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1 Introduction

People worldwide rely heavily on energy to sustain their
daily activities. Moreover, energy consumption con-
tinues to rise steadily, driven by population growth
and the accelerating pace of globalization. The trans-
portation sector is continually evolving with new tech-
nologies, leading to a significant rise in fuel energy de-
mand. However, this growing demand negatively im-
pacts the environment and human health [1-3]. Fol-
lowing the COVID-19 pandemic, many nations have
placed a stronger emphasis on improving public health
and economic well-being, particularly within the trans-
portation sector, recognizing its vital role in national
prosperity. It is widely recognized that approximately
45% of global energy consumption is attributed to the
transportation sector, with fossil fuels serving as the
primary energy source. This reliance on fossil fuels
results in the emission of greenhouse gases, posing sig-
nificant threats to both the environment and human
health [4-6]. In this context, renewable-based fuels are
considered a vital solution to address these challenges.
Notably, researchers in the transportation sector are fo-
cusing on hydrogen-based fuels due to their clean and
carbon-free combustion properties. Globally, many na-
tions are advocating for the use of hydrogen-based fu-
els in internal combustion engines as a sustainable al-
ternative to mitigate fossil fuel shortages and reduce
environmental pollution [7-9]. Despite the challenges
associated with hydrogen storage, many researchers are
increasingly interested in ammonia as a fuel source be-
cause it contains 40% hydrogen. Moreover, the storage
and combustion of ammonia are considered to be less
risky compared to the use of pure hydrogen, making it
an attractive alternative for energy applications [10,11].

Since 2020, numerous global studies have focused
on the use of ammonia in internal combustion engines
and gas turbines. In 2021, a public commission in the
USA decided to explore alternatives to diesel genera-
tors, specifically considering the potential replacement
of diesel generators with ammonia-driven generators.
In Japan, significant progress is being made in utilizing
ammonia for power generation, particularly in electric-
ity production and as a fuel for marine vehicles [12,13].
Additionally, ammonium hydroxide has been chemi-
cally proven to be an optimal renewable source for use
in internal combustion engines and gas turbines. The
three hydrogen atoms and one nitrogen atom in NHj
(ammonia) provide versatile support for clean combus-
tion [14].

In India, many researchers are investigating the use
of ammonia as a fuel for internal combustion engines.
However, studies have identified several drawbacks of

using pure ammonia, including its corrosive nature,
lower energy density compared to conventional fuels,
toxicity, and challenges in starting cold engines [15,16].
The investigator reported that the use of pure ammo-
nia fuel in diesel engines resulted in minimal indicated
brake power and higher fuel consumption compared to
diesel, primarily due to ammonia’s lower calorific value
and energy content [17].

Recently, numerous techniques have been intro-
duced to address the drawbacks of pure ammonia com-
bustion. These include dual fuel injection, mixing with
nano additives, blending with diesel, water emulsion,
combining with biofuel, exploring different fuel injec-
tion strategies, and employing various low-combustion-
temperature technologies such as Reactivity Controlled
Compression Ignition (RCCI), Homogeneous Charge
Compression Ignition (HCCI), and Premixed Charge
Compression Ignition (PCCI) engines [18-20]. The
researcher found that using a dual-fuel engine with
a combination of ammonia and biodiesel resulted in
smoother operation. Additionally, there was a signifi-
cant reduction in both NO, emissions and smoke for-
mation [21].

Sivasubramanian et al. [22], examined the influence
of combining ammonia with mustard methyl ester in a
diesel engine. The experiment revealed a decrease in
brake thermal efficiency (BTE) and oxides of nitrogen
(NO,,) formation compared to diesel fuel, which was at-
tributed to the lower energy content and flame speed of
the ammonia-mustard methyl ester mixture. However,
a lower proportion of NH; in the blend led to improved
BTE and brake-specific energy consumption (BSEC),
due to a higher combustion rate and enhanced air-fuel
mixing [22].

Injecting carbon-free NH; and carbon-neutral bio-
fuel into a diesel engine using a dual-fuel mode can
significantly reduce CO emissions [23]. However, in-
creasing the proportion of NH, in the diesel mix has
led to a decrease in thermal efficiency, primarily due to
the lower flame speed of NH;. Nonetheless, a notable
reduction in NO, levels of up to 60% has been ob-
served [24]. When the ammonia ratio in fuel injection
is increased, in-cylinder pressure decreases due to the
longer ignition delay caused by the lower combustion
temperature of NH; [25]. However, some studies have
reported that higher ammonia energy fractions can lead
to increased NO,, formation due to the higher nitrogen
content in the fuel bond [26,27]. Yoichi et al. [28] re-
vealed that employing multiple diesel injections was an
effective method for reducing nitrogen oxide emissions
in a dual-fueled ammonia-diesel engine. Advancing the
fuel injection timing was identified as one of the feasible
techniques to reduce nitrogen oxide and greenhouse gas
emissions in an ammonia-fueled diesel engine [29]. It
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has been shown that advancing the fuel injection timing
can reduce NO, formation by up to 11% and carbon
monoxide (CO) formation by up to 21%, while also en-
hancing thermal efficiency [30]. An ammonia energy
share of approximately 35.9% in a dual-fuel engine sig-
nificantly reduces emissions such as CO, carbon dioxide
(CO,), particulate matter, NO,, and unburned ammo-
nia. However, beyond this threshold, the results show
an opposite trend, with increased emission levels [31].
The diesel engine, powered by biodiesel mixed with ti-
tanium nano oxide as the primary fuel and ammonia
injected as the secondary fuel, was investigated. The
experiment revealed a significant improvement in BTE
compared to using diesel fuel alone.This improvement
was attributed to the enhanced fuel-air atomization of
NH;-enriched fuel and the high surface area-to-volume
ratio of the nanofluid [32]. The author reports that
the combination of ammonia and nanoparticles plays a
pivotal role in controlling combustion temperature and
enhancing overall engine efficiency [33].

Utilizing ammonia fuel in RCCI engines was an op-
timal approach to improve the overall performance of
internal combustion engines. The charge control tech-
nique used in RCCI engines results in lower greenhouse
gas emissions while increasing brake power and com-
bustion efficiency [34]. Elumalai et al. [35] evaluated
an RCCI engine using algae and ammonium hydroxide
as low reactivity fuel (LRF) and high reactivity fuel
(HRF), respectively. The experiment revealed

that a 40% ammonia share reduced NO, by 23%,
CO2 by 15%, smoke by 40%, and showed an 11% im-
provement in brake thermal efficiency (BTE) compared
to neat algae fuel [35]. On the other hand, convert-
ing waste into useful energy is a critical approach to
boosting national economic growth. Extracting biofuel
from biomass is one of the promising methods for re-
placing diesel in internal combustion engines. Recently,
many researchers have focused on using waste leather
fat to extract oil for use in diesel engines [36,37]. Based
on the literature survey, the research was motivated
to focus on investigating the low-temperature combus-
tion of RCCI engines fueled with ammonium hydroxide
as a LRF in the secondary port and waste lather fat
nanofluid as a HRF in the primary port. A 100 ppm
A 100 ppm cobalt chromite nano additive was blended
with each waste leather fat fuel using an ultrasonica-
tor. Five distinct test fuels were utilized in this study:
standard diesel (SDL), waste leather fat oil (WLFO),
30% ammonium hydroxide in WLFO (W70A30N), 35%
ammonium hydroxide in WLFO (W65A35N), and 40%
ammonium hydroxide in WLFO (W60A40N). The aim
was to investigate the impact of ammonium hydroxide
on the overall performance characteristics of the RCCI
engine.

2 Material

2.1 Extraction of waste lather fate oil

The production of leather fat oil involves two steps us-
ing waste materials from the leather industry, such as
raw skin, shaving hide, and waste flesh. The first step is
hydrolysis treatment, where the collected waste leather
flesh, raw skin, and shaving hide are mixed with water
at a 1 : 2 ratio and heated to 110°C. This process
facilitates the breakdown of proteinaceous substances
and the generation of leather fat oil. After this, the
oil undergoes acid treatment to remove impurities like
gums and residues. Phosphoric acid is applied at 60 °C
for 15 minutes to effectively remove these impurities.
The fuel preparation process is depicted in Figure 1.

2.2 Synthesis of Cobalt chromite nano
powder

The synthesis of cobalt chromite nano powder was car-
ried out using a straightforward combustion technique
[38]. Initially, cobalt nitrate and chromium nitrate were
separately dissolved in distilled water to create precur-
sor solutions. These solutions were then combined in a
1 : 2 ratio to achieve the appropriate cobalt chromite
stoichiometry. Glycerine was introduced into the mix-
ture, serving both as a combustion catalyst and an
energy source. Following meticulous homogenization,
the resulting mixture was transferred to a combustion
vessel and gradually heated to initiate the combustion
process. At approximately 300°C, glycerine under-
went rapid decomposition, promoting the combustion
of the metal nitrates. Once the combustion process was
complete, a black powder, identified as cobalt chromite
nano powder, was collected from the vessel. The nano
powder was then washed and dried to improve its pu-
rity. Morphological and chemical analyses of the cobalt
chromite nano powder were conducted using scanning
electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX).

2.3 Test fuel preparation

The diesel fuel was procured from the local market
and underwent initial filtration using an oil filter. The
waste leather fats were collected from the Ambur, Ra-
nipet, and Arani areas, then extracted through hy-
drolysis acid treatment and stored in a container at
room temperature. The nanofluid was prepared in
an ultrasonicator, combining the synthesized cobalt
chromite nanopowder with the waste leather fat oil.
The nanopowder was consistently added at 100 ppm
to all waste leather fat oil blends. Liquid ammonia was
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Fig. 1. Fuel preparation setup

procured from Sumisons Scientific Private Ltd. in Am-
battur, Chennai. Various shares of ammonia energy
were injected into the engine. Table 1 presents a com-
parison of the physicochemical properties of the test

fuels.

Table 1. Property comparison of fuel used in diesel

engine.
Properties Units Diesel WLFO
Formula - CioHss -
Calorific Value MJ/kg 44 28
Flash point °C 66 85
Density kg/m? 820 907
Auto ignition temp °C 230 -
Storage temp °C 25 25 to 35
Storage Method - Liquid liquid

2.4 Test setup and procedure

The schematic layout of the engine test setup is illus-
trated in Figure 2. The study utilized a Kirloskar TV-1
diesel engine, which is a single-cylinder, direct injection
engine with a 4-stroke cycle. The engine is equipped
with a water-cooling system to maintain ideal operat-
ing temperatures even during extended periods of us-
age. The engine has a bore of 86.6 mm and a stroke of
112 mm, with a compression ratio of 17.6 : 1, which rep-
resents the ratio between the maximum and minimum
volume of the cylinder. It has a rated power output of
5.2kW at a rated speed of 1500 rpm, making it suit-
able for its intended purposes. The injection timing is
set to occur 23 degrees before top dead center (TDC),

ensuring precise fuel delivery to achieve optimal com-
bustion efficiency. The engine is fitted with three noz-
zles, each with a diameter of 0.3 mm, ensuring an even
distribution of fuel throughout the combustion cham-
ber. Additionally, the piston bowl is designed with a
hemispherical shape, which improves the efficiency of
air-fuel mixing and enhances combustion effectiveness.
The smoke meter (AVL India Pvt. Ltd.) was used
to measure smoke intensity, with readings in the range
of 0 to 100 Hartridge Smoke Units (HSU). Addition-
ally, a five-gas analyzer (Krypton 290, SMS Auto Line
Equipment’s Private Limited) was employed to mea-
sure multiple emissions simultaneously. This included
carbon monoxide (CO) within the range of 0 to 10%,
carbon dioxide (CO,) from 0 to 20%, hydrocarbons
(HC) from 0 to 10,000 parts per million (ppm), oxygen
(O,) levels from 0 to 25%, and nitrogen oxides (NO,)
from 0 to 5000 ppm. These tools jointly contribute to
enhancing the engine’s performance and are integral to
the experimental setup of the study.

The base fuels, including SDL and WLFO, were
delivered to the combustion chamber via the HRF in-
jection system. Ammonium hydroxide was supplied
through the LRF injection system. Before injection
into the combustion chamber, both fuels were blended.
Prior to starting the engine, it is important to check the
coolant flow and engine oil level. Initially, the engine
was fueled with diesel and operated under various loads
at a speed of 1500 rpm. Once it stabilized, the diesel
fuel was replaced. Subsequently, experiments were con-
ducted at different loads, as specified in the graphical
fuel matrix. Parameters such as fuel consumption, ex-
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haust gas temperature, and emissions were evaluated
once the engine reached a stable condition. Each ex-
periment was repeated up to five times to ensure ac-

curacy. Additionally, a decarbonizing device was used
for each test fuel to remove engine residues.

Fucl injector

Fluc gas
analyzer Smokcmeter

== [CH

Charge amplifier

Fig. 2. Schematic layout of engine test setup.

2.5 Uncertainty examination

The errors were identified based on various factors, in-
cluding labor errors, calibration errors, instrument er-
rors, and atmospheric conditions. Uncertainty treat-
ment was applied to eliminate errors associated with

the final results. The experimental setup has the fol-
lowing uncertainty values for the observed parameters:
BTE - 0.5%, BSEC - 0.7%, HC - 0.4%, CO - 0.14%,
NO, - 0.7%, and smoke opacity - 0.7%. The total un-
certainty of the experimental results is calculated as
+1.378 using the following method:

Total uncertainty = /(total performance deeds)2 + (total emission deeds)2, (1)

Total uncertainty = \/(UCBTE)2 + (UCgsrce)? + (UCHc)? + (UCco)? + (UCno, )? + (UCsmoke)? - (2)

2.6 Novelty

In cold seasons, the temperature of the cooling water
exiting the cooling tower is lower, which results in im-
proved performance of the condenser. Additionally, the
pressure drop across the condenser is reduced, leading
to a decrease in the work consumption of the power
plant. This is because the condenser pump, which
is one of the primary energy consumers in the plant,
experiences a reduced load. In hot seasons, utilizing
a double-pass cooling flow helps maintain the proper
performance of the condenser, although it leads to an
increase in the work required by the condenser pump.
However, over the course of the entire year, compared
to the usual configuration, the overall work consump-
tion within the power plant is reduced, resulting in an
increase in both overall power output and efficiency.

3 Result and discussion

3.1 Cobalt chromite characterization

The SEM image of cobalt chromite nanoparticles,
shown in Figure 3, along with the corresponding EDX
analysis in Figure 4, offer valuable insights into the
nanoparticles’ characteristics. The images reveal that
the nanoparticles predominantly exhibit a spherical
shape with a varied size distribution across the sam-
ple. While some agglomeration is noticeable, the over-
all dispersion remains relatively uniform. Surface fea-
tures such as irregularities and permeability are also
visible, indicating potential opportunities for surface
modification. The EDX analysis confirms the presence
of cobalt, chromium, and oxygen in the nanoparticles,
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providing insights into their composition and crystal
structure. Additionally, the images indicate a high level
of purity, with minimal contamination observed. This
thorough characterization helps refine synthesis tech-
niques and assess the nanoparticles’ suitability for var-
ious applications, particularly in energy-related fields.

Date :31 Dec 2018
Time :16:39:40

Signal A = SE1
Mag= 16.73KX

2 pm EHT = 8.00 kv
WD =105 mm

Fig. 3. SEM image of Cobalt chromite nanoparti-
cles.
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Fig. 4. EDX image of Cobalt chromite nanoparti-
cles.

3.2 Performance report

Examining the output response of Brake Thermal Ef-
ficiency (BTE) is a crucial method for determining
the energy gained from the combustion of test fuels
[39]. Figure 5 illustrates the relationship between BTE
and Brake Mean Effective Pressure (BMEP) for five
test fuels: SDL, WLFO, W70A30N, W65A35N, and
W60A40N. The BTE steadily increases with the load
for all test fuels. At low and medium loads, diesel ex-
hibited a higher BTE than the other fuels by 2 to 3%.
The researchers also observed that diesel had a higher
BTE at loads up to 40% compared to biodiesel and
biofuels. This could be attributed to the longer igni-
tion delay of biodiesel and biofuels [40]. At peak load,
W70A30N demonstrated a higher BTE than all other
test fuels, with diesel showing an increase of about
2%. This could be attributed to the enhanced air/fuel
mixture, the high surface area-to-volume ratio of the
nanofluid, and complete combustion facilitated by the
presence of oxygen. The WLFO blend exhibited lower
BTE than the other test fuels due to its lower calorific
value and higher viscosity. These properties lead to
poorer atomization and incomplete combustion, result-
ing in less efficient energy conversion.

10
35
30 E3 H
. 5 m SO
w20 m WLFO
T = W70A30N
10 | = W6SA35N
5 | WGDA4ON
D S -
1 2 3 4

BMEP (bar)

Fig. 5. BTE analysis of test fuels.

Additionally, the longer ignition delay and slower
combustion process associated with waste leather fat
oil further reduce combustion efficiency. The BTE
results were as follows: SDL at 32.6%, WLFO at
29.8%, WT0A30N at 32.7%, W65A35N at 34.3%, and
W60A40N at 31.9% under maximum load conditions.
Interestingly, except for WLFO and SDL, the other
test fuels exhibited higher BTE at all maximum loads
due to these blends being burned in RCCI mode. The
addition of nanoparticles to a blend of ammonium hy-
droxide and diesel fuel improves the BTE of the en-
gine by enhancing fuel atomization, acting as catalysts
for combustion, and accelerating the combustion pro-
cess. This results in a higher degree of combustion
and improved fuel efficiency. Nanoparticles enhance
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the mixing of fuel and air, improve thermal conduc-
tivity, and minimize heat losses to the engine walls.
The cumulative impact of these factors results in an
elevated maximum pressure and temperature through-
out the combustion process, enhanced energy conver-
sion efficiency, and a reduced duration of combustion,
all of which contribute to an increased BTE. However,
higher quantities of nanoparticles in diesel fuel blended
with ammonium hydroxide can negatively impact per-
formance characteristics, potentially leading to unde-
sirable effects such as increased engine wear or reduced
overall efficiency if not carefully managed. This is pri-
marily due to issues such as particle clumping, higher
fuel viscosity, unstable combustion, reduced catalytic
effects, and increased mechanical wear. These findings
align with those of the researcher [35], who conducted
studies on an RCCI engine fueled with ammonia. This
outcome can be attributed to increased charge homo-
geneity, combustion rate, and heat release rate.

Figure 6 illustrates the relationship between BSEC
and BMEP for five test fuels. BSEC consistently de-
creases with load for all the test fuels. At low and
medium loads, diesel exhibited a lower BSEC com-
pared to other fuels by 3 to 4%. It is commonly ob-
served that the trend of BSEC consistently mirrors the
trend of BTE for all the test fuels [41]. This correla-
tion arises because an improvement in efficiency typi-
cally results in lower fuel consumption, thereby lead-
ing to better fuel economy. The BSEC results were
as follows: SDL at 11.8 MJ/kWhr, WLFO at 11.66
MJ/kWhr, W70A30N at 10.42 MJ/kWhr, W65A35N
at 9.41 MJ/kWhr, and W60A40N at 10.7 MJ/kWhr
for maximum load. Interestingly, except for WLFO
and SDL, the other test fuels exhibited lower BSEC
at all maximum loads, as these blends were burned
in RCCI mode. Overall, the W65A35N blend showed
the best fuel economy among all the test fuels. This
outcome can be attributed to improved charge homo-
geneity, combustion rate, and heat release rate, which
enhance combustion efficiency and reduce the amount
of fuel required to produce the same output.
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Fig. 6. BSEC analysis of test fuels.

3.3 Emission report

Figure 7 illustrates the relationship between unburned
hydrocarbon (HC) emissions and brake mean effective
pressure (BMEP) for different test fuels. HC emissions
consistently decrease with increasing load for all the
test fuels. SDL fuel exhibited higher HC emissions than
all other blends across all load states. This can be at-
tributed to its higher aromatic content, lack of intrin-
sic oxygen, and less favorable atomization characteris-
tics. In addition, the increased viscosity and density
of biodiesel improve fuel atomization and the mixing
of fuel with air, leading to a further reduction in HC
emissions [42].

0.5
045 |
04 Bl
035 |
-§ 0.3 ESDL
-
T 025 EWLFO
Q
£ 024 EW70A30N
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FIW65A35N
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0
1 2 3 4

BMEP (bar)

Fig. 7. HC emission analysis of test fue.

The HC results were as follows: SDL at
0.109g/kWh, WLFO at 0.105g/kWh, W70A30N
at 0.102 g/kWh, W65A35N at 0.086 g/kWh, and
WG60A40N at 0.0986 g/kWh for the maximum load
state. Interestingly, except for WLFO and SDL, other
test fuels exhibited lower HC emissions at all maximum
loads due to these blends being burned in RCCI mode.
Nanoparticles added to an ammonium hydroxide-diesel
fuel blend reduce HC emissions by improving fuel atom-
ization, acting as combustion catalysts, and enhancing
combustion efficiency. They facilitate better fuel-air
mixing, reduce ignition delay, enhance thermal conduc-
tivity, and increase the heat release rate. The synergis-
tic effects of these factors lead to improved combustion
efficiency and a reduction in hydrocarbon emissions.
At higher concentrations, nanoparticles tend to aggre-
gate or form clusters, which hampers their dispersion
within the fuel. This results in an uneven combustion
process, where some areas may have an excess or a
deficiency of fuel. Inadequate dispersion leads to in-
complete combustion, which in turn increases HC and
CO emissions. Overall, the W65A35N blend exhibited
better HC formation than all other test fuels due to
the presence of the nanoadditive, which enhances the
surface area-to-volume ratio. These findings align with
those of the researcher [34], who conducted investiga-
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tions in an RCCI engine fueled with ammonia. This
outcome can be attributed to improved charge homo-
geneity, a faster combustion rate, and more complete
combustion.
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Fig. 8. CO emission analysis of test fuels.

Figure 8 illustrates the relationship between CO
emissions and BMEP for different test fuels. CO emis-
sions consistently decrease with load for all test fu-
els. SDL fuel exhibited higher CO emissions compared
to all other blends at all load states. This can be
attributed to incomplete combustion, which is likely
caused by a lack of oxygen. The CO results are as
follows: SDL at 6.82 g/kWh, WLFO at 6.29 g/kWh,
W65A30N at 6.014 g/kWh, W65A35N at 5.07 g/kWh,
and W60A40N at 5.65 g/kWh at maximum load state.
Interestingly, except for WLFO and SDL, all other
blends exhibited lower CO emissions at maximum loads
due to being burned in RCCI mode. Nanoparticles im-
prove fuel atomization and enhance mixing with air,
resulting in more efficient and complete combustion.
Their catalytic properties facilitate the oxidation of CO
to less harmful CO, during combustion, thereby reduc-
ing the amount of CO emitted in the exhaust.

Additionally, nanoparticles contribute to a more
stable combustion process by reducing ignition de-
lay and improving thermal conductivity, which helps
maintain a uniform temperature distribution within
the combustion chamber. This optimized environment
minimizes the formation of CO by ensuring more thor-
ough fuel combustion and more effective utilization of
oxygen.

The W65A35N blend exhibited superior CO reduc-
tion compared to all other test fuels, primarily due
to the inclusion of nanoadditives, which led to an in-
creased surface area to volume ratio. These observa-
tions are consistent with those of researchers [34], who
conducted investigations in an RCCI engine fueled with
ammonia fuel. This outcome can be attributed to the
increased charge homogeneity, combustion rate, and
complete combustion, all of which contribute to more
efficient fuel utilization and lower CO emissions.
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Fig. 9. NO, emission analysis of test fuels.

Figure 9 illustrates the relationship between NO,
emissions and BMEP for the different test fuels. NO,,
emissions consistently increase with load for all the test
fuels, which can be attributed to the high peak temper-
atures at medium and maximum loads [43]. The NO,,
results were as follows: SDL at 12.66 g/kWh, WLFO at
14.42 g/kWh, W70A30N at 12.97 g/kWh, W65A35N
at 11.62 g/kWh, and W60A40N at 12.35 g/kWh for the
maximum load state. Interestingly, except for WLFO
in the alternate fuel group, all other blends exhibited
lower NO, emissions at all maximum loads due to
these blends being burned in RCCI mode. Nanopar-
ticles enhance combustion efficiency by improving fuel
atomization and promoting superior air-fuel mixing,
which helps reduce peak combustion temperatures and
consequently mitigates the formation of thermal NO,,.
Furthermore, nanoparticles possess catalytic properties
that facilitate the conversion of NO, into less harmful
nitrogen and oxygen molecules.

Nanoparticles, when combined with ammonium hy-
droxide, act as selective catalytic reduction (SCR) cat-
alysts, effectively reducing NO,, emissions by convert-
ing them into nitrogen and water vapor. This catalytic
process helps lower the environmental impact of nitro-
gen oxides. Moreover, nanoparticles assist in better
control of combustion heat, minimizing the formation
of localized high temperatures that typically promote
the production of nitrogen oxides (NO,). High quan-
tities of nanoparticles can disrupt the combustion pro-
cess by affecting the spread and stability of the flame.
Irregular combustion cycles may occur, leading to in-
complete combustion and higher emissions of HC and
CO. Furthermore, changes in combustion temperature
can contribute to increased NO, emissions. These ob-
servations are consistent with the findings of [20], who
conducted investigations in an RCCI engine fueled with
ammonia. This outcome can be attributed to improved
charge homogeneity, combustion rate, and more com-
plete combustion.

Figure 10 illustrates the relationship between CO,
emissions and BMEP for different test fuels. CO, emis-
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sions consistently increase with load for all the test fu-
els. This can be attributed to higher oxidation rates
at middle and maximum load conditions [44]. The
CO, emission results were as follows: SDL at 971.27
g/kWh, WLFO at 918.90 g/kWh, W70A30N at 937.83
g/kWh, W65A35N at 989.40 g/kWh, and W60A40N
at 999.23 g/kWh for the maximum load state. Inter-
estingly, except for WLFO in the alternate fuel group,
all other fuels exhibited higher CO, emissions at all
maximum loads due to these blends being burned in
RCCI mode. The addition of nanoparticles to diesel
fuel blends containing ammonium hydroxide reduces
CO, emissions by improving combustion efficiency, op-
timizing the mixing of fuel and air, catalyzing complete
fuel oxidation, and reducing fuel consumption [26].
The W65A35N blend exhibited superior CO, forma-
tion compared to all other test fuels, primarily due to
the inclusion of nanoadditives in ammonium hydroxide.
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Fig. 10. CO, emission analysis of test fuels.
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Fig. 11. Smoke opacity analysis of test fuels.

Figure 11 illustrates the relationship between smoke
opacity and BMEP for different test fuels. The smoke
results were as follows: SDL at 16.2%, WLFO at
14.7%, W70A30N at 13.9%, W65A35N at 12.9%, and
W60A40N at 13.5% for the maximum load state.
Smoke emissions consistently increase with load for
all the test fuels due to a shortage of burning time.

The researchers also noted that smoke output increased
with an increase in load. This may be due to the ab-
sence of sufficient oxygen and the limited time available
for complete combustion [45]. Interestingly, except for
WLFO in the alternate fuel group, all other blends ex-
hibited lower smoke emissions at all maximum loads
due to these blends being burned in RCCI mode. Over-
all, the W65A35N blend had the best smoke formation
compared to all other test fuels, primarily due to the
presence of nanoadditives, which resulted in a higher
surface area-to-volume ratio.

3.4 Combustion report
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Fig. 12. Combustion parameter analysis of test fu-
els.

Figure 12 demonstrates the correlation between
BMEP, internal cylinder pressure (ICP), and net heat
release rate (NHRR) for various test fuels. SDL shows
the highest peak in-cylinder pressure (ICP) and net
heat release rate (NHRR), indicating rapid and effi-
cient energy release. WLFO shows slightly lower and
delayed peaks compared to SDL, maintaining a similar
combustion profile. Introducing 30% ammonium hy-
droxide and nanoparticles (W70A30N) reduces the ICP
and NHRR peaks, suggesting a moderated combustion
intensity. Increasing the ammonium hydroxide concen-
tration to 35% (W65A35N) and 40% (W60A40N) fur-
ther reduces these peaks, indicating a more controlled
combustion process. The maximum ICP and NHRR
values were recorded as 66.32 bar & 47.4 J/deg, 67.6
bar & 48.2 J/deg, 66.10 bar & 47.1 J/deg, and 63.2 bar
& 40.61 J/deg for ammonia energy fractions of 30%,
35%, 40%, and biofuel, respectively. The W65A35N
blend demonstrates an improved ICP compared to the
other test fuels. This improvement can be attributed
to the presence of NH; in the test fuel, which enhances
premixed combustion. Additionally, the W65A35N
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blend also exhibits a higher NHRR output, likely due
to a reduced diffusion phase. These findings are con-
sistent with those of researchers [35], who investigated
RCCI engines fueled with ammonia-based fuels. This
outcome is attributed to the increased charge homo-
geneity, combustion rate, and complete combustion fa-
cilitated by the ammonia blends.

4 Conclusion

The research focused on deriving WLFO and blending
it with various concentrations of ammonium hydrox-
ide, along with 100 ppm of cobalt chromite nanoaddi-
tive. The fundamental characteristics of the nanopar-
ticles were examined using SEM and EDX techniques,
and the physicochemical properties of the test fuels
were assessed. These test fuels were then evaluated
in an RCCI engine under different load conditions and
compared with SDL. The key findings are summarized
as follows: The synthesized cobalt chromite nanopar-
ticles were comprehensively characterized, providing
valuable insights into their composition and properties.
The proposed fuel blends met standard physicochemi-
cal property limits, confirming their suitability for use.
The W65A35N blend (65% WLFO, 35% ammonium
hydroxide, and 100 ppm of cobalt chromite) demon-
strated a BTE of 34.3%, significantly outperforming
the other test fuels. It also demonstrated the lowest
BSEC at 9.41 MJ/kWh, indicating optimal fuel econ-
omy. Additionally, the W65A35N blend exhibited sub-
stantial reductions in emissions. Unburned HC emis-
sions were 0.086 g/kWh, and CO emissions were 5.07
g/kWh, both lower than those of conventional diesel
fuel. NO,, emissions were also notably reduced to 11.62
g/kWh. The combustion parameters of the W65A35N
blend were comparable to those of SDF, ensuring efli-
cient and smooth combustion processes. In conclusion,
using WLFO as a substitute for SDF proves to be an
economically viable strategy.

The integration of ammonium hydroxide and
nanoparticles in WLFO can lead to more moderated
and potentially more efficient combustion, with signifi-
cant implications for reducing emissions and enhancing
engine performance. Further research and development
aimed at optimizing these alternative fuels could yield
even greater efficiency and environmental benefits, con-
tributing to a more sustainable energy landscape.
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