are linked to specific geometric features, such as the inlet
valve area, fire step, and piston crown edges. A more pronounced occurrence of these regions is associated with

wider bowl designs, potentially impacting combustion stability and component durability.

Piston
R 125 Low, inlet valve
R 150 -
R 200 (ref)
R 250 Middle, fire step
R 300
All simulations were conducted using the Reynolds-Averaged Navier-Stokes (RANS)
turbulence model, widely adopted in industrial CFD applications. While robust and computationally
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efficient, RANS do not resolve all turbulence scales, potentially limiting the accuracy of local mixing
predictions.

3.5 Raw Emissions

Building on the sub-stoichiometric analysis, the following section addresses the formation of
raw emissions, focusing exclusively on nitric oxide (NO) in the context of hydrogen combustion. The
CFD simulation results are used to assess NO formation for all piston bowl geometries at the end of
the engine cycle (¢ = 878 °CA), just before the exhaust valve opens. This crank angle was selected to
capture the full scope of in-cylinder NO development without being affected by post-combustion
exhaust processes.

The simulation employs the extended Zeldovich mechanism to calculate NO, accounting for the
primary temperature-dependent reactions between nitrogen (N:), oxygen (O), and intermediate
species like atomic oxygen and nitrogen. These are derived from local thermodynamic equilibrium
conditions embedded within the combustion model. The results are summarized in Table 5,
presenting both mass fraction (ppm) and the absolute NO mass (mg) for each piston configuration.

Table 5 Simulated and measured NO emissions for all piston geometries. PPM values reflect NO at ¢p = 878 °CA;
mass values in mg denote total NO mass within the cylinder.

Piston lens R Measured 125 150 200 (ref) 250 300
NO [ppm] 250 1194 927 548 327 586
[mg] - 7.4 5.73 3.38 2.02 3.62

A direct comparison to measured NO, emissions is presented in Table 4, though it must be
emphasized that the test bench measurements refer to total NO,, while the simulation captures only
NO. Furthermore, real-world NOx values are temporally and spatially averaged within the exhaust
system and affected by mixing, quenching, and secondary reactions. Nonetheless, simulation results
reflect peak in-cylinder conditions and thus reveal reliable trends for comparative evaluation across
geometries.

As evident from the simulation, the reference case (R200) exhibits a peak NO mass fraction of
548 ppm, which is nearly double the measured NO; value of 250 ppm. The highest simulated NO
formation occurs in the R125 configuration with 1194 ppm (7.4 mg), while the lowest is seen in the
R250 variant with 327 ppm (2.02 mg). This indicates a strong dependency of NO formation on piston
bowl geometry, driven by differences in flame propagation, mixture stratification, and local
temperature evolution.

Figure 11 visualizes the evolution of NO mass fraction across crank angle for each geometry. All
configurations follow a similar pattern: a sharp increase after ignition, followed by stabilization.
Notably, R125 reaches its peak NO level earliest and sustains it throughout the expansion phase.
R300, on the other hand, demonstrates a slower buildup but stabilizes at a moderately high level,
suggesting sustained post-flame temperatures due to slower mixing and longer combustion duration.
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Figure 11 Simulated NO mass fraction over crank angle ¢ for five piston bowl geometries. Red line indicates

NO [ppm]

measured NOy value for reference.

The strong NO rise seen in R125, despite its high combustion efficiency, can be attributed to
early and intense heat release, as confirmed by the pressure curves in Figure 6 and flame
development in Figure 8. Rapid combustion increases peak flame temperature, thus accelerating the
Zeldovich reactions. While this may benefit pressure development and thermal efficiency, it also
enhances thermal NO formation.

According to [3] (p. 495 ff.), about 90-95% of NO emissions in piston engines arise from thermal
NO mechanisms. Hence, higher in-cylinder temperatures generally lead to an increase in NO
production—provided those elevated temperatures persist long enough for the formation reactions
to proceed. A This connection is particularly evident in the average in-cylinder temperature curve
shown in Figure 12, where a peak temperature of ~1650-1700 K is reached shortly after ignition.
Although this is slightly below the 1800 K threshold cited for peak thermal NO production, it must
be considered that local flame front temperatures can exceed the cylinder-averaged values. Therefore,
even if the bulk temperature appears marginal, localized hot spots within the flame region can
promote high NO formation in narrow piston bowl designs like R125. Hydrogen combustion
inherently promotes higher flame temperatures due to its high flame speed and adiabatic combustion
temperature. However, a key mitigating factor in hydrogen engines is the post-flame cooling effect
caused by water vapor formation. Water’s large heat capacity facilitates more efficient heat removal
from the combustion chamber, thereby limiting the overall amount of thermal NO formed [8], [22].
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Figure 12 Average in-cylinder temperature over crank angle for hydrogen combustion. The peak at 740 °CA
exceeds 1650 K, corresponding to the main NO formation window. Rapid cooling thereafter limits further NO

production.

Small differences in mixture formation and flame propagation can nonetheless cause variations
in peak combustion temperature, as well as in how quickly temperatures decline after ignition. For
instance, a piston bowl design that promotes thorough mixing without unduly prolonging the peak
temperature region may strike a favorable balance between complete combustion and minimal NO
generation. At the same time, overly strong swirl or late-burning zones could cause localized
temperature spikes, driving up NO in specific regions.

4. Discussion

The results presented across Sections 3.1 to 3.5 confirm that piston bowl geometry exerts a
significant influence on hydrogen combustion behavior in terms of in-cylinder flow, mixture
stratification, combustion efficiency, and pollutant formation. From a thermodynamic and fluid
mechanical standpoint, these findings highlight key interdependencies between geometric design
parameters and local flow fields, particularly swirl intensity and axial momentum development.

In line with expectations, compact piston bowls—especially the R125 configuration—enable
more stable and focused central swirl structures. These enhance axial flow velocities, which in turn
improve fuel jet penetration and vertical mixture distribution. The deep and stable vortex core
formed in R125 ensures that injected hydrogen is guided into the combustion chamber in a coherent
and well-distributed pattern, reducing mixture stratification and supporting faster flame kernel
development. These observations are consistent with previous work on swirl-supported direct
injection systems, which emphasize the importance of axial swirl for enhancing fuel-air mixing and
ignition stability.

However, the downside of stronger swirl and steeper combustion gradients, as observed in
R125, is the elevated risk of increased thermal NO formation. The simulation results confirm that the
early and intense combustion phase in this configuration leads to rapid heat release and high local
flame front temperatures. According to the extended Zeldovich mechanism, thermal NO formation
is highly sensitive to both peak temperature and residence time. While the average in-cylinder
temperatures remain below the threshold of 1800 K, localized regions near the flame front may
temporarily exceed this value, triggering enhanced NO generation. This is a well-known
phenomenon in high-efficiency hydrogen combustion and corroborated by classic studies such as
those by Heywood [20], and more recent findings on hydrogen-specific emission behavior [8].
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The mitigating effect of post-flame cooling, primarily due to the high specific heat capacity of
water vapor, is evident but not always sufficient to suppress NO formation completely in aggressive
combustion setups. This highlights a fundamental trade-off between maximizing thermal efficiency
and minimizing pollutant emissions. Optimized combustion strategies, such as staged injection or
variable charge motion, may help balance these competing priorities.

In contrast, broader piston bowls (e.g., R250 and R300) reduce peak temperature gradients and
limit NO formation but at the cost of slower combustion and reduced thermal efficiency. These
geometries are more prone to the formation of sub-stoichiometric zones, particularly near the piston
crown edge and fire step. Such zones, if persistent, can impair flame propagation and increase the
risk of incomplete combustion. The observed stratification patterns in R250 and R300 highlight the
importance of geometric transitions and local vortex dynamics in mixture preparation. Literature on
stratified charge combustion supports the view that recirculation zones near sharp geometrical
features promote fuel stagnation and mixing deficits [23].

In terms of mechanical durability, localized fuel-rich or sub-stoichiometric zones near the
cylinder wall may also pose challenges. High hydrogen concentrations in such areas can displace
lubricating oil films and expose metal surfaces to high thermal loads. This effect, which is particularly
critical under cold-start conditions or transient load changes, can accelerate wear and reduce engine
life. Studies on hydrogen’s poor lubricity and high diffusivity confirm this risk [24], [25].

Regarding modeling accuracy, the use of a Reynolds-Averaged Navier-Stokes (RANS)
turbulence model introduces certain limitations. While effective for predicting global flow structures,
RANS may underpredict localized turbulence and mixing effects, especially in zones near the jet or
at sharp geometrical transitions. This could affect the accuracy of predicted sub-stoichiometric
distributions and local temperature spikes. Future work should therefore consider higher-resolution
methods such as Large Eddy Simulation (LES) or hybrid RANS-LES approaches to improve the
fidelity of mixture preparation and emission prediction [26].

Finally, the current study was limited to single-cycle simulations at a fixed operating point.
While this provides valuable insight into geometric effects under steady-state conditions, multi-cycle
simulations and experimental validation under varied load and speed conditions are essential to
generalize these findings. Further investigation should also explore geometry-adaptive piston bowls,
real-time control of charge motion, and hydrogen-specific injection strategies as potential pathways
to balance efficiency, emissions, and mechanical durability in future hydrogen engine designs.

5. Conclusions

Analysis of the charge motion has shown that the swirl flow determined by the swirl-channel
geometry emerges in all investigated piston-bowl configurations for hydrogen, as was anticipated.
Differences arise primarily in the velocity magnitudes and the positions of the swirl centers, yet the
overall flow directions are largely similar—particularly from about 100 °CA before top dead center,
where the flow fields exhibit minimal variation.

As stated in the Results — Charge motion section, that the mixture formation and flow
characteristics at ¢ = 565 °CA along the cylinder’s longitudinal axis strongly influence the fuel
distribution at the ignition timing (¢ = 709 °CA). For the hydrogen-fueled engine considered here,
the same cross-sectional plane proved decisive: only a few configurations achieved an advantageous
hydrogen distribution at the spark plug. This outcome suggests that, at the investigated speed of n =
1500 rpm, implementing a variable control of charge motion—such as a flap in the filling channel —
may be necessary to ensure a desirable mixture formation. The results regarding combustion
behavior, as well as the corresponding efficiency and gas work obtained from the high-pressure loop,
confirm that optimal performance is closely tied to the presence of a well-defined hydrogen cloud
around the spark plug at ignition. When this localized enrichment occurs, higher peak pressures,
greater induced work, and improved efficiency typically follow. Conversely, insufficient hydrogen
near the spark plug tends to slow the combustion reaction and diminish the achievable pressure rise.
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However, systems specifically optimized for hydrogen combustion remain limited and can be
costly. In many cases, upgrading existing machinery entails securing suitable components and
reevaluating engine parameters to accommodate hydrogen’s unique chemical and physical
properties. Given that projects must be adapted to their specific conditions, further work is required
to develop robust, widely applicable guidelines for hydrogen-engine conversions.

Abbreviations

The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
FSD Flame Surface Density

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure
LES Large Eddy Simulation

NO Nitric Oxide

NOx Nitrogen Oxides

PV Pressure-Volume

RANS Reynolds-Averaged Navier—Stokes
TDC Top Dead Center

Wh Gas Work (thermodynamic work from PV loop)
nH Combustion Efficiency

A (lambda) Air-Fuel Ratio
@ (phi) Crank Angle [°CA]
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