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This study experimentally investigates hydrogen-diesel dual-fuel combustion using full-metal and optical single-
cylinder research engines. Premixed hydrogen is ignited by a diesel pilot over a range of engine speeds,
lambda (4), combustion phasing, and hydrogen energy shares (HES), at constant total fuel energy input. The
full-metal engine achieves stable operation up to 50% HES, with ~50% CO, reduction and gross indicated
thermal efficiency of ~44%-47%. At the highest-soot condition, 50% HES reduces soot by ~80%, while NO,

and H,O increase by up to ~66%. Exhaust gas temperature decreases by ~4%-5% with increasing HES.
AHRR analysis shows increasing hydrogen influence on the mixing-controlled stage beyond ~30% HES. Optical
measurements show delayed NFL and OH* signal appearance and increasing IDT with HES, opposite to the
full-metal trend. This difference may be attributed to the combined influence of in-cylinder thermal conditions
and injector-dependent mixture formation.

1. Introduction

The clean energy transition is challenging the transportation sector
to reduce or eliminate greenhouse gas emissions. Internal combus-
tion engine (ICE) based industries remain central in this shift due
to their high power density, efficiency, reliability, cost-effectiveness,
operational simplicity, broad power range, and rapid start-up capabili-
ties [1,2]. However, to ensure the continued relevance of engines, it is
essential to develop advanced combustion strategies that comply with
increasingly stringent emission regulations. A key pathway in this effort
is the replacement of conventional fossil fuels with carbon-neutral or
carbon-free alternatives. Among these, hydrogen has emerged as a
particularly promising candidate due to its zero carbon content, high
flame speed, wide flammability limits, favourable diffusion character-
istics, high specific energy density, and potential for improved thermal
efficiency [3-7].

However, the development of hydrogen-fuelled engines poses sig-
nificant challenges, as the properties that make hydrogen attractive,
such as low minimum ignition energy, high diffusivity, and high flame
speed, also lead to undesirable combustion phenomena, including pre-
ignitions, backfire, or knock [8]. This underscores the need for de-
tailed investigations of hydrogen enrichment under engine-relevant
conditions to inform strategies that effectively address these challenges.
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Between the two dominant engine types, compression ignition (CI)
and spark ignition (SI), CI engines are recognized for achieving high
indicated thermal efficiency (ITE) and lower carbon dioxide emissions
(CO,) emissions. However, CI engines exhibit a greater propensity for
producing nitric oxides (NO,) and soot compared to SI engines [9].
Despite their advantages in efficiency and CO, emissions, mitigating
these additional emission challenges remains important. In this con-
text, incorporating hydrogen into CI engines can markedly reduce or
eliminate carbon-based emissions such as CO,, soot and total hydro-
carbons. Nevertheless, the high autoignition temperature of hydrogen
(~858 K [10,11]) is hard to achieve by compression alone (without
leading to abnormal combustion such as knock), necessitating the
use of high-reactive fuel with lower auto-ignition temperature, such
as diesel (~523 K [10]), as an ignition promoter. Furthermore, hy-
drogen enrichment offers a pragmatic pathway for transitioning from
conventional diesel operation towards hydrogen-based engines, while
leveraging and enhancing existing infrastructure. These considerations
collectively underpin the adoption of dual-fuel (DF) strategies. DF
strategies have been widely explored for introducing carbon neutral
gaseous fuels such as methane or natural gas, into conventional diesel
engines [12-15], thereby providing a foundation for extending such
concepts to hydrogen.
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Nomenclature

AHRR Apparent Heat Release Rate

ATDC After Top Dead Center

CAD Crank Angle Degrees

CA05 CAD where 5% of total heat releases
CA50 CAD where 50% of total heat releases
CD Combustion Duration

CFD Computational Fluid Dynamics

CI Compression Ignition

CL Chemiluminescence

Cco Carbon monoxide

CO, Carbon dioxide

Ccov Coefficient Of Variation

CR Compression Ratio

DBTDC Degrees Before Top Dead Center
DF Dual-Fuel

EGR Exhaust Gas Recirculation

EGT Exhaust Gas Temperature

EHVA Electro-Hydraulic Valve Actuation
FTIR Fourier Transform Infrared Spectroscopy
HES Hydrogen Energy Share

IDT Ignition Delay Time

IMEP Indicated Mean Effective Pressure
ITE, Gross Indicated Thermal Efficiency
MFC Mass Flow Controller

MSS Micro Soot Sensor

NFL Natural Flame Luminosity

NI National Instruments

NO, Nitric Oxide

SD Standard Deviation

SOC Start of combustion

SOI Start of injection

TDC Top Dead Center

A Lambda

A Gas Lambda

8

To more deeply understand the role of hydrogen in a DF strategy
Tsujimura and Suzuki [16] conducted experiments with a single cylin-
der engine across multiple speeds and load conditions. They observed
improved thermal efficiencies and reduced unburnt hydrogen emis-
sions, with a moderate rise in NO, emissions, at high loads and hydro-
gen fractions. However, pre-ignitions became frequent when hydrogen
energy share (HES) exceeded 50% under high load conditions. Sharma
and Dhar [17] reported that the maximum HES attainable without
inducing knock is governed by compression ratio (CR) . Consequently,
several studies [18-21] have sought to increase the permissible HES in
diesel-hydrogen DF engines while remaining within normal-combustion
constraints. These efforts typically involved fixing parameters such as
CR or engine loads, or adopting low-temperature combustion strate-
gies to define feasible hydrogen substitution limits. However, these
approaches often introduced trade-offs, including decreased indicated
thermal efficiency or elevated NO, emissions.

A key challenge in hydrogen-fuelled ICE, whether adopting spark or
pilot fuel-assisted ignition, is the substantial production of NO,. This
increase in NO, is attributed to the elevated combustion temperature,
oxygen concentration, and residence time in hydrogen combustion [22—
25].

Given that the objective is net zero emissions, rather than solely
eliminating carbon based emissions, it is essential to investigate mit-
igation strategies. In their review, Ma and Sun [26], concluded that
primary strategies to reduce NO, emission generation should involve
either reducing the in-cylinder combustion temperature or the oxygen
concentration. Consequently, some have developed mitigation tech-
niques grounded in these concepts. Bose and Maji [27] conducted an
experimental study on single cylinder diesel-engine using a hydrogen-
diesel blend, where exhaust gas recirculation (EGR) was applied to
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reduce NO, emissions. Their comparative study varied EGR ratio of
0%, 10% and 20% with a constant hydrogen flow rate of 0.15 kg/h.
The results indicated that the NO, emissions decreased with increasing
EGR, while other emissions such as CO,, CO and even smoke increased
due to the oxygen-deficient environment created by EGR. It was further
observed that even the engine performance decreased. Similar trends
were reported by Nag et al. [28] and Rahman et al. [29]. A numerical
study by Abuelnour et al. [30] on a hydrogen-diesel DF engine further
reinforced these experimental findings. Khairallah and Koylu [31] used
chemical kinetics integrated with 3D CFD to analyse the performance
and emission characteristics of DF diesel-hydrogen engine. They com-
pared EGR and N, dilution as NO, mitigation strategies. Consistent
with the prior findings, their results showed that both methods re-
duce NO, emissions by creating an oxygen deficient environment,
but concurrently lead to increased CO, and CO emissions, while also
reducing thermal efficiency. Subramanian et al. [32] experimentally
compared hot EGR, N,, and CO, dilution in a water cooled hydrogen-
gasoline engine. They found N, dilution is most effective for balancing
NO, reduction and thermal efficiency, followed by hot EGR, with CO,
dilution performing the worst. The study concluded that dilution effects
are more effective than thermal effects for optimizing NO, emissions
and thermal efficiency. Tang et al. [33] employed CFD to investigate
the effects of dilution gases (N2 + Ar) in water-cooled hydrogen en-
gine. Argon was introduced to mitigate the thermal efficiency loss,
typically associated with N, dilution, as previously observed by Wang
et al. [34] in spark ignition CNG engine. Their findings indicated that
a 17%-27% dilution rate, with 80%-90% of diluent composed of Ar
achieves an optimal trade-off between NO, reduction and thermal
efficiency. Szwaja [35] found that, while both EGR and lean mixtures
reduce NO, emissions in SI hydrogen engines, EGR is more effective at
suppressing knock.

Water injection is another promising solution to reduce the NOx
emissions. Chintala and Subramanian [36] investigated the use of a
timed manifold water injection system to enhance HES and mitigate
NO, emission levels in a hydrogen-diesel DF engine. Their findings
suggested that increasing specific water consumption enabled HES to
rise from 20% to 39%, accompanied by a 37% reduction in NO,, though
with a marginal increase in carbon based emissions. Serrano et al. [37]
reported the reduction of NO, with increased amount of water injection
in a hydrogen-diesel DF engine. However, they did not suggest a
corresponding rise in other carbon-based emissions. Novella et al. [38]
further suggested that water injection is as equally effective as high
EGR to control NO,, while offering the additional benefit of mitigating
autoignition and knocking. Dhyani and Subramanian [39] found water
injection more effective than cooled EGR in achieving backfire-free and
ulta-low NO, level in hydrogen SI engines. Additionally, Chintala and
Subramanian [40] experimentally demonstrated that water injection
strategy also enables higher HES, within knock-safe limits.

The reviewed literature highlights both the benefits and challenges
of increasing HES in engines. Various strategies address NO, and
abnormal combustion, often at the cost of efficiencies, other emissions
or added system complexity.

However, most studies are performed under fixed or coupled oper-
ating conditions, where variations in HES are inherently linked with
changes in combustion phasing and total fuel energy. This obscures
the systematic isolation of hydrogen influences. As a result, it becomes
difficult to distinguish its independent contributions from those of com-
bustion phasing and total fuel energy. A few studies, such as [41,42],
have partially addressed this issue by employing fixed CA50 (CAD
where 50% of total heat releases) and/or constant total fuel energy
in direct hydrogen injection (DI) engines. Nevertheless, comparable
systematic investigations remain scarce for port fuel injected (PFI)
hydrogen CI engines. Although DI has attracted increasing attention
because of its potential to improve power density and mitigate ab-
normal combustion phenomena such as backfire [22], PFI remains an
attractive research configuration owing to its homogeneous mixture
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Summary of representative hydrogen-fuelled engine studies highlighting the research gaps addressed in the present work.

Year Reference Research configuration Main contribution Research gap

2009 [27] Experimental, Demonstrated NO, reduction using Reduced NO, was accompanied by
Single-cylinder CI EGR in hydrogen-diesel dual-fuel lower thermal efficiency and/or higher
engine combustion. carbon-based emissions; combustion

phasing and total fuel energy were not
systematically controlled.

2014 [36] Experimental, Investigated water injection to increase Requires additional hardware while
Single-cylinder CI the allowable HES while reducing NO,, the independent effects of combustion
engine emissions. phasing and total fuel energy remain

unresolved.

2015 [18] Experimental, Investigated the influence of compression Hydrogen effects remained coupled
Single-cylinder CI ratio on the allowable hydrogen with operating conditions such as total
engine substitution limit. energy and combustion phasing.

2017 [16] Experimental, Investigated hydrogen substitution over Independent effects of hydrogen could
Single-cylinder CI a range of engine speeds and loads; not be isolated from changes in combustion
engine reported improved thermal efficiency phasing and total fuel energy.

together with increased NO, emissions
and pre-ignition at HES > 50%.

2018 [17] Numerical Investigated the combined influence of
HES and compression ratio on combustion, Combustion phasing was not systematically
performance and emissions; controlled.
identified the dependence of optimum HES
on compression ratio.

2018 [19] Experimental, multi- Investigated hydrogen enrichment Effect of hydrogen enrichment

cylinder CI engine under low and medium load operating remained coupled with combustion
conditions while evaluating the effects phasing and total fuel energy.
of diesel injection pressure, EGR and
injection strategy.

2019 [20] Experimental, four Investigated hydrogen enrichment Lacked independent assessment of the
cylinder CI engine under multiple loads; reported hydrogen effects of controlling combustion

substitution limit based on observed phasing and total fuel energy.
backfire at multiple loads.

2021 [41] Experimental, Investigated H,-diesel dual direct injection Limited to direct hydrogen injection;
Single-cylinder CI under fixed CA50 and constant did not investigate the influence of
engine total fuel energy; demonstrated accelerated advanced or retarded CA50 on

initial combustion with hydrogen performance, emissions and combustion
addition. characteristics.

2024 [38] Numerical Investigated water injection as a Lacked establishing the relationship
strategy for NO, reduction and knock between combustion phasing and
mitigation; reported water injection to be emissions.
better at resisting knock than EGR

2025 [42] Experimental, Six- Investigated direct hydrogen injection Limited to spark-ignition operation

cylinder SI engine

in an SI engine under fixed CA50;
evaluated the influence of equivalence ratio,
spark timing and injection timing.

with direct hydrogen injection; constant
total fuel energy was not maintained.

preparation, lower system complexity, and implementation cost [43].
Furthermore, insights obtained from PFI combustion studies provide an
important reference for the development and interpretation of future DI
combustion strategies [44].

A summary of representative hydrogen-fuelled engine studies and
the corresponding research gaps is presented in Table 1. As shown
in the table, previous investigations have primarily focused on hydro-
gen substitution limits, combustion control strategy, or NO, mitiga-
tion individually. Whereas a systematic experimental framework that
combines combustion phasing control, constant total fuel energy and
complimentary optical diagnostics has remained limited.

To address these identified research gaps, the present work develops
a complementary experimental framework that combines full-metal
and optical engines to investigate PFI hydrogen-diesel DF combustion
under constant total fuel energy conditions. The full-metal engine
employs CA50 control, which constrains global combustion phasing
and enables the systematic assessment of hydrogen effects on ignition
and burn rate evolution. Under these conditions, the following param-
eters are systematically varied while minimizing confounding effects
associated with phasing shifts.

1. Engine speed
2. HES, and
3. Lambda values

In addition, a complementary optical engine configuration is em-
ployed, operating under fixed diesel start of injection (SOI) strategy
with deliberately reduced CR and skip-firing operation to lower in-
cylinder thermal conditions. This configuration enables direct visual-
ization of hydrogen-diesel combustion evolution while preserving the
natural coupling between ignition and in-cylinder conditions under
hydrogen enrichment.

In summary, the two engine configurations serve complementary
roles, guiding the primary objectives of this study:

1. To determine the operational limits of hydrogen-diesel DF en-
gine for optimized performance, emissions and combustion sta-
bility through key parameter interactions in a full-metal engine.

2. To visually investigate hydrogen-diesel combustion under re-
duced CR and low-temperature conditions using an optical en-
gine, elucidating the fundamental ignition and flame develop-
ment evolution.

2. Experimental setup and methodology
2.1. Research engines
Figs. 1 and 2 illustrate the full-metal and optical research engines

employed in this study, whereas Table 2 summarizes the key spec-
ifications of both engines and their associated auxiliary systems for
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Fig. 1. Schematic representation of full-metal research engine setup.

experimental testing. While both share the same fundamental design,
they differ in CR, presence of emission measurement devices, and inclu-
sion of an optical piston. In addition, the piston designs differ between
the two engines. The full-metal engine uses an industrial diesel piston
bowl. The optical engine uses a flat optical piston (window) secured
by a shallow metal ring. This results in an effectively shallow-bowl
geometry. Despite these differences, hydrogen was introduced into both
engines using port fuel injection (PFI) strategy. A mass flow controller
was employed upstream of the injectors to accurately regulate the pre-
scribed hydrogen mass flow rate and ensure repeatable fuel supply. The
port injectors controlled the timing and duration of hydrogen delivery.
The diesel mass flow rate was determined from a gravimetric injector
calibration performed prior to the experiments. A calibration curve
relating injector energizing duration (control input) to the injected
fuel mass per cycle was then established and used to calculate the
diesel mass flow rate. This calibration curve was subsequently used to
determine the injector energizing duration corresponding to each test
point.

Both research engines are equipped with a dynamometer and fre-
quency converters to regulate and maintain the desired engine speed.
Additionally, both engines are equipped with a flame arrestor posi-
tioned upstream the hydrogen injectors, near intake air manifold to
mitigate the risk of flame flash back. An in-cylinder pressure trans-
ducer enables detailed combustion analysis, including cylinder pres-
sure, heat release rate, combustion phasing and indicated power by
capturing high-resolution pressure data (0.2 CAD) synchronized with
crankshaft position. These fast-response measurements are acquired
using DeweSoft data acquisition software.

In the full-metal engine, 50 consecutive cycles were recorded by
DeweSoft for each test point. Real-time continuous measurement data
from various sensors (e.g., mass flow meters, thermocouples, intake air

pressure sensors) were monitored, controlled, and visualized using Lab-
VIEW, a graphical programming environment developed by National
Instruments (NI). Gaseous emissions from the full-metal engine exhaust
were sampled using the Fourier Transform Infrared (FTIR) system and
recorded via Calcmet software. Particulate emissions were measured
using Micro Soot Sensor (MSS) and recorded with AVL software, which
was also synchronized with the LabView program.

The optical engine was not fitted with any emission measurement
devices as the primary objective was to capture visual data. Combustion
characteristics were observed through an optically accessible piston and
pressure transducer mounted in the cylinder head. The optical piston
provided an 85 mm window to 111 mm combustion chamber. The non-
optical control and data acquisition were identical to those used in the
full-metal engine. Natural flame luminosity (NFL) and OH* chemilumi-
nescence (CL) were captured simultaneously with a high speed colour
and a monochrome camera respectively. Additionally, the monochrome
camera was equipped with an UV intensifier and a low pass filter to
capture OH* CL. The cameras were positioned approximately 90° apart,
with a beam splitter installed in front to ensure equal light distribution
to both sensors during simultaneous operation. The optical components
are summarized in Table 3.

2.2. Test cases and procedure

The study commenced with experiments on the full-metal engine,
and test cases have been outlined in Table 4. These cases were sequen-
tially designed and executed in the order presented in the table. In
the first phase (Table 4 CASE A) of the experiments, the goal was to
understand hydrogen enriched combustion at different engine speeds.
Therefore, the engine was operated at three different speeds. To enable
a fair comparison across these speeds, the total fuel energy and intake
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Table 2
Specifications of research engines and associated auxiliaries.

Single-Cylinder Engine

Optical Diagnostics

setup.

Parameters Full-metal engine Optical engine

Engine type 4-stroke, single cylinder engine 4-stroke, single cylinder engine

Displacement volume (dm?) 1.25 1.40

Bore xstroke (mm?) 110 x 132 111 x 145

Valve system EHVA EHVA

Air induction system Air compressor + Coriolis mass flow Air blower + Coriolis mass flow
meter + PID control valve meter

Diesel injection system

Common rail + electrically driven fuel
pump + solenoid direct injector

Common rail + electrically driven fuel
pump + piezoelectric direct injector

Diesel injector nozzle-hole diameter (pm) 163 105
Hydrogen injection system Mass flow controller + 2 port fuel Mass flow controller + 2 port fuel
injectors injectors

Emission measurement devices FTIR and MSS

Table 3
Specifications of imaging system in optical engine.

Device Natural flame luminosity measurement OH* chemiluminescence measurement

Camera High speed colour camera (Photron Fastcam SA-Z) High speed monochrome camera (Phantom V2012)
Intensifier - High speed intensifier

Filter - BP 308 nm +10 nm wavelength filter

Nikon AF Nikkor 180 mm f/2.8
768 x 768 pixels
32 KHz

Objective lens
Resolution (width x height)
Frame rate

UV-enhanced 100 mm f/2.8
768 x 640 pixels
32 KHz

air mass flow rate per cycle was kept equal. Furthermore, at each of
these speeds, the HES was swept from 0%-50% in a step of 10%. The
gas duration was adjusted to achieve the required HES in accordance
with the specified mass flow rate. The desired hydrogen energy share at
constant total fuel energy was achieved by varying the diesel injection

duration and hydrogen mass flow rate, while maintaining a constant
1000 bar diesel injection pressure throughout the experiments. At each
HES, CA50 was fixed at 10°, 8° and 6° CAD by adjusting the SOI
(reported throughout this study as the electronic injection command).
This approach was designed to isolate key combustion characteristics
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Table 4
Experimental test matrix for full-metal engine.
Fuel Engine Total Total Intake Intake Diesel Diesel CA50 Gas Global
share speed fuel fuel air mass air mass injection injection (CAD) lambda lambda
(energy (RPM) energy energy flow flow pressure duration (ms) (4,) 1)
%) (kJ/cycle) (MJ/h) (g/cycle) rate (bar)
(kg/h)
CASE A: Effect of hydrogen enrichment at multiple speeds
Diesel 1000 80 40
(100%-50%) 1500 2.66 120 1.33 60 1000 0.88-0.65 10, 8, 6 17.49-3.50 1.47-1.59
+ H, (0%-50%) 2000 160 80
CASE B: Effect of lambda on emissions
Diesel 1.33 40 3.50 1.59
(50%) 1000 2.66 80 2 60 1000 0.65 10, 8, 6 5.25 2.39
+ H, (50%) 2.66 80 7 3.19
Table 5
Experimental test matrix for optical engine.
Fuel share Engine Total fuel Intake air Diesel Diesel Start of Gas Global
(energy %) speed energy mass flow injection injection injection lambda lambda (1)
(RPM) (MJ/h) (kg/h) pressure duration (DBTDC) (4
(bar) (ms)
CASE C: Impact of hydrogen enrichments on combustion at fixed SOI
Diesel 1000 60 30 1000 0.82 - 0.53 8 17.65 -4.41 1.46
(100%-60%) -1.27
+ H,

(0%—-40%)

Table 6

Measurement systems and corresponding manufacturer specifications used in the present study.

Measured quantity Full-metal engine

Optical engine

Cylinder pressure
Exhaust gas temperature
Hydrogen flow rate

Air flow rate

+0.25%)

FTIR (Linearity < +2%)

MSS (Resolution < 0.01 mg/m?)

Gaseous emissions
Soot concentration

AVL pressure transducer (Linearity< +0.3%)
K-type thermocouple (Accuracy +2°C)
Bronkhorst MFC (Accuracy +(0.5% Rd+0.1%FS))
Emerson coriolis flow meter (Flow accuracy

Kistler pressure transducer (Linearity< +0.4%)
K-type thermocouple (Accuracy +2°C)

Bronkhorst MFC (Accuracy +(0.5% Rd + 0.1% FS))
Rheonik coriolis flow meter (Flow accuracy +0.1%)

influenced by hydrogen enrichment, including ignition delay, combus-
tion duration and peak heat release rates across different test points.
These three CA50 values were selected to enable evaluation of early
and late combustion behaviour. The study was limited to 50% HES
in the full-metal engine. At 60% HES Ay ~ 2.92), the target CA50
could no longer be maintained despite iterative adjustments to diesel
injection timing. Instead, combustion phasing progressively advanced
and was accompanied by a rapid pressure rise, preventing reliable data
acquisition.

Based on the findings from the first phase, the second phase (Table
4 CASE B) was developed with the objective of reducing NO, emissions.
In this phase, only one of the engine speeds was considered (see
Section 3.2 for explanation of choosing this particular engine speed).
At this engine speed, a lambda sweep was conducted by varying the
air mass flow rate at the highest HES of 50%. As in CASE A, CA50 was
fixed at 10°, 8° and 6° CAD, with total fuel energy being kept constant
throughout the tests.

In the full-metal engine tests, each operating point was run for about
2.5-3 min following the injection of both fuels, to allow the system to
reach steady-state conditions. Subsequently, in-cylinder pressure data
were recorded at every 0.2 CAD using DeweSoft over 50 consecutive en-
gine cycles for each test condition . The cycle-averaged pressure traces
were then used for the combustion analysis. To minimize high fre-
quency noise, a low-pass Butterworth filter was applied to the pressure
traces.

The recorded in-cylinder pressure data were analysed using the
first law of thermodynamics to calculate the apparent heat release rate
(AHRR) [45].

Table 5 presents the test matrix for the optical engine. The operating
conditions differ slightly from those of the full-metal engine (see Table
4). Such differences were implemented to ensure lower in-cylinder tem-
peratures and prevent potential damage to the optical piston and other
sensitive components. To further reduce in-cylinder temperatures and
protect the optical components, the engine was operated in skip firing
mode, consisting of one fired cycle followed by seven skipped cycles.
For each test point, a total of ten fired cycles were synchronized and
triggered to record images with both cameras. Meanwhile, DeweSoft
recorded the non-optical data for both fired and unfired cycles at each
test condition. To systematically investigate the effect of hydrogen on
the combustion behaviour, the energy share was varied from 0%—-40%,
in 10% increments with a fixed diesel injection timing (Table 5 CASE
C) at a constant engine speed of 1000 RPM. Consistent with the full-
metal engine tests, the total fuel energy and air mass flow rate were
maintained constant throughout the tests.

2.3. Measurement accuracy and statistical variability

The accuracy associated with the experimental measurements was
assessed using both the manufacturer-specified performance character-
istics of the measurement systems and the statistical variability of the
combustion measurements.

The continuously measured quantities, including exhaust gas tem-
perature (EGT), gaseous emissions, soot concentration, and fuel/air
flow rates, were recorded after the engine had reached steady-state
operating conditions, as described in Section 2.2. Their accuracy is
therefore represented by the manufacturer specifications of the cor-
responding measurement systems rather than statistical cycle-to-cycle
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Fig. 3. Crank-angle dependence of cylinder pressure and AHRR for different HES, engine speed, and combustion phasing.

variability. The principal measurement systems and their specifications
are summarized in Table 6.

The combustion parameters were calculated from the cycle-averaged
in-cylinder pressure traces. These include ignition delay time (IDT),
combustion duration (CD), gross indicated thermal efficiency (ITE,),
AHRR, and other pressure-derived quantities. Since these quantities are
derived from high-speed in-cylinder pressure measurements, their vari-
ability was quantified using the 50 consecutive engine cycles recorded
at each operating condition. Depending on the parameter, it is pre-
sented as either +SD error bars or IMEP-based cyclic variation metrics.

In addition, a repeatability assessment was performed for measure-
ments acquired on two different dates under a representative operat-
ing condition (Figure S4 Supplementary Material). The difference be-
tween repeated measurements remained below 3.5%, for both cylinder-
pressure-derived quantities and thermocouple/emission measurements,
indicating good experimental repeatability.

3. Results and discussions
3.1. Combustion analysis in the full-metal engine

Combustion behaviour in full-metal engine (Table 4) was assessed
using AHRR and cylinder pressure analyses. Fig. 3 illustrates these
profiles for CASE A under the tested HES, engine speeds, and CA50
conditions.

The AHRR profiles exhibit two peaks with distinct characteristics
(refer Fig. 3 A-I, left axis) for all tested engine speeds and CA50 con-
ditions. The first peak, which increases gradually, corresponds to the
premixed diesel combustion with some entrained premixed hydrogen.
In contrast, the second peak, exhibiting a steeper rise, is associated with
the mixing-controlled combustion phase. Following the second peak,
combustion continues into the late combustion phase at a lower AHRR.

Except for the pure diesel case (HES = 0%), the mixing-controlled
phase is expected to be influenced by the presence of premixed hy-
drogen as well. Since the heat released during the mixing-controlled
phase is primarily governed by the fuel vapour-air mixing process [45],
hydrogen is expected to enhance the second AHRR peak through its

influence on the fuel vapour-air mixing process [46]. This enhancement
could result from either accelerated flame propagation of hydrogen or
end-gas autoignition. Nevertheless, it is difficult to distinguish whether
the second AHRR peak results from end-gas autoignition or accelerated
flame propagation solely based on the measured in-cylinder pressure
traces. In addition, the remaining unburnt fuel (hydrogen + diesel) may
continue to burn during the late combustion phase, appearing as small
AHRR peaks.

However, up to ~30% HES (indicated by the purple solid lines in Fig.
3 A-L, left y-axis), the peak magnitudes of the premixed-controlled and
mixing-controlled dominated AHRR remain nearly equal. This suggests
that low HES does not significantly affect the mixing-controlled phase.
Nevertheless, at and beyond 40% HES (indicated by the green solid
lines in Fig. 3 A-I, left y-axis), the second AHRR peak increases more
rapidly than the first. This behaviour may be associated with the high
flame speed of richer premixed hydrogen, which could increasingly in-
fluence the overall combustion rate beyond a certain energy threshold.
In addition, the increase in AHRR with higher HES is reflected in the
corresponding rise in peak cylinder pressure (refer Fig. 3 A-I, right y-
axis). Consistent with the AHRR trends, a sharp rise in peak cylinder
pressure is observed beyond 30% HES, at a crank angle close to that
of the second AHRR peak. These findings suggest that HES of at least
40% of the total fuel energy is required to trigger a transition towards
an accelerated burn rate during the mixing-controlled phase in the DF
full-metal engine under the CASE A conditions (see Table 4, CASE A).

The influence of combustion phasing, shown in Fig. 3 (for clarity
see panels A, D and G) further highlights the distinct roles of the two
combustion modes. The data shows that only the second AHRR peak
increases with advanced phasing, while the first AHRR peak decreases.

This behaviour can be explained by the injection strategy required
to achieve an early CA50. Advancing CA50 necessitates an early start
of diesel injection, meaning the spray is introduced further away from
TDC, into a lower pressure and density environment. Under these
conditions, atomization, vaporization and air entrainment are less effec-
tive. Although the earlier SOI provides a longer premixing period, these
less favourable spray-development conditions may reduce the fraction
of fuel reaching a combustible mixture state by the time of ignition.
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Fig. 4. (A) EGT (B) ITE, (C) Cyclic variations (CV) of IMEP (D) COV of IMEP across different HES, engine speed and fixed CAS0.

Consequently, the premixed AHRR peak diminishes, despite the glob-
ally advanced combustion phasing. In contrast, mixing controlled phase
becomes more pronounced with advanced CA50. The burning rate
during the mixing-controlled phase is governed by the rate at which
the mixture becomes available for combustion. With an advanced fixed
CA50, this burning occurs closer to TDC, where the in-cylinder condi-
tions are more favourable for rapid combustion. This results in a more
pronounced second AHRR peak. Thus, advancing CA50 preferentially
promotes the mixing-controlled combustion process while suppressing
the premixed AHRR peak.

The comparative analysis of AHRR versus crank angle across engine
speeds in Fig. 3 reveals an unexpected trend: AHRR appears to decrease
as engine speed increases. This seems counter-intuitive, given that
higher speeds typically enhance turbulence intensity, promote fuel-air
mixing, and are therefore expected to increase the burning rate. The
contradiction arises because AHRR is evaluated with respect to crank
angle rather than time.

As engine speed increases, the duration of 1 CAD decreases, result-
ing in less fuel being burned per crank-angle and consequently a lower
CAD-based AHRR. To properly account for differences in combustion
rate, AHRR was reassessed as a function of time. Figure S1 (Supplemen-
tary materials) illustrates the temporal AHRR profiles for 0%, 30% and
50% HES across all engine speeds, along with corresponding CA50 val-
ues. When analysed on time basis, AHRR increases with engine speed,
consistent with the expected physical response to elevated turbulence
levels. Furthermore, the influence of engine speed and fixed CA50 on
the second AHRR peak becomes pronounced above 30% HES. Even
when analysed temporally, the results consistently indicate that sub-
stantial modifications to overall combustion characteristics behaviour
occur only when hydrogen contributes above ~30% of the total fuel
energy.

3.2. Performance and emission analysis in the full-metal engine

The effects of combustion phasing (CA50), engine speed and HES on
(A) EGT, (B) ITE,, (C) cyclic variations of indicated mean effective pres-
sure (IMEP, ), and (D) coefficient of variation (COV) are summarized
in Fig. 4.

As shown in Fig. 4 A, EGT exhibits an increasing trend with rising
speed. This is because higher engine speeds result in shorter cycle
durations. Consequently, there is less residence time for the burned
gases to transfer heat to the cylinder walls before exhaust valve open-
ing, thereby increasing the measured EGT [45]. In contrast, advancing
or retarding CA50 within the investigated range has only a minor
influence on EGT. This suggests that within the tested range, the timing
of CA50 does not significantly affect the thermal energy retained within
the exhaust gases. Furthermore, despite the high adiabatic temperature
and fast combustion characteristics of hydrogen, EGT was lowest at
highest HES. This behaviour is attributed to the earlier completion
of combustion, as evidenced by progressive advancement of CA90
(CAD where 90% of total heat releases) with increasing HES (Figure
S2, Supplementary materials). Consequently, the burned gases have
additional time to expand before exhaust gas valve opening, thereby
reducing the measured EGT.

In contrast to the monotonic relationship between EGT and HES
observed in Fig. 4 A, Fig. 4 B exhibits a non-linear association between
ITE, and HES. At 1000 RPM with CAS50 fixed at 6 CAD and HES at
50%, ITE, attains its minimum value. At the same HES, it reaches
its maximum at 2000 RPM with CA50 fixed at 8 CAD. IMEP.,, and
the corresponding COV remain minimal, as shown in Fig. 4 C and D
respectively. Therefore, the efficiency variation observed at high hy-
drogen content cannot be attributed to cyclic variations. Nevertheless,
ITE, remains nearly constant across all test points. This confirms that
the total energy per cycle was maintained constant, as targeted in the
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experimental test matrix (Section 2.2 and 4). Overall, IMEP.;, and
COV, g p indicate improved stability with hydrogen at higher engine
speeds. For the investigated conditions (see Table 4 Case A), HES above
30% appears to represent a threshold beyond which engine stability
improves with increasing speed.

Fig. 5 A presents the IDT trends. In the present study, IDT is
defined as the difference between CAO5 (CAD where 5% of total heat
releases) and SOI. Despite minor non-monotonic variations between
adjacent HES levels, the overall tendency is towards shorter IDT with
increasing HES under fixed CA50 conditions. The trends reflect the
active participation of hydrogen from the initial stages of combustible
mixture formation itself. Since both CA50 and total fuel energy were
maintained constant, the shorter IDT with increasing HES indicates
accelerated reaction rates. As a result, interval between SOI and SOC
(Start of combustion)/ CAO5 decreases to maintain the target CAS50.
Furthermore, IDT does not seem to exhibit a linear dependence on
engine speed under the fixed combustion phasing conditions examined
in the full-metal engine. In contrast, the CD (Fig. 5 B) which is defined
as difference between CA90 and CAO5, is significantly influenced by
both engine speed as well as HES. As engine speed increases the
CD decreases due to enhanced turbulence, which improves mixing,
and flame propagation. Consequently, combustion is completed more
rapidly. At all engine speeds, CD further decreases with increasing HES
because of high flame speed and rapid reactivity of hydrogen.

The influence of CA50, HES, and engine speed on (A) NO, emissions
(B) CO, emissions and (C) H,O emissions concentration is illustrated
in Fig. 6. An increase in HES and earlier CA50 leads to elevated
NO, emissions, primarily due to higher in-cylinder temperatures that
promote thermal NO, formation [42]. Conversely, NO, emissions tend
to decrease with increasing engine speed, attributed to reduced res-
idence time for nitrogen oxidation due to shorter cycle durations.
CO, emissions decline with increasing HES reflecting the depleting

carbon content of the fuel mixture, and appear largely unaffected by
combustion phasing. A slight reduction in CO, is also observed at
higher engine speed, likely due to shorter cycle durations that limit
the residence time available for complete carbon oxidation. This is
supported by the corresponding increase in CO emissions (Figure S3,
Supplementary materials). Consequently, the reduced oxidation time
can also promote higher emissions of unburnt carbon species, such as
soot.

Fig. 7, presents the soot emission results at (A) 1000 RPM (B) 1500
RPM and (C) 2000 RPM at defined CA50 and HES. Soot emissions
decrease with increasing HES at constant engine speed and combustion
phasing, indicating reduced carbon availability, with higher hydro-
gen substitution. However, at constant HES and CA50, soot emissions
increase with engine speed, consistent with reduced oxidation time
available during shorter engine cycle. Additionally, at higher engine
speeds (1500 and 2000 RPM), soot emissions exhibit greater sensitivity
to CA50, in contrast to the relative independence of CO, emissions
from combustion phasing. In particular, as shown in Fig. 7 C, later
combustion phasing (CA50 = 10), promotes higher soot production.

The observed soot trends can be explained by the interaction be-
tween SOI and piston bowl. Since CA50 was controlled by adjusting
the SOI, achieving later CA50 required a retarded SOI (Fig. 3 Q).
Fuel injection therefore occurred closer to TDC, reducing the available
premixing time. The modified spray-bowl interaction may also have
increased local fuel accumulation through spray impingement and fuel
film formation. This favoured fuel-rich regions and consequently higher
soot formation. Conversely, an earlier CA50 required an advanced SOI
(Fig. 3 (F,1)) . This increased the premixing time before ignition and
promoted a more homogeneous mixture formation, thereby reducing
soot emissions. Similar increases in soot with retarded SOI have also
been reported previously [47].

In addition to carbon and nitrogen based-emissions, H,O emissions
were also measured, with corresponding trends shown in Fig. 6 C.
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Similar to CO, emissions, H,O emissions are primarily governed by fuel
composition increasing with HES while remaining largely insensitive to
combustion phasing.

A key challenge identified in the current experiments was the ele-
vated NO, emissions observed under low engine speed and high HES.
Consequently, this operating condition was selected for developing
Case B (Table 4).

10

The variations of (A) NO, emissions in ppm and (B) CO, emissions
in vol% with 4, is shown in Fig. 8. Both NO, and CO, concentrations
decrease significantly with increasing 4,. This behaviour results from
the combined effect of constant total fuel energy input and increased
intake air mass flow, which leads to emission dilution. However, even
under leaner conditions, NO, remains sensitive to the combustion
phasing, whereas CO, is largely unaffected.
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3.3. Optical diagnostics of hydrogen-enriched combustion: natural flame
luminosity and OH* chemiluminescence analysis

This section discusses the optical results corresponding to the test
case defined in Table 5. Fig. 9 presents crank-angle resolved NFL images
for varying HES, while Fig. 10 presents the OH* CL images. Images
obtained from both diagnostics are shown at comparable CAD.

The NFL images (Fig. 9) show a progressive transition in dominant
flame colour from yellow to blue with increasing HES. For pure diesel
conditions (Hy = 0%), the flame appears predominantly yellow, with a
faint bluish background. The yellow luminosity is typically associated
with blackbody radiation from soot particles, whereas the bluish flame
arises from emission of excited radicals [48]. As soot originates from
unburnt carbon species, these regions indicate fuel-rich (diesel-rich)
zones, characteristic of diffusion-controlled combustion. In contrast, the
transition to blue-dominated flames reflects reduced soot formation,
which would otherwise have been obscured under strong soot radia-
tion [49]. Thus, the emergence of a blue-dominated flame is indicative
of a shift towards premixed combustion.

Although not all CAD synchronized images are presented, the com-
plete dataset was analysed. Beyond 20% HES, soot-related luminosity,
identified by bright yellow regions, becomes minimal or absent. These
observations indicate that, for the present engine configuration and
operating conditions, a discernible influence of premixed hydrogen
emerges at or beyond a HES of ~30%, under low CR (optical, without
CA50 control) conditions. In contrast, under high CR (full-metal, with
CA50 control) conditions, a slightly higher HES of at least ~40% is
required to observe enhancements due to premixed hydrogen. Never-
theless, the combined quantitative (Fig. 7) and visual assessments (Fig.
9) from both engines confirm that increasing HES, while maintaining
constant total energy input, reduces soot emissions.

Furthermore, Fig. 9 indicates that with increasing hydrogen ad-
dition, the CAD at which NFL first becomes visible is progressively
delayed. For example, at 20% HES, the first clearly visible flame
appears ~0.7 CAD after CAD = 7.6 ATDC, with this delay increasing
further at higher HES. This trend is also evident in the cycle-averaged
NFL intensity (Fig. 11 A), where increasing HES reduces the peak NFL
intensity and delays the onset of the NFL signal.

Consistent with this, the OH* CL results (Fig. 10) show a clearly de-
tectable OH* signal at 20% HES and CAD = 7.6 ATDC, despite reduced
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NFL intensity. The simultaneous presence of OH* and diminished NFL
signal further supports the presence of hydrogen and transition towards
premixed combustion, particularly beyond 10% HES. However, even at
20% HES, the OH* signal is weaker than that observed at 10% and 0%
HES for the same crank angle, although it remains clearly visible. With
further increases in HES, the initial appearance of the OH* signal shifts
to later CAD, indicating a corresponding increase in IDT. The cycle-
averaged OH* intensity (Fig. 11 B) further confirms the progressive
delay in the onset of the OH* signal with increasing HES.

The delayed appearance of both NFL and OH* signals with increas-
ing HES is consistent with the calculated IDT based on heat release and
OH* intensity (Fig. 12 A and B). The heat-release-based IDT is defined
as the difference between CA05 and SOI for the cycle presented in Fig.
10. The OH*-based IDT is defined as the difference between the crank
angle at which first detectable rise in the cycle-averaged OH* CL signal
is observed and SOI. Overall, the optical engine results indicate that IDT
increases with increasing HES. In contrast, the full-metal engine results
generally show a decrease in IDT with increasing HES (see Section 3.2
and Fig. 5 A). The longer IDT in the optical engine is also reflected
in the NFL images (Fig. 9). With increasing HES, the flames become
progressively bluer. This is consistent with the longer premixing period
associated with increased IDT.

A longer IDT in the optical engine is expected compared to the full-
metal engine due to reduced CR and skip firing operation, which lower
the in-cylinder temperatures (Fig. 13). For example, the calculated IDT
of pure diesel case (0% HES) at 1000 RPM, increases by ~1 ms when
transitioning from full-metal engine (Fig. 5 A) to the optical engine (Fig.
12 A). The difference in piston-bowl geometry may also contribute to
the observed IDT difference. It can influence the interaction between
the injected diesel and the surrounding H,-air charge, as well as the
local air-flow motion. The full-metal piston bowl may promote faster
redistribution of the injected diesel towards the surrounding H,-air
charge. It may also modify the air-flow motion to favour faster air-
diesel fuel mixing and, consequently, shorter IDT. In contrast, the
shallow-bowl optical piston may result in slower redistribution of the
injected fuel towards the surrounding H,-air charge. It may also gen-
erate a less turbulent environment, leading to slower air-flow-driven
mixing. These differences in piston-bowl interaction may therefore
contribute to the longer IDT observed in the optical engine at constant
HES and engine speed compared to the full-metal engine.
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Fig. 9. Crank angle resolved evolution of natural luminosity of a hydrogen-diesel flame at an engine speed of 1000 RPM.

However, the further increase in IDT with hydrogen enrichment in
optical engine appears counter-intuitive. For instance, when transition-
ing from pure diesel to 40% HES in the optical engine, the IDT increases
from ~2.4 ms to ~3.3 ms (Fig. 12 A and B). In contrast, in the full-metal
engine at 1000 RPM and across CA50 conditions, the IDT decreases
from ~1.13 ms to ~1.06 ms when transitioning from pure diesel to 40%
HES (Fig. 5 A).

This opposite trend highlights the sensitivity of ignition behaviour
to the in-cylinder environment. In fact, based on previous studies and
their own results Pinto et al. [50] highlighted that hydrogen enrichment
may either reduce or increase IDT, depending on the hydrogen volume
fraction and temperature conditions.

Therefore, to further investigate this behaviour, the in-cylinder tem-
perature at the start of injection was estimated for both full-metal and
optical engines assuming isentropic compression process with constant
specific heat ratio. The reference crank angle was taken as the end
of intake stroke (start of compression). The corresponding in-cylinder
pressure was extracted from the measured pressure trace. The reference
temperature was assumed to be ambient temperature (298 K). The

12

temperature at SOI was then estimated using Eq. (1).

y=1

Psor\ 7
Tsor = Trer < 2

ref

@

where a constant specific heat ratio y = 1.37 was assumed. Fig. 13
presents corresponding temperature trends. In general, the in-cylinder
calculated isentropic temperature at SOI in the full-metal engine is close
to ~900 K, whereas in the optical engine it remains near ~750 K.
These estimates indicate that the optical engine operates under
a comparatively lower-temperature combustion environment, whereas
the full-metal engine represents higher-temperature operating condi-
tions. It was initially hypothesized that the prolonged ignition delay
observed with hydrogen enrichment in the optical engine could be
associated with enhanced low-temperature diesel oxidation chemistry.
Under such conditions, hydrogen addition, while simultaneously re-
ducing the diesel pilot quantity, may alter the low-temperature oxida-
tion pathways governing diesel autoignition. Gu et al. [51] reported
that hydrogen promotes reaction pathways that consume OH radi-
cals, thereby suppressing the H-abstraction reactions responsible for
n-dodecane decomposition and consequently increasing ignition delay.



M. Jha et al.

International Journal of Hydrogen Energy 288 (2026) 158203

Fig. 10. Crank angle resolved evolution of OH* chemiluminescence of a hydrogen-diesel flame at an engine speed of 1000 RPM.

Similar interpretations were also reported by Hernandez et al. [52] for
hydrogen-diesel mixtures in a constant-volume combustion chamber.
Nevertheless, low-temperature chemistry has also been reported to
remain relevant at temperatures approaching 900 K [53]. Therefore,
the opposite ignition-delay trends observed between the two engines
cannot be explained solely by differences in in-cylinder temperature.
In addition to thermal effects, differences in diesel spray formation
and local mixture preparation are also likely to influence the ignition
process. The full-metal engine employs an injector with a ~1.6 times
larger nozzle-hole diameter than the injector used in the optical engine.
Such a configuration is expected to produce larger locally fuel-rich
regions, thereby increasing the probability of forming locally reactive
ignition kernels. In contrast, the finer injector employed in the optical
engine is expected to generate comparatively leaner local fuel regions.
Furthermore, increasing HES, reduces the oxygen concentration of the
fresh charge into which the diesel pilot is injected [54]. Consequently,
the local oxygen availability governing diesel autoignition is reduced.
In the full-metal engine, the presence of larger locally fuel-rich regions
may partially compensate for the reduction in local oxygen availability.
Conversely, in the optical engine, the combined influence of lower-
temperature conditions, reduced local oxygen availability, and smaller
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locally fuel-rich regions is likely to promote longer ignition delays.
Lee et al. [55] similarly reported that sufficiently rich pilot-fuel re-
gions are essential for successful ignition under premixed hydrogen
conditions.

Accordingly, the opposite ignition-delay trends are likely governed
by the combined effects of in-cylinder thermal conditions, and injector-
dependent pilot-fuel mixture formation. However, further investiga-
tions are required to systematically isolate the configuration differences
between the two engines and verify this hypothesis. The proposed
interpretation should therefore be regarded as a literature-supported
hypothesis that is consistent with the present experimental observa-
tions.

4. Conclusion

This study investigated the effects of hydrogen enrichment under
different engine operating conditions, with emphasis on identifying sys-
tematically isolated relationships relevant to combustion, performance
and emissions. The following are the main conclusions that can be
drawn from the work:
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1. Transitioning towards higher HES and earlier CA50 increased contrast, soot emissions increased with engine speed, particu-

both the cylinder pressure and heat release rate at all engine
speeds, reflecting the high reactivity and rapid flame propaga-

larly under retarded combustion phasing, with this effect being
more pronounced at lower HES (< 40%).

tion characteristics of hydrogen. 4. Increasing HES shortened the combustion duration (CD) and
. Higher HES and advanced combustion phasing also increased reduced the exhaust gas temperature (EGT), reflecting the faster

NO, emissions. However, leaner operation (higher 4 or 4,) con- combustion characteristics of hydrogen.

sistently reduced NO, emissions at a given combustion phasing. 5. Comparison of IDT behaviour in the full-metal and optical en-

. Increasing the HES to 50% reduced CO, emissions by ~50%
across all combustion phasing conditions and engine speeds. In
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gines showed opposite trends with increasing HES. While IDT
generally decreased with increasing HES in the full-metal engine,
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Fig. 13. Calculated isentropic in-cylinder temperatures at diesel injection timing for the full-metal and optical engine at 1000 RPM and varying HES. Full-metal
engine conditions: fixed CA50 = 10 CAD; optical engine conditions: fixed SOI = 8 DBTDC.

it increased in the optical engine. Based on the present observa-
tions and supporting literature, this behaviour is hypothesized
to arise from the combined influence of in-cylinder thermal
conditions, and injector-dependent mixture formation.

In summary, an optimal engine condition can be considered as one that
provides a reasonable trade-off between combustion stability, perfor-
mance, and emissions. Considering that the objective of the present
work was to maximize hydrogen substitution while maintaining stable
dual-fuel operation (up to 50% HES), the following operating guidelines
can be drawn:

1. At a constant load, higher engine speeds (~2000 RPM) can be
operated with higher HES (~50%) to maximize ITE,. Lower en-
gine speeds (~1000 RPM) preferably require lower HES
(~30%-40%) to maintain high ITE,. However, HES should also
be selected based on the unburnt H, concentration in the ex-
haust, particularly for multi-cylinder operation across different
engine speeds and loads.

2. Combustion phasing should be maintained close to CA50 ~8
CAD, provided that stable combustion is achieved. During multi-
cylinder implementation, this target should be verified against
cylinder-to-cylinder combustion variability. If excessive pressure
fluctuations or unstable combustion are observed, a slightly
retarded combustion phasing or lower HES may provide a more
robust operating strategy.

3. A 4, ~ 7 should be targeted to provide a favourable compromise
between NO, emissions and combustion stability. Its optimum
value should be established together with combustion phas-
ing and HES to maintain stable combustion while minimizing
cylinder-to-cylinder variability.

4. An engine speed of approximately 1500 rpm should be targeted
to achieve a favourable compromise between combustion com-
pleteness and emissions. The suitability of this operating point
should subsequently be verified over the complete engine operat-
ing map, where engine load, and cylinder-to-cylinder variations
may influence the final calibration.
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