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ARTICLE INFO ABSTRACT

Keywords: This study investigates boundaries of ultra-high pressure (300 bar) hydrogen direct injection in a closed-loop
Argon power cycle argon power cycle, including combustor and working fluid management subsystems. An integrated 1D-3D
Hydrogen

CFD framework is implemented to assess the effects of key system parameters on combustion phenomenology
under real-world operational constraints of a large-bore, medium-speed engine representative of future extrap-
olated hydrogen power generation systems. The framework is thoroughly validated with experimental data,
including measurements of argon-diluted hydrogen jet ignition from a spray-combustion chamber. Simulations
confirm that ignition delay is governed by oxygen entrainment and in-cylinder temperature. Three interacting
phenomena driving combustion are also identified: rapid premixed burn of residual or entrained hydrogen;
mixing-controlled heat release driven by jet momentum and piston interaction; and late-stage decay limited by
liner-suppressed momentum loss. The latter phenomenon leads to diffusion flame quenching, which is difficult to
overcome through injection calibration or mixture dilution alone. Combustion efficiency above 92% is essential
to prevent early-stage pressure rise rates from exceeding the 10 bar/°CA limit, even though recirculated un-
burned hydrogen has minimal impact (<0.2%) on indicated efficiency. Increasing the injector discharge coef-
ficient or reducing argon/oxygen circuit pressure support more complete combustion, but both measures
introduce trade-offs with excessive peak pressure and thermodynamic efficiency respectively. The best observed
trade-off at 90% argon and lambda 1.3 is achieved at hydrogen SOI of —20 CA, with moderate discharge and
yields thermodynamic efficiency of 51%, below expected targets. The study's flat piston limits mixing during late
combustion, so further gains require injector/bowl geometry co-optimisation.

High-pressure direct injection
Jet ignition

Combustion efficiency
Large-bore engine

potentially competitive alternative, combining high efficiency with
compactness and the ability to valorise electrolysis off-streams [3,4]. By
replacing air with argon (Ar), the APC improves thermal efficiency and
eliminates NOy formation [5]. However, its practical implementation
remains challenged by real-world operational constraints, particularly
related to closed-loop operation, argon recirculation, and off-stream
integration. As a result, the technology is still at a low maturity level.
Significant progress in APC technology has been made using hy-
drocarbon fuels [6]. Aznar et al. [7,8], demonstrated that direct-
injection compression ignition (CI) outperforms port-injection spark
ignition (SI), offering higher efficiency and extended operating range by
mitigating knock. APC in homogeneous charge compression ignition
(HCCI) mode with iso-octane [9,10] and natural gas [11], has consis-
tently shown efficiency gains of up to 30% over air cycles. However, the

1. Introduction

The expansion of renewables is transforming the energy production
paradigm. However, the inherent intermittency and variability of these
resources present challenges to grid stability, reliability and dispatch-
ability [1]. Addressing these challenges requires energy storage solu-
tions which decouple supply from demand over time. Among the
options, power-to-hydrogen (H) has gained attention by converting
surplus renewable electricity into Hy via electrolysis. Proton exchange
membrane fuel cells can reconvert Hy to electricity at efficiencies up to
65% but only at partial load, i.e., at excessive capital and operational
cost [2].

Emerging technologies such as the argon power cycle (APC) offer a
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Nomenclature

Abbreviations

A area [m?]

APC argon power cycle

ATDC after top dead centre [ °CA]
BTDC before top dead centre [°CA]
CA crank angle

CA10 crank angle that 10% of fuel is burned
CA50 crank angle that 50% of fuel is burned
CFD computational fluid dynamics

CI compression ignition

Cq discharge coefficient

CR compression ratio

EVO exhaust valve open

HRR heat release rate [J/°CA]

THR integrated heat release rate [J]

IMEP indicated mean effective pressure [bar]
IvC intake valve close

Vo intake valve open

m mass flow rate [kg/s]

M Mach number

P pressure [pal

PRR pressure rise rate [bar /°CA]

R gas constant [J/ kg.K]

RMSE root mean square error

SI spark ignition

SOC start of combustion [°CA]

SOI start of injection [ °CA]

t time scale [s]

T temperature [K]

TDC top dead centre

TKE turbulent kinetic energy [m3/s2]

Greek Letters

o thermal diffusivity [m?/s]

€ turbulent kinetic energy dissipation rate
fe combustion efficiency

i engine indicated efficiency

8¢ thermal boundary layer thickness[m]

A ratio of actual oxygen-fuel ratio to the stoichiometric
y specific heat ratio

practical use of these fuels in closed-cycle APC is limited by challenges in
CO, removal and storage [8].

Initial research into APC with Hy was conducted by Cornell Uni-
versity [12] and Kyoto University [13], followed by experimental vali-
dation by Toyota Motor Corporation, which employed SI architecture
and achieved efficiencies of up to 41% [14]. Killingsworth et al. [15]
investigated the effect of compression ratio(CR), finding that knock
limited CR to 4.5:1, with a peak thermal efficiency of 44%.

Tongji University initiated consistent experimental investigations
into SI Hy-APC in 2017 [16,17] with contemporary single-cylinder
research engine architecture. Recent works by Jin et al. [18] and Ding
et al. [19] investigated knock suppression via water injection, achieving
a net thermal efficiency of 52.41% at a CR of 9.6:1. Their subsequent
research extended to include Miller cycle [20], methane addition [21]
and charge stratification [22]. All these were aimed at suppressing Hy
pre-ignition and thermal loading, identified as the main showstopper for
maximising efficiency. Recently, WTZ [23,24] announced a closed loop
H,-APC implementation with Ar recovery, claiming a peak thermal ef-
ficiency of 55%. However, available data suggest this figure was ach-
ieved under partial load, with limited technical details disclosed.

On the other hand, compression ignition (CI) of Hy in APC seems
more futuristic than spark ignition due to the knock-free operation. Mat
Taib et al. [25-27] employed CFD to investigate Hy CI in noble gas en-
vironments, using the baseline geometry of a heavy-duty Yanmar
NF19SK diesel engine. Their work focused primarily on comparing
working fluids, highlighting helium’s superior thermophysical proper-
ties over Ar. However, the studies assumed an injection pressure of only
80 bar, limiting the analysis to low-load conditions and excluding
practical constraints such as durability and thermal limits. Van den
Brink [28] used CFD to simulate combustion phenomena in a jet ignition
Ar-Oo(Ar-Hy) environment. The study revealed that direct Hy injection
gave better thermal performance than O injection, due to mitigated
heat losses.

The energy industry has recently shown significant interest in Hy-
APC [29,30], while most studies remain highly idealised, focused on
premixed conditions, generic geometries or simulations detached from
real engine constraints. In particular, Hy jet ignition under argon dilu-
tion has only been superficially addressed, typically through funda-
mental experiments lacking practical constraints such as permissible
pressure, temperature and combustion efficiency on the combustor, not
to mention the system level. Consequently, key limitations arising from

jet dynamics, ignition delay and incomplete combustion remain unre-
solved in the context of the intended application.

While previously reported indicated engine efficiencies range from
44% to 60%, the present study aims to evaluate the maximum attainable
efficiency by systematically varying independent engine parameters.
This work also addresses that gap by conducting the first comprehensive
numerical investigation of Hy high-pressure direct injection in a full
closed-loop APC engine. Unlike previous studies, the simulations are
performed using a high-fidelity CFD-1D coupled framework, validated
across both combustion and system-level performance, and applied to
architecture reflecting the intended application in stationary power
generation.

In this study, flat piston is selected to be studied to remove geometry-
induced effects, providing a controlled framework to study the funda-
mental behaviour of hydrogen jet ignition and combustion in an Ar-Og
environment. Under these conditions, the study clarifies the underlying
combustion phenomenology while demonstrating the fuel’s inherent
capability for efficient mixing and energy release without geometric
assistance and uses these insights to guide hardware design and cali-
bration strategies for full-scale APC implementation.

2. Methods

In this study, a prototype APC combustor based on Wartsila 20 cyl-
inder geometry, is investigated. The core simulations are conducted
using Converge Studio CFD package. The whole APC is simulated using
1-dimentional (1D) GT-Suite, including charge cooler and condenser for
combustion products (Hz0) recovery. The 1D solution establishes
boundary conditions for CFD simulation, including cylinder scavenging
and combustion.

The simulation framework is explained in Fig. 1. Note that, for each
iteration, the CFD-predicted burn rate is re-imposed to the 1D model,
which in turn feeds the intake manifold mixture conditions and pre-
dicted cylinder-wall temperatures as boundary conditions for the CFD
solver. Co-simulation is run until the changes in solid wall temperature
and heat release rate (HRR) do not exceed 5 K and 3% respectively. The
routine ensures simulations are robustly linked to real engine
conditions.
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Fig. 1. Schematic of the simulation process including 3D converge studio and 1D GT-Suite.

2.1. The research object and its representative GT-Suite model

The key specifications of the investigated single-cylinder research
engine are summarized in Table 1. Its principal geometrical parameters
are consistent with the production engine, but a flat-crown piston was
intentionally adopted. This simplification aligns with the study's objec-
tives, enabling the decoupling of the effects of governing control pa-
rameters on Hj jet combustion in an APC engine from those associated
with detailed geometric features.

The corresponding 1D-model of the base engine is provided by the
engine manufacturer (Wartsila),including well-calibrated airpath and
cylinder components, with valve flow coefficients established from
dedicated flow-bench tests. The baseline GT-Power model further in-
cludes a finite-element-method-based wall thermal solver. This predic-
tive methodology is essential for realistic estimation of wall
temperatures in the absence of experimental data on heat transfer in
APC conditions. Details of the methodology and its calibration for a
sister Wartsila “MONO” engine, one can find in the recent work of
Kakoee et. al. [31].

The validated baseline model is consecutively adapted to represent
closed-loop operation in APC with Hy. The adaptation process is thor-
oughly discussed in the work by Ahammed et al. [32], which further
provided results for detailed design of the planned APC plant. The APC
system model, corresponding to the mentioned detail design, used in the
present simulation framework, is illustrated in Fig. 2.

Relevant changes compared to its referenced predecessor [32],
include a more detailed semi-predictive condenser and heat-exchanger
models calibrated to real performance data. Other detailed changes
include the geometries of the pipe layout and pulsation-reducing buffer
tanks, as evident from Fig. 2. Final differences include changing the fuel
control logics to accommodate direct Hy injection and the explored
combustion concept. The simulations are run with coolant and lube oil

Table 1

Specifications of the Wartsila 20 single-cylinder research engine.
Engine Specification Value
Bore 200 mm
Stroke 280 mm
Connecting rod length 510 mm
Crank offset 0 mm

Valvetrain

Intake valve timing
Exhaust valve timing
Number of injector nozzles
Umbrella angle

Piston crown shape

four valves per cylinder
—373 to —231 CA ATDC
—580 to-342 CA ATDC
9

140

flat

circuit temperature fixed to 85 °C, regardless of the load point.

2.2. CFD computational framework

2.2.1. Computational domain and mesh structure

Fig. 3 illustrates the computational domain, which includes the
intake and exhaust runners and a moving piston interface. The meshing
further involves the cylinder head with moving valves, along with the
centrally mounted, high-pressure Hy injector (Fig. 3, right-hand side).
The injector nozzles are defined as the inlet boundary condition, sup-
plying pure Hs.

The present study performed a mesh sensitivity analysis to assess the
mesh structure in terms of computational time and accuracy, evaluating
eight different structures for one of the simulation cases.

Table 2 presents the eight different mesh structures investigated. The
adaptive mesh refinement levels for velocity, density, and species are set
to 2 for all cases. Additionally, a mesh embedding level of 3 is applied
around the intake and exhaust valves to improve the accuracy of valve
motion modelling. Due to the presence of under-expanded jets resulting
from H; injection, a conical cylinder with a mesh embedding level of 5 is
defined around each injector nozzle to capture the flow characteristics
more accurately.

2.2.2. Relevant modelling assumptions

The present study investigates the auto-ignition behaviour of Hy
under CI conditions, where accurate modelling of Hy combustion is
essential. Based on prior research, the SAGE combustion solver, coupled
with the C3 hydrogen combustion mechanism [33], is employed to
simulate the combustion process in an argon-diluted environment. This
mechanism comprises 37 reactions involving 12 species and six chemi-
cal elements. Combustion is modelled from the SOI to the end of the
engine cycle. The k-¢ turbulence model is used to represent turbulent
flow behaviour, and the Redlich—-Kwong equation of state is applied for
simulating compressible gas dynamics. The turbulence model and its
parametrisation is adopted from the earlier CFD simulation study by
Kakoee et al. [34], concerning similar W20 cylinder geometry. The
present study implements effective averaged diffusion coefficients to
model binary diffusion coefficients because of their accuracy and lower
computational cost [35]. This simplification neglects cross-diffusion
effects and differential diffusion driven by multicomponent in-
teractions. In an Argon-rich environment, this approximation may
introduce additional uncertainty due to the large molecular weight and
low diffusivity of Argon compared to lighter species such as Hy. In
particular, the presence of Argon can enhance differential diffusion ef-
fects and modify species transport rates, which are not fully captured by
the mixture-averaged approach.
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Fig. 2. Schematic of the closed-loop Hy APC model built in GT-Suite software.
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Fig. 3. The computational domain of the W20 single-cylinder research engine: a) whole geometry including intake and exhaust, b) valves and injector nozzles in
cylinder head.

However, previous studies [27] have shown that mixture-averaged and large-scale mixing. In the present configuration, the good agreement
diffusion provides a reasonable approximation for global combustion observed in early-time temperature and HRR evolution suggests that the
characteristics, especially when the flow is dominated by convection impact of this simplification remains limited for the primary phenomena
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Different mesh structures investigated for mesh dependency study, with variations highlighted in bold.

Mesh 1 Mesh 2 Mesh 3

Mesh 4

Mesh 5 Mesh 6 Mesh 7 Mesh 8

Base size 6 mm 4 mm 4 mm
Cylinder embeding 1 1 2
Adaptive mesh refinement for T 2 2 2 3

5 mm
2 after SOI

4mm 5 mm 5 mm 4 mm
2 after SOI —25to —20 CA 2 after SOI 2 after SOI
3 4 4 4

of interest. Table 3 summarises the submodels and their governing
parameters.

Hy is injected through nine individual nozzle orifices, which are
implemented as inlet boundary conditions. The mass flow rates are
estimated via a standard isentropic flow correlation with choked flow
condition [36]. As reported in previous experimental studies [37-39],
the mass flow profile of high-pressure gas injection typically follows a
near-trapezoidal shape, characterised by a rapid rise in flow rate
(approximately 1.5° CA at 1000 rpm [39]), a quasi-steady phase and a
sharp decline(1.5° CA at 1000 rpm).

2.3. Model validation methodology

The validity of the 1D airpath model and connected thermal solver
for baseline geometry has been experimentally verified in the previous
studies [31], and so is not discussed here in detail. To ensure the cred-
ibility of the developed CFD framework, the numerical model is vali-
dated against two independent experimental datasets, covering both
mixture formation and combustion characteristics. Validation of the Hy
jet development and mixing process uses experimental data from the
Sandia National Laboratorie$ optical hydrogen engine [37]. Its Hy in-
jection is admitted via a single-hole injector at the pressure of 100 bar.
The postprocessed Hy mole fraction that is extracted from planar laser-
induced fluorescence (PLIF) is used and compared with simulation re-
sults using the same geometry.

Due to the lack of engine experiments, the present simulation's
combustion phase is validated using H» jet ignition in Ar-Oy environ-
ment, investigated by Mansor and Shioji [40]. Fig. 4 depicts their ge-
ometry, used to validate the present simulation. The same injection
strategy (trapezoidal mass-flow profile) and mesh resolution in the
current simulations are applied for both validation paths.

2.4. Design of simulations and postprocessing methods

Table 4 summarises the investigative simulation campaigns, with
each campaign linked to the corresponding results section. The CR is
extracted, based on 1D-optimised APC operating condition at 21.5 bar
IMEP, corresponding to approximately 75% load of the baseline Wartsila
20 engine, as established in previous thermodynamic studies by Ahamed
et al. [32]. The scope of this investigation includes: (i) the effects of
direct Hy injection (timing and flow coefficient); (ii) cross-cycle coupling

Table 3
Summary of submodels used in the CFD simulations.
Submodel type Approach Reference Notes /
parameters
Combustion/ chemistry SAGE solver + C3 Dong et al. 37 reactions, 12

H, mechanism [33] species;

Turbulence Standard k-¢ model ~ Kakoee

et al.
[3445]

Diffusion Mixture averaged Turns [35] Effective
diffusion averaged binary
coefficients diffusion

coefficients

Gas dynamics Redlich-Kwong Wang et al.

[46]

Turbulence—chemistry Direct coupling - No presumed

interaction PDF model

Pressure
transducer

Exhaust valve L\/\/h

Fig. 4. Schematic of experimental set up for H, jet ignition validation valida-
tion in argon-oxygen environment reproduced from Mansor et al. [40] with
permission from Elsevier.

Table 4
Operating and boundary conditions for different parts of results section: bolded
quantities indicate a change vs. previous campaign.

Sections 3.1 Section 3.4 Section 3.5 Section 3.6
and 3.3
Campaign Reference Injection Effect of Mixture
case parameters premixed Hy parameters
A 1.1 1.1 1.1 variable
SOl —15° CA variable variable —20° CA
ATDC ATDC
Discharge 0.8 variable 0.8 0.6
coef. (Cd)
Ar rate 90% 90% 90% 85% to 95%
Exhaust 885 K case case case
temperature dependent dependent dependent
H, injected 382 mg 382 mg 352 mg 382 mg
mass
Intake 3.7 bar 3.7 bar 3.7 bar variable
pressure
Exhaust 4 bar 4 bar 4 bar variable
pressure
CR 12:1 12:1 12:1 12:1
Injection 300 bar 300 bar 300 bar 300 bar
pressure
Injection 300 K 300 K 300 K 300 K
temperature
Intake 321K 321K 321K 321K
temperature
Engine speed 1000 rpm 1000 rpm 1000 rpm 1000 rpm

phenomena involving residual unburned Hj and its influence on sub-
sequent combustion; and (iii) the impact of mixture parameters on APC
combustion performance.

Table 4s CFD simulations begin at —390° CA ATDC, during the late
exhaust stroke, and conclude at 330° CA ATDC. This captures the full gas
exchange process, including turbulence generation from valve motion
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and its subsequent dissipation after intake valve closure (IVC).

The gross heat release rate (HRR) is post-processed from the simu-
lated pressure and temperature trace, using standard first-law analysis,
considering instantaneous (chemical) mixture specific heats and cor-
rected to the “gross” reference by considering the heat transfer losses.
Combustion phasing indicators (CA10, CA50 and CA90) are further
calculated by referencing the gross integrated heat release (IHR) to the
CA of 10%, 50%, and 90% of the total released energy. The start of
combustion (SOC) is identified by a sharp increase in HRR (50 J/CA
threshold), with ignition delay considered as CA between SOI and SOC
[38].

Consequently, the net indicated efficiency (including gas exchange
losses) is evaluated using a modified metric which accounts only for the
chemical energy released from the burned portion of the fuel. The
contribution of unburned fuel is excluded, as it is assumed to be fully
combusted in the subsequent closed-loop cycle. The combustion effi-
ciency is separately monitored per simulation cycle.

3. Results
3.1. Mesh sensitivity study on target geometry

Fig. 5 illustrates the in-cylinder temperature and HRR for the
different mesh configurations. The simulation results before the SOI and
SOC are largely consistent across all mesh structures, indicating minimal
sensitivity in this phase. Consequently, mesh refinements are primarily
concentrated after the SOI, where increased sensitivity to flow dynamics
and combustion processes is expected.

Table 5 gives the number of mesh cells at top dead centre(TDC) for
each mesh structure, along with the corresponding combustion phasing
and computational time (from IVC to EVO). Notably, the results for the
last two mesh configurations (Mesh 7 and Mesh 8) converge with dif-
ferences of less than 2%. The computational cost, however, increases
significantly for Mesh 8, so Mesh 7 is selected as the optimal configu-
ration for the remaining simulations due to its balance between accuracy
and computational efficiency.

3.2. Injection/combustion model validation

Validation of the CFD model regarding Hy diffusion and mixing uses
experimental data from Sandia’s optical H, engine [37], reproduced via
the same mesh strategy and trapezoidal profile that is used in the current
study. Fig. 6 compares the results for different CAs, showing good
agreement with the experimental data.

Fig. 7 illustrates validation of the simulated jet-ignition combustion
process within the current CFD framework, comparing it with results
from previous experiments on Hs jet ignition in an Ar-O5 environment

30000
25000
20000

15000

IHR(J)

10000

5000

-25 25 75 125
ATDC(°CA)

Fig. 5. Mesh sensitivity analysis based on W20 geometry:
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by Mansor et al [39,40]. The experimental case corresponds to an argon
mass fraction of 90% and an initial chamber temperature of 1,100 K,
which is most comparable to the combustion conditions of the present
study. H» is injected into initially pressurised (4 MPa) chamber, at 8 MPa
through a 0.8 mm nozzle. Note, that the modelled geometry excludes the
stirrer and spark plug, due to insufficient geometrical data related to
these objects.

Fig. 7a shows that the model accurately predicts experimental
chamber temperature histories, with a normalised RMSE below 2.5%. As
shown in Fig. 7b the deviation in HRR between approximately 5 and 10
ms corresponds to the phase when the propagating flame front reaches
the region occupied by the mechanical stirrer in the experiments. It is
important to note that the stirrer is only operated prior to injection to
ensure mixture homogeneity and does not rotate during the combustion
event. Therefore, its influence on the flow is not through sustained
turbulence generation, but rather through its role as a solid obstruction
within the chamber.

The presence of the stirrer effectively increases the surface area
available for heat transfer and promotes flame quenching through wall
interactions. As the flame impinges on the stirrer, local heat losses and
radical recombination at the surface reduce the reaction rate, leading to
the observed drop in HRR in the experiments. In contrast, the CFD model
does not include this internal geometry, and therefore does not capture
these wall-induced quenching effects, resulting in a more sustained heat
release rate during this phase.

The good agreement observed during the initial 0-5 ms period sup-
ports this interpretation, as the flame development in this interval is
dominated by jet evolution and large-scale mixing processes, with
negligible interaction with the stirrer. Consequently, the discrepancies
at later times can be attributed primarily to the absence of solid-surface-
induced quenching rather than inaccuracies in the predicted mixing or
combustion behaviour.

3.3. Phenomenological aspects of Hp jet ignition in argon atmosphere

Fig. 8 shows the in-cylinder turbulent kinetic energy (TKE) and
epsilon(e) as a function of CA, along with key valve-timing events.
Fig. 8a highlights that peak TKE occurs as the intake valve closes,
following its maximum lift. This indicates that the interaction between
the intake valve flow and the cylinder volume during the closing phase
generates the highest turbulence intensity.

While TKE and ¢ generally follow similar trends, the maximum ¢ is
observed at the point of maximum intake valve lift, rather than during
the closing period. This distinction suggests that &, which represents the
rate at which turbulent energy dissipates into heat, is more closely
associated with the high shear regions formed at peak valve lift. Notably,
Fig. 8b shows the results of in-cylinder trapped mass from the CFD and
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a) Integrated HRR profiles, b) In-cylinder temperature.
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Table 5
Combustion phasing results and runtime for different mesh configurations.
Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6 Mesh 7 Mesh 8
CAl10 -16 -16 -16 -16 -17 -17 -17 -17
CA50 47 28 22 13 11 6 5 4
Cell counts @ TDC(million) 0.42 1.4 1.5 2 5.2 7.3 7.5 10
Closed-loop runtime(hour) 12 54 68 25 107 146 150 229

e

numerical simulation experiments [39]

c) R

numerical simulation experiments [39]

numerical simulation experiments [39]

d) e

numerical simulation experiments [39]

Fig. 6. Comparison of Hy mole fraction distribution of numerical and experimental results (adapted based on data from Sandia [37]): a) —130° CA ATDC, b) —120°
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GT-Suite simulations are in good convergence.

Open-cycle simulation results, presented in Fig. 8, serve two pur-
poses: (i) they validate the whole modelling framework by cross-
verifying the outputs of the 3D CFD and 1D simulation domains; and
(ii) they establish a reliable baseline for understanding the in-cylinder
mixture formation processes discussed further.

Building on the validated combustion and valve flow models, full-
cycle simulations are performed for the same reference point. Fig. 9a
depicts the HRR, along with injection mass flow rates and TKE for SOI of
—15° CA ATDC. There are three distinct peaks in the HRR profile. The

first corresponds to the premixed combustion phase, and the second
peak is associated with the impact of fuel jets on the piston’s top surface.
The third peak is attributed to the collision of fuel jets with the cylinder
liner. Fig. 9b illustrates the corresponding Hy mole fraction along the
chamber’s central plane which aligned with these HRR peaks, thus
further validating them. Jet impact with solid walls lead to flame
quenching and results in decreasing HRR. This phenomenon highlights
that piston crown shape is an important design parameter for controlling
HRR during fuel injection in jet ignition mode.

TKE and H; mass flow rate demonstrate strong correlation. TKE
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mainly originates from the interaction between high-velocity fuel jets
and the surrounding medium. However, there is a delay in peak of TKE
compared to maximum mass flow rate. This is mainly because of the
expansion of burned gases and the acceleration of unburned regions
generate additional velocity fluctuations and further increase TKE.
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3.4. Effects of SOI and nozzle discharge coefficient (Cq)

Fig. 10 illustrates the influence of SOI on the HRR and TKE for Cq4 of
0.8 and Ar rate of 90%. Both the first and second peaks in HRR increase
with advancing injection timing. The ignition delay is longer for earlier
SOIs, due to lower in-cylinder temperature before ignition. This
extended delay allows a larger accumulation of premixed Hj fraction,

b)

140

120
— S0I=-20

=
(=)
Qo

3]
QS

TKE(m?/s?)

=2
(=]

-20 0 20 40
ATDC(°CA)

Fig. 10. The effect of SOI on HRR and TKE for Cd = 0.8; Ar rate 90%; and A = 1.1: a) HRR, b) TKE.
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resulting in a higher phase one peak HRR.

Under advanced SOIs, the jets have more time to penetrate and
develop before the piston impact, resulting in an expanded flame front.
Consequently, the jet flame area is increased, and higher HRR is
observed for the second phase of combustion. Note that the magnitude
of the third peak remains largely unaffected by SOI, because the diffu-
sion flame area near the liner is almost constant.

The evolution of TKE in Fig. 10b highlights the distinct contributions
of jet-induced turbulence and combustion-induced expansion, which
vary significantly with SOL For the earliest injection timing (SOI = —20°
CA), the rapid increase in TKE occurs well before the main rise in HRR,
indicating that the peak in TKE is largely established prior to significant
heat release, confirming the dominance of jet-induced turbulence. For
SOI = —15° CA, the onset of TKE growth still precedes the main HRR
peak but shows increasing overlap with the combustion phase, sug-
gesting a combined influence of jet-induced turbulence and early
combustion-induced expansion.

In contrast, for later injection timings (SOI = —10° and —5° CA), the
increase in TKE occurs concurrently with or after the onset of combus-
tion, as indicated by the delayed rise relative to HRR. This shift in timing
demonstrates that turbulence generation is increasingly governed by
combustion-induced expansion rather than purely by jet momentum. In
particular, for SOI = —5° CA, the negligible ignition delay leads to im-
mediate coupling between heat release and flow acceleration, resulting
in a TKE peak that is strongly influenced by volumetric expansion and
occurs later in the cycle. These observations indicate that advancing SOI
promotes turbulence dominated by jet-flow interactions, whereas
retarded SOI shifts the primary turbulence generation mechanism to-
ward combustion-driven expansion.

Fig. 11 reveals a strong correlation between ignition delay and mean
in-cylinder temperature (two onsets shown @SOI and @SOC). Note, that
minimum auto-ignition temperature of Hy at corresponding mixture
conditions is around 850 K[39]. However, the ignition delay at this
temperature exceeds 10 ms, equivalent to over 60° CA at 1,000 rpm,
resulting in predominantly uncontrolled premixed combustion rather
than the desired jet ignition mode. Stable Hy combustion within the jet
ignition regime needs an average in-cylinder temperature at SOI of over
1150 K, enabling ignition delays below 0.5 ms (3° CA at 1,000 rpm).
Importantly, Fig. 11 informs the ignition delay of 2.7° CA (0.45 ms) at
SOI = —25°, which is approximately 12.5% larger than reported in jet-
chamber experiments at similar mixture conditions by Mansor et al.
[40]. The discrepancy between the present results and the referenced
study [40] can be attributed to geometric and mixing-related scaling
effects associated with the larger engine bore (200 mm vs. 80 mm).
While the thermal boundary layer thickness scales with thermal
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Fig. 11. Ignition delay and average in-cylinder temperature for different starts
of injection at Cq = 0.8; Ar rate = 90%;.A = 1.1
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diffusivity and characteristic time (8; ~ +/at), the reference study
employed a stirrer operating at 8000 rpm prior to injection, resulting in
a characteristic mixing time scale significantly shorter than that of the
present engine operating at 1000 rpm. This promotes a nearly uniform
temperature field in the smaller chamber. In contrast, the larger bore
and lower rotational speed in the present configuration lead to sub-
stantially longer mixing time scales, which are not commensurate with
the available compression time. Consequently, incomplete thermal ho-
mogenization results in increased spatial temperature stratification. As a
result, the Hy jet may interact with locally cooler gas pockets, which
leads to the observed increase in ignition delay.

The nozzle discharge coefficient (Cq) determines the instantaneous
injection flow rate, governing jet penetration and subsequent combus-
tion characteristics. Previous studies by Peters et al. [41] have reported a
Cq value of 0.44 for direct Hy injection into an argon-oxygen environ-
ment using a single-hole nozzle injector. However, the effective Cq is a
design parameter of the injector and needs to be explored to determine
the optimum injector tip to match the given combustor.

Fig. 12 illustrates the influence of C4 on HRR and combustion effi-
ciency. A reduction in Cq decreases the effective flow area of the injector,
which lowers both the mass flow rate and the jet exit velocity. As a
result, the momentum flux of the jet is reduced, leading to weaker jet
penetration and diminished entrainment of surrounding O; into the
hydrogen plume.

While a longer injection duration compensates for the reduced mass
flow rate to maintain the same total injected fuel, it does not recover the
loss in jet momentum. Consequently, the mixing process becomes less
efficient, particularly during the mixing-controlled combustion phase.
This results in slower flame propagation and an extended combustion
duration, as reflected by the broader and lower HRR profiles observed at
lower Cq values. For example, duration extends from 18° CA at Cq4 = 0.8
to 36° CA at Cq = 0.4.

Fig. 12a shows that the SOC is not influenced by the Hy flow rate
(Cq). This observation suggests that auto-ignition is dominated by
chemical kinetics, which are highly sensitive to temperature and pres-
sure, rather than to the aerodynamic characteristics of the injected jet.
The jet momentum and mixing processes strongly influence subsequent
flame development and heat release, but the onset of combustion is
controlled by the local thermochemical conditions established prior to
ignition.

Fig. 12b shows combustion efficiency as a function of C4 and SOL
Combustion efficiency decreases with lower Cq values, with the peak
observed near SOI = —20° CA ATDC across all cases. The maximum
efficiency does not exceed 0.86, suggesting that Ho-O» mixing remains
suboptimal. This is likely due to the adopted flat-piston geometry and
will be discussed more thoroughly in the next section.

3.5. Effects of unburned Hy on next-cycle performance

In a closed-loop APC, any unburned Hy will be recirculated and
burned during the premixed phase of the next cycle. To investigate this
phenomenon, the influence of Hjy availability at the intake port is
examined. Accordingly, the mass fractions of species are modified to
88.86% Ar; 0.07% Hs; 0.09% H50; and 10.98% O,. This modification
represents the assumption that 8% of the Hy mass remains unburned in
each cycle and re-enters the system through the intake port. All other
boundary conditions are kept unchanged, as presented in Table 4.

Fig. 13 presents the in-cylinder pressure and PRR versus CA for
different SOI timings under conditions where the aspirated charge
contains residual unburned H; from previous cycles.

It is evident from Fig. 13 that an SOI of —20° CA results in excessive
PRR, violating the assumed durability limit of 10 bar/°CA [42] over the
major part of the heat release. A distinct initial PRR peak is observed
across all SOI timings, consistently associated with premixed Hy com-
bustion. This peak remains below the critical threshold, indicating that
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Fig. 12. The effect of C4 on HRR and combustion efficiency for Ar rate = 90%; A = 1.1: a) HRR, b) combustion efficiency.
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the carryover of 8% unburned Hy (=30 mg) represents acceptable
combustion losses from the perspective of mechanical safety.
Importantly, the presence of a distinct premixed combustion phase
reduces the ignition delay of the main combustion event. Unlike the Hy-
free case, combustion begins almost immediately after fuel injection,
regardless of injection timing. This behaviour is explained by the
interaction between the Hj jet and the hot combustion by-products
generated during the premixed phase, which collectively promote
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rapid auto-ignition.

This effect is evident in the in-cylinder pressure traces, which show a
characteristic step increase of 10-13 bar compared to the baseline case
without residual Hy. The pressure jump becomes more pronounced at
earlier injection timings, where advanced combustion phasing further
steepens the pressure gradient. Notably, both the PRR and peak pressure
limits are exceeded at SOI of —20° CA, indicating the need for retarding
injection phasing, especially under conditions where incomplete
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Fig. 14. The effect of unburned H, at intake on combustion efficiency and engine indicated efficiency for different C4, Ar rate = 90%; A = 1.1, a) Engine indicated

efficiency, b) Combustion efficiency.
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combustion may occur.

Retarded injections negatively affect engine indicated efficiency (),
due to less optimal combustion phasing. However, Fig. 14a shows that
under conditions with residual Hp, this efficiency penalty is negligible
(less than 0.2 percentage points) unless SOI is adjusted beyond the range
of —20° to —10° CA. This observed insensitivity suggests that SOI control
becomes less critical for overall APC efficiency calibration, as the
inherent tendency of the combustion chamber towards incomplete
combustion becomes the dominant limiting factor.

Regarding combustion efficiency (1), its decline with decreasing Cq
is already observed in Fig. 12. Fig. 14b builds on this by incorporating
the effect of residual Hy. It is evident that the presence of H; at the intake
has no significant effect on 1., despite substantially higher bulk gas
temperatures during the main combustion phase, caused by the early
burn of the premixed fraction. This finding indicates that efficient Oy
mixing within diffusion flames is more critical than either mean tem-
perature or injection timing when seeking to improve combustion
completeness.

Fig. 15 further supports this conclusion by providing a spatial anal-
ysis of fuel-oxidiser mixing quality and post-injection combustion ac-
tivity. Specifically, the O, mole fraction is used as a representative
indicator of local oxidiser availability, while the OH mole fraction serves
as a proxy for active flame front regions. The results correspond to a
representative operating point with best efficiency under permissible
PRR and peak pressure limits, defined by Cq = 0.6 and SOI = —20° CA.

As shown, the flame front originates around the Hj jet during in-
jection (Fig. 15a) and expands rapidly due to the high jet momentum
(Fig. 15b). Following the end of injection (Fig. 15c¢) and into the
expansion stroke, the OH mole fraction decreases significantly, reflect-
ing a decline in HRR as both the temperature drops and Hy—Oy mixing
weakens.

Notably, Fig. 15d shows a substantial accumulation of unreacted Oy
in the central region of the combustion chamber, where the Hy mo-
mentum and diffusivity are insufficient to promote effective mixing and
oxidation. This amount of unreacted O at 35 CA ATDC equals 40% of
total available oxygen at IVC which shows weak mixing of Hy with Oy
after end of injection. This accounts for the late-stage decay of HRR,
which both extends the combustion duration and reduces combustion
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efficiency.

This spatial decoupling of fuel and oxidiser reinforces the importance
of local jet dynamics and stratification in determining combustion effi-
ciency, and ultimately explains the results observed for different Cg4s and
SOIs (Fig. 14). In a nutshell, both advancing the injection timing and
increasing the Cq improves the jet inducted turbulence (Fig. 10), which
translates to higher mixing intensity. However, this improvement is not
sufficient to achieve complete fuel oxidation, as PRR and peak pressure
become the limiting factors. Ultimately, further improvements in com-
bustion efficiency cannot be achieved through injection parameter
calibration alone. Instead, priority should be given to the geometrical
optimisation of jet-piston bowl interactions, which represents a tangible
direction for future research.

3.6. Remarks on the influence of argon ratio and mixture lambda

Maximising the in-cylinder argon concentration is essential for APC
thermodynamic efficiency. The study by Ahammed et al.[32] identified
optimal efficiency conditions at a lambda value of 1.1 and an argon rate
of 90%, which forms the baseline for the present study. However, those
1D thermodynamic simulations focused solely on cycle efficiency with
non-predicative HRR from a diesel engine, while assuming a negligible
impact on combustion behaviour, particularly with regard to Hy diffu-
sion jet phenomenology. The previous sections already verified that this
assumption is an oversimplification and inauthentic. A lambda sweep
and an argon rate sweep enable further insights into the influence of
mixture composition on combustion performance. Both sweeps are
achieved by varying the APC system pressure while adjusting the oxygen
mass to match the nominal conditions in all the other parameters.
Table 6 lists the governing input parameters changed for the open-cycle
CFD simulation: all other values, including Hy injection parameters, are
kept constant as provided in Table 4.

Fig. 16 juxtaposes the engine efficiency indicators with HRR for
different A values. Note that thermodynamic efficiency shows negligible
variation as the argon dilution remains unaffected. The small increase in
thermodynamic efficiency from lambda 1.1 to 1.4 is the result of
changes in combustion phasing.

The longer ignition delay with increasing lambda, evident in
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Fig. 15. The OH (left) and O, (right) mole fraction in the mid-plane of the combustion chamber for the best efficiency operating point (SOI = -20 and Cq = 0.6); Ar
rate = 90%; A = 1.1: a) CA = -18.5° ATDC (the first peak of HRR), b) CA = -13.5° ATDC (the second peak of HRR), ¢) CA = 5° ATDC (the end of injection), d) CA =

35° ATDC.
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Table 6
Relevant quantities changed in the lambda and Ar rate sweeps: bolded values
represent nominal conditions; all remaining values are according to Table 4.

Lambda sweeps Ar sweeps
Case number 1 2 3 4 5 6 7
Lambda 1.1 1.3 1.4 1.5 1.6 1.1
Ar rate (%) 920 85 95
Intake P(bar) 3,75 4.37 4.72 5.06 5.4 2.8 7.625
Exhaust P(bar) 4.03 4.65 5.01 5.36 5.72 3.09 8.025
O, trapped mass(mg) 3360

Fig. 16b, reflects both chemical and physical contributions. From a
chemical perspective, reduced temperature (due to decreased specific
heat ratio for higher 1) slows down reaction kinetics, thereby extending
the ignition delay. However, the increase in ignition delay alone does
not explain the non-linear trend in combustion efficiency shown in
Fig. 16a.

A key additional factor is the evolution of physical mixing processes
under varying A. As A increases, the corresponding rise in in-cylinder
pressure (Table 6) suppresses jet penetration and radial dispersion.
This leads to reduced entrainment of O3 into the hydrogen jet and delays
the formation of locally flammable mixtures. Therefore, part of the
observed ignition delay must be attributed to mixing-limited ignition,
rather than purely chemical kinetics.

Increased ignition delay and the corresponding rise in premixed heat
release increases the share of premixed fraction and disrupts the
following mixing-controlled combustion phase due to intensifying HRR
fluctuations. The latter is attributed to the already-mentioned, com-
bustion invoked turbulence, as discussed in relation to Fig. 10.

Fig. 17 illustrates how Hj jet development is impacted by increased
compression pressure arising from the A sweep. Shown is the equiva-
lence ratio isosurface of 0.4, captured at a fixed reference point (2.5° CA
after SOI) across different A cases. The comparison reveals a clear trend:
as injection backpressure increases, jet penetration is progressively
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diminished and fuel-air mixing becomes less effective, affecting ignition
delay. The radial dispersion of the fuel plume is visibly suppressed,
which together with the increased share of premixed HRR creates
complex patterns of HRR for mixing-controlled combustion, responsible
for non-linearities in combustion efficiency. These results highlight a
critical influence of in-cylinder pressure on jet development—a factor
that has received limited attention in existing literature, and particularly
none in the context of Hy direct injection under argon-diluted
conditions.

Fig. 18 depicts the results of the argon dilution rate sweep, and also
shows engine and combustion efficiencies for different Ar mass ratios at
the same Hj injection. Although combustion efficiency decreases with
increasing Ar mass rate (due to the lower oxygen mass fraction and
higher in-cylinder pressure), engine efficiency increases at higher Ar
mass rates because argon has a higher specific heat ratio than oxygen.
Engine efficiency reaches 56% at 95% Ar mass rate, which is the highest
among the cases studied. However, the corresponding low combustion
efficiency of 57% makes this condition impractical for real-world ap-
plications. Therefore, operating with a leaner mixture at higher Ar mass
rates may provide a viable solution to achieve high efficiency for both
engine and combustion.

Fig. 19 summarises the effects of total fuel ratio(malimﬁrg%),
supporting the interpretation of 1 and Ar rate effects. Total fuel ratio is
defined to decouple the influence of oxygen dilution (1) from that of the
argon dilution rate, enabling a clearer phenomenological interpretation.
While the 1 is maintained at 1.1 during the Ar sweep, an Ar rate of 90% is
used for the A sweep. The pivotal point of two variational curves cor-
responds to Ar rate of 90% andA = 1.1 in all parts of this figure.

Fig. 19a shows in-cylinder pressure at the start of injection. Ac-
cording to Table 6, higher in-cylinder pressure is needed for a higher Ar
rate and higher 4 in order to keep O, trapped mass constant in all con-
ditions. So, the in-cylinder pressure shows the increasing trend for both
Ar rate and 1 increase.

Although, in-cylinder temperature increases at higher Ar rates due to
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Fig. 16. The effect of A on combustion and engine indicated efficiency with the same H, injection for C4 = 0.6; Ar rate = 90%; SOI = -20° CA ATDC (HRR of 1.4 and
1.6 excluded for better visibility): a) combustion efficiency and engine indicated efficiency, b) HRR.

Fig. 17. Isosurfaces of equivalence ratio of 0.4 at different A for CA = -17.5° ATDC; SOI = -20°; Cd = 0.6; and Ar rate = 90%: a) A = 1.1, Pintake = 3.75 bar, b) A =

1.4, Pintake = 4.37 bar, ¢) A = 1.6, Pintake = 5.06 bar.
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Fig. 18. The effects of Ar mass rate on combustion and engine indicated efficiency with the same cycle pressure for Cd = 0.6; A = 1.1; SOI = -20° CA ATDC: a)

combustion efficiency and engine indicated efficiency, b) HRR.

higher specific heat of Ar, an opposite decreasing trend is observed at
higher 2 values as a result of the reduced specific heat ratio(Fig. 19b).

The elevated in-cylinder temperature tends to shorten the ignition
delay, but higher in-cylinder pressure and increased Ar mass rate act in
the opposite direction. On the other hand, at high Ar mass fractions,
relative oxygen availability is reduced, and higher in-cylinder pressure
confines jet development, as discussed in Fig. 17, thereby delaying the
start of combustion. Due to these competing effects, the 90% Ar case
exhibits the shortest ignition delay (1° CA), followed by the 95% Ar case
(1.5° CA), indicating that the influence of in-cylinder temperature is
greater than that of in-cylinder pressure (Fig. 19c). In contrast, the
longer ignition delay observed for the 85% Ar case (2.4° CA) leads to a
pronounced premixed combustion peak, followed by a fluctuating HRR
during the mixing controlled phase (Fig. 18b).

On the other hand, there are no competing effects of in-cylinder
temperature and pressure on SOC during the A variation, and both pa-
rameters act in the same direction to retard SOC as A increases. As shown
in Fig. 19a and b, the in-cylinder pressure increases while the temper-
ature decreases with increasing A. Therefore, SOC is expected to be
delayed at higher A values, as illustrated in Fig. 19c.

The CA50 for the Ar rate in Fig. 19d follows the same trend as SOC,
indicating that faster combustion requires a shorter ignition delay.
However, due to the fluctuating HRR associated with the longer ignition
delays at higher A values, no clear trend in CA50 with respect to A
variation is observed. This suggests that the predictability of combustion
phasing deteriorates when the ignition delay exceeds 1.5° CA, poten-
tially leading to high cyclic variations.

Fig. 19e shows a similar decreasing trend in TKE at CA50 for both
higher Ar rate and A dilution, which is attributed to the higher in-
cylinder pressure. Jet-induced turbulence decreases at higher in-
cylinder pressures (Fig. 17), and this lower TKE reduces O, entrain-
ment to the jet ignition, thereby lowering combustion efficiency
(Fig. 18a). Consequently, the reduced combustion efficiency leads to
lower in-cylinder temperatures at CA50, as shown in Fig. 19f.

4. Outlook and discussion
The key findings can be discussed in relation to both fundamental
relevance and applied significance, this studys two interconnected

research objectives. The study also identifies relevant limitations that
determine the outlook for further research.

4.1. Fundamental relevance

The phenomenology of Hy jet combustion in a closed-loop Argon
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combustor considers three distinctive phases, which further drive rele-
vant fundamental insights regarding ignition delay and combustion
efficiency.

The first phase corresponds to the rapid combustion of premixed Hj,
either formed during the ignition delay or carried over as residuals from
the previous cycles.

The second mixing-controlled phase originates from the oxidiser
entrainment into the developing jet. The heat release is intensified by
jet-driven turbulence and boundary layer interaction with the moving
piston crown.

The third phase is the combustion decay, governed by the loss of jet
momentum following the end of injection. Jet-liner interactions further
suppress residual mixing, limiting final-stage oxidation.

The study reveals that a modest increase of 20 bar in backpressure
can delay ignition by up to 2° CA, due to reduced radial jet dispersion.
Under argon-induced high-temperature compression, chemical ignition
delay becomes negligible once in-cylinder temperatures exceed 1300 K,
corresponding to SOIs later than 15° CA (BTDC) at the reference mixture
composition.

High-pressure direct injection of Hy in an argon-diluted oxygen
mixture suffers from substantial combustion losses, linked to local ox-
ygen deficit in the final combustion phase. As with ignition delay, flame
quenching is not thermally limited but results from weak dispersion of
jets, accumulating Hy at the liner, leaving unreacted oxygen near the
chamber centre. This distribution is, however, specific to the adopted
flat piston configuration.

4.2. Applied significance

Building upon the above phenomenological insights, the study en-
ables formulation of practical calibration strategies for future argon
power systems considering direct Hs injection.

Although the closed-loop architecture recovers unburned Hj via
charge recirculation, maintaining high combustion efficiency remains
critical to avoid breaching constraints on peak pressure/temperature
and PRR. The presence of 8% unburned Hj at the intake has a negligible
impact on indicated efficiency (<0.2 percentage point). However, it
significantly increases premixed heat release, causing PRR to reach the
10 bar/°CA limit. This defines a practical lower boundary for combus-
tion efficiency at ~92%, below which stability and safety constraints are
compromised.

Increasing the injector nozzle discharge coefficient or advancing SOI
enhances mixing and combustion efficiency but results in excessive PRR
during the main heat release phase. At the reference airpath setting (A =
1.1, 90% Ar), meeting the 230 bar peak pressure boundary requires



L Chitsaz et al.

SOC(°CAATDC) Incylinder P @ SOl(bar)

TKE @ CA50(m?/s?)

a)
170 A —@— A variation
\
\
150 N - =& =- Arvariation
130
110
90
70
50
0.005 0.01 0.015
Total fuel raio(-)
) ——@— A variation
-17.5 ==k == Ar variation
A
,
’
’
,
’
’
’
’
-18.5 |A~_ J/
Sseo ’
’
,
’
-19.5
0.005 0.01 0.015
Total fuel ratio(-)
55 e)
4
50 .-
P L d
45 -
L d
40
35
30
25
-~ —@— A variation
20 R
15 l" = =& == Arvariation
A
10
0.005 0.01 0.015
Total fuel ratio(-)

Incylinder T @ SOI(K)

1240

Fuel 426 (2026) 139603

b)
—@— ) variation
1230 | A~
\‘~\ ==k == Ar variation
1220 ~
\\ -
-~
1210 Seo
-
-~
1200 Ssao
\\‘
1190 A
1180
1170
1160
0.005 0.01 0.015
Total fuel raio(-)
9
d) = =4 == Arvariation
8 —@— A variation
g A
’
~
<7 ’,’
3 L,
L ’
g °
(§) ,/
4
5
4
0.005 0.01 0.015
Total fuel ratio(-)
2450 f)
2350
= oA
< 2250 It
0 e
S 2150
®
~ 2050
~
3
£ 1950
c:f 1850 —@— A variation
1750 ==k == Arvariation
1650
0.005 0.01 0.015
Total fuel ratio(-)

Fig. 19. The variation of influential parameters with total fuel ratio for C4 = 0.6; SOI = -20° CA ATDC; and 382 mg H, injection: a) In-cylinder pressure @ SOI, b) In-
cylinder temperature @ SOI, c¢) SOC, d) CA50, e) TKE @ CA50, f) In-cylinder T @ CA50.

limiting the discharge coefficient to 0.6, while maintaining the phasing-
optimal SOI at —20° CA ATDC.

The combustion efficiency peaks at slightly leaner mixture (A = 1.3),
without disturbing the phasing calibration. However, the maximum
value still falls 3.5 percentage points short of the 92% efficiency target.
Thermodynamic efficiency at 90% argon rate reaches 51%, far from the
envisioned 60%. Increasing the argon dilution to 95% relaxes the PRR
and peak temperature constraints and elevates indicated efficiency to
56%. However, combustion efficiency suffers from increased injection

backpressure, further limiting jet momentum and mixing quality.

4.3. Study limitations and outlook for further research
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The relatively low efficiency observed in this study is attributed
primarily to the use of flat piston geometry. This design choice was
intentional, serving the core objective of establishing a reliable baseline
for understanding in-cylinder mixing and combustion processes in APC
engines, without the confounding influence of bowl-specific turbulence
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structures.

While appropriate for isolating fundamental jet behaviour, the flat
piston configuration is not optimal for combustion efficiency, especially
in the context of mixing-limited post-injection oxidation, as demon-
strated in the current results. This insight provides a solid foundation for
the next phase of the iHAPC project [43], which consequently focuses on
multi-dimensional optimisation of injector nozzle design and piston-
bowl geometry. The current simulation framework enables this by
extension to include rapid re-meshing and surrogate optimisation
workflows [44], accelerating the exploration of complex design spaces.

5. Conclusions

Three distinct Hy combustion phases are identified in the argon
power cycle: (1) rapid premixed burn of Hjy residuals; (2) mixing-
controlled heat release driven by jet-piston interaction; and (3) post-
injection combustion decay limited by liner-induced momentum loss.

Ignition delay is governed by O, entrainment, along with chemical
kinetics. Chemical delay becomes negligible at in-cylinder temperatures
above 1300 K, while a 20-bar increase in injection backpressure can
extend ignition delay by ~2° CA.

Flame quenching is non-thermal yet mixing-limited, with unburned
Hy accumulating at the liner and unreacted O, remaining near the
chamber centre.

Combustion phasing is decoupled from airpath conditions, and
instead controlled by injection timing and duration, enabling separate
optimisation of phasing and thermodynamic efficiency.

Maintaining combustion efficiency above 92% is essential to prevent
PRR from exceeding the 10 bar/°CA limit, even though recirculated
unburned Hy has minimal impact (<0.2%) on indicated efficiency.

Injector discharge coefficient must be limited to 0.6 to meet peak
pressure limits (230 bar) at A = 1.1 and 90% argon, while maintaining
SOI at —20° CA for optimal phasing.

Increasing argon dilution to 95% raises thermodynamic efficiency to
56%, but significantly depresses combustion efficiency due to higher
injection backpressure. The best observed trade-off at 90% argon and A
= 1.3 yields 51% thermodynamic efficiency.

Further efficiency gains require piston geometry optimisation,
because a flat piston limits mixing during late combustion. Upcoming
work will integrate rapid geometrical optimisation and improved
injector/jet modelling to establish optimal hardware design.
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