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Abstract. The primary objective of this work is to conduct an in-depth investigation into the
performance, combustion, and emission characteristics of a diesel engine using Water-in-Diesel
Emulsions (WiDE) with alumina oxide (Al.O3) nanoparticles to reduce harmful pollutants and enhance
efficiency amid increasingly stringent environmental regulations. Emulsified fuels were prepared as
containing 5%, 10%, and 15% water by volume. Furthermore, 100 ppm of Al,Oz; nanoparticles were
uniformly dispersed in the blends to enhance atomization and improve combustion characteristics.
Engine testing was carried out from no load to full load to assess the performance, combustion behavior,
and emission characteristics of the prepared fuel blends. The most important results obtained from this
research show that the WIiDE blends give higher brake thermal efficiency and significantly lower
emissions with respect to diesel. Among all, the best behavior was shown by WiDE10, which showed a
7.14% increase in brake thermal efficiency and reductions in HC by 50.00%, CO by 16.67%, NOx by
66.67%, and smoke by 46.88%. In combustion analysis, it was observed that diesel shows a peak
pressure of 62.74 bar at 366°CA, whereas WiDE blends produce smoother combustion with a lower
heat release rate due to water-induced micro-explosions. The importance of the obtained results is to
demonstrate that the synergistic effects of water emulsification and Al-Os nanoparticles enhance the
processes of atomization and reduce peak temperatures, thus allowing cleaner combustion. Hence,
WIDE10 turns out to be a promising and eco-friendly alternative fuel for diesel engines.
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Rezumat. Obiectivul principal al acestei lucrari este de a realiza o investigatie aprofundatd a performantei,
combustiei si caracteristicilor de emisii ale unui motor diesel utilizand emulsii apa-in-motorind (WiDE) cu
nanoparticule de oxid de alumina (Al>Os3) pentru a reduce poluantii nocivi si a spori eficienta in contextul unor
reglementari de mediu din ce in ce mai stricte. Combustibilii emulsionati au fost preparati continand 5%, 10% si
15% apa in volum. In plus, 100 ppm de nanoparticule de Al,Os au fost dispersate uniform in amestecuri pentru a
spori atomizarea si a imbunatati caracteristicile de ardere. Testarea motorului a fost efectuata de la sarcina zero la
sarcind maxima pentru a evalua performanta, comportamentul la ardere si caracteristicile de emisii ale
amestecurilor de combustibil preparate. Cele mai importante rezultate obtinute din aceasta cercetare aratd ca
amestecurile WiDE ofera o eficienta termica de franare mai mare si emisii semnificativ mai mici In comparatie cu
motorina. Dintre toate, cel mai bun comportament a fost demonstrat de WiDE10, care a aratat o crestere de 7.14%
a eficientei termice a franarii si reduceri ale HC cu 50.00%, CO cu 16.67%, NOX cu 66.67% si fum cu 46.88%.
In analiza combustiei, s-a observat ci motorina prezinti o presiune maxima de 62.74 bar la 366°CA, in timp ce
amestecurile WIiDE produc o combustie mai lind, cu o ratd mai micd de eliberare a caldurii datorita
microexploziilor induse de apa. Importanta rezultatelor obtinute constd in demonstrarea faptului ca efectele
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sinergice ale emulsiondrii apei si nanoparticulelor de Al:Os; Imbunatitesc procesele de atomizare si reduc
temperaturile maxime, permitdnd astfel o combustie mai curatd. Prin urmare, WiDE10 se dovedeste a fi un
combustibil alternativ promitator si ecologic pentru motoarele diesel.
Cuvinte-cheie: performanti, emisii, combustie, emulsionat, atenuare.

CHMIKeHMe BO3/IeHCTBHSI HA OKPY/KAIOIIYIO cpey AU3eJbHbIX ABUraTeJIel ¢ HCI0JIb30BaHieM
3MYJILTHPOBAHHOI0 BOJOPACTBOPMMOI0 AH3€1bHOI0 TOMJIMBA, CMEIIAHHOI0 ¢ HAaHOYacTHaMH Al:O;s
Manycyaannpacan M., 2Aémanomy M., 3unem P., “Xapum B. B., °baaa C. C. P. M.

IUCEK JNTUK, Kakunana, Uanus
2MIHCTUTYT TEXHOJNOTHI M HAYKU [JIs *KeHIUH uM. Burnana Hupyna, Tyntyp, Maaus
SHMucTUTYT HayKu U TexHonoruit Yaiitanws, Kakunana, Aunxpa-Tlpagen, Muaus
4I/IHcmTyT uHxeHepun u TexHoioruit M. B. H. P. Burnana J[xotn, Xaiinapaban, Uaans
5I/IH>1<eHepHI,H7I kostemk uMm. Jlakupennu banu Pennu, MaitnaBapam, Auaxpa-Ilpageu, Maaus
Annomayus. OCHOBHAS LieNb JAHHON paOOTHl — MPOBECTH YITyOJIeHHOE UCCIIE0OBAaHNE XapAKTEPUCTUK PaOOTHI,
CropaHusi MU BBIOPOCOB JM3EJIBHOTO JIBUTATEIs C HCHOJIBb30BAaHMEM BOJHO-AM3eNbHBIX aMysscuil (WiDE) c
HaHoyacTHIAaMK okcuia amomuHus (Al203) s CHMXKEHHsI YPOBHS BPEIHBIX 3arps3HSIONIMX BEIIECTB H
MOBBILIEHHUS () (YEKTHBHOCTH B YCIOBHSX Y)KECTOUSHHUS KOOI HIECKUX HOPM. DMYJIbrHIPOBaHHbIC TOILINBA ObLTH
MIPUTOTOBJIEHBI ¢ cojepxkaHueM Boabl 5%, 10% u 15% no obwemy. Kpome Toro, B cMecu ObUIM paBHOMEPHO
JTUCTIeprupoBadbl HaHOYacTUIBI Al203 B kommdaectBe 100 ppm Ayt yoydIIeHUs pacIbUICHHS U XapaKTEePUCTHK
cropaHusi. VIcmbITaHMA OBHUTaTessi MPOBOIMINCHE OT XOJIOCTOTO XOJa IO IOJHOW Harpy3Kd Uil OLECHKH
XapaKTepUCTUK pabOoTHI, MOBEAEHHS IIPH CTOPAHUH M BBIOPOCOB IPUTOTOBJICHHBIX TOIUIMBHBIX cMecell. Hanboee
Ba)KHBIC PE3yJIbTAThI, TOJIYYECHHBIE B XOJI€ 3TOr0 MCCIIEA0BAHMS, TOKa3bIBaIOT, uTo cMecu WiDE obecnieunBaror
Oonee Bbicokmii TopMo3HOW TeruoBoit KIIJ m 3HAYNTETHHO MEHBIINE BBIOPOCHI IO CPABHEHHIO C JHU3CIHHBIM
torumBoM. Cpesin BceX BapHaHTOB HAMITy4IlIMe pe3ysbTaThl nokasana cMech WiDE10, npoaeMoHcTpupoBaBmas
yBenudyenue tepmuueckoro KII/1 na 7.14% u cumwkenne BoiopocoB HC na 50.00%, CO nHa 16.67%, NOX Ha
66.67% u ngpiMHOCTH Ha 46.88%. AHanu3 cropaHus MOKas3aj, YTO JU3EIBHOE TOIUIMBO JIOCTHIAeT IMHKOBOTO
naeneHust 62.74 6ap npu 366°CA, B 1o Bpems kak cmecu WiDE obecnieunBaioT 0osiee IiIaBHOE CropaHue
MEHBIIEH CKOPOCTBHIO BBIJCJICHHS TEIIa 3a CUET MHUKPO-B3PHIBOB, BBI3BAHHBIX BOJOH. BaXHOCTH MoITyueHHBIX
PE3yJIbTaTOB 3aKIIOYAeTCs B JEMOHCTPAIlMd TOTO, YTO CHHEPreTH4ecKuil 3(hp(eKT 3MyIbrUpOBaHHs BOJABI U
HaHoyacTHl Al:Os ycmimBaeT NpoOIECCH PaclbUICHUST M CHIDKAET MHKOBBIE TEMIEPaTyphl, 00eCIednBas TeM
camMbIM Oojee unctoe cropanue. Takmm oOpazom, WiDE1(Q oxa3piBacTCS MEpPCIEKTUBHBIM H 3KOJOTHYCCKH

YHCTHIM IBTEPHATUBHBIM TOTUIMBOM JUISI TU3EIIbHBIX BUraTENeH.
Knrouegvie cnosa: npon3BOANTEIBHOCTD, BRIOPOCH, CrOpaHKe, SMYJIbIMPOBAaHHOE, CHIDKEHHE.

INTRODUCTION This phenomenon improves fuel-air
mixing, leading to lower particulate emissions [3].
To maintain stability, surfactants like Span80 and

Tween80 help reduce surface tension between

The introduction effectively highlights the
relevance of alternative fuels and their role in

addressing stricter emission norms [1].

The depletion of fossil fuel reserves and growing
environmental concerns have led to stringent
pollution regulations in India, such as the Bharat
Stage (BS) emission standards, aligned with
European norms. BS-1V norms were implemented
nationwide in 2017, followed by BS-VI in 2020,
mandating significant reductions in NOx, CO,
HC, and particulate matter emissions from diesel
engines [2].

These regulations have driven
research into alternative fuels to reduce pollution
while maintaining engine performance.

WIDE present a promising solution by
lowering combustion temperatures, reducing
NOx emissions, and enhancing combustion
efficiency through micro-explosions caused by
secondary atomization.

water and diesel.

Recent studies indicate that incorporating
nanoparticles such as ALOs further enhances
combustion by improving atomization and
thermal conductivity. This study investigates the
effects of WiDE with 5%, 10%, and 15% water
and 100 ppm Al>Os nanoparticles on diesel engine
performance at varying loads.

The findings demonstrate a 7.14%
improvement in BTE and significant emission
reductions, aligning with India's stringent
emission norms.

MATERIALS AND METHODS
Emulsified Fuel Preparation

The emulsification process in this study relies
primarily on ultrasonication, a high-energy
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method for the effective dispersion of water
droplets within diesel, ensuring a stable water-in-
diesel emulsion. Ultrasonication forces the
breaking up of larger water droplets into finer
sizes with more intense cavitation, ensuring
uniform distribution that constitutes long-term
stability. Span 80 and Tween 80 were chosen for
their efficiency as non-ionic surfactants in the
stabilization of water-in-oil emulsions. A
combined HLB value of 6.43 was used, in
agreement with previous literature that an HLB
range of 6-8 exhibits optimum stability for water-
in-diesel emulsions [4].

First, 1% volume mixture of Span 80 and Tween
80 was prepared by an ultrasonic agitator running
at 20 kHz for 30 minutes to ensure complete and
homogeneous dispersion of the surfactants. The
water-in-diesel emulsions were prepared by
adding water gradually to diesel in proportions of
5%, 10%, and 15%.

Emulsification was done under continuous
ultrasonication to prevent droplet coagulation for
providing stable dispersion.

Next, 100 ppm of ALOs nanoparticles were
ultrasonically dispersed only into the WiDE
blends without adding any such nanoparticles to
the pure diesel sample. This was done to ensure
that the influence of nanoparticles was evaluated
only in the emulsified fuels.

Nanoparticle addition enhances the emulsion
through better thermal conductivity, micro-
explosion during combustion, and consequently
higher completeness of fuel oxidation.

Emulsion Stability Evaluation

Stability is one of the most critical factors that
determines whether emulsified fuels are suitable
for engine applications.

Literature indicates that emulsions produced
through ultrasonic homogenization can remain
stable up to 30 days without noticeable phase
separation [5].

In this work, both visual inspection and standard
stability tests were conducted to assess the
durability of these emulsions:

Visual Observation Test:

The resulting emulsions were allowed to settle in
transparent glass containers at ambient conditions

S :[ —%}100%, o)

where,
Hs is the height of separated layer
H: is the total height of the emulsion.

All the samples showed an Sl value above 95%,
indicating great stability.

Droplet Size Analysis:

The water—diesel emulsion droplet size was
precisely assessed using a Dino-Lite digital
optical microscope, as shown in Figure 1. The
representative  micrographs in  Figure 2
demonstrate the fine and uniform dispersion of
water droplets within the emulsion and monitored
daily to observe creaming, sedimentation, or
phase separation. Throughout the experimental
period, no significant separation was noticed,
which confirmed the acceptable stability for
engine testing.

Fig. 1. Digital Microscope Experimental Setup.

Bottle Test (Static Stability Test):

Each of the emulsion samples was left
undisturbed for 7, 14, and 30 days and the height
of any separated layer was measured with the aid
of a calibrated scale. Stability Index was
calculated using Equation 1. The measured
droplet sizes ranged narrowly between 41.4 pm
and 50.6 um, reflecting the effectiveness of
ultrasonication and the suitability of the surfactant
with an HLB value of 6.43. Importantly, no
droplet coalescence or aggregation was observed,
confirming the emulsion's physical stability and
consistent droplet size distribution throughout the
engine testing period, which validates that the
emulsification process was well controlled and
effective. This uniformity ensures reliable
performance in combustion applications by
maintaining consistent fuel properties during
engine operation.
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Fig. 2. Micrograph of Emulsion Droplet Size
Distribution.

Fuel Property Analysis

The fuel properties of Diesel and WiDE blends
containing 100 ppm of Al-Os nanoparticles were
tested by following the ASTM test methods. The
calorific value was determined by a Bomb
Calorimeter, viscosity by a Redwood Viscometer,
and density with a hydrometer. Flash and fire
points were determined by Pensky—Martens
Closed Cup and Cleveland Open Cup testers,
respectively. Measured properties are presented in
Table 1.

Table 1 Summary of Fuel Properties Evaluated
Using Standard Methods

Dies | WiD | WIDE | WIDE
Property

el ES5 10 15
Calorific
value 4.3 4.0 3.8 3.6
(MJ/kg)
Kinematic
viscosity

35 4 4.5 5
at 50 °C
(mm?/s)
Density

840 | 860 875 890
(kg/m?)
Flash
) 55 62 70 75
point (° C)
Fire point

65 75 80 85
“C)

From the table 1, it is observed that both density
and viscosity increase upon the addition of water
to diesel. This is due to an increase in internal
resistance to flow by a dispersed water phase
within the fuel, in addition to changes in the
intermolecular interactive forces. It is also
revealed that the increase in density is not
proportionally related to the water content, since
the emulsification process and the use of
surfactants alter the total structural arrangement
of the blend. Physical property changes are of
significant concern, as these may affect
atomization and combustion behavior, thus
impacting engine performance overall.

EXPERIMENTAL SETUP

The experimental setup, as shown in Figure 3,
revolves around a Kirloskar single-cylinder,
water-cooled diesel engine, chosen for its
versatility and reliability in IC engine research
[6]. Key technical features include direct

injection fuel spray, a two-valve camshaft
arrangement (inlet and exhaust), and a water-
cooling system for enhanced performance. The
engine is integrated with an eddy current
dynamometer offering variable load options,
ensuring precise testing conditions. To minimize
issues like vibration and noise, the engine test rig
is optimized for improved testing accuracy and
reliability.

Fig. 3. Experimental Setup.

RESULTS & DISCUSSION
Emulsified water-diesel blends (WiDE) with
Al:Os nanoparticles. Engine tests were conducted
under varying loads to evaluate BTE, emissions
(HC, CO, NOy), and smoke opacity, highlighting
combustion  improvements and  emission
reduction potential without engine modifications.
The micro-explosion phenomenon and enhanced
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atomization in WiIDE blends contribute to
improved combustion efficiency and reduced
emissions. However, real-world factors such as
fuel injection timing, ambient temperature, and
engine load variations may influence
performance. While the reduction in NOx and
smoke emissions enhances environmental
benefits, the increased viscosity and lower
calorific value of WIDE blends may impact
ignition quality. To ensure stability and efficiency
across different engine types, optimizing
surfactants and making minor fuel system
adjustments are essential.

Brake Thermal Efficiency (BTE) Analysis

Figure 4 illustrates the influence of brake mean
effective pressure (BMEP) on brake thermal
efficiency (BTE) for diesel and WiDE samples.
The BTE improved for emulsified water-diesel
blends (WiDE) compared to diesel, with WiDE10
demonstrating a 7.14% higher efficiency than
diesel. This improvement is attributed to
secondary atomization from the micro-explosion
phenomenon and the catalytic effect of ALOs
nanoparticles (100 ppm), which promote better
combustion and thermal conductivity.

30 4

25 4

20 o

Brake Thermal Efficiency (%)

0 : T T T T
0 1 2 3 4

Brake Mean Effective Pressure (bar)
Fig. 4. BMEP Vs BTE.
BTE increased progressively from no load to full
load due to improved air-fuel mixing and greater
energy demand enhancing combustion efficiency
[7-8]. However, at higher water content, the
reduced calorific value slightly decreased BTE.

CO Emission Analysis

Figure 5 depicts the variation of CO emissions
with brake mean effective pressure (BMEP) for
diesel and WIiIDE samples. CO emissions
decreased significantly for WIiDE blends
compared to diesel, with WiDE10 showing the
lowest emissions at 0.05%, a reduction of 66.67%

compared to diesel. This decline is attributed to
enhanced combustion due to better atomization
and improved oxygen availability facilitated by
the presence of Al.Os nanoparticles [9].
However, at higher water content (WiDE15), CO
emissions slightly increased due to incomplete
combustion caused by excess water content,
though remaining Figure 6 presents the variation
of HC emissions with brake mean effective
pressure for diesel and WIiDE samples. HC
emissions decreased significantly for WiDE
blends compared to diesel due to enhanced
combustion efficiency and better fuel atomization
facilitated by the emulsified fuel's micro-
explosion effect [11].

The presence of ALOs
contributed to improved combustion by
increasing thermal  conductivity. WiDE10
recorded the lowest HC emissions at 25 ppm,
achieving a 50% reduction compared to diesel (50
ppm). WiDES5 also showed a substantial reduction
at 30 ppm. However, at higher water content in
WIDE15, HC emissions slightly increased to 35
ppm due to incomplete combustion caused by
excess water content. lower than diesel [10].

nanoparticles also

2 - Diesel
I WiDE5
I WiDE10
£03 WIDE15
g ,
IS
@
£ 0.2+
w
(@)
@)
0.1
0.0 4

0 1 2 3 4
Brake Mean Effective Pressure (bar)

Fig. 5. BMEP Vs CO Emissions.
HC Emissions Analysis.

Despite this, HC emissions for WiDE15 remained
lower than diesel, demonstrating the effectiveness
of emulsified fuels in reducing unburned
hydrocarbons.

The positive trend aligns with literature on the
emission-reducing potential of emulsified fuels
combined with nanoparticles [12-13].



PROBLEMELE ENERGETICII REGIONALE 1 (69) 2026

75

[
o
1

ppm)

HC Emissions (
8 &

-
o
1

0 1 2 3 4
Brake Mean Effective Pressure (bar)

Fig. 6. BMEP Vs HC Emissions.
NOx Emissions Analysis
Figure 7 illustrates the variation of NOX
emissions with Brake Mean Effective Pressure
(BMEP) for diesel and WIDE samples. NOx
emissions decreased consistently for WiDE
blends compared to diesel due to lower
combustion temperatures resulting from water
content in the emulsified fuel [14-15]. The micro-
explosion phenomenon and improved heat
dissipation from Al:Os nanoparticles further
contributed to this reduction. WiDE15 achieved
the lowest NOx emissions at 710 ppm, a 21.11%
reduction compared to diesel (900 ppm). WiDE10
and WIDES5 also showed reductions at 750 ppm
and 800 ppm, respectively [16-17].
In-cylinder Pressure Analysis
Variation of in-cylinder pressure with crank angle
for diesel and emulsified fuel blends (WiDES5,
WIDE10, and WiDE15) is shown in Figure 9. The
peak cylinder pressure was highest for diesel at
62.74 bar at 366° CA. On the other hand, all three
emulsified fuels showed a similar trend but with
slightly lower peak values. In the case of
emulsified fuels, the peak pressure was reduced
owing to the latent heat of vaporisation of water
that increases the ignition delay and reduces the
in-cylinder temperature [21].

1000

900 -Diesel

B \WiDE5
8071 Il WiDE10
7004 [[] WIiDE15

600

500

400

NOy Emissions (ppm)

300

200

100

0 1 2 3 4

Brake Mean Effective Pressure (bar)

Fig. 7. BMEP Vs NOx Emissions.Smoke Opacity
The trend demonstrates that water content in
emulsified fuels effectively reduces peak
combustion temperatures, thereby curbing NOx
formation while maintaining efficient combustion
[18]. AnalysisFigure 8 illustrates the variation of
smoke emissions with Brake Mean Effective
Pressure (BMEP) for diesel and WiDE samples.
Emulsified  water-diesel  blends  (WIiDE)
demonstrated a significant reduction in smoke
emissions compared to diesel, primarily due to
improved fuel atomization and secondary
atomization effects facilitated by the micro-
explosion phenomenon [19]. The presence of
Al:Os nanoparticles further enhanced combustion
efficiency by promoting better oxidation of soot
particles. WIiDE10 and WIDE15 recorded the
lowest smoke emissions at 1.7 FSN, achieving a
46.88% reduction compared to diesel (3.2 FSN).
WIDES also showed a substantial decrease at 2.25
FSN . The reduced smoke emissions highlight the
effectiveness of emulsified fuels in improving
combustion efficiency and minimizing particulate
formation, even at higher water content levels
[20].

4.2 Net Heat Release Rate (NHRR)

The variation of net heat release rate with crank
angle is shown in Figure 10. The maximum
NHRR for neat diesel was 71.24 J/°CA, whereas
for emulsified blends, it was slightly lower. Such
a reduction could be due to the cooling effect of
water and delay in ignition, which have an overall
moderating effect on the premixed combustion
phase [22].
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Fig. 8. BMEP Vs Smoke Opacity.
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Fig. 9. Crank Angle Vs In-Cylinder Pressure.

Among the emulsified fuels, WiDE10 showed a
smoother and sustained heat release pattern. This
implies better combustion efficiency. The micro-
explosion effect and Al.Os nanoparticles improve
the mix and combustion during the diffusion
phase of combustion. In contrast, the NHRR for
WIiDE15 was found to be lower due to excessive
water content, as it suppresses flame propagation.
In general, the combustion analysis has shown
that with WIiIDE10, balanced combustion
characteristics have been achieved with
controlled heat release and increased efficiency
compared to other emulsified blends [23].
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Fig. 10. Crank Angle Vs Net Heat Release
Rate.

CONCLUSION.

The present study showed that the emulsified
water-diesel blends with Al:Os nanoparticles
considerably  improved the performance,
combustion, and emission characteristics of the
engine. WIiDE10 resulted in the highest BTE
value, which was increased by 7.14% compared
to diesel fuel, because of secondary atomization
and micro-explosion, and catalytic effect. The
combustion characteristic analysis showed that
diesel exhibited a maximum in-cylinder pressure
and net heat release rate of 62.74 bar and 71.24
J/°CA, respectively. In contrast, the emulsified
diesel-water blends showed smoother and more
controlled combustion characteristics and reduced
peak temperature. The reductions were found as
50% for HC, 16.67% for CO, 66.67% for NOX,
and 46.88% for smoke, confirming cleaner and
more efficient combustion. These results confirm
that water emulsification technique effectively
reduces combustion temperature and NOX
formation while Al.Os nanoparticles enhance in-
cylinder heat transfer and mixing phenomena.
Overall, WiDE blends, and particularly WiDE10,
can be used as a viable and practical alternative to
conventional diesel fuels for diesel engine
applications without any modifications.

Future Scope

Further research is needed to assess the long-term
stability, injector durability, and compatibility of
WIDE blends with different engine types. Studies
on economic feasibility, large-scale production,
and distribution challenges are essential for
commercial implementation. Optimizing
surfactant selection and nanoparticle
concentration can enhance fuel stability and
combustion characteristics. Additionally, real-
world testing under diverse operating conditions
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will help validate the practical benefits of WiDE
fuels in transportation and industrial applications.
Data availability statement

The authors confirm that the data supporting the
findings of this study are available within the
article.
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