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This study investigates the effect of hydrogen enrichment on combustion stability in a
CNG-fueled multi-cylinder spark-ignition engine. Hydrogen was blended into CNG at 0%,
18%, 25%, and 30% by volume, and the blends were tested under constant-speed, full-
load conditions. Combustion stability was assessed using the coefficient of variation
(CoV) of peak cylinder pressure (Pmax), mass burn fraction at 50% (MBF50), and heat
release rate (HRR). A correlation matrix analysis was employed to examine
interrelationships between these stability parameters. Results indicated that the 18%
HCNG blend provided the best overall improvement, achieving the lowest CoV values for
MBF50 and HRR, and significantly reducing CoV_Pmax compared to pure CNG.
Increasing hydrogen content to 25% maintained stability but introduced minor
irregularities, while 30% hydrogen further improved Pmax consistency yet adversely
impacted MBF50 and HRR stability. Correlation analysis highlighted a strong positive
relationship between MBF50 and HRR stability, emphasizing the critical role of
combustion phasing control. The study concludes that hydrogen enrichment in the range
of 18-25% optimally enhances combustion stability without inducing combustion
irregularities. These findings offer valuable insights for optimizing HCNG blends to
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achieve cleaner and more efficient future engine designs.

1. INTRODUCTION
1.1 Need for cleaner fuels and the rise of HCNG

The increasing issues related to environmental pollution, the
depletion of fossil fuel resources, and global climate change
has accelerated the search for alternative, cleaner fuels that
could be suitable for automotive applications [1-3]. The
increase in greenhouse gas emissions and decline of urban air
quality from the combustion of fossil fuels like gasoline and
diesel [4, 5]. The transportation sector accounts for nearly 24%
of global CO: emissions, thus indicating the need for
decarbonization [6].

Natural gas, primarily composed of methane, provides a
promising alternative as it has a lower carbon-to-hydrogen
ratio than petroleum-based fuels [7]. Compressed natural gas
(CNG) vehicles have decreased particulate matter and NOy
emissions; however, the fundamental challenges of CNG, such
as lower flame speed and limited flammability, can limit
combustion efficiency in the lean-burn conditions [8-10].

Hydrogen-enriched compressed natural gas (HCNG) has
emerged as a significant transitional fuel on the path towards
a hydrogen economy. HCNG fuel blends provide the best
aspects of compressed natural gas (CNG) while addressing the
disadvantages of CNG with the combustion properties of
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hydrogen. These combustion properties include superior
laminar flame speed, broader flammability limits and cleaner-
burning combustion products [11-14]. HCNG can be utilized
with relatively little modification to existing CNG engine
platforms, allowing some ease and lower cost for the transition
[15].

Recent advancements in technology and experimental
studies suggest that HCNG fueling improves engine thermal
efficiency, lowers engine-out emissions and enhances lean
combustion stability, a viable transitional option for
sustainable transportation solutions today and in the future
[16-18].

1.2 Potential benefits of HCNG blends in engines

In essence, the incorporation of hydrogen vapour into CNG
greatly alters the kinetics of combustion. The introduction of
hydrogen only accelerates the laminar flame speed, thereby
shortening the length of the combustion process and
encouraging faster energy release [7, 12]. This increases the
overall efficiency of engines when they operate lean-burn
where CNG experiences challenges due to potential flame
quenching.

In addition, hydrogen offers a wider flammability range that
permits engines to operate at ultra-lean equivalence ratios that
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significantly  lower = combustion temperatures and
consequently reduces NOx production [13, 19]. Experimental
studies showed that hydrogen incorporation leads to a
meaningful decrease in cycle-to-cycle variations (CCVs),
improved ignition stability, and decreased misfire rates when
operating in lean conditions [20, 21].

It's crucial to optimize the hydrogen fraction. While
moderate hydrogen enrichment (18—-25% by volume) provides
significant advantages, excessive hydrogen levels (greater
than 30%) can lead to combustion instabilities, including pre-
ignition, backfire, and increased thermal loading [7, 22].

Therefore, a systematic evaluation of HCNG blends, with a
specific focus on combustion stability metrics such as the
Coefficient of Variation (CoV) of key combustion parameters,
is crucial for determining the optimal blending strategy.

1.3 Comparative fuel properties of diesel, CNG, and
HCNG

A comparative evaluation of fuel properties between diesel,
CNG, and 30HCNG (30% H: by volume) is presented in
Table 1 highlighting the significant influence of hydrogen
enrichment on combustion behaviour.

Table 1. Comparative fuel properties of diesel, CNG, and
30HCNG [7, 8, 10-13, 22]

. HCNG
Property Diesel CNG (30% H:)
Lower Heating
Value (MJ/ke) 42-45 47-50 ~41-42
Flame Speed (cm/s) ~40 ~45-50 ~90-120
Auto-ignition
Temperature (°C) 210 340 390
Stoichiometric Air- . . .
Fuel Ratio 14.5:1 17.2:1 21.5:1
Flammability Limits ~ 0.6—
(vol%) 5.5 515 4-63
CO: Emissions . . Lower than
(@/MJ) High Medium CNG
Higher at
stoichiometric
NOx Emissions High Medium conditions
(due to elevated
temperatures)
Compressed Compressed
Storage Method Liquid  Gas (200- Gas
250 bar) (200250 bar)

The analysis exemplifies that HCNG offered a distinct
beneficial combustion advantages including a greater flame
speed, larger flammability limits, and lower CO» emissions;
and provided a compelling alternative for engine operation,
more environmentally beneficial and efficient than CNG. The
key will be the optimization of the hydrogen content to
maximize those benefits without endangering engine
longevity and safety.

2. LITERATURE REVIEW

2.1 Hydrogen-Enriched Compressed Natural Gas (HCNG)
as a transitional fuel

Hydrogen-enriched compressed natural gas (HCNG) has
been well documented as a possible transitional fuel for the
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clean mobility solutions. HCNG offers a synergistic
opportunity with the existing CNG infrastructure, while also
improving the combustion characteristics. This improvement
is attributed to the high diffusivity, low ignition energy, and
elevated flame speed of hydrogen [5, 23, 24].

Verhelst and Wallner conducted a thorough review of
hydrogen-fueled engines. They concluded that adding
hydrogen reduces ignition delay, promotes earlier growth of
the flame kernel, and accelerates the combustion process [11].
Zareei et al. [12] reported that the addition of hydrogen into
CNG significantly improved thermal efficiency and reduced
carbon monoxide emissions under lean operating conditions.
Moreover, the use of HCNG significantly lowers carbon
dioxide emissions, which is a crucial benefit in light of global
decarbonization goals [17, 25].

The flexibility to retrofit existing CNG engines with
minimal modifications further enhances the feasibility of
HCNG adoption [14]. However, the optimal hydrogen fraction
must be carefully selected to balance the gains in combustion
efficiency with the risks associated with pre-ignition and NOx
formation [7].

2.2 Combustion characteristics of CNG and HCNG blends

CNG combustion provides the advantage of lower carbon-
to-hydrogen ratios, resulting in reduced CO: emissions when
compared to diesel and gasoline engines. However, CNG
combustion also experiences lower flame speeds and higher
ignition energy requirements, which contributes to increased
cycle-to-cycle variations (CCVs) [8].

Hydrogen addition addresses these shortcomings.
Banapurmath et al. [13] conducted experiments that revealed
a hydrogen volume fraction of 20-30% in CNG significantly
enhances peak pressure, improves brake thermal efficiency,
and shortens combustion duration. Similarly, Ma et al. [22]
demonstrated that hydrogen-enriched compressed natural gas
(HCNG) blends lead to faster combustion and reduce
combustion duration by 15-20% compared to standard CNG.

Papagiannakis and Hountalas conducted a comparison of
dual-fuel operations using diesel and CNG, emphasizing the
enhanced lean combustion capability of CNG, particularly
when supplemented with hydrogen [8]. Furthermore, research
by Oh et al. [26] demonstrated that HCNG blends facilitate
stable engine operation at ultra-lean air-fuel ratios, a level of
stability that conventional CNG cannot consistently achieve.

However, the challenges include managing the significant
rise in combustion temperature and NOy emissions with
increased hydrogen fractions [20, 27].

2.3 Impact of hydrogen fraction on engine performance
and emissions

The relationship between hydrogen concentration and
engine performance is complex and non-linear. In their
research, Zareei et al. [12] revealed that using low to moderate
hydrogen concentrations—ranging from 18% to 25% by
volume—can lead to substantial improvements in engine
efficiency. Specifically, these hydrogen levels contribute to a
marked increase in brake thermal efficiency, which measures
how effectively the engine converts fuel into useful work.
Additionally, they help minimize cycle-to-cycle variations,
ensuring smoother and more consistent engine operation.
Importantly, this optimization occurs without resulting in
excessive nitrogen oxide (NOy) emissions, allowing for a



balance between performance and environmental impact.
Karim indicated that hydrogen concentrations exceeding
30% may result in knocking and pre-ignition phenomena due
to the low ignition energy associated with hydrogen [10].
Furthermore, Nitnaware and Suryawanshi [28] supported the
assertion that a blend containing approximately 25% hydrogen
represents the optimal compromise among combustion
stability, efficiency improvements, and emissions control.
Recent studies by Duan et al. [19] also indicated that
hydrogen enrichment not only stabilizes flame propagation but
reduces CCVs substantially in lean-burn natural gas engines,
supporting the potential of HCNG for modern SI engines.

2.4 Use of Coefficient of Variation (CoV) for combustion
stability assessment

The Coefficient of Variation (CoV) of combustion
parameters characterized a common metric, to characterize the
stable combustion process [15, 29, 30]. The main parameters
analyzed were peak cylinder pressure, which is sometimes
reported as Pmax, the mass burn fraction at 50%, commonly
referred to as MBF50%, and peak heat release rate (HRR). The
use of CoV as a combustion stability metric has been well
documented in engine research. CoV of peak pressure
(CoV_Pmax), CoV of mass burn fraction (CoV_MBF50%),
and CoV of heat release rate (CoV_HRR) are particularly
sensitive to variations in fuel reactivity, air-fuel mixing, and
ignition quality [17, 31].

Hora and Agarwal [16] applied CoV analysis to HCNG
blends and discovered that the addition of hydrogen
consistently reduced the CoV of Pmax and MBF50%,
resulting in enhanced engine smoothness and reliability.
Prasad and Agarwal adapted this methodology for HRR
analysis, demonstrating that CoV_HRR is especially sensitive
to blend instability and serves as an effective early diagnostic
tool [17].

Research conducted by Heffel [32] and Oh et al. [26] has
provided compelling evidence that hydrogen enrichment
significantly enhances the uniformity of combustion. This
process not only creates more consistent burning of the fuel-
air mixture, but reduces misfires, to those situations where the
engine is not able to ignite the fuel as designed. The presence
of hydrogen reduces variability in performance between
combustion cycles, even in ultra-lean mixtures, with high air-
to-fuel ratios. This combination of benefits contributes to
improved engine efficiency and reliability.

Hence, CoV analysis is a vital and reliable approach for
evaluating HCNG blend optimization from a combustion
stability standpoint.

3. EXPERIMENTAL SETUP
3.1 Engine specifications and test facility

The experimental investigations were conducted on a six-
cylinder, water-cooled, spark-ignition (SI) multi-cylinder
engine designed for CNG fueling. The engine specifications
are provided in Table 2. A full-load control eddy current
dynamometer (SAJ AG 150) was used to apply load and
maintain constant engine speed during testing. The actual
experimental test setup is shown in Figure 1.

The use of a single-speed, full-load steady-state condition
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ensures that observed combustion variations are attributable
primarily to changes in fuel properties rather than operating
condition fluctuations, consistent with methodologies
described by Heywood and Turns [7, 33].

Table 2. Engine specifications

No. of Cylinders 06 - Inline
Displacement 6500 cm®
Aspiration Naturally Aspirated
Compression Ratio 17.5:1
Rated Power 64 kW
Rated Speed 1500 RPM

CNG with electronic mixer
Electronic spark ignition

Fuel System
Ignition System

The air-fuel ratio (AFR) was meticulously maintained in
close proximity to stoichiometric levels (A = 1) through the
implementation of Bosch LSU 4.9 wideband oxygen sensors,
ensuring precise real-time monitoring.

Figure 1. Test engine experimental setup

3.2 Instrumentation and Data Acquisition

Accurate measurement of in-cylinder pressure is of
paramount importance for the analysis of combustion
processes. To enhance this process, a piezoelectric pressure
transducer (AVL Sensor GH15D) was strategically installed
in the cylinder head, ensuring precise alignment with the
combustion chamber to effectively capture real-time data on
cylinder pressure. The transducer's output was connected to a
charge amplifier (AVL FI Piezo), which was then linked to a
High-Speed Data Acquisition (HSDA) system capable of
sampling at a resolution of 0.1° of crank angle. The
experimental test setup is shown in Figure 2, and the
instrument details are given in Table 3.

In addition to monitoring in-cylinder pressure, the
crankshaft position was continuously tracked using an optical
encoder to synchronize pressure measurements with engine
cycle events. The recorded pressure data were processed to
calculate:

e Coefficient of Variation (CoV) of peak pressure (Pmax),

e  Mass Burn Fraction at 50% combustion (MBF50%),

e Coefficient of Variation of Heat Release Rate (HRR).

To ensure statistical reliability, each experimental data point
was calculated as the average of 300 consecutive engine cycles.
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Figure 2. Experimental test setup with HSDA system for in-cylinder combustion analysis

Table 3. Details of instruments used

Equipment Make
Engine Steady State SAJ, AG-150
Dynamometer
Test Cell Automation iASYS, ORBIT-¢
System
Conditioned Umt for Air KS ENG TACU3000
Handling - -

Fuel Flow Meter Krohne-Marshall CFM 01
Air Flow Meter ABB Sensyflow, SFI-02

Combustion Data
Measurement System
Emissions Analyzer

AVL Indi Micro
AVL AMA i60-01

3.3 Test procedure

The engine was operated at a steady speed of 1500 rpm
under full load for each fuel blend. To maintain consistency
throughout the experiments, the spark timing was kept
constant, thereby eliminating it as a potential source of
variability. Furthermore, the cooling water temperature, air
temperature, and pressure were carefully monitored and
maintained within £ 2% of their target values. In this study,
the spark timing was intentionally fixed across all test
conditions to isolate the impact of hydrogen blending on
combustion stability, specifically to analyze CoV-related
metrics under controlled ignition conditions. This approach
provides a consistent baseline for comparing the cyclic
variability effects of different HCNG blends without the
confounding influence of spark advance adjustments.
However, the fixed ignition timing may not be optimal for
hydrogen-enriched fuels. Due to hydrogen’s high flame speed
and low ignition energy, higher HCNG blends tend to advance
the combustion phasing (e.g., MBF50) relative to CNG at the
same spark timing, potentially resulting in earlier peak
pressures and increased knocking tendency [34, 35]. It is
further reported that unoptimized spark timing can exaggerate
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or suppress the beneficial effects of hydrogen blending on
thermal efficiency and emissions [36]. Therefore, while the
fixed spark timing is methodologically justified for
comparative CoV analysis, future studies should consider
adaptive spark timing strategies to capture combustion
behavior under optimal phasing conditions.

Prior to Data Acquisition, the engine was allowed to reach
thermal steady-state conditions. For each blend, the following
procedure was followed:

e  Stabilization of engine parameters for ~10 minutes,

e Data collection for 300 continuous combustion cycles,

e  Post-processing and validation of recorded pressure data,

e  Calculation of combustion parameters and CoV metrics.

This approach ensured uniformity across all tested blends
and minimized the influence of transient phenomena.

4. METHODOLOGY
4.1 Overview

The primary objective of the experimental analysis was to
evaluate the combustion stability of HCNG blends by
conducting a statistical analysis of in-cylinder combustion
data. The parameters chosen for stability assessment were:

e Peak In-cylinder Pressure (Pmax),
e Mass Burn Fraction at 50% (MBF50%),
e Pecak Heat Release Rate (HRR).

The Coefficient of Variation (CoV) for each parameter was
calculated to quantify cycle-to-cycle variability. Lower CoV
values indicate more consistent combustion and, hence, better
fuel stability characteristics.

4.2 Data Acquisition and cycle selection

In-cylinder pressure data were recorded for 300 consecutive
engine cycles for each HCNG blend under steady-state



operating conditions. The crank angle resolution was cycles is substantial, making it unsuitable for a graphical

maintained at 0.1°CA, enabling high-fidelity combustion representation due to its complexity. Consequently, a sample
event tracking. Data for each cycle was post-processed to of data from 50 cycles is presented for analysis. Notably, the
extract: CoV has been calculated using the complete dataset of 300
e Peak cylinder pressure, cycles.
e Crank angle corresponding to MBF50%, From Figure 3, it can be seen that for the constant engine
e Peak HRR. speed, load and spark timing, the peak firing pressures for
Outlier rejection criteria were applied: any cycle exhibiting CNG are fluctuating. This fluctuation for the maximum
a deviation greater than three standard deviations from the cylinder pressures (Pmax) is considered to calculate the CoV.
mean pressure curve was discarded to maintain data quality Similarly, the cyclic variation data for ISHCNG, 25HCNG
[37]. and 30HCNG blends is shown in Figure 4, Figure 5, and
The in-cylinder combustion pressure data were recorded for Figure 6, respectively.
300 cycles to understand the cyclic variation in the combustion
at the engine full load condition. Cylinder Pressure Cyclic Variation for ISHCNG

To ensure statistical robustness and account for inherent
cycle-to-cycle fluctuations, each test condition was repeated
across three independent trials, each comprising 300
consecutive engine cycles. The coefficients of variation (CoV)
for Pmax, MBF50, and HRR were calculated individually for 0
each trial and then averaged to obtain the final reported values. 60
This approach minimized the influence of random variability,
isolated systematic combustion trends, and confirmed the
repeatability of observed results. The trial-wise CoV values
showed minimal deviation, affirming that the measured
combustion  stability = parameters were consistently
reproducible across all HCNG blends. The CoV of Pmax for 300 -200 10
three repeated trials across different HCNG blends, showing
excellent repeatability and low variability, is shown in Table
4 . The close agreement across trials reinforces the reliability
of the data and strengthens the conclusions drawn from the Figure 4. Cyclic variation of cylinder pressure for ISHCNG
comparative analysis.

PCYL1 (bar)

0 100 200 300

Crank Angle (deg)

Cylinder Pressure Cyclic Variation for 2SHCNG

Table 4. CoV of Pmax for three repeated trials across T \

different HCNG blends ‘ P ‘
5 4v
y * i \
Trial1 Trial2 Trial3  Avg.  Std Dev il
Fuel , A ———
CoV CoV CoV CoV CoV ' i =
Bled o) A ) k) (%) £
CNG 4.53 4.571 4.564 4.555 0.043 70—

ISHCNG  4.019 3.986 4.014 4.006 0.048 60
25HCNG  4.291 4.245 4.301 4.279 0.047
30HCNG  3.614 3.665 3.595 3.625 0.044

PCYLI (bar)

Cylinder Pressure Cyclic Variation for CNG b

; B ! e -3 200
| 100 ¢ 1000 200 309

Crank Angle (deg)

Figure 5. Cyclic variation of cylinder pressure for 2SHCNG

The graphical representation of the data does not allow us
to accurately assess the magnitude of fluctuations in Pmax.
Consequently, calculating the CoV of Pmax offers enhanced
insights into the stability of the combustion process.

The average data of 300 cycles for all the fuel blends for
combustion pressure is plotted and represented in Figure 7.

Figure 7 illustrates the variation of cylinder pressure with
crank angle for pure CNG and HCNG blends containing 18%,
25%, and 30% hydrogen by volume. It is observed that during
the compression stroke, all curves overlap, indicating a

PCYLI (bar)

=300 -200 -100 ¢ 100 200

300

Crank Angle (deg)

Figure 3. Cyclic variation of cylinder pressure for CNG negligible impact of hydrogen enrichment on pre-ignition
compression behaviour. However, post-ignition, HCNG
The sample data of the cyclic variation for 50 cycles for blends exhibit a steeper pressure rise and higher peak cylinder

CNG fuel is shown in Figure 3. The dataset comprising 300 pressures compared to CNG. Notably, the 30HCNG blend
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achieves the highest peak pressure, followed by 25SHCNG and
18HCNG, demonstrating the influence of hydrogen on
enhancing combustion rates. The pressure peaks occur slightly
earlier for higher hydrogen blends, suggesting an advancement
in combustion phasing. These results confirm that hydrogen
addition promotes faster and more complete combustion,
which can potentially improve thermal efficiency. However,
to extract the maximum potential from HCNG blends
necessitates optimization of ignition timing to prevent knock
and manage peak pressure loads.

Cylinder Pressure Cyclic Variation for 30HCNG

PCYLI (bar)

=300 -200 —j00 0 100 200 300
2 3

Crank Angle (deg)

Figure 6. Cyclic variation of cylinder pressure for 30HCNG

Pressure Curves for CNG and HCNG Blends

[bar]

v
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CNG

I8HCNG
2SUCNG
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-120 =90 Bl -30 o in 60 90 120
Crank Angle [deg|

Figure 7. Average combustion pressure curve of 300 cycles
for CNG and HCNG blends

4.3 Calculation of Mass Burn Fraction (MBF50%)

The Mass Burn Fraction (MBF) at each crank angle position
was calculated by integrating the Heat Release Rate (HRR)
curve derived from the in-cylinder pressure traces using the
first-law thermodynamic method, following the procedures
described by Heywood and Turns [7, 33].

av

Lid [
do

_ ¥
HRR = -L-.p. 2z

1
= M
where:
e p =in-cylinder pressure,
e V =instantaneous cylinder volume,
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e 0= crank angle,
e vy = specific heat ratio, assumed constant as 1.34
based on typical combustion gas properties [38]

The MBF50% is the crank angle at which 50% of the total
cumulative heat release has occurred in the cycle.

The instantaneous HRR (dQ1), which is calculated as
explained in Eq. (2) above, is recorded for 300 cycles, and the
average data is plotted against the engine crank angle (CA).
The HRR for CNG and HCNG blends is shown in Figure 8. In
this study, vy is treated as a constant (1.34) for simplification,
which is a common practice in spark ignition engine studies,
however, y decreases with increasing in-cylinder temperature
during combustion. While this assumption is acceptable for
relative comparisons among HCNG blends, a temperature-
dependent y should be considered for absolute HRR
calibration in future studies. The assumption of a constant y =
1.34, although commonly used, can introduce non-negligible
errors in HRR estimation. Literature confirms that a 4-5%
deviation in y may result in HRR variations of 10-15%,
particularly during peak combustion phases [39, 40]. A
temperature-dependent y should be adopted for absolute
combustion diagnostics.

The HRR curves for CNG and HCNG blends, shown in
Figure 8, demonstrate significant trends with increasing
hydrogen content. The baseline CNG fuel exhibited a
relatively broad combustion profile, with the HRR peak
occurring at approximately 5°CA after TDC. With hydrogen
enrichment to 18% and 25% by volume, the HRR peaks
advance closer to TDC and increase in magnitude, indicating
faster flame propagation and enhanced combustion intensity.
The 25% HCNG blend produced the highest and sharpest HRR
peak, suggesting an optimal balance between combustion
speed and stability.

Heat Release Rates for CNG and HCNG Blends
6.8
6.4
6.0

CNG

IRHONG
23IICNG
JOHCNG

AR AN e
4.4
4.0

3.6

dQ1 [%/deg]

20
1.6

0.8
0.4
0.0
0.4
08

=20 =15 =10 -5 0 El 1o 15 20 25 Bt
Crank Angle |deg]|

Figure 8. Average Heat Release Rate (HRR) curves of 300
cycles for CNG and HCNG blends

As the hydrogen fraction increased, combustion duration
reduced noticeably, resulting in a narrower HRR profile. This
behavior is attributed to hydrogen's high diffusivity, low
ignition energy, and high laminar flame speed, which promote
rapid flame kernel development and quicker energy release.
However, the 30% HCNG blend, while exhibiting an even
earlier HRR peak, displayed minor irregularities in the post-
peak decay region. This suggests the potential onset of
combustion instabilities due to excessive reactivity and faster-
than-optimal flame speeds.

Overall, hydrogen enrichment up to 25% significantly



improves combustion phasing, reduces ignition delay, and
enhances cycle-to-cycle consistency. Beyond this level,
particularly at 30% HCNG, the advantages plateau and minor
stability concerns emerge. These observations are consistent
with earlier studies by Verhelst and Wallner, and Banpurmath
et al., reinforcing the need for computing the CoV of HRR to
find the optimal blend for achieving maximum combustion
stability and efficiency in spark-ignition (SI) engines [11, 13].

4.4 Coefficient of Variation (CoV) computation

For each combustion parameter, CoV was calculated using:

CoV (%) = = x 100 ©)

where:
e o = standard deviation over 300 cycles,
e p=mean value over 300 cycles.
CoV analysis enables quantitative assessment of cyclic
combustion stability, as previously validated in HCNG engine
studies [15, 16, 34].

4.5 Comparative assessment and blend selection

The blends were ranked according to their average CoV
values for three parameters: Pmax, MBF50%, and HRR.
Blends that consistently exhibited low CoV values were
deemed superior in terms of combustion stability, in line with
the methodologies established by Hora and Agarwal and
Verma et al. [16, 34].

5. RESULTS AND DISCUSSION
5.1 Coefficient of variation of peak pressure (CoV_Pmax)

The CoV of the peak cylinder pressure (Pmax) for CNG and
HCNG blends is presented in Figure 9. It is observed that the
baseline CNG fuel exhibits the highest CoV_Pmax value of
4.555%, indicating greater cycle-to-cycle variability and lower
combustion stability.

Upon enriching the fuel with 18% hydrogen (18HCNG), the
CoV_Pmax value drops significantly to 4.006%. This
improvement in combustion stability can be attributed to the
enhanced flame propagation speed and improved mixture
reactivity imparted by hydrogen. Hydrogen addition facilitates
faster ignition kernel development and early flame growth,
reducing the sensitivity of combustion to in-cylinder flow field
variations and thus minimizing cyclic pressure fluctuations.

However, at 25% hydrogen enrichment (25SHCNG), the
CoV_Pmax value increases slightly to 4.279% compared to
18HCNG. This slight deterioration in stability is likely due to
the onset of excessively fast combustion, leading to increased
sensitivity to local mixture wvariations, turbulence, and
potential flame front irregularities. Such behaviour has been
previously reported by Verhelst and Wallner [11], who noted
that beyond moderate hydrogen fractions, combustion may
become prone to slight instabilities.

Interestingly, further enrichment to 30% hydrogen
(30HCNG) results in the lowest CoV_Pmax value of 3.625%
among all tested blends. The larger hydrogen fraction
enhances flame stability even further, possibly due to
improved combustion homogeneity and a more complete
combustion process within a narrower crank angle window.
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The faster flame propagation at this hydrogen level reduces
ignition delay, enhances thermal energy release uniformity,
and consequently lowers cycle-to-cycle variations.

CoV for Pmax
4.553
4279
l 4.006
3.625
o
9
ing CNG
) [__]181ICNG
< 25TICNG
g 2 [ |30HCNG
B
0 . T T ‘
ONG IBICNG  25TCNG  30TICNG
Fuel (-)

Figure 9. CoV calculation for peak cylinder pressure (Pmax)

In summary, moderate hydrogen addition (18—30%)
effectively improves combustion stability in CNG engines by
lowering CoV_Pmax values. However, the non-linear trend
observed between 18% and 25% HCNG highlights the delicate
balance between beneficial flame acceleration and potential
onset of flame instabilities at intermediate hydrogen levels.

5.2 Coefficient of variation of mass burn fraction 50%
(CoV_MBF50%)

The CoV of the crank angle corresponding to 50% mass
fraction burned (MBF50) for different HCNG blends is shown
in Figure 10.

CoV for MBF50
43,454
40 4 39.407
36.704
S 32.865
<
o
= oG
UI [ |I18HCNG
s [ ]2SHCNG
B 20 - [ ]30HCNG
2
0 T T T T
CNG ISHONG 25HONG J0HONG
Fuel (-)

Figure 10. CoV calculation for Mass Burn Fraction 50%
(MBF50%)

The baseline CNG fuel exhibited the highest CoV_MBF50
value of 43.454%, indicating substantial variability in
combustion phasing across cycles.

The introduction of hydrogen at 18% by volume (18HCNG)
significantly reduced the CoV_MBF50 to 32.865%,
representing a notable improvement in combustion timing
consistency. This behaviour is attributed to hydrogen's



superior combustion characteristics, including faster flame
initiation and higher diffusivity, which stabilize the location
and timing of the main heat release phase. Enhanced
combustion propagation reduces cycle-to-cycle fluctuations in
MBF50 occurrence.

Upon increasing hydrogen enrichment to 25% (25HCNG),
the CoV_MBF50 marginally increased to 36.704% compared
to 18HCNG. This trend suggests that while hydrogen
improves combustion speed, excessively fast flame fronts at
higher hydrogen fractions can lead to slightly irregular flame
propagation across cycles, introducing phasing variability.
Such effects have been highlighted by Verhelst and Wallner
[11], who observed that excessive flame acceleration could
make combustion highly sensitive to local flow field
disturbances.

Interestingly, at 30% hydrogen (30HCNG), the
CoV_MBF50 increased further to 39.407%, nearing the
instability levels of pure CNG combustion. This observation
indicates that although hydrogen enhances burning speed, very
high concentrations (=30%) may introduce adverse effects,
such as premature combustion initiation, localized hotspots,
and unstable flame fronts, thereby deteriorating combustion
phasing consistency.

In conclusion, the addition of hydrogen up to 18%
significantly improves combustion phasing stability but
further increases in hydrogen content can slightly deteriorate
MBF50 stability due to combustion irregularities associated
with ultra-fast flame propagation. Thus, pressing the need to
optimize the spark timings and gas exchange process for
higher Hydrogen blends in CNG.

5.3 Coefficient of Variation of Heat Release Rate
(CoV_HRR)

The coefficient of variation (CoV) of the maximum heat
release rate (HRR) for CNG and HCNG blends is presented in
Figure 11. The baseline CNG fuel shows a CoV_HRR value
of 11.466%, indicating noticeable cycle-to-cycle variation in
the peak combustion energy release.

The addition of hydrogen at 18% by volume (18HCNG)
results in a reduction of CoV_HRR to 10.398%, highlighting
an improvement in combustion consistency. This behavior is
explained by hydrogen’s superior flame speed and diffusivity,
which promote faster and more homogeneous energy release
during combustion, thus reducing fluctuations in the peak
HRR between cycles.
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Figure 11. CoV calculation for Heat Release Rate (HRR)
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When the hydrogen enrichment is increased to 25%
(25HCNG), the CoV_HRR value rises slightly to 11.276%,
marginally higher than the IS8HCNG case but still lower than
the baseline CNG. This slight increase can be attributed to the
excessively rapid combustion at higher hydrogen fractions,
leading to a heightened sensitivity of the combustion process
to in-cylinder turbulence, air-fuel mixture heterogeneities, and
local ignition delays.

At 30% hydrogen enrichment (30HCNG), the CoV_HRR
further increases to 12.069%, exceeding even the baseline
CNG value. This indicates that at very high hydrogen
concentrations, the combustion becomes extremely fast but
also more unstable. The ultra-high flame propagation rates can
cause non-uniformity in the combustion event across cycles,
resulting in increased variability in the peak heat release rate.
Premature ignition phenomena and localized high-temperature
regions at high hydrogen fractions further contribute to the
observed instability, as previously reported in the literature by
Verhelst and Wallner [11].

In conclusion, moderate hydrogen enrichment (up to 18%)
improves the uniformity of the combustion energy release, as
seen from the reduced CoV_HRR. However, combustion
irregularities reappear beyond 18% hydrogen content,
particularly at 30%, due to excessively fast and potentially
unstable flame propagation dynamics. Table 5 presents a
comprehensive comparison of the CoV values for Pmax,
MBF50, and HRR across different fuel blends. The baseline
CNG fuel exhibited the highest CoV values in all three
combustion parameters, indicating significant cycle-to-cycle
variability and lower combustion stability.

Hydrogen enrichment at 18% (18HCNG) resulted in the
lowest CoV for MBF50 and HRR and a substantial reduction
in CoV_Pmax, highlighting the optimal improvement in
combustion stability. The 25% HCNG blend demonstrated
intermediate stability, with slightly increased CoV values
compared to 18HCNG, particularly for MBF50 and HRR.
Notably, while the 30% HCNG blend achieved the lowest
CoV_Pmax (3.625%), it exhibited a deterioration in
CoV_MBF50 and CoV_HRR, suggesting potential instability
associated with excessively rapid flame propagation.

These observations further solidify the argument that
moderate hydrogen enrichment (18-25%) is optimal for
stabilizing combustion without any undesirable flame front
variability. Excessive amounts of hydrogen (=30%) may
increase sensitivity to in-cylinder turbulence, leading to
localized pre-ignition events. Excessive hydrogen also
potentially increases variability in combustion phasing and
energy release.

Therefore, considering CoV analysis of Pmax, MBF50 and
HRR, it can be recommended that a hydrogen enrichment level
near 18-25% is the best possible number for stable combustion
in CNG-fueled spark-ignition engines.

Table 5. Final CoV comparison for Pmax, MBF50, and HRR

Fuel CoV_Pmax CoV_MBF50 CoV_HRR

Blend (%) (%) (%)

CNG 4.555 43.454 11.466
18HCNG 4.006 32.865 10.398
25HCNG 4.279 36.704 11.276
30HCNG 3.625 39.407 12.069

5.4 Effect of hydrogen blends on emissions

The emission results of the trials were recorded and are



represented in Figure 12. The emission characteristics of
various HCNG blends under full load conditions demonstrate
a clear influence of hydrogen enrichment on combustion
behavior. Carbon monoxide (CO) and unburnt hydrocarbons
(HC) exhibited a consistent decline with increasing hydrogen
content, indicating enhanced combustion efficiency and
reduced quenching losses. Notably, CO dropped by
approximately 24% and HC by over 80% from CNG to
30HCNG. Hydrogen’s high diffusivity and fast flame speed
enhance combustion completeness, reducing partial oxidation
products like CO [41]. Even under fixed spark timing, HCNG
fuels burn cleaner with lower CO emissions due to reduced
quenching and improved flame propagation. In contrast,
nitrogen oxide (NOx) emissions remained relatively low for
CNG and 18HCNG but increased sharply for higher blends,
peaking at 8.25 ppm for 30HCNG. This rise in NOx is
attributed to elevated in-cylinder temperatures and accelerated
flame propagation associated with hydrogen-rich mixtures.
Overall, the results highlight a trade-off between reduced
carbon-based emissions and increased NOx at higher
hydrogen concentrations, suggesting a need for combustion
phasing or EGR strategies to mitigate NOx in future
optimization.
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Figure 12. Full load emission characteristics for CNG and
HCNG blends

5.5 Correlation matrix

The correlation matrix is a statistical representation of the
strength and direction of linear relationships among a number
of variables using Pearson’s coefficients of correlation. In
combustion studies, a great deal of insight can be gained from
examining correlations between important stability metrics, as
they can help uncover underlying interactions between
combustion parameters [37]. For the current study, a
correlation matrix was constructed to assess the interplay
between the coefficients of variation (CoV) of peak pressure
(Pmax), mass burned fraction at 50% (MBF50), and heat
release rate (HRR) on a number of HCNG blends. The
correlation matrix indicated a strong positive correlation
between CoV_MBF50 and CoV_HRR, suggesting that the
stability of combustion phasing tightly governs the uniformity
of the energy release. Moderate or weak correlations were
observed between CoV_Pmax and the other two parameters,
suggesting that peak pressure stability alone does not
comprehensively represent combustion uniformity. In this
way, the correlation analysis provided more in-depth insight
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into combustion behavior and indicated the significance of
MBF50 phasing stability for consistent, more reliable HCNG
combustion, as per methods presented in combustion
statistical analysis literature [11, 33].

The matrix plot in Figure 13 shows that CoV_MBF50 and
CoV_HRR have a positive correlation (r=0.719 and p=0.281),
indicating that stability of combustion phasing largely governs
uniformity of energy release. In contrast, CoV_Pmax
displayed weak correlations with both MBF50 and HRR,
indicating that peak pressure variability alone may not reliably
predict overall combustion consistency.
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Figure 13. Matrix plot of CoV_Pmax, CoV_HRR and
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5.6 Results summary

The comparative analysis of combustion stability based on
CoV of Pmax, MBF50, and HRR for various fuel blends
reveals consistent trends with hydrogen enrichment. Pure
CNG operation exhibited the highest variability across all
combustion parameters, highlighting the inherent instability of
methane-dominant combustion under the tested conditions.

Moderate hydrogen enrichment, particularly at 18%,
significantly improved combustion stability, as evidenced by
the lowest CoV values for MBF50 (32.865%) and HRR
(10.398%), and a substantial reduction in CoV_Pmax
(4.006%). This improvement is attributed to enhanced flame
propagation speed, better mixture reactivity, and shorter
ignition delays provided by hydrogen addition.

At 25% hydrogen enrichment, although combustion
stability remained superior to pure CNG, a slight increase in
CoV_MBF50 and CoV_HRR were observed. This indicates
that beyond a certain enrichment level, ultra-fast combustion
can introduce cycle-to-cycle sensitivity to local mixture non-
uniformities and flow field disturbances.

Interestingly, the 30% HCNG blend resulted in the lowest
CoV_Pmax (3.625%), suggesting improved peak pressure
consistency. However, the accompanying rise in CoV_MBF50
(39.407%) and CoV_HRR (12.069%) implies a deterioration
in combustion phasing and heat release uniformity, likely due
to the onset of rapid combustion instabilities. While hydrogen
enrichment improves flame speed and thermal diffusivity,
enabling quicker and more complete combustion, excessively
high hydrogen fractions (30HCNG in this case) introduce
complex instability mechanisms inside the combustion
chamber. This results in a lower coefficient of variation (CoV)
for Pmax, but paradoxically higher CoV values for MBF50
and HRR. The dominant causes are given below:



a. Localized Hotspots and Stratified Combustion
Hydrogen’s high diffusivity and low ignition energy
cause earlier ignition kernels and highly reactive flame
fronts. At 30% enrichment, this reactivity is no longer
evenly distributed, especially under real turbulent
conditions in multi-cylinder engines [36]. This leads to
localized hotspots, where combustion initiates faster in
some regions than others. These uneven burn fronts
distort the consistency of MBF50 timing and lead to non-
uniform heat release, hence higher CoV_MBF50 and
CoV_HRR.
Turbulence-Flame Interaction at High Laminar
Flame Speeds
Hydrogen increases laminar flame speed, which in theory
improves combustion. However, beyond 25-30%, the
interaction between fast flames and turbulent eddies can
lead to flame front distortion, quenching, or localized
acceleration. Hence, flame kernel evolution becomes
erratic [42]. Despite high peak pressures (hence low
CoV_Pmax), the timing and shape of the heat release
curve fluctuates, increasing CoV_HRR
c¢. Ultra-Lean Pockets and Partial Flame Propagation
At 30% hydrogen, the global mixture remains
stoichiometric, but local mixtures within the cylinder can
vary due to hydrogen’s high diffusivity and mixing
anomalies. This can result in ultra-lean or rich zones,
especially in corners or near walls. These zones fail to
ignite properly or ignite too slowly [43]. Thus, fluctuating
combustion phasing and slower or incomplete burning
cause increased variability in MBF50 and HRR.

Overall, hydrogen addition in the range of 18-25% by
volume was found to offer the most balanced improvement in
combustion stability across all evaluated metrics. Excessive
hydrogen enrichment (30%) may lead to undesirable
combustion behavior, underlining the importance of
optimizing the hydrogen fraction for practical HCNG engine
operation.

6. CONCLUSIONS

The present investigation analyzed the combustion stability
of a CNG-fueled multi-cylinder spark-ignition engine
enriched with varying levels of hydrogen (0%, 18%, 25%, and
30% by volume). Combustion stability was assessed based on
the CoV of peak cylinder pressure (Pmax), mass fraction
burned at 50% (MBF50), and heat release rate (HRR),
supported by correlation matrix analysis.

The experimental results demonstrated that hydrogen
enrichment significantly influenced combustion stability. The
baseline CNG operation exhibited the highest CoV values
across all metrics, indicating greater cycle-to-cycle variability.
The addition of 18% hydrogen led to the most notable
improvement in combustion stability, with the lowest CoV
values for MBF50 (32.865%) and HRR (10.398%), and a
considerable reduction in CoV_Pmax (4.006%). Increasing
hydrogen content to 25% maintained better stability compared
to CNG but introduced slight irregularities, as reflected by a
moderate increase in CoV values. The 30% HCNG blend
achieved the lowest CoV_Pmax (3.625%) but showed
deterioration in MBF50 and HRR stability, suggesting the
onset of combustion irregularities at higher hydrogen fractions.

The correlation matrix analysis revealed a strong positive
relationship between CoV_MBF50 and CoV_HRR (r=0.719),
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emphasizing that combustion phasing stability significantly
governs the uniformity of heat release. Weak correlations were
observed between CoV_Pmax and the other parameters,
indicating that peak pressure variability alone is not a
comprehensive indicator of overall combustion stability.

Overall, the study concludes that hydrogen enrichment in
the range of 18-25% offers the best balance between
improving combustion stability and avoiding instability risks.
Excessive hydrogen levels (=30%) may adversely impact
combustion uniformity despite improving pressure stability.
Notably, hydrogen concentrations above ~20% by volume can
trigger hydrogen embrittlement in high-strength steels and
standard alloys used in fuel lines and injector components. The
adoption of embrittlement-resistant materials, including
austenitic stainless steels, aluminium alloys, and polymer-
lined composite tanks, is essential in automotive systems [44],
[45]. Furthermore, to enhance safety and mitigate the risks of
fire and explosions in high-pressure storage environments, it
is important to implement measures such as hydrogen sensors,
overpressure relief valves, and leak detection systems. For safe
deployment, hydrogen-compatible sealing technologies and
regulatory-compliant refuelling protocols must also be
developed alongside combustion optimisation.

In India, the real-world implementation of HCNG presents
both challenges and immense potential. Currently, the country
primarily produces "grey hydrogen" from natural gas, which
limits the ability to scale up in a cost-effective and sustainable
manner. However, the necessary infrastructure—such as on-
site hydrogen generation, compression, and blending units—
requires investment and innovation [46]. The absence of a
national HCNG blending standard, certified protocols for
engine retrofitting, and limited supply-chain support for safe
hydrogen handling are hurdles to overcome. Yet, the journey
toward making HCNG viable beyond pilot projects inspires to
pursue coordinated policy incentives, develop decentralized
hydrogen hubs, and establish clear regulatory frameworks.

Future work should focus on optimizing the hydrogen
fraction under varying load and speed conditions and further
investigating combustion noise and emission characteristics
associated with HCNG operation.

This study provides vital insights into HCNG combustion
behavior and highlights the critical role of balanced hydrogen
enrichment for achieving stable, efficient, and future-ready
engine performance.

7. FUTURE RESEARCH SCOPE

While this study establishes a strong foundation for
understanding combustion stability in HCNG-fueled engines
under constant speed and load conditions, several
opportunities exist for further research. Future investigations
should extend to varying engine loads and speeds to assess the
robustness of the optimal hydrogen fraction across a wider
operating range. The impact of hydrogen enrichment on
combustion noise, knock propensity, and engine vibration
characteristics also warrants detailed examination to ensure
smooth engine performance.

Moreover, a comprehensive analysis of exhaust emissions,
particularly NOx formation behavior at higher hydrogen
concentrations, is essential to ensure regulatory compliance
and environmental sustainability. The integration of
computational fluid dynamics (CFD) simulations could offer
valuable insights into flame development, heat release, and



turbulence-flame interactions in HCNG combustion. Finally,
exploring the long-term durability impacts of hydrogen-
enriched combustion on engine components such as pistons,
valves, and injectors would provide a holistic understanding of
HCNG technology viability for commercial adoption.
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NOMENCLATURE

18HCNG
25HCNG
30HCNG
AFR

CA

CCVs
CFD
CNG

CO

18% Hydrogen in CNG by volume
25% Hydrogen in CNG by volume
30% Hydrogen in CNG by volume
Air-Fuel Ratio

Crank Angle, deg

Cycle-to-Cycle Variations
Computational Fluid Dynamics
Compressed Natural Gas

Carbon Monoxide

CO,
CoV
EGR

Carbon dioxide Emissions
Coefficient of Variation
Exhaust Gas Recirculation



HC
HCNG

HRR
HSDA
MBF50
NOx
Pmax
RPM
Sl

Hydrocarbon Emissions
Hydrogen-enriched Compressed Natural
Gas

Heat Release Rate

High Speed Data Acquisition

Mass Burn Fraction at 50%

Nitrogen Oxide Emissions

Maximum/Peak Cylinder Pressure, bar
Revolutions per Minute

Spark Ignition

803

TDC

Greek symbols

TR oo

Top Dead Center

in-cylinder pressure, bar
crank angle,

specific heat ratio
standard deviation
mean value





