
International Journal of Hydrogen Energy 60 (2024) 1224–1238

Available online 26 February 2024
0360-3199/© 2024 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Experimental study of cycle-by-cycle variations in a spark ignition internal 
combustion engine fueled with hydrogen 

Naqash Azeem a,b,*, Carlo Beatrice b, Alberto Vassallo c, Francesco Pesce c, Davide Gessaroli c, 
Clemens Biet d, Chiara Guido b 

a University of Naples Parthenope, Naples, Italy 
b National Research Council-Institute of Sciences and Technologies for Sustainable Energy and Mobility (CNR-STEMS), Naples, Italy 
c Dumarey Automotive Italia S.p.A., Turin, Italy 
d Technische Universität Berlin, Berlin, Germany  

A B S T R A C T   

High fluctuations in the combustion process from one cycle to another, referred to as cycle-by-cycle variations, can have adverse effects on internal combustion 
engine performances, particularly in spark ignition (SI) engines. These effects encompass incomplete combustion, the potential for misfires, and adverse impacts on 
fuel economy. Furthermore, the cycle-by-cycle variations can also affect a vehicle’s drivability and overall comfort, especially when operating under lean-burn 
conditions. Although many cycle-by-cycle analyses have been investigated extensively in the past, there is limited in-depth knowledge available regarding the 
causes of cycle-by-cycle (CbC) variations in hydrogen lean-burn SI engines. Trying to contribute to this topic, the current study presents a comprehensive analysis of 
the CbC variations based on the cylinder pressure data. The study was carried out employing a hydrogen single-cylinder research SI engine. The experiments were 
performed by varying more than fifty operating conditions including the variations in lambda, spark advance, boost pressure, and exhaust gas recirculation, however, 
the load and speed were kept constant throughout the experimental campaign. The results indicate that pressure exhibits significant variations during the combustion 
process and minor variations during non-combustion processes. In the period from the inlet valve close till the start of combustion, pressure exhibits the least 
variations. The coefficient of variation of pressure (COVP) curve depicts three important points in H2-ICE as well: global minima, global maxima, and second local 
minima. The magnitude of the COVP curve changes across all the operating conditions, however, the shape of the COVP curve remains unchanged across all the 
operating conditions, indicating its independence from the operating condition in an H2-ICE. This study presents an alternative approach for a quick combustion 
analysis of hydrogen engines. Without the need for more complex methodologies like heat release rate analysis, the presented cylinder pressure cycle-by-cycle 
analysis enables a quick and precise identification of primary combustion features (start of combustion, center of combustion, end of combustion, and operation 
condition stability). Additionally, the engine control unit could implement these procedures to automatically adjust cycle-by-cycle variations, therefore increasing 
engine efficiency.   

1. Introduction 

Even though fossil fuels today cover an important percentage of the 
world’s global energy demand, the adverse impacts of their combus
tion—including acid rain, greenhouse gas, and other things that are 
hazardous to both humans and the environment— cannot be ignored. To 
this goal, the fast advancement of utilizing renewable energy is accel
erating worldwide and gathering speed. Researchers have explored 
hydrogen as an alternative energy source to further enhance this prog
ress and reduce emissions. The significant advantage of using a fuel cell 
to produce power from hydrogen is that it does not cause any significant 
local pollution; the only byproduct is water. A further benefit of 
hydrogen is its extraordinarily high specific gravimetric energy density, 
which may provide three times as much energy per unit mass as the 

burning of gasoline [1]. Local production of hydrogen can also reduce a 
country’s dependency on foreign energy sources. In addition, a wide 
range of substances, such as water, gas, oil, sewage sludge, biofuels, and 
others, may be used to produce hydrogen [2]. In recent years, progress 
has been made in integrating hydrogen into power networks, encom
passing a variety of topics from the production and storage of hydrogen 
to re-electrification and considerations of safety. Other sources provide 
in-depth descriptions of these developments, and various investigations 
are underway to characterize the present stage of development in 
hydrogen system integration utilizing cutting-edge techniques [3]. 
There is broad consensus that the production of hydrogen from renew
able energy sources like solar and wind has great potential for furthering 
global sustainable development [4,5]. Furthermore, many scholars 
agreed that hydrogen represents the best choice selection for a chemical 
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fuel for future global societies [6,7], it is a clean and efficient fuel [8,9]. 
Electricity and hydrogen have been envisioned for years as essential 
elements of a “hydrogen economy,” functioning as complementing 
secondary carriers [10,11]. 

A significant trend for the transportation industry in the future is the 
adoption of hydrogen as a fuel for internal combustion engines (ICEs) or 
fuel cells. However, ICEs may be modified to operate on various fuels, 
achieving this requires optimizing the engine control unit carefully as 
well as making sure that all the materials used in the engine are 
compatible with the chosen fuels [12,13], common technical challenges 
are storage, injection, charging, combustion, NOx, knocking, and 
aftertreatment. Materials compatibility in ICEs fueled with hydrogen 
was evaluated and a critical assessment of their suitability for a safe and 
reliable operation was provided [14,15]. Multiple methods in the 
calculation of lambda were compared for ICE fueled with hydrogen and 
the results showed that processed UEGO lambda methodology is the 
closest to the reference Spindt-Brettschneider analysis [16]. The fuel cell 
(FC) technology and hydrogen as a fuel source for ICEs both are prom
ising alternatives for mobility technology. The key benefits of 
hydrogen-fueled ICES are enhanced tolerance to contamination, 
reduced resource usage, the simplicity of converting ICES to operate on 
hydrogen [12,13,17–19], and especially total cost of ownership [20]. 
Research on hydrogen-fueled ICEs has been ongoing since the previous 
century [21–38]. Hydrogen-fueled ICE has the potential to have higher 
output power above a specific speed threshold [39]. As there is a need 
for fast replacement of fossil fuels, ICEs fueled by hydrogen have the 
potential to enter the market quickly, enabling practical deployment 
with minimal delay, especially if the use of diesel cars is gradually 
decreased in the upcoming years [36,37,40–43]. Exhaust emissions for a 
SI engine fueled with gasoline and industrial by-product hydrogen (IPH) 
were compared and the NOx emissions of the SI engine fueled with IPH 
were slightly increased, however, CO and HC emissions were reduced by 
more than 90% [44]. 

Spark ignition engines include cycle-by-cycle changes, which are 
more prominent when the mixture is lean or heavily diluted, such as 
when a high exhaust gas recirculation (EGR) ratio is employed [45]. 
Numerous prior studies on cycle-by-cycle variations in spark ignition 
engines found that these engine variations were mostly influenced by 
variations in the early combustion phase. Cycle-by-cycle variations in 
engines can be lowered by methods that enhance the rate of combustion 
of fuel-air combinations [45–51]. Cycle variations are a typical phe
nomenon in ICEs fueled with hydrogen as well. Researchers have shown 
that by reducing cycle fluctuations, it is possible to boost power output 
by 10% while keeping fuel consumption constant [53]. Therefore, 
reducing cycle-by-cycle variations in hydrogen engines is essential. 

The effects of hydrogen energy share were analyzed for a SI engine 
fueled with natural gas, the CbC variations of the combustion duration 
was reduced by adding the hydrogen energy share [52]. The turbulent 
flame speed in stoichiometric mixtures of hydrocarbons and air is 
approximately 10 times larger than the laminar flame speed. In contrast, 
when employing standard engine spark timing for hydrogen-air mix
tures, the turbulent flame speed is on the same order of magnitude 
(though somewhat higher) than the laminar flame speed [53]. These 
results indicate that hydrogen can increase the mixture’s combustion 
velocity while also reducing the effect of turbulent flow variations on the 
combustion process. Cycle-by-cycle variability reduces because of the 
reduction in turbulent effects. An experimental study [54] on the effects 
of introducing hydrogen to a lean-burn natural gas spark ignition engine 
and concluded that doing so is a useful and efficient way to reduce 
cycle-by-cycle variability in lean-burn spark ignition engines. Using a 
2.0L direct-injection hydrogen engine as the foundation, an experi
mental analysis of the cycle variation characteristics of direct-injection 
hydrogen engines was performed, cycle variations were investigated 
in relation to engine load & speed, ignition advance angle, equivalency 
ratio, and start of injection (SOI) [55]. The results based on the turbulent 
properties of local gas at the spark plug were presented to analyze the 

contribution of this mechanism to CbC variability in a SI lean 
methane-hydrogen blends engine and results concluded that this 
mechanism is much more important and it has primary effects on the 
flame propagation process [56]. CbC variations on a SI engine fueled 
with hydrogen and gasoline were tested under multiple hydrogen flow 
rates and it is concluded that the increase in the hydrogen flow rate 
increases the CbC variations [57]. A numerical approach was compared 
with experimental data for a SI engine fueled with three different 
hydrogen contents and results of COV of IMEP showed reasonable 
alignment with the measured data [58]. 

A more comprehensive experimental study should be conducted only 
on pure hydrogen and a wide range of engine operating conditions to 
evaluate the effects of operating conditions of ICEs fueled with hydrogen 
on cycle-by-cycle variations. This research presents in-cylinder pressure 
variations along with a comprehensive analysis of the coefficient of 
variation of pressure (COVP) based on the pressure data acquired for 100 
cycles against each crank angle with a time step of 0.2 CAD. This study 
allows fast and accurate detection of the main combustion features (start 
of combustion, center of combustion, end of combustion and operation 
condition stability) without the use of more complex procedures like the 
rate of heat release analysis. These procedures could be implemented in 
the engine control unit for the automatic control of cycle-by-cycle var
iations enhancing the efficiency of the engine. The experimental 
campaign was performed on a spark ignition internal combustion engine 
fueled with hydrogen designed by PUNCH Torino, details are explained 
in the next section, followed by the data visualization section in which 
some of the techniques for data visualization are explained. Results are 
presented and discussed in the last section of this article. 

2. Experimental setup 

The engine used in this article is designed by PUNCH Torino. It is a 
single-cylinder, 0.5-liter, four-stroke cycle engine, originally modified 
from a direct injection (DI) diesel engine to port fuel injection (PFI) with 
a spark plug and it is fueled by hydrogen. All the characteristics of the 
engine are tabulated in Table 1. The data was acquired with the test 
bench whose characteristics are presented in Table 2 and a schematic 
diagram of the test bench is presented in Fig. 1. 

The engine was operated by swiping multiple operating conditions 
like lambda, spark advance, exhaust gas recirculation, and boost pres
sure. However, the speed and load were kept constant, 2000 RPM and 
full load, respectively (the choice should be motivated). The ranges of 
exhaust gas recirculation, boost pressure, lambda, and spark advance 
are tabulated in Table 3. The pressure data were acquired for 100 
consecutive cycles with a time step of 0.2 CAD within the ranges of the 
operating conditions presented in Table 3. 

3. Data visualization 

The data acquired through the procedure explained in the previous 
section were visualized based on the following methods: 

Table 1 
Characteristics of internal combustion engine fueled with hydrogen.  

Bore 83.0 mm 

Stroke 90.4 mm 
Unit 

Displacement 
0.5 ℓ 

CR 12.0 
Piston Type Hemi-spherical bowl, shallow 
Intake Ports Swirling, low turbulence 
Spark-plug Cold-type, low protrusion 
Fuel System PFI with rail, 6-8barREL feed pressure 
Injector type Solenoid, ‘peak & hold’, 2.2 g/s static flow @ 8 bar Delta 

Pressure 
Valve phasing IVO = 356 CAD, IVC = 592 CAD; EVO = 155 CAD, EVC = 392 

CAD  
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Pressure versus crank angle: The cycle-by-cycle can be evaluated 
by analyzing the cylinder pressure traces of each cycle against the crank 
angle. The variation in pressure can be caused by the following factors:  

• Rate of change in burning as well as volume.  
• Variations in the combustion process relative to TDC (e.g., flame 

development angle).  
• Variations in the magnitude of the heat release rate profile.  
• Variations in the shape of the heat release rate profile. 

As the variation in pressure represents changes in multiple factors, 
the visualization of pressure against crank angle during each cycle has 
the potential to reveal many insights. The ratio of standard deviation (σ)
in pressure to the mean (μ) of pressure as shown in Equation (1) is called 
the coefficient of variation (COV) of Pressure (COVP). The COVP can play 
a vital role in analyzing cycle-by-cycle variations. 

COVP =

(
σ
μ

)

P
× 100 (1)  

Where: σ is the standard deviation and μ is the mean, which can be 
calculated from Equation (2) and Equation (3) respectively. 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

N = 1
∑n

i=1
(xi − μ)2

√

(2)  

μ=
1
N

∑n

i=1
xi (3) 

In this article, a detailed analysis of COVP curve is performed 
including the calculation of ignition delay, first and second-half com
bustion, and total combustion duration by using the formulas shown in 
Equations (4)–(7). 

Ignition delay=Angle of first minima − Angle of ignition (4)  

First half combustion=Angle of maxima − Angle of ignition (5)  

Second half combustion=Angle of second local minima − Angle of maxima
(5)  

Combustion duration=Angle of second local minima

− Angle of first minima (7) 

Indicated Mean Effective Pressure (IMEP): The integration of the 
pressure versus crank angle curve throughout the complete cycle is 
known as indicated mean effective pressure (IMEP), the formula to 
calculate IMEP is shown in Equation (8). 

IMEP=

∫

p
dV
Vd

(8) 

The ratio of standard deviation (σ) of IMEP to the mean (μ) of IMEP 
as shown in Equation (9) is called the coefficient of variation of IMEP 
(COVIMEP). The COVIMEP also has the potential to illustrate the variations 
occurring cycle-by-cycle. 

COVIMEP =

(
σ
μ

)

IMEP
× 100 (9)  

Table 2 
Characteristics of the test bench.  

Part Characteristic 

Dyno Horiba Dynas Low Inertia  
Max torque: 480Nm 
Max Power: 250 kW 
Max RPM: 10,000 RPM 

Pressure transducer Kistler Piezo-resistive, Type 6044A (0–200 bar) 
Linearity (at 23 ◦C): ≤ ± 0.3 % FSO (Full scale output) 
Sensitivity shift: ≤ ± 1 % 
Thermal shock error: ≤ ± 0.2 bar  

Fig. 1. Schematic of the test bench.  

Table 3 
Ranges of EGR, boost pressure, lambda, and spark advance.  

EGR (%) Boost Pressure (kPa) Lambda SA (CAD) 

0 − 10 160 − 220 1.35 − 2.25 6 − 32  
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Where: σ is the standard deviation and μ is the mean, which can be 
calculated from Equation (2) and Equation (3) respectively. 

Heat release curves: During the combustion process, the heat 
release by the fuel chemical energy is shown in Equation (7). However, 
Equation (7) includes the heat transfer and crevice terms as well. In the 
current article, the heat loss to the walls is calculated separately from the 
Woshni equation shown in Equation (8). Therefore, the heat release 
calculated from Equation (7) neglecting heat transfer and crevice terms 
is denoted as apparent heat release (HRA). The heat loss to the walls 
calculated from Equation (8) is denoted as QW and combining these two 
as shown in Equation (11) is the total heat release denoted as HRT. 

δQch =
(cv

R

)
V dp+

(cv

R
+ 1

)
p dV +(h′ − u+ cvT) dmcr + δQht (7)  

Where: Qch, dmcr, and Qht represent the fuel chemical energy release or 
gross heat release, the change in mass due to crevice effects and 
convective heat transfer, respectively. 

QW = hC ×AW × (T − TW) (8)  

Where: hC and AW represent the heat transfer coefficient, the exposed 
combustion chamber surface area. The T and TW are the instantaneous 
temperature of the cylinder gas and cylinder wall temperature, respec
tively. The formula to calculate hC by the Woshni equation is shown in 
Equation (9). 

hc = 3.26 B− 0.2 × p0.8 × T − 0.55 × w0.8 (9)  

Where: B, p, T, and w represent bore in meters, pressure in kPa, and 
temperature in K, and gas velocity in m/s, respectively. 

HRT =HRA + QW (11) 

Mass Fraction Burned (MFB): The progress of combustion in terms 
of crank angle is demonstrated by the mass fraction burned (MFB). The 
thermal efficiency of the engine, maximum pressure and temperature of 
a cycle, and exhaust emissions are all significantly affected by the rate of 
combustion inside the engine cylinder. The MFB helps in quantifying 
this combustion rate by calculating the crank angles at which the MFB 
reaches a particular value [59]. 

Pearson Correlation Coefficient (CC): to measure the linear cor
relation between two sets of data, the Pearson correlation coefficient is 
also calculated by using the Equation (12). The value for the correlation 
coefficient ranges from − 1 to +1. A value of 1 indicates that there is a 
perfect linear relationship exists in between the two variables. If the 
value is 0, it means that there is no linear relationship exists in between 
the two variables. The slop of the regression determines the sign of the 
correlation coefficient: positive sign implies that when one variable in
creases, the other variable also increases, negative sign indicates that 
when one variable increases, the other variable decreases. 

CC =
covariance (a, b)

σaσb
(12)  

Where: a and b, represent the two variables, σa and σb are the standard 
deviation of the variables a and b. The nominator represents the 
covariance of the two variables, can be calculated from the Equation 
(13). 

covariance (a, b)=
∑

(ai − a)(bi − b)
N − 1

(13)  

Where: ai and bi are the data values for a and b variables, a and b are 
mean values for variables a and b, and N is the number of data values. 

4. Results and discussions 

4.1. Pressure versus crank angle 

In order to demonstrate the pressure variations during each cycle, 
pressure for all the 100 consecutive cycles along with the COVP curve 
against each crank angle for a single operating condition are plotted in 
figures from Figs. 2–5. The pressure variations during each cycle along 
with COVP against each crank angle are depicted in Fig. 2. It can be seen 
from Fig. 2 (a), how pressure varies during each cycle for a complete 
rotation and Fig. 2 (b) presents a zoom-in figure from − 100 to +100 
CAD. 

It can be observed in Fig. 2 (a) and Fig. 2 (b) that pressure exhibits 
significant variations during the combustion process and minor varia
tions during non-combustion processes. Furthermore, it can be seen in 
Fig. 2 (c) that when the inlet valve is closed, pressure begins to increase 
while COVP decreases. This decrease in the pressure variations is further 
confirmed by the plot of log P versus log V/Vmax presented in Fig. 2 (d). 
In the period from the inlet valve close till the start of combustion, 
pressure exhibits the least variations as shown in a grey shaded area in 
Fig. 2 (d). 

This decrease in COVP after IVC can be explained by the definition of 
COVP as shown in Fig. 4. The COVP is calculated by dividing the varia
tion in pressure (numerator) by the average pressure (denominator) for 
a given crank angle. After IVC until SOC, the numerator mainly reflects 
small variations in the intake system due to cold flow effects. These 
variations are relatively minor compared to the significant pressure 
fluctuations introduced by combustion events. As a result, the COVP 
decreases because the denominator, which represents the average 
compression pressure, is increasing, as depicted in Fig. 4 (a). After EOC 
similar trend occurs as shown in Fig. 4 (b). The numerator consists of 
relatively constant pressure differences introduced by previous com
bustion events, while the denominator decreases due to expansion. This 
leads to a continuous increase in the ratio from EOC. During the actual 
combustion event from SOC to EOC, the COVP can be explained by 
considering the magnitude of disturbances in the numerator compared 
to the average pressure during the central phase of combustion. 

Secondly, the decrease in COVP after IVC can be explained by the 
stabilizing influence of wall heat losses in that phase. Slight variations in 
the initial conditions for temperature and pressure are amplified during 
the compression process. While an isotropic compression would pre
serve the relative variations (COVP constant), a diabat compression 
however will reduce them as can be seen in Fig. 2 (c) (decrease of COVP). 
Wall heat losses will affect high pressure/temperature cycles more due 
to a higher temperature gradient which results in lower pressure/tem
perature progressions. As a result, during the compression process the 
wall heat losses will lead to a more uniform temperature and pressure 
curve which results in the COVP-minimum right before the start of 
combustion. 

COVP curve insights: The mean pressure curve along with the COVP 
against crank angle are presented in Fig. 4. The mean pressure and COVP 
curves during one complete crank rotation and zoom-in between − 100 
and +100 CAD are shown in Fig. 4 (a) and Fig. 4 (b), respectively. The 
COVP first shows a plateau of about 3–5% till − 200 CAD as presented in 
Fig. 4 (a). Afterward, when the inlet valve is closed, COVP curve begins 
to decrease and reaches its minimum value labeled as first minima, as 
shown Fig. 4 (b). Then, COVP curve starts increasing and achieves its 
maximum value labeled as global maxima in Fig. 4 (b). After that, COVP 
curve begins to decline again and forms a second local minimum shown 
as second the local minima in Fig. 4 (b). It is evident from Fig. 4 that 
COVP curve depicts three important points: global minima, global 
maxima, and second local minima. 

The study [50] suggested that the global minima, global maxima, 
and second local minima can be referred to as SOC, MFB50, and EOC, 
respectively. These points are labeled in Fig. 4 (b). In order to verify this 
for an H2-ICE, the heat release was calculated first, and criteria were 
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then established for detecting EOC and SOC. 
Heat Release: The apparent heat release, heat loss to the wall, and 

total heat release were calculated for each operating point using the 
procedure explained in the previous section. The mean curves of 
instantaneous heat release rates (HRA) at each crank angle, and their 

respective cumulative heat release for each operating point are shown in 
Fig. 5 (a) and Fig. 5 (b), respectively. 

It can be observed from Fig. 5 (a) that the heat release curves do not 
return to the same levels as before SOC, this is due to a small mea
surement error caused by a thermal drift of the pressure sensor. The 

Fig. 2. Pressure variations during each cycle.  

Fig. 3. Ratio of σP to μP and COVP versus crank angle.  
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membrane of the piezoelectric sensor is impacted by a thermal wave of 
the combustion, which causes a slight shift in the voltage signal, 
resulting in higher heat release rates. 

Fig. 5 (a) and Fig. 5 (b) depict the mean cycle-averaged instanta
neous (a) and cumulative (b) heat release curves for each operating 
condition (varied in terms of SA, lambda, boost pressure, EGR), each one 
denoted by a specific color. It can be observed from Fig. 5 (a) that before 
reaching its maximum, the curve first approaches a second local 
maximum. This typical trend is attributed to the piston position and the 
shape of the combustion chamber. The behavior of the heat release 
curve along with the corresponding flame-propagation phases is illus
trated in Fig. 6. 

By using the Woshni equation as explained in the previous section, 
the heat loss to the walls (QW) at each operating point were calculated. 
The mean curves of instantaneous heat loss to the walls (QW) at each 
crank angle, and their respective cumulative heat release for each 
operating point are shown in Fig. 7. 

By combining the apparent heat release (HRA) and heat loss to walls 
(QW), the total heat release was calculated. The mean curves of instan
taneous total heat release (HRT) at each crank angle, and their respective 
cumulative heat release for each operating point are shown in Fig. 8. 

Criteria for detecting SOC and EOC: By analyzing the total heat 
release curves, SOC was selected when the derivate of cumulative total 
heat release with respect to crank angle is greater than zero. When the 

derivative of cumulative heat release with respect to crank angle is zero 
or greater than zero, it indicates the point where the instantaneous heat 
release curve begins to increase. On the other hand, EOC was considered 
when instantaneous heat release was less than 0.4 J/CAD. 

Based on this criterion for SOC and EOC, results are presented in 
Figs. 9–11. The SOC and EOC points for all the operating conditions are 
shown in Fig. 9 (a) and Fig. 9 (b), respectively. The change in the SOC 
shown in Fig. 9 (a) is mainly due to variation in the SA as SA greatly 
influence the SOC. It can be noticed that these heat release curves are the 
mean curves obtained at each operating point. As a result, the SOC and 
EOC points shown also represent the mean values for each operating 
condition. By using these SOC and EOC points, the total instantaneous 
heat release curves were also calculated from SOC to EOC for all the 
operating conditions and presented in Fig. 10 (b). 

After calculating the SOC and EOC based on the mean heat release 
curves, they are compared with the global minima and second local 
minima of COVP curve, respectively. The results of all the operating 
points are presented in Fig. 11. For a better demonstration, these results 
are also depicted on a bisector plot shown in Fig. 11 (b). The SOC is 
found to be more sensitive to the COVP, because the change in pressure 
can be detected earlier from the pressure rather than the heat release 
curve based on the SOC criteria defined above. The EOC is also a little bit 
late detected from the HR based on the EOC criteria defined above as 
compared to the COVP. 

Fig. 4. Mean pressure curve and COVP versus crank angle.  

Fig. 5. Mean curves of apparent heat release (HRA) for each operating condition.  
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It can be seen that the criteria for detecting the EOC is not robust, as a 
constant value of heat release rate is more likely not to be fit with 
multiple operating points. Therefore, in this article another criteria for 
detecting SOC and EOC is also adopted. In the study [45], mass fraction 
burned criteria for detecting the SOC and EOC is described, the SOC can 
be considered when 10% of the cumulative mass fraction is burned and 
EOC can be considered when 90% of the cumulative mass fraction is 
burned. However, it also mentioned that these numbers are arbitrary 
and sometimes can be 5% and 95% or even 1% and 99% - depending on 
the individual problem. 

Applying the cumulative mass fraction criteria for detecting the SOC 
and EOC and the results are presented in Figs. 12–14. In these figures, 
SOC was selected when 1% of the cumulative mass fraction is burned 
and EOC was selected when 95% of the cumulative mass fraction is 
burned. The heat release curves and comparison with the COVP curve 
are shown in Figs. 13 and 14, respectively. 

It can be seen from Fig. 13 (b) that when the gradient of the heat 
release curves approach zero the EOC is detected, however, the SOC is 
detected a little be late as many curves appear to be trimmed. It is 

evident from Fig. 14 that most of the EOC points are now within the ±5 
CAD limit and EOC is a little far from the COVP curve minima. 

Based on the above discussion, in order to achieve the most robust 
evaluation, a hybrid criterion is recommended. Therefore, selecting the 
SOC when the derivate of cumulative total heat release with respect to 
crank angle is greater than zero and EOC when 95% of the cumulative 
mass fraction is burned. The SOC and EOC points based on this hybrid 
criterion for each operating condition are presented in Fig. 15. By using 
this hybrid criterion, the total instantaneous and cumulative heat release 
curves were calculated from SOC to EOC for all the operating conditions 
and presented in Fig. 16. 

All the further calculations and results in this article are based on the 
mean heat release curves from SOC to EOC, as shown in Fig. 16. 

Fifty percent mass fraction burned (MFB50): Based on the mean 
curves of cumulative total heat release shown in Fig. 16 (b), mass 
fraction burned values for all the operating conditions were calculated. 
The cumulative heat at the EOC was considered as reaching 100% of the 
mass fraction burned. Hence, the crank angle at which half of this cu
mulative heat is released is referred to as MFB50. The crank angles at 

Fig. 6. Heat release curve along with the corresponding flame-propagation phases [60].  

Fig. 7. Mean curves of heat loss to the walls (QW) for each operating condition.  
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Fig. 8. Mean curves of total heat release (HRT) for each operating condition.  

Fig. 9. Crank angle in degrees for all the operating conditions.  

Fig. 10. Mean curves of total heat release (HRT) for each operating condition.  
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Fig. 11. Comparison of SOC and EOC based on COV and HR.  

Fig. 12. Crank angle in degrees for all the operating conditions.  

Fig. 13. Mean curves of total heat release (HRT) for each operating condition.  
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Fig. 14. Comparison of SOC and EOC based on COV and HR.  

Fig. 15. Crank angle in degrees for all the operating conditions.  

Fig. 16. Mean curves of total heat release (HRT) from SOC to EOC for each operating condition.  
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which MFB50 occur for all the operating conditions are presented in 
Fig. 17. 

After calculating the SOC, MFB50, and EOC based on the mean heat 
release curves, they are compared with the global minima, global 
maxima, and second local minima of COVP curve, respectively. The re
sults of all the operating points are presented in Fig. 18. For a better 
demonstration, these results are also depicted on a bisector plot shown 
in Fig. 19. 

From Figs. 18 and 19, most of the points for MFB50 and EOC 
correspond to the COVP global maxima and COVP minima, respectively. 
It is evident from Fig. 19 that the majority points for MFB50 and EOC are 
within ±5 CAD; however, SOC is found to be more sensitive to COVP, 
because changes in pressure can be detected earlier from the pressure 
signal rather than the heat release. It can be said that COVP is a better 
parameter for measuring cycle-by-cycle variations because COVP is 
based on the mean and standard deviation at each crank angle, whereas 
heat release is calculated using only the mean pressure for each oper
ating condition. 

PFP and COVP at PFP: To evaluate the cycle-by-cycle variations, the 
COVP at the crank angle where PFP occurs is also calculated for all the 
operating conditions. The peak firing pressure versus the crank angle at 

which PFP occurs is presented in Fig. 20 (a) and the COVP at PFP versus 
the PFP is presented in Fig. 20 (b). 

It is evident from Fig. 20 (a) that as the crank angle at which PFP 
occurs increases, the PFP decreases with a relatively weak correlation 
value of − 0.26. Fig. 20 (b) demonstrates that an increase in PFP results 
in higher COVP at PFP with a relatively weak correlation value of 0.22. 

Further, the crank angle at which peak firing pressure occurs is also 
compared with MFB50 and global maxima of COVP curve. The com
parison of PFP with MFB50 based on mean heat release curves and 
global maxima of COVP curve is presented in Fig. 21. For a better 
demonstration, these results are also presented on a bisector plot shown 
in Fig. 22 with PFP on the x-axis. Bisector lines and accuracy lines with a 

±5 CAD are also shown in Fig. 22. 
It can be concluded from Figs. 21 and 22 that for most of the oper

ating points, the crank angle of PFP corresponds to the crank angle of 
MFB50 as well as the crank angle of COVP global maxima. However, 
there are some operating points in which the crank angle of PFP does not 
correspond to the crank angles of MFB50 and COVP global maxima. The 
results are also confirmed by changing the x-axis and there is no dif
ference in the results, therefore, it can be concluded that results are 
independent of the axis. 

Indicated mean effective pressure (IMEP): The indicated mean 
effective pressure (IMEP) for all operating conditions was also calculated 
in the article. The IMEP for all the operating conditions is plotted in 
Fig. 23. 

Fig. 23 (a) shows a typical and as expected trend that an increase in 
the crank angle of the PFP results in an increase in IMEP with a corre
lation coefficient of 0.68 which indicates a strong positive linear rela
tionship. Fig. 23 (b) concludes that as the IMEP increases, the COVIMEP 
also increases with a relatively weak linear relationship as the correla
tion coefficient is 0.3. Of course, the increase in the COVIMEP is mainly 
due to the sweep of operating parameters like lambda, boost pressure, 
and spark advance, which are not plotted in Fig. 23 (b). The value of 3% 
for COVIMEP is considered as an acceptable in industrial applications; 
however, lower values are preferable for smoother and more efficient 
engine operation. For the state of the art in automotive industry, the 
value of COVIMEP should be less than 1%. 

Fig. 17. Crank angle of MFB50 for each operating condition.  

Fig. 18. Comparison of SOC, MFB50, and EOC based on COVP and HR.  

Fig. 19. Bisector plot for comparing SOC, MFB50, and EOC points between 
COVP and HR. 
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It can be observed that the IMEP has a single value for one cycle on 
each operating condition, and only one COVIMEP can be calculated for all 
the tested cycles in that operating condition. However, the COVP has 
values against each crank angle, resulting in COVP values for each crank 
angle across all the tested cycles in a single operating condition. 

4.2. Effects of SA in SI H2-ICE 

The COVP curve is analyzed in detail by varying the spark advance. 
The ignition delay, first and second-half combustion, and combustion 
duration along with their correlation coefficients and trendlines are 
presented in Fig. 24. The correlation coefficients with respect to spark 
advance are also tabulated in Table 4. 

It can be seen from Fig. 24 that with the increase of SA, the ignition 
delay is decreased meaning that as the spark advances, the combustion 
starts earlier which results in the decrease of ignition delay. The corre
lation coefficient between ignition delay and SA is − 0.65 which in
dicates a relatively strong negative linear relationship between them. 
Total combustion duration is not convergent, as the correlation coeffi
cient between combustion duration and SA is only − 0.1, some of the 
points of increased SA show slower combustion, and some of the 

increased SA also show faster combustion. 
As shown in Fig. 24 that the points for the second half combustion are 

dispersed with a correlation coefficient of 0.02 although the trend line is 
towards increasing. However, the points for the first half are not as 
dispersed as compared to the second half, along with a strong correlation 
coefficient value of 0.65, indicating that the second half is much more 
likely to be affected by changing SA and change in combustion duration 
is mainly due to the change in the second half. Since the combustion 
duration decreases with the increase of SA, it indicates that the effi
ciency increases and the change in combustion duration is mainly 
regulated by second half combustion. 

4.3. Effects of equivalence ratio in SI H2-ICE 

The effects of equivalence ratio on ignition delay and combustion 
duration including first and second half combustion are presented in 
Fig. 25. The correlation coefficients with respect to the equivalence ratio 

Fig. 20. Peak firing pressure.  

Fig. 21. Comparison between PFP, MFB50 based on heat release curve and 
global maxima of COVP. 

Fig. 22. Bisector plot comparing PFP, HR MFB50, and global maxima of COVP 

with PFP on the x-axis. 
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are shown in Fig. 25 as well as tabulated in Table 5. 
Fig. 25 shows the combustion duration versus the equivalence ratio 

(in the range 0.45–0.65). Due to the increase of the laminar flame speed 
with the equivalence ratio the combustion duration decreases, as ex
pected, with a coefficient value of − 0.34 (see Table 5 and Fig. 25) 
indicating a relatively weak relationship [61]. 

However, the ignition delay increases, as the equivalence ratio in
creases, with a correlation coefficient of 0.45, indicating a relatively 
weak positive relationship. One of the possible reasons is that the 
mixture is becoming richer, resulting in a change in reaction kinetics 
that leads to a delay in the initiation of the combustion reaction. 
Alternatively, it may also be possible that there is more heat absorption, 
resulting in a lower mixture temperature, which, in turn, leads to an 

increase in ignition delay. 

4.4. Effects of Volumetric Efficiency in SI H2-ICE 

The ignition delay, first-half combustion, second-half combustion, 
and combustion duration were also analyzed by varying volumetric ef
ficiency. The results with correlation coefficients and trendlines are 
shown in Fig. 26. The correlation coefficients with respect to volumetric 
efficiency are also shown in Table 6. 

The volumetric efficiency is a measure of how much volume of air- 
fuel ratio can be drawn into the combustion chamber. High volu
metric efficiency means a higher volume of air-fuel ratio and that will 
lead to enhanced combustion. In general, enhanced combustion means 

Fig. 23. Indicated mean effective pressure for all operating conditions.  

Fig. 24. Effects of Spark Advance with correlation coefficients and trendlines.  

Table 4 
Correlation coefficients between Spark Advance.  

Ignition delay versus SA − 0.65 

First-half combustion versus SA 0.65 
Second-half combustion versus SA 0.02 
Combustion duration versus SA − 0.1  

Fig. 25. Effects of Equivalence Ratio with correlation coefficients 
and trendlines. 

Table 5 
Correlation coefficients between Equivalence Ratio.  

Ignition delay versus equivalence ratio 0.45 

First-half combustion versus equivalence ratio − 0.39 
Second-half combustion versus equivalence ratio − 0.48 
Combustion duration versus equivalence ratio − 0.34  
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shorter combustion duration and a high percentage of fuel burnt. 
With the increase in volumetric efficiency, combustion duration in

creases with a correlation coefficient of 0.52, rather than decreasing. It 
may be due to the leaner air-fuel mixture as the lean mixture takes 
longer to burn as compared to the richer mixture. Or it could be due to 
the ignition timing because the variations in volumetric efficiency can 
affect the optimal ignition timing. 

However, if we look into the ignition delay results as shown in 
Fig. 26, it is decreased with the increase in volumetric efficiency, it 
seems more logical and it can contribute to the improvement of the H2- 
ICE. As the volumetric efficiency is increased, the higher volume of air- 
fuel ratio is drawn to the combustion chamber resulting in a decrease in 
the actual SOC. 

5. Conclusions 

An experimental study of cycle-by-cycle variations was performed in 
a hydrogen spark ignition internal combustion engine. Based on the 
above discussions and results, the following conclusions are made: 

1. Pressure exhibits significant variations during the combustion pro
cess and minor variations during non-combustion processes. In the 
period from the inlet valve close till the start of combustion, pressure 
exhibits the least variations. COVP curve depicts three important 
points in H2-ICE as well: global minima, global maxima, and second 
local minima.  

2. The magnitude of the COVP curve changes across all the operating 
conditions, however, the shape of the COVP curve remains un
changed across all the operating conditions, indicating its indepen
dence from the operating condition in an H2-ICE.  

3. A hybrid criterion for determining the SOC and EOC is proposed: 
SOC can be considered when the derivate of cumulative total heat 
release with respect to crank angle is greater than zero and EOC can 
be detected based the cumulative mass fraction burned.  

4. The comparison of the COVP curve with the heat release curve 
revealed that the COVP global maxima and COVP second local 
minima are phased with MFB50 and EOC, respectively. The SOC 
detection through COVP is found to be more sensitive rather than the 
heat release curve, because the change in pressure can be revealed 
earlier from the pressure rather than the heat release.  

5. It can be said that COVP is a better parameter for measuring cycle-by- 
cycle variations because it is based on the mean and standard devi
ation at each crank angle, whereas heat release is calculated using 
only the mean pressure for each operating condition.  

6. It was assessed that, generally, the crank angle of PFP corresponds to 
the crank angle of MFB50 as well as the crank angle of COVP global 
maxima. However, there are some operating points in which the 
crank angle of PFP does not correspond to the crank angles of MFB50 
and COVP global maxima.  

7. The spark advance sweep revealed that with the increase of SA, the 
ignition delay is decreased with a correlation coefficient of − 0.65 
which indicates a relatively strong negative linear relationship be
tween them. The points for the first half are not much as dispersed as 
compared to the second half, along with a strong correlation coef
ficient value of 0.65, indicating that the second half is much more 
likely to be affected by changing SA. 

The presented work provides a different methodology for a fast 
combustion analysis of hydrogen engines. The presented cylinder pres
sure cycle-by-cycle analysis allows fast and accurate detection of the 
main combustion features (start of combustion, center of combustion, 
end of combustion and operation condition stability) without the use of 
more complex procedures like the rate of heat release analysis. By the 
way, furthermore, such procedures could be implemented in the engine 
control unit for the automatic control of cycle-by-cycle variations 
enhancing the efficiency of the engine. 
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