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ARTICLE INFO ABSTRACT

Article type This study investigates the performance and emission characteristics of a dual-fuel engine

i:tsii?;;};s?;:lde running at full load on diesel, biodiesel blends (B5 and B20), hydrogen-oxygen (HHO) gas, and

Received 202);‘07'25 a blended additive (combination of acetone, ethanol, sulcatol, and dimethyl carbonate). Tests

Received in revised form 2025.09.02 were conducted to evaluate key performance metrics, including brake power, brake-specific fuel

Accepted 2025.09.27 consumption, and various emissions, including unburned hydrocarbons, carbon monoxide,

2;’;;1222%“6 2025.11.25 carbon dioxide, and nitrogen oxides. The results show that if the effects of HHO and the blended

Diesel additive are excluded, diesel consistently outperforms both biodiesel blends (B5 and B20)

Biodiesel regarding braking power and efficiency and exhibits superior combustion properties. However,

Dual-Fuel Combustion the addition of HHO improved the brake power and reduced the emission of unburned

Oxygenated Additive Sy . .

Hydrogen hydrocarbons and carbon monoxide in biodiesel blends, especially at lower concentrations of the
combined additives. However, while CO, emission was lower for biodiesel blends than diesel,
the presence of HHO also improved NOx emissions. These findings demonstrate the potential of
HHO as a performance enhancer in biodiesel applications while emphasizing the need for careful
management of NOx emissions. Also, the effect of the combined additives in certain conditions,
such as the emission of unburned hydrocarbons or the emission of nitrogen oxides in high
percentages of using biodiesel (B20A6), is more prominent, which can improve the conditions in
critical conditions. However, the BSA2 fuel sample can be relatively identified as a suitable fuel
in different percentages of HHO from the point of view of engine emissions.

Introduction

Compression Ignition (CI) engines remain essential in transportation and agriculture, yet face challenges
regarding NOx, CO, UHC, and PM emissions. Strategies to mitigate these include partial diesel substitution with
biodiesel and hydrogen utilization in dual-fuel mode. Biodiesel reduces net CO: but suffers from lower heating
value, reducing brake power [1]. Hydrogen enhances combustion efficiency via high flame speed but increases
NOx formation due to elevated temperatures [2,3]. Oxygenated additives like glycerol derivatives and DMC can
accelerate oxidation without drastically raising peak temperature [4]. The primary research gap concerns
synergistic effects of combining multiple oxygenated additives with HHO and biodiesel. This study identifies an
optimal additive blend for diesel-biodiesel-HHO dual-fuel application.

Methodology

Fuel Design and Preparation

Biodiesel was synthesized from waste cooking oil via the transesterification method. Relevant thermophysical
properties (density, calorific value, viscosity, and cetane number) were quantified in strict accordance with ASTM
standards, as presented in Table 1.
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Table 1. Thermophysical properties of base fuels

Properties Diesel Biodiesel Hydrogen ASTM Method
Density @ 15°C (kg/m?) 840 885.3 0.0838 D1298
Calorific Value (MJ/kg) 42.49 39.77 119.93 D3338
Viscosity @ 40°C (mm?/s) 3.95 4.39 - D3338

Cetane Number (-) 50 55 5-10 D613

Dual-Fuel System and Engine Testing

HHO gas was generated via dry cell electrolyzer (NaOH electrolyte) and introduced into the intake manifold
at 0-2 L/s. Tests were performed on a single-cylinder, direct-injection diesel engine (HSD1G-178FE, 0.406 L, 2.8
kW) at 1500 rpm under full load. Brake power was calculated from torque measurements. Emissions (CO, COs,
HC, NOx) were analyzed using an MRU Delta 1600L (1 ppm). Each test was replicated three times. Brake power
was calculated as:

P = (2nTn)/60000 = Tn/9550 (1)
where T is torque (N-m) and n is engine speed (rpm).

Results and Discussion
EnginePerformance (Brake Power and BSFC)

In the absence of HHO, B5 and B20 produced lower brake power than diesel (max BP: BS ~5.693 kW; B20
~5.478 kW) due to their lower calorific value. HHO addition significantly compensated for this deficit.
The BSA2 sample (5% Biodiesel + 2% Additive) achieved the highest BP (5.764 kW), indicating enhanced
combustion from active hydrogen/oxygen species. At higher additive concentrations (B5A6, B20A6), BP
marginally decreased (~6%), suggesting adverse combustion effects. BSFC values for B20 blends were generally
higher than diesel. Notably, at B20, additive addition with HHO increased BSFC rather than improving it, likely
due to combustion phasing interference or charge cooling.

Pollutant Emissions

CO and UHC: HHO gas effectively reduced CO and UHC emissions via enhanced oxidation from hydrogen's
flame speed and HHO's oxygen content [5]. The BSA2 sample performed best. B20A2 also showed notable CO
reduction at higher HHO flow rates, indicating synergy between HHO and low additive concentrations.

CO:: Biodiesel blends exhibited lower CO- than diesel due to their biogenic nature and lower C/H ratio. HHO
further reduced CO: by displacing carbonaceous fuel. BS, BSA2, and B20 showed the greatest CO- reductions
(5.4%—-8.4% depending on HHO flow).

NOx: Contrary to expectations, a net reduction in NOx relative to diesel was observed. The highest reduction
occurred with B20A6. This is attributed to ethanol's high latent heat of vaporization and HHO-induced volumetric
efficiency changes, which moderated peak combustion temperatures and suppressed thermal NOx formation. This
highlights the complementary role of the liquid additive in mitigating HHO's thermal penalty.

Conclusions

This study demonstrated that simultaneous HHO and optimized additive (D30E15S28A27) effectively
mitigates biodiesel's deficiencies in dual-fuel CI engines. Key findings include:
1. HHO Gas enhances combustion, increasing brake power and reducing CO/UHC emissions.
2. The Combined Additive moderates combustion temperature, preventing NOx increase, especially at high
biodiesel content (B20) or high HHO flow.
3. The B5A2 formulation (5% Biodiesel + 2% Additive) with optimal HHO flow provides the best balance of
enhanced power and reduced emissions (CO, UHC, CO2, NOx).
Future work should include part-load testing and practical-scale electrolyzer efficiency assessment.
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Table 1- Thermophysical properties of biodiesel, diesel and hydrogen

Properties Diesel Biodiesel Hydrogen ASTM Method
Density @ STD 0.84 0.8853 0.0838 D1298
Calorific value (M]/kg) 42.49 39.77 119.93 D3338
Viscosity @ 40°C (mm?2/s) 3.95 4.39 - D3338
Cetane number? (-) 50 55 10-May D613
Auto ignition temperature? (°C) 280 415 585 -
Chemical Formula3 CiaH2a  CigH3402  H2+0.50: -
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Table 2- Determining the optimal scenario for conducting engine testing to achieve the best combination of additives

Biodiesel DMC Ethanol Solketal Acetin Order
Level 2 of A Level 4 of B Level 2 of C Level 3 of D Level 5 of E 1
Level 2 of A Level 2 of B Level 4 of C Level 3 of D Level 1 of E 2
Level 2 of A Level 5 of B Level 3 of C Level 4 of D Level 1 of E 3
Level 3 of A Level 5 of B Level 2 of C Level 2 of D Level 3 of E 4
Level 3 of A Level 3 of B Level 1 of C Level 4 of D Level 5 of E 5
Level 2 of A Level 4 of B Level 1 of C Level 2 of D Level 1 of E 6
Level 1 of A Level 3 of B Level 3 of C Level 2 of D Level 2 of E 7
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Level 4 of A
Level 2 of A
Level 4 of A
Level 1 of A
Level 1 of A
Level 2 of A
Level 3 of A
Level 1 of A
Level 4 of A
Level 3 of A
Level 1 of A
Level 3 of A
Level 1 of A
Level 2 of A
Level 4 of A
Level 3 of A
Level 4 of A
Level 1 of A
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Level 2 of B
Level 1 of B
Level 1 of B
Level 1 of B
Level 2 of B
Level 5 of B
Level 2 of B
Level 2 of B
Level 3 of B
Level 4 of B
Level 5 of B
Level 1 of B
Level 1 of B
Level 3 of B
Level 2 of B
Level 5 of B
Level 4 of B
Level 3 of B

Level S of C
Level 4 of C
Level 2 of C
Level 2 of C
Level 2 of C
Level 1 of C
Level 4 of C
Level 1 of C
Level 3 of C
Level 4 of C
Level 4 of C
Level 3 of C
Level 5 of C
Level 2 of C
Level 4 of C
Level 5 of C
Level 1 of C
Level 1 of C

Level 2 of D
Level 2 of D
Level 3 of D
Level 1 of D
Level 5 of D
Level 5 of D
Level 1 of D
Level 3 of D
Level 5 of D
Level 5 of D
Level 1 of D
Level 1 of D
Level 4 of D
Level 1 of D
Level 4 of D
Level 3 of D
Level 1 of D
Level 1 of D

Level 1 of E
Level 4 of E
Level 1 of E
Level 2 of E
Level 4 of E
Level 2 of E
Level 3 of E
Level 3 of E
Level 3 of E
Level 1 of E
Level 5 of E
Level 5 of E
Level 3 of E
Level 3 of E
Level 2 of E
Level 4 of E
Level 4 of E
Level 1 of E
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Table 3- Engine specifications

Model: HSD1G-178FE

Engine type: Vertical, four-stroke, single-cylinder

Constant speed, Direct injection CI engine

Rated power: 2.8 kW@2200 rpm

Displacement volume: 0.406 L
Cooling type: Air Cooling
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Table 4- Accuracies of the experimental data

Measurement Parameter Instrument/Model Measurement Accuracy Description/Location
Exhaust Gas Temperature K-Type Thermocouple (Omega) +0.1 °C Exhaust pipe
Torque Piezo Pressure Sensor (AVL GH12D) +0.25% FS On Dynamometer
Brake Power Calculated from Torque x RPM - -
Fuel Flow Rate Volumetric Flowmeter (Model FMA-1600A) +1% FS Fuel path
Pollutant Gases (CO, CO», HC, Gas Analyzer (MRU Delta 1600L) =1 ppm Exhaust outlet
NOx, O2)
HHO Gas Flow Rate Rotameter (Omega) +1% FS Air intake path
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Figure 1- Effect of fuel samples on engine braking power
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Figure 2- Effect of fuel samples on brake specific fuel consumption (BSFC)
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