
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Akram, Muhammad Saad; Cheng, Qiang; Yeganeh, Maryam; Kaario, Ossi; Larmi, Martti
Experimental Study on Engine Performance Fueled with Ammonia-Hydrogen Blend Ignited by
Diesel Pilot

Published in:
SAE Technical Papers

DOI:
10.4271/2024-01-2365

Published: 09/04/2024

Document Version
Peer-reviewed accepted author manuscript, also known as Final accepted manuscript or Post-print

Published under the following license:
Unspecified

Please cite the original version:
Akram, M. S., Cheng, Q., Yeganeh, M., Kaario, O., & Larmi, M. (2024). Experimental Study on Engine
Performance Fueled with Ammonia-Hydrogen Blend Ignited by Diesel Pilot. SAE Technical Papers, (2024-01-
2365). https://doi.org/10.4271/2024-01-2365

https://doi.org/10.4271/2024-01-2365
https://doi.org/10.4271/2024-01-2365


Page 1 of 10 

02/05/2024 

20XX-01-XXXX 

Experimental study on engine performance fueled with ammonia-hydrogen blend 
ignited by diesel pilot 

Author, co-author (Do NOT enter this information. It will be pulled from participant tab in 
MyTechZone) 

Affiliation (Do NOT enter this information. It will be pulled from participant tab in MyTechZone) 

 

Abstract 

The global energy crisis and drastic climate change are continuously 
promoting the implementation of sustainable energy sources. To meet 
the emission standards and carbon-neutrality targets in vehicle 
industry, ammonia is considered to be one of the promising carbon-
neutral fuels. However, running the engines on high amounts of 
ammonia may lead to significantly high ammonia slip. This originates  
huge safety concerns. Therefore, hydrogen is added in certain ratio 
with ammonia to promote combustion and reduce ammonia slip. 
Furthermore, adding diesel as a pilot fuel further facilitates the 
combustion reactions. This experimental study investigated the effect 
of different ammonia-hydrogen blend ratios on in-cylinder pressure, 
heat release rate, cumulative heat release, indicated mean effective 
pressure (IMEP), indicated thermal efficiency (ITE), CA5 and CA50. 
This effect of blend ratios was tested for varied diesel pilot amounts 
and timings. The results show that increasing the hydrogen amount in 
ammonia-hydrogen blend from 20% to 40% (by vol.) increased the in-
cylinder pressure and heat release rate. In addition, significant 
increasing trend for cylinder pressure and heat release rate was 
observed by increasing the diesel pilot amount from 5% to 10% to 20% 
(by vol.) and pilot timing from 9 to 11 and 13 DBTDC. Furthermore, 
increasing the diesel pilot amount increased the IMEP and ITE. 

Introduction 

The widespread use of fossil fuels across various industries, including 
automotive, transportation, and the maritime sector, has been a leading 
contributor to global warming, primarily due to the significant 
emissions of greenhouse gases. Consequently, the reduction of 
greenhouse gas and carbon emissions has become a global imperative, 
exemplified by the adoption of stringent emission regulations. An 
example of this commitment is the International Maritime 
Organization's ambitious goal to reduce the total annual GHG 
emissions from international shipping by at least 20%, striving for 
30%, by 2030, compared to 2008 [1]. Within this framework, carbon-
free fuels such as ammonia (NH3) and hydrogen (H2) have garnered 
renewed attention as promising alternatives. 

While traditionally known for its role in agriculture as a fertilizer, NH3 
has a long history as a candidate for internal combustion engine (ICE) 
fuel, and this history has been rekindled recently as part of the 
transition towards carbon neutrality [2]. Zero carbon content in NH3, 
existing infrastructure, and several other advantages make it a 
compelling candidate for further investigation as an ICE fuel. For 

instance, its low viscosity (9.90 P*10−5mm) and low surface tension 
(22.4 mN/m) are favourable for fuel atomization and droplet formation 
during high-pressure fuel injection. Low density (0.73 kg/m3 @ 290 
K) also makes it lightweight and easily diffusible when released into 
the air [3]. Additionally, low boiling point (-33ºC) and low vapor 
pressure (8.5 bar) facilitate storage [4], [5]. Moreover, NH3 is a viable 
fuel even in extreme cold conditions due to its low freezing point (-
78ºC). 

Nonetheless, there are several challenges associated with using NH3 as 
a fuel in ICEs. These challenges include the potential for high NOx and 
N2O emissions, a narrow flammability limit (5-28 %vol), low flame 
speed (0.07m/s), high auto-ignition temperature (651ºC), low lower 
heating value (18.8 MJ/kg), and susceptibility to corrosion, all of 
which demand effective solutions. Research endeavors have indicated 
that, to address these issues, achieving higher-temperature combustion 
through the use of a lower air-fuel ratio can aid in reducing unburned 
NH3 and N2O emissions [6]. However, challenges remain in dealing 
with unburned NH3 and N2O, in low-temperature zones especially near 
engine walls and crevices due to NH3’s lower reactivity [6]. An 
alternative strategy to enhance NH3 reactivity involves co-combusting 
it with highly reactive fuels [7]. Consequently, achieving stable NH3 
combustion necessitates raising compression ratios, implementing 
engine supercharging, and incorporating highly reactive fuels [8].  

Numerous studies have concentrated on improving the combustion 
characteristics of NH3 through the introduction of highly reactive fuels 
e.g., H2, gasoline, diesel, natural gas, and dimethyl ether (DME) 
among which, H2 stands out as it is a carbon free fuel, holding the 
potential to lower greenhouse gas emissions. Additionally, H2 can be 
generated through the reforming of NH3 meaning that there is no need 
for a fuel tank on board [6], [9], [10].  

In the context of using H2 as the promoter of NH3 combustion, Pochet 
et al, investigated NH3-H2 blends in a homogeneous-charge 
compression-ignition (HCCI) engine [11]. The research focused on 
optimizing H2-NH3 ratios to maximize NH3 content and reduce NOx 
emissions. Results indicated stable combustion with up to 70% NH3, 
with slight combustion efficiency loss. H2-NH3 blends increased NOx 
emissions but were reduced with exhaust gas recirculation (EGR). 
Maintaining temperatures above 1400 K was crucial to preserve 
combustion efficiency and avoid N2O production when using NH3 in 
HCCI conditions. 

Lhuillier et al also conducted an experimental study to investigate the 
performance, combustion, and emissions of a spark ignition engine 
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using H2/NH3/air mixtures [12]. Blending up to 20% H2 improved 
stability and efficiency, with the best results near stoichiometry. 
Higher H2 fractions decreased efficiency due to increased heat losses. 
Increasing the engine load enhanced work output and extended 
operating limits in terms of mixture composition. 

In addition, Frankl et al. numerically investigated use of NH3 and H2  
in high-pressure dual-fuel (HPDF) combustion [13]. The main fuels 
were directly injected and ignited with a small pilot fuel injection. The 
numerical computational fluid dynamics (CFD) model was validated 
for H2 -HPDF using experimental data. The results suggested that H2  
can be used in the engine without further modifications, providing 
stable combustion. For NH3, it was indicated that HPDF can 
effectively handle it, with benefits from injecting NH3 at higher 
pressures and pre-heating it to enhance combustion efficiency. 

Wang et al. also performed a theoretical investigation of the 
combustion performance of NH3/H2 mixtures on a marine diesel 
engine [14]. The investigation focused on achieving efficient 
combustion with reduced thermal-NOx  production using the HCCI 
mode. The study examined the ignition characteristics of NH3-H2 
mixtures under various conditions. The addition of H2 enhanced the 
flame velocity of NH3 but influenced NOx emissions. To reduce NOx  
emissions, potential strategies include lowering combustion 
temperatures, implementing exhaust gas recirculation (EGR), and 
utilizing post-treatment technologies. In a recent study [15], they have 
also proposed a novel approach featuring a hydrogen jet flame ignition 
system for the use of ammonia as fuel in large-bore marine engines. 
This method successfully achieved full-load power output and 
effectively promoted early ammonia combustion. It also met tier III 
NOx emission standards by optimizing the hydrogen jet flame ignition 
timing, showing promise for emissions reduction with improved 
engine performance. 

In light of the literature review provided, it becomes evident that 
ammonia exhibits significant promise as a viable substitute for future 
marine or heavy-duty engines, particularly in cases where there is a 
need for high load, low-speed operation, and large displacement 
volumes. However, it is important to note that there exists a dearth of 
data, indicating the necessity for additional research. In this context, 
the present paper aims to assess the effect of different ammonia-
hydrogen blend ratios on a single cylinder heavy duty research engine. 
A more comprehensive breakdown of the primary study goals are 
listed here: 

- Effect of varying diesel pilot amount (by Vol. %) with port 
fuel H2 − NH3 gas mixture on engine-out performance 
parameters (i.e., in-cylinder pressure, heat release rate 
(HRR), cumulative heat release (CHR), indicated mean 
effective pressure (IMEP), indicated thermal efficiency 
(ITE), CA5, and CA50). 

- For each varying diesel pilot amount, investigating the effect 
of different gas mixture ratio (GMR = H2/NH3) (by Vol. %) 
on same combustion characteristics as stated in the previous 
goal. 

- The impact of changing pilot injection timing (DBTDC) for 
each condition of varying pilot amount and GMR. 

 

 

Experimental setup and methodology 

Research engine 

The research engine used to perform experiments for this study was a 
heavy-duty single cylinder diesel engine modified to allow tri-fuel 
combustion mode. The important engine specifications are presented 
in Table 1. The engine facilitates the real-time observation and 
adaptable control of key operational parameters linked to concurrent 
systems vital for performance, including electro-hydraulic valve 
actuation (EHVA), charge-air conditioning, and fuel injection. EHVA 
facilitates valve actuation without reliance on a conventional camshaft, 
providing the capability to finely adjust valve timings and lifts [16]. 
Hydrogen and ammonia mixture is used for port fuel injection, and 
diesel as pilot fuel injection. The port-fuel injection system consists of 
one PFI gas injector for injecting hydrogen (H2). However, ammonia 
(NH3) port fuel injection is carried out by directly connecting the 
ammonia fuel line from the tank to the intake port. In order to control 
the mass flow of port fuels (H2 and NH3), Bronkhorst EL-FLOW mass 
flow controllers [17] were used. Furthermore, a common rail direct-
injection system incorporates a piezoelectric injector is used for 
precise pilot fuel (PF) injection into the cylinder while allowing 
meticulous regulation of both injection timing and the amount (by 
Vol.%) of PF. The control of engine and its related parameters along 
with the slow measurements (i.e., engine operating parameters) was 
performed by LabView control program. However, DeweSoftX 
program was used for fast measurements (e.g., cylinder pressure, heat 
release, CA50 etc.). The complete schematic explanation of research 
engine test setup is shown in Figure 1. 

Table 1. Research engine specifications 

Bore 110 mm 

Stroke 132 mm 

Connecting rod length 208 mm 

Compression ratio 17.3 

Swept volume 1.25 l 

Piston bowl volume 60.3 cm3 

Swirl ratio 0.5 

Pilot injection pressure 1000 bar 

Port fuel injection system 

H2 injection → PFI gas injector 

NH3 injection → NH3 line directly 

connected to intake port 

Valve system 
EHVA - Electrohydraulic valve 

actuation 

Control system LabView 

Fast measurements DeweSoftX 
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Figure 1. Schematic explanation of research engine test setup. 

Tested fuels 

This study incorporates tri-fuel combustion including hydrogen-
ammonia mixture as port fuels ignited by diesel used as a pilot fuel. 
Table 2 compares the most important physical and chemical properties 
of hydrogen, ammonia, and diesel. In contrast to diesel, ammonia 
exhibits reduced flame propagation and lower heating value 
throughout combustion, featuring significantly higher auto-ignition 
temperatures. Hydrogen, on the other hand, displays a lower ignition 
threshold than ammonia, coupled with markedly elevated heating 
values and flame propagation compared to both ammonia and diesel. 

Table 2. Physical and chemical properties of tested fuels [18]–[20] 

Properties Ammonia Hydrogen Diesel 

Molecular formula NH3   H2  C10 − C23  

Density at 20°C (kg/m3) 0.77 0.08 832 

Lower heating value (MJ/kg) 19 120 43 

Autoignition temperature (K) 923 858 473 

Ignition point (°C) 800 400 220 

Flash point (°C) 11 - 55 

Carbon content (%) 0 0 86 

Operating conditions and test procedure 

Table 3 and 4 show the engine operating conditions and the summary 
of test matrix used in this study, respectively. The aim of this study 
was to analyze the effect of varying diesel pilot amount (Vol. %) and 
timing (DBTDC) for different gas fuel mixture ratios (GMR) on engine 
performance parameters. By keeping constant engine speed of 1500 
rpm and charge air mass flow of 70 kg/h, diesel pilot amount was 
varied from 5% to 10% and 20% by volume. Every individual pilot 
amount condition was tested for two GMR i.e., 40:60 and 20:80 (by 
Vol. %) and three pilot fuel injection timing (PIT) of 9, 11, and 13 
DBTDC. It is to be noted that the volume fraction of diesel pilot does 
not take air into account, instead only H2 and NH3. As the operating 
conditions were defined based on the Vol. %, therefore, the total fuel 
energy for individual cases was different from one another (see Table 
4), based on the contribution of pilot and port fuel energy due to their 
varying amounts (by Vol. %).  The diesel pilot injection pressure was 
kept constant at 1000 bar. As only H2 in the gas fuel mixture was 
injected using the PFI injector, therefore, the injection timing and 
duration for H2 was 340 DBTDC and 17.8 ms, respectively.  

Table 3. Summary of operating conditions 

Engine speed (rpm) 1500 

Pilot injection pressure (bar) 1000 

Pilot injection timing (DBTDC) – PIT 9, 11, 13 

H2 injection timing (DBTDC) 340 

H2 injection duration (ms) 17.8 

Pilot diesel amount (Vol %) 5, 10, 20 

Gas fuel mixture ratio (H2: NH3) - GMR (Vol %) 40:60, 20:80 

Gaseous equivalence ratio  0.5 

Charge air mass flow (kg/h) 70 

Charge air pressure (bar) 0.2 

Charge air temperature (oC) 20 

Table 4. Summary of test matrix 

Pilot 
amount 
(Vol %) 

Pilot 
Inj. 
Dur. 
(ms) 

GMR 
𝐇𝟐: 𝐍𝐇𝟑  
(Vol %) 

Mass flow rate (kg/h) Energy (MJ/h) Total 
Energy 
(MJ/h) Diesel 𝐇𝟐 𝐍𝐇𝟑   Diesel 𝐇𝟐 𝐍𝐇𝟑   

20 

0.49 40:60 0.66 0.25 3.97 25.9 30 73.8 129.8 20 

20 

20 

0.49 20:80 0.64 0.15 4.92 27.4 18 91.5 137 20 

20 

10 

0.38 40:60 0.29 0.27 4.02 11.9 32.4 74.7 119.1 10 

10 

10 

0.38 20:80 0.29 0.14 5 12.2 16.8 93 122 10 

10 

5 

0.32 40:60 0.14 0.27 3.99 5.6 32.4 74.2 112.2 5 

5 

5 

0.32 20:80 0.14 0.14 4.95 5.7 16.8 92 114.6 5 

5 

In order to perform safe combustion with H2 and NH3, the engine was 
initially made to run only with diesel for 15-20 minutes. After 
stabilizing all parameters (e.g., charge air mass flow etc.) and 
performing the safety checks, the gaseous fuels were injected, and tri-
fuel combustion was performed. All test points were performed for at 
least 1-2 minutes to get reliable engine-out data. The engine-out data 
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was saved for successive 50 combustion cycles and the results are 
presented as average of 50 cycles for each test point. The in-cylinder 
pressure data, averaged over 50 combustion cycles was used to 
calculate the apparent heat release rate (HRR) and cumulative heat 
release (CHR), based on the first law of thermodynamics. The Eq. 1 
and Eq. 2 shows the formula to calculate HRR and CHR. Furthermore, 
indicated mean effective pressure (IMEP) was calculated using total 
work done divided by the displacement volume (see Eq. 3) and 
indicated thermal efficiency (ITE) was calculated based on IMEP and 
the total fuel energy (see Eq. 4). It is to be noted that IMEP calculated 
in this study was gross/net IMEP, considering only the compression 
and expansion stroke. 

HRR =  
dQ

dθ
=

γ

γ−1
(P

dV

dθ
) +

1

γ−1
(V

dP

dθ
)               (1) 

CHR =  ∫
dQ

dθ
dθ                 (2) 

IMEP =  
Total work done

Displacement volume
=

W

Vd
                (3) 

ITE =  
IMEP x Vd

Total Fuel Energy
                 (4) 

IMEP reflects the average pressure during the power stroke and is 
indicative of the engine's overall performance. ITE measures the 
efficiency of converting fuel energy into useful work. Analyzing these 
parameters under different diesel pilot timings provides insights into 
optimizing combustion efficiency, emissions, and overall engine 
performance. 

Results and discussion 

In-cylinder pressure, HRR, and CHR 

Effect of varying pilot amount (by Vol. %) 

In this study, we systematically varied the diesel pilot amount within 
the range of 5%, 10%, and 20% while keeping constant two different 
hydrogen/ammonia port fuel gas mixture ratios, GMR = 40:60 and 
20:80. The primary focus was on understanding the implications of 
these variations on key combustion parameters, specifically in-
cylinder pressure, heat release rate, and cumulative heat release. The 
motivation for exploring different diesel pilot percentages stems from 
their crucial role in dual-fuel combustion dynamics. A comprehensive 
analysis of in-cylinder pressure variations provides insights into the 
combustion process efficiency and stability, while heat release rate 
profiles offer a nuanced understanding of the temporal aspects of 
energy release. Cumulative heat release, a key indicator of overall 
energy conversion, was also monitored.  

Figure 2 presents the behavior of in-cylinder pressure and heat release 
rate (HRR) under varying diesel pilot amounts from 5% to 10% and 
20% at PIT = 09 DBTDC. The figure also compares the overall trends 
for two GMR conditions i.e., 40:60 and 20:80. The results indicate that 
by increasing the diesel pilot amount gradually from 5% to 10% and 
20%, the in-cylinder pressure and the HRR increases for both GMR 
conditions. Adding diesel in H2/NH3/air mixture promotes combustion 
by increasing the cylinder pressure because diesel possesses favorable 
ignition properties, efficient flame propagation, combustion stability, 
longer combustion duration, and increased mass of combustible 
material. Comparing both GMR conditions for each pilot amount in 
figure 2 explains that by increasing the amount of H2 in H2 − NH3 

mixture, the in-cylinder pressure and HRR rises for all individual 
cases. This increase in cylinder pressure and HRR by adding more H2 
to the port fuel H2 − NH3 mixture could be due to the higher flame 
speed, wider flammability range, and superior combustion 
characteristics of H2. The fast-burning nature of H2 promotes quicker 
combustion, leading to enhanced energy release and higher pressure. 
The optimal hydrogen ratio is influenced by the desired engine 
performance and specific combustion requirements.  

 
Figure 2. In-cylinder pressure and heat release rate (HRR) at PIT: 09 DBTDC 
for GMR = 40:60 and 20:80  

The impact of varying diesel pilot amounts from 5% to 10% and 20% 
for GMR = 40:60 and 20:80 at PIT = 09 DBTDC on cumulative heat 
release is presented in Figure 3. Similar trend of increased CHR upon 
increasing the diesel pilot amounts is seen same as previously shown 
for cylinder pressure and HRR. Diesel, being a high-energy-density 
fuel, contributes more heat during combustion. As the diesel pilot 
amount increases, there is a larger mass of fuel available for 
combustion, resulting in higher cumulative heat release. Additionally, 
diesel ignition characteristics and combustion properties contribute to 
sustained and efficient heat release, further influencing the cumulative 
heat release in the combustion process. Similarly, H2 has a higher 
heating value and a faster flame speed compared to NH3. This 
accelerates the combustion process, leading to more rapid and 
sustained heat release. The addition of hydrogen in H2 − NH3 mixture 
contributes to a more favorable air-fuel mixture, improving 
combustion efficiency and promoting a higher cumulative heat release 
throughout the combustion cycle. In general, comparing Figure 2 and 
3, it can be seen that the diesel pilot amount has more control over the 
combustion characteristics compared to varying GMR. The plots in 
both figure highlight that varying the diesel pilot amount from 5% to 
20% has more significant effect on cylinder pressure, HRR, and CHR, 
compared to varying the GMR from 40:60 to 20:80. 
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Figure 3. Cumulative heat release (CHR) at PIT: 09 DBTDC for GMR = 
40:60 and 20:80 

Effect of varying pilot injection timing (PIT) 

The manipulation of pilot timings is a strategic intervention that 
significantly influences in-cylinder pressure, heat release rate, and 
cumulative heat release. This investigation is particularly critical for 
optimizing combustion efficiency and performance in a tri-fuel 
combustion. By systematically altering the ignition timing, the study 
aims to decipher the intricate interplay between pilot timings and the 
combustion characteristics of H2 − NH3 mixtures with varying ratios. 
This exploration is essential for tailoring combustion strategies to 
achieve optimal performance and efficiency in tri-fuel engines, 
offering insights that contribute to the broader understanding of 
advanced combustion systems.  

Figure 4 (a), (b), and (c) shows the effect of increasing diesel pilot 
injection timing (PIT) from 09, to 11, and 13 DBTDC, respectively on 
in-cylinder pressure and HRR. The trends in Figure 4 (a) show that the 
cylinder pressure is reduced for the delayed pilot injection (i.e., 09 
DBTDC) as compared to earlier pilot injection (i.e., 13 DBTDC) 
shown in Figure 4 (c). This trend is the same for both GMR and all 
pilot amounts. Comparing Figure 4 (a) and (c) for delayed and earlier 
PIT shows that delayed injection promotes longer ignition delay, more 
mixing, and milder initial HRR. In particular, a delayed pilot injection 
allows more time for fuel-air mixing and vaporization to occur before 
ignition. This extended duration promotes a more homogeneous 
mixture resulting in more controlled and gradual energy release. This 
is in contrast to an early pilot injection, where the combustion may 
initiate rapidly and produce a more abrupt pressure rise (see Figure 4 
(a)). Furthermore, the individual PIT cases shown in Figure 4 (a), (b), 
and (c) for different pilot amounts also present significant rise in 
cylinder pressure and HRR from Pi = 5% to Pi = 20%.  

 

  
    (a) 

 
    (b) 

 
    (c) 
Figure 4. The effect of increasing PIT from: (a) 09 DBTDC, (b) 11 DBTDC, 
and (c) 13 DBTDC on in-cylinder pressure and HRR. 

Similarly, the effect of increasing diesel pilot injection timing (PIT) 
from 09, to 11, and 13 DBTDC on cumulative heat release is presented 
in Figure 5 (a), (b), and (c) , respectively. Delaying the diesel pilot 
injection timing alters the combustion dynamics, leading to an 
extended combustion duration. This affects heat release rates, 
providing opportunities for controlled and efficient energy release. The 
optimal injection timing balances these factors to achieve desired 
performance outcomes, including efficiency and emissions reduction. 
Increasing the PIT from 9 to 11 and 13 DBTDC, the behavior of rise 
in CHR against the respective CAD values also changes, which refer 
to altered heat release behavior for these cases. 
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     (a) 

  
      (b) 
 

 
     (c) 
Figure 5. The effect of increasing PIT from: (a) 09 DBTDC, (b) 11 DBTDC, 
and (c) 13 DBTDC on cumulative heat release. 

IMEP, ITE, CA5, CA50, and IDT 

The impact of varying PIT (i.e., 09, 11, and 13 DBTDC) on key 
parameters such as Indicated Mean Effective Pressure (IMEP), 
Indicated Thermal Efficiency (ITE), Crank Angle at 5% mass fraction 
burned (CA5), and Crank Angle at 50% mass fraction burned (CA50) 
is crucial for understanding and optimizing the tri-fuel combustion 
process. 

Figure 6 shows the changing IMEP when diesel pilot amounts are 
varied from 5% to 10% and 20%. Furthermore, the figure includes the 

comparison of IMEP at all tested conditions of GMR and PIT. IMEP 
serves as a fundamental and comprehensive parameter, offering 
valuable insights into the engine's overall performance. IMEP is a 
measure of the average pressure within the combustion chamber 
throughout an entire engine cycle, encompassing both power and 
compression strokes. IMEP acts as a performance indicator, reflecting 
the engine's efficiency in converting fuel energy into useful work. The 
IMEP trends shown in Figure 6 show that adding more diesel pilot in 
the fuel mixture, increases the IMEP due to improved combustion 
because of increased diesel amount. IMEP seems to be less effected by 
varying PIT.  

 
Figure 6. The effect of varying diesel pilot amounts for all tested GMR and 
PIT conditions on IMEP (Indicated Mean Effective Pressure). 

In order to analyze the combustion stability, IMEP is also presented in 
terms of its COV (Co-efficient Of Variation) in Figure 7 (a). The figure 
shows that the COV range for all tested cases is very small. This means 
that the variations of IMEP over 50 cycles is very small, showing that 
the combustion is stable. Furthermore, Figure 7 (b) explains the 
method used to calculate the COV presented in Figure 7 (a) and 
provides an example of variations in IMEP over 50 cycles for one test 
case. The formula used to calculate COV was as follows: 

COV = (Standard Deviation / Mean) x 100 

  
                                (a)      (b) 
Figure 7. (a) Representation of IMEP as it COV (Co-efficient Of Variation) 
(b) Variation in IMEP for 50 cycles (Pi = 10%, GMR = 20:80, PIT = 11 
DBTDC) 

Figure 8 presents the ITE (Indicated Thermal Efficiency) when diesel 
pilot amounts are varied from 5% to 10% and 20% for all tested cases 
of GMR and PIT. Indicated Thermal Efficiency (ITE) is a crucial 
parameter studied in engine research to evaluate the effectiveness of 
converting fuel energy into mechanical work. It represents the ratio of 
the total indicated work done during the combustion process to the 
energy released by the fuel (see Eq.3). ITE provides insights into the 
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efficiency of the internal combustion engine, reflecting how well it 
utilizes the available energy for useful work. The ITE in case of GMR 
= 20:80 can be seen to increase with the increase in diesel pilot amount 
from 5% to 10% and 20%. However, the trend is surprisingly opposite 
in case of GMR = 40:60 (increased H2 amount), where ITE seems to 
reduce with more diesel pilot. The addition of more diesel can enhance 
the overall combustion process, leading to better ignition and 
combustion of the ammonia and hydrogen mixture. This results in 
increased work output per unit of fuel input, positively influencing 
ITE. Furthermore, the impact of increasing PIT shows that early pilot 
injection results in highest ITE amongst the tested cases in this study, 
with GMR = 20:80 showing more significant effect of PIT on ITE. 
Early injection contributes to enhanced combustion stability by 
facilitating a uniform flame propagation across the combustion 
chamber, mitigating the risks of incomplete combustion or misfires. 
This stability, coupled with an optimized heat release rate profile, 
collectively propels the engine towards higher ITE. 

 

Figure 8. The effect of varying diesel pilot amounts for all tested GMR and 
PIT conditions on ITE (Indicated Thermal Efficiency). 

The Figures 9 and 10 show the variation in CA5 and CA50 while 
sweeping the diesel pilot amount from 5% to 10% and 20% for all 
tested conditions of GMR and PIT. CA5 and CA50, also known as 
Crank Angle at 5% heat release and Crank Angle at 50% heat release, 
respectively, are crucial parameters in engine research studies. CA5 
represents the crankshaft angle at which 5% of the total heat release 
during combustion occurs, while CA50 corresponds to the crankshaft 
angle at which 50% of the heat release is achieved. These parameters 
are indicative of the combustion phasing within an engine cycle. CA5 
and CA50 offer insights into the timing of combustion events, 
providing a detailed understanding of when significant portions of the 
fuel are combusted. This information is instrumental in optimizing the 
efficiency and performance of internal combustion engines. 
Specifically, CA5 reflects the onset of combustion, and variations in 
CA5 can impact ignition timing and combustion stability. CA50, on 
the other hand, is a key marker for combustion duration. Its precise 
control is vital for achieving optimal efficiency and power output. 
Deviations in CA50 can influence the balance between early and late 
combustion phases, impacting engine performance, emissions, and 
thermal efficiency. 

 
Figure 9. The effect of varying diesel pilot amounts for all tested GMR and 
PIT conditions on CA5. 

The overall trend of CA5 in Figure 9 shows that for all conditions of 
PIT and GMR, CA5 reduced with increased diesel pilot amounts. The 
reduction in CA5 with an increased diesel pilot amount signifies a 
crucial interplay between ignition characteristics and combustion 
timing. A higher diesel pilot amount alters the local air-fuel mixture 
composition, promoting an environment more conducive to early 
ignition. This premature ignition leads to a more rapid onset of heat 
release, shifting the CA5 point to an earlier crank angle. Essentially, 
the augmented diesel pilot amount accelerates the combustion process, 
resulting in an earlier initiation of significant heat release. Similarly, 
comparing the cases of GMR = 40:60 and 20:80 for CA50, it can be 
seen that adding more H2 in H2 − NH3 mixture significantly reduces 
the CA5. This means that due to the combustion improving properties 
of H2, 5% heat release is achieved earlier (i.e., lower CAD values). 

Figure 10 shows the effect of varying diesel pilot amounts for all tested 
GMR and PIT on CA50. The trend indicates a significant drop in CA50 
when increasing the diesel pilot amount from 5% to 10%. The notable 
shift in CA50 indicates that the higher diesel pilot amount accelerates 
the overall combustion, leading to an earlier occurrence of the 50% 
heat release point in the crankshaft cycle. This phenomenon is 
influenced by the altered ignition characteristics and combustion rate 
associated with varying diesel quantities. The figure clearly explains 
that due to low diesel fuel in 5% diesel pilot amount case, CA50 is 
achieved in a longer time. However, for 20% diesel amount, CA50 is 
achieved significantly earlier compared to Pi = 5%. This indicates that 
there is more partially pre-mixed combustion in Pi = 5% case 
compared to Pi = 20% that can be considered to have mixing controlled 
combustion. On other hand, the reduction in CA50 is very small when 
increasing the diesel pilot amount further from 10% to 20%. This 
marginal reduction in CA50 with an increase in diesel pilot amount 
from 10% to 20% suggests a potential saturation effect. It may indicate 
that beyond a certain threshold, the influence of diesel pilot quantity 
on the combustion phasing becomes less pronounced.  
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Figure 10. The effect of varying diesel pilot amounts for all tested GMR and 
PIT conditions on CA50. 

Figure 11 presents the ignition delay time (IDT) for the tested cases. 
IDT refers to the time interval between the start of fuel injection and 
the point when combustion begins. In reality, it refers to the duration 
it takes for the injected fuel to ignite and initiate the combustion 
process. IDTs presented in figure 11 were calculated as the difference 
between CA5 and PIT (CA5 – PIT). The figure suggests that advancing 
the PIT from 13 to 09 DBTDC resulted in reduction of the ignition 
delay time (IDT). In other words, the time between fuel injection and 
the initiation of combustion is shortened. The advanced injection leads 
to an earlier ignition of the air-fuel mixture, resulting in a quicker 
release of heat during combustion. As a consequence, the heat release 
rate (HRR) is advanced. The reduced ignition delay time and advanced 
HRR collectively contribute to a shorter overall mixture time, as the 
air and fuel have less time to thoroughly blend before combustion.  

 
Figure 11. The effect of varying diesel pilot amounts for all tested GMR and 
PIT conditions on IDT (CA5 – PIT). 

Summary/Conclusions 

This experimental research study aimed to comprehensively assess the 
influence of varying diesel pilot amounts and port fuel mixture ratios 
on the performance parameters of a single-cylinder heavy-duty 
research engine. The investigation focused on critical factors such as 
in-cylinder pressure, heat release rate, cumulative heat release, 

indicated mean effective pressure (IMEP), indicated thermal efficiency 
(ITE), and specific crank angle positions (CA5 and CA50). Through 
systematic experimentation and analysis, we sought to contribute 
valuable insights into the combustion characteristics of ammonia 
(NH₃) and hydrogen (H₂) blends as potential fuels for heavy-duty 
engines. The findings of this study hold significance for advancing the 
understanding of NH₃-based combustion, offering valuable 
information for the development of sustainable and efficient engine 
technologies. Furthermore, the investigation delved into the impact of 
altering pilot injection timings (PIT) (DBTDC) under different 
conditions of varying pilot amounts and GMR.  

Below are the key findings derived from the outcomes of this research 
investigation: 

- Increasing the diesel pilot amount from 5% to 10% and 20% 
for all cases of PIT and GMR significantly rises the in-
cylinder pressure and HRR. This also results in increasing 
the IMEP and ITE.  

- By varying the GMR (H2/NH3) from 20:80 to 40:60, the 
overall combustion is improved, which is indicated by 
higher in-cylinder pressure, HRR, and CHR. Similar 
increasing trend is observed for ITE. This is because 
sweeping GMR from 20:80 to 40:60, the amount of H2 in 
H2 − NH3 mixture is increased from 20% to 40% by 
volume.  

- By varying the PIT from 9 to 11 and 13 DBTDC, the 
combustion starts earlier, resulting in higher in-cylinder 
pressures and CHR. The impact of varying PIT on IMEP is 
not very significant, while the trends of ITE show that early 
PIT results in higher ITE.  

The study not only provides valuable data on the combustion 
characteristics of ammonia-hydrogen blends but also sheds light on the 
potential of these fuels for high-load, low-speed, and large-
displacement engines, particularly in the context of marine and heavy-
duty applications. Despite the promising aspects revealed in this 
research, it is essential to acknowledge the existing research gaps and 
the need for further studies to enhance our understanding and facilitate 
the effective integration of ammonia-based fuels in practical engine 
applications. 
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Definitions/Abbreviations 

IMEP Indicated Mean Effective Pressure 

ITE Indicated Thermal Efficiency 

EHVA 

PIT 

GMR 

HRR 

CHR 

HPDF 

CFD 

Electro-Hydraulic Valve Actuation 

Pilot Injection Timing 

Gas Mixture Ratio 

Heat Release Rate 

Cumulative Heat Release 

High Pressure Dual Fuel 

Computation Fluid Dynamics 

DBTDC 

IDT 

COV 

 

Degrees Before Top Dead Center 

Indicated Thermal Efficiency 

Co-efficient Of Variation 

 

 

 
 
 
 
 
 
 

 


