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A B S T R A C T

Hydroxy gas (HHO) is a gas produced by the electrolysis of water, which involves breaking down water mole
cules (H2O) into hydrogen (H2) and oxygen (O2) gases. When the electricity used for electrolysis comes from 
renewable energy sources, the resulting hydrogen can be classified as ’green hydrogen.’ Therefore, by using 
renewable green energy sources to produce HHO gas, its application in internal combustion engines can promote 
clean combustion and enhance sustainability. This study explores the enhancement of performance and emission 
characteristics in a two-stroke Unmanned Aerial Vehicle (UAV) engine using Hydroxy gas (HHO), a green energy 
source produced via water electrolysis. The primary objective is to improve engine efficiency and reduce envi
ronmental impacts by employing HHO in dual-fuel mode with JP5 aviation fuel. Addressing a clear research gap 
in the literature, this study is the first to evaluate the energy, exergy, exergoenvironmental, and exergoeconomic 
aspects of a two-stroke, air-cooled UAV engine using the JP5+HHO fuel blend. Experiments were conducted at 
five shaft speeds (3250, 3750, 4500, 5250, 6250 rpm) and four HHO flow rates (1.0, 1.5, 2.0, 4.0 lpm). The 
results demonstrate that incorporating HHO gas leads to a significant improvement in engine performance, with 
a 10% average reduction in Brake Specific Fuel Consumption (BSFC) and a 10% increase in exergy efficiency. 
Additionally, the JP5+HHO 4 lpm mixture reduces exergy destruction by approximately 10% and increases heat 
transfer exergy by 3–10%. On the environmental front, while HHO slightly increases CO2 emissions, the exer
goenvironmental impact rises by a manageable 4%. Importantly, the high HHO flow rate (4 lpm) achieves a 2% 
average reduction in both exergoenvironmental and exergoeconomic impacts. These findings underscore the 
potential of HHO as a sustainable fuel source, offering both performance gains and reduced environmental and 
economic costs.

1. Introduction

Unmanned Aerial Vehicles (UAVs) have become increasingly 
important in various sectors, including military, commercial and sci
entific research, due to their versatility and efficiency [1,2]. UAVs are 
used in military operations, construction, package delivery, mapping, 
medical services, search and rescue missions, exploration of hidden 
areas, monitoring of power lines and oil rigs, precision farming, aerial 

surveillance, and wireless communications [3,4]. In the medical field, 
UAVs are used for vaccines, automated external defibrillators, and he
matological products, as well as for public health surveillance [5]. The 
breadth and capabilities of UAVs, their performance and durability are 
highly dependent on the capabilities of their propulsion systems, pri
marily internal combustion engines [6,7]. two-stroke spark ignition 
engines are widely used in UAVs due to their high power-to-weight ratio, 
simplicity and cost effectiveness [8,9]. However, these engines face 
significant challenges regarding fuel efficiency and exhaust emissions, 
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necessitating research to optimize their operation [10].
JP5, a kerosene-based aviation fuel, is widely used in military and 

maritime applications due to its high energy density and stability in 
changing environmental conditions [11,12]. Despite its advantages, the 
combustion of JP5 causes significant pollutant emissions, including 
carbon monoxide (CO), hydrocarbons (HC) and nitrogen oxides (NOx), 
which are harmful to both the environment and human health [13]. As a 
result, there is growing interest in exploring alternative fuel mixtures 
and combustion improvement technologies to maintain or improve en
gine performance while reducing these emissions [14]. JP5 fuel exhibits 
a longer ignition delay compared to diesel fuel (DF), which is attributed 
to its excellent vaporization and low cetane number. This results in a 
shorter combustion time and higher heat release rates [13,15]. JP5 fuel 
creates higher oxygen (O2) and lower carbon dioxide (CO2) compared to 
diesel fuel. However, it produces higher levels of nitrogen oxide (NOx) 
due to large heat release during combustion [16]. Although JP5 fuel is 
primarily designed for jet engines, it appears to exhibit different com
bustion characteristics compared to diesel fuel, such as longer ignition 
delay and higher heat release rates [17]. Fuels developed to mimic JP5 
have shown promising results in various engine tests, closely matching 
the performance of the real fuel [18]. Using JP5 fuel in a spark ignition 
engine increases knock intensity and power loss at mid to high throttle 
openings compared to gasoline. Lowering the compression ratio reduces 
knock and can improve brake power (BP) and brake thermal efficiency 
(BTE) at certain throttle openings. At a compression ratio of 7.2, HC 
emissions are higher, while CO and NO emissions are lower compared to 
gasoline. Reducing the compression ratio reduces HC and NO emissions 
while increasing CO emissions [19]. These studies indicate that although 
JP5 can be used in spark ignition engines, its unique properties and 
emissions profile must be carefully managed.

A promising approach is the integration of HHO (Oxyhydrogen) 
generators with conventional fuels. HHO gas produced through the 
electrolysis of water contains a stoichiometric ratio of hydrogen and 
oxygen, which can be introduced into the combustion chamber to sup
port a more complete and efficient combustion process. It has been re
ported that the addition of HHO gas improves combustion properties, 
reduces specific fuel consumption, and reduces the emission of harmful 
pollutants. Studies have shown a fuel consumption reduction of 14.8% 
and 16.3% for 150 cc and 1300 cc engines, respectively [20]. Another 
study reported a 20–30% reduction in fuel consumption on a 197 cc 
single-cylinder engine [21]. The addition of HHO gas provides a sig
nificant reduction in harmful emissions. For example, one study re
ported that CO emissions decreased by 24.5% and 33%, and HC 
emissions decreased by 21% and 27.4% for 1300 cc and 150 cc engines, 
respectively [20]. Another study reported that CO emissions can be 
reduced by approximately 98% under idling conditions [22]. 

Additionally, it appears that there have been studies reporting that HHO 
gas reduces CO and HC emissions in various passenger cars [23,24]. 
However, it seems that the effects of combining HHO with JP5 have not 
been sufficiently investigated, especially in 2-stroke spark ignition en
gines used in UAVs. Studies have reported that the use of HHO gas in 
internal combustion engines can improve engine performance by 
increasing combustion efficiency. However, it has been reported that 
excessive HHO flow at low engine speeds may negatively affect engine 
torque and volumetric efficiency [25]. It has been reported that the use 
of HHO gas in diesel engines reduces CO and HC emissions, although it 
increases CO2 and NOx emissions [26]. Several studies have shown that 
adding HHO gas to conventional fuels can lead to significant improve
ments in engine performance measurements. For example, the use of 
HHO gas in a spark-ignition engine has been shown to increase brake 
thermal efficiency and reduce specific fuel consumption (SFC) [27–29]. 
Studies show that the reason for the increase in engine efficiency is the 
high diffusivity of hydrogen and its rapid flame spread, contributing to 
more complete combustion [30–33]. The environmental benefits of 
using HHO gas as a fuel additive have been documented by research 
results [34]. Studies have consistently reported reductions in harmful 
emissions such as carbon monoxide (CO), hydrocarbons (HC), and 
smoke when HHO gas is used in combination with conventional fuels 
[35,36]. For example, one study found that adding HHO gas to a 
spark-ignition engine led to a 53% reduction in CO emissions and a 62% 
reduction in HC emissions [27]. Another study highlighted a 10.59% 
reduction in NOx emissions when using an HHO-CNG blend compared to 
gasoline [28].

Despite promising results, there are challenges associated with the 
use of HHO gas in internal combustion engines [37]. A major issue is the 
energy required for onboard HHO production by electrolysis, which 
necessitates using some of the efficiency gains for electrolysis [38]. 
Additionally, the high reactivity of hydrogen leads to increased NOx 
emissions due to higher combustion temperatures [39–41]. Proper 
management of HHO flow rates is an important issue to prevent negative 
effects on engine torque and volumetric efficiency, especially at low 
engine speeds [42].

Integration of HHO gas generators with JP5 fuel in spark ignition 
engines offers promising improvements in engine performance and 
emissions reductions. This study investigated the effects of using JP5 
and HHO gas mixtures on the performance and exhaust emissions of a 
two-stroke, two-cylinder, air-cooled UAV engine. Experiments were 
conducted under various engine loads and speeds to comprehensively 
evaluate the effect of HHO integration on key performance parameters 
such as exhaust temperature, exhaust emissions and fuel consumption. 
By providing data on the potential benefits and drawbacks of this fuel 
combination, this research will contribute to ongoing efforts to develop 

Nomenclature

UAV Unmanned Aerial Vehicle
HHO Hydroxy Gas (Oxyhydrogen)
JP5 Jet Propellant 5 (Aviation Fuel)
BSFC Brake Specific Fuel Consumption
BTE Brake Thermal Efficiency
EGT Exhaust Gas Temperature
EST Engine Surface Temperature
CO Carbon Monoxide
CO₂ Carbon Dioxide
HC Hydrocarbons
NOₓ Nitrogen Oxides
O₂ Oxygen
η Efficiency
ṁ Mass Flow Rate (kg/s)

Q Heat Transfer Rate (kW)
W Work Output (kW)
Xₑ Exergy Flow (kW)
I Irreversibility (kW)
rpm Revolutions Per Minute
kW Kilowatt
MJ Megajoule
LPM Liters Per Minute
T Temperature (K)
T₀ Reference Temperature (K)
h Specific Enthalpy (kJ/kg)
s Specific Entropy (kJ/kg⋅K)
P Pressure (Pa)
R Specific Gas Constant (kJ/kg⋅K)
λ Air-Fuel Equivalence Ratio
ε Exergy Efficiency
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more efficient and environmentally friendly propulsion systems for 
UAVs. Table 1 shows a comparison of similar studies.

1.1. Research gap and Innovation

The presented study addresses a significant research gap in the field 
of dual-fuel UAV engines, particularly with respect to the application of 
Hydroxy gas (HHO) with JP5 aviation fuel. While existing research has 
focused heavily on the energy performance and environmental impacts 
of conventional aviation fuels and some alternative fuels, the use of HHO 
gas in UAV engines has not yet been explored. This study examines the 
energy, exergy, exergoenvironmental and exergoeconomic impacts of 
this novel fuel combination in a two-stroke UAV engine, providing 
valuable insights into its potential for cleaner and more efficient avia
tion propulsion systems.

1.2. Novelty and need of this study

➢ Unexplored HHO Gas Application: Since previous studies have 
lacked the investigation of Hydroxy gas (HHO) as a green fuel ad
ditive in two-stroke UAV engines, its performance and environ
mental impacts have not been sufficiently investigated.

➢ Initial Energy and Exergy Analysis: This is the first study to eval
uate the combined energy, exergy, exergoenvironmental and exer
goeconomic aspects of a UAV engine using JP5+HHO, providing an 
in-depth thermodynamic assessment.

➢ Fuel Efficiency Improvements: Significant improvements in engine 
performance are highlighted, showing a 10% reduction in Brake 
Specific Fuel Consumption (BSFC) and a 10% increase in exergy ef
ficiency with the JP5+HHO blend.

➢ Reduction of Exergy Destruction: The study demonstrates a new 
10% reduction in exergy destruction, previously unexplored in 
similar installations.

➢ Comprehensive Impact Assessment: The study provides a holistic 
perspective by not only focusing on energy performance, but also 
integrating environmental and economic impacts, which are rarely 
considered together in similar studies.

➢ Sustainability in UAV Engines: By demonstrating the potential of 
HHO as a renewable fuel source, this study contributes to the 
development of sustainable aviation fuels, which is essential to 
reduce environmental impacts in UAV applications.

This research provides much-needed insight into how HHO as a 
green fuel additive can improve the efficiency and sustainability of UAV 
engines. It fills an important gap in the literature and provides a path for 
future developments in green aviation technologies.

2. Material and methods

2.1. Engine setup

The experiments were carried out in the R&D laboratory of Erin 
Motor Company. The experimental engine is a two-stroke two-cylinder 
engine developed for UAV. The technical specifications of the engine are 

Table 1 
Comparison table of our study with similar studies.

Study Fuel Type Engine Type Key Focus Novelty Key Findings

This study JP5 + HHO 
(Hydroxy gas)

Two-stroke 
UAV engine

Energy, exergy, 
exergoenvironmental, and 
exergoeconomic analysis

First study on the use of HHO in UAV 
engines; comprehensive 
thermodynamic and environmental 
assessment

10% reduction in BSFC

Combustion efficiency analysis 
and key emission parameters 
of a turboprop engine at 
various loads [43].https://doi. 
org/10.1016/J.JOEI.2014.0 
9.010

Aviation fuel Military 
turboprop 
engine

Combustion efficiency The combustion efficiency of a 
military turboprop engine varies 
between 97.8% and 99.9%, with 
emission parameters proving their 
relationship and establishing the 
combustion efficiency relationship.

Combustion efficiency of the 
engine ranged from 97.8% to 
99.9%.

Performance of a small-scale 
turbojet engine fed with 
traditional and alternative 
fuels[44]. https://doi.org/10 
.1016/J.ENCONMAN.2014.0 
3.026

Jet A 
GTL (FSJF) 
Blend 70% Jet- 
A 30% JME 
JME (pure)

SR-30 
turbojet

CO, UHC, and NOx 

emissions
Three different fuels, a traditional 
Jet-A kerosene, a synthetic gas to 
liquid (GTL) fuel and a blend of 30% 
Jatropha methyl ester (JME) and 
70% Jet-A, were tested. The 
experimental results, in term of CO, 
UHC and NOx emissions, are 
discussed and compared with results 
obtained from CFD analysis and 
from semi-empirical equations 
found in literature.

The JME blend reduced CO and 
UHC emissions compared to Jet-A 
kerosene.

Turbocharging the aircraft two- 
stroke diesel engine [45]
https://doi.org/10.19206/ce 
-2019-319

Diesel Aircraft two- 
stroke diesel 
engine

Engine performance at high 
altitudes

A turbocharger with a mechanical 
compressor extends high-altitude 
operating range.

Turbocharging an aircraft two- 
stroke diesel engine with a 
mechanical compressor extends its 
operating range at high altitudes, 
improving power and efficiency.

Combustion and emission 
characteristics from biojet fuel 
blends in a gas turbine 
combustor [46] https://doi. 
org/10.1016/j.energy.2019.0 
6.060

Jet A1 +
Biofuels (BF) 
derived from 
Jatropha and 
Camelina

Gas turbine Combustion efficiency, 
temperature rise, emission 
indices.

Addition of biodiesel to jet A1 fuel in 
gas turbine for aviation engine

Increasing Camelina in biojet fuel 
blends reduces carbon monoxide, 
unburnt hydrocarbons, and soot 
emissions, but increases NOx 

emissions due to higher 
combustion temperatures.

Table 2 
Test engine properties.

Technical Specification Value (unit)

Brand&Model Erin Motor & Baykuş
Number of cylinders 2
Cooling type Air cooled
BorexStroke 48x36.5 (mmxmm)
Total cylinder volume 0.132 (liter)
Maks. Power 12 Hp (@8000 rpm)
Compression ratio 10.4:1
Idle speed 1800 (rpm)
Recommended propeller Diameter 27 (Inch)
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given in Table 2.
The engine tests were carried out in the engine test laboratory of Erin 

Motor Company with sound insulated cabinets (see Table 3). The pro
peller thrust of the test engine is measured with an ‘S’ type load cell and 
the engine torque is calculated. The consumption time of a fixed 20 mL 
volume of fuel is measured in seconds with a stopwatch and the fuel 
consumption is calculated with the value obtained. Engine speed is 
measured with a laser tachograph meter from a point on the propeller. 
Engine casing temperature was determined with a thermal camera and 
exhaust gas temperature was determined with a K-type thermocouple. 
Exhaust gas emissions were measured with BOSCH-BEA 060 brand 
emission measuring device (Fig. 1).

The engine was tested using two different fuel configurations: 100% 
JP5 and HHO gas produced from an internal HHO generator supplied 
through the intake manifold at flow rates of 1, 1.5, 2 and 4 liters/min. 
The HHO generator produces oxyhydrogen gas by electrolysis of water. 
The HHO gas used in the engine experiments was produced in the HHO 
generator per hour consisting of 30 titanium pieces cut in 60 cm × 40 cm 
dimensions. The HHO generator has been determined how many liters of 
gas it produces in which current range with preliminary trials. In the 
preliminary trials, it was seen that the HHO generator could produce 25 
L of gas per hour. Before the engine experiments, a 10 L tank was placed 
in the front compartment of the HHO generator. The amount of gas sent 
to the engine could be adjusted by means of a flowmeter controlled 
through a ball valve. The physical properties of JP5 fuel and HHO gas 
used in the experiments are given in the table below.

2.1.1. Evaluation of test fuels in terms of cetane number
JP5 is a kerosene-type aviation fuel, so it typically has a cetane 

number around 45–50. The cetane number of JP5 indicates its ignition 
quality. A higher cetane number means the fuel has a shorter ignition 
delay, resulting in smoother and more efficient combustion in 
compression ignition engines such as diesel engines. Although JP5 is 
primarily used in turbine engines, the cetane number is important for 
evaluating combustion characteristics in dual-fuel modes in diesel en
gines. Hydrogen has no cetane number because it does not behave like 
traditional liquid fuels. It is a gaseous fuel with a very high autoignition 
temperature (~585 ◦C) and lacks the typical ignition delay properties 
measured by the cetane number. Hydrogen is highly reactive and burns 
faster than hydrocarbon fuels. Despite its lack of cetane number, its 
rapid flame propagation makes it suitable for use as an additive in spark 
ignition engines or dual-fuel systems, where it can increase combustion 
efficiency and reduce emissions.

2.2. Test conditions

Engine performance and exhaust emissions were evaluated at 
various engine loads and speeds to simulate typical operating conditions 
of UAVs. Engine Speeds and Loads: 5 kg at 3250 rpm, 10 kg at 3750 rpm, 

15 kg at 4500 rpm, 20 kg at 5250 rpm, and 25 kg at 6250 rpm. Engine 
speed was measured with a point laser tachograph meter attached to the 
engine output shaft. It was measured with an S-type load cell connected 
to the dynamometer arm. Exhaust gas temperature was measured with a 
thermocouple placed at the exhaust outlet. The engine casing temper
ature was measured with a thermal imaging camera placed permanently 
in front of the engine. The consumption time of 20 ml of fuel was 
measured in seconds with a stopwatch. An exhaust gas analyser was 
used to determine the concentrations of CO, HC, NOx, CO2, O2 and 
lambda. Humidity, pressure and temperature values in the experimental 
area were measured to ensure that the experiments were carried out 
under standard conditions (Table 4). The measurement ranges of all 
sensors used in the experimental setup and the uncertainty analysis of 
the whole system are given in Table 5.

The engine was mounted on a test bench equipped with the necessary 
instrumentation to measure performance and emissions. The fuel system 
was configured to allow switching between pure JP5 and a JP5+HHO 
mixture. The engine was initially run at 100% JP5 to establish baseline 
performance and emissions data across the specified engine speeds and 
loads. The HHO generator was activated and the generated Oxyhy
drogen gas was introduced into the engine intake manifold. The engine 
was then run with a JP5+HHO mixture under the same test conditions. 
At each engine speed and load, data on exhaust temperature, emissions, 
and fuel consumption were recorded. Each test was repeated three times 
to ensure repeatability and accuracy of the results. This study aims to 

Table 3 
Properties of test fuels [47].

Properties/Test Fuel JP5 HHO

Density @ 15 ◦C, kg/ 
L

0.8145 0.00008988

Distillation, oC 240 –
Sulfur content, wt% 0.0110 –
Flash point, oC 68 –
Kinematic viscosity, 

cSt, (20 ◦C)
5.39 8.76

Cetane index 44 –
Cetane number 50 –
Freezing point, oC − 50 Hydrogen has a freezing point of − 259.16 ◦C, 

and oxygen has a freezing point of − 218.79 ◦C.
Aromatics, vol% 16.83 –
Lower heating value, 

MJ/kg
43.2 10.8

Fig. 1. Experimental engine and test unit.

Table 4 
Exhaust gas Emission device.

Measurement Measuring Range Resolution

CO 0-10 vol % 0.001 vol%
CO2 0-18 vol% 0.10 vol%
HC 0–9,999 ppm 1.0 ppm
O2 0-22 vol% 0.10 vol%
NOx 0–5000 ppm 1.0 ppm
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systematically evaluate the effects of HHO integration on a two-stroke 
spark ignition UAV engine, providing valuable information on poten
tial performance improvements and emission reductions that can be 
achieved using alternative fuel technologies.

Table 6 illustrates the precision of the measuring instruments used 
during the tests. For each parameter measured (such as engine speed, 
fuel consumption, temperature, and emissions), the instruments possess 
a defined range of measurement and a corresponding level of accuracy, 
known as uncertainty. These uncertainties indicate the potential devi
ation of the results from the true values, thereby providing a measure of 
confidence in the obtained data. The engine speed was recorded using a 
tachograph meter capable of measuring within a range of 2.5–99,999 
revolutions per minute (rpm), with a resolution of 1 rpm. However, due 
to the inherent variability in multiple readings, an additional uncer
tainty of 0.5% of the measured speed was introduced. Propeller thrust 
was determined via a load cell, which measures force with a precision of 
0.01 kg. The load cell also exhibited a calibration-related uncertainty of 
0.1%. Torque, a measure of rotational force, was not directly measured 
but rather calculated from the thrust. As a result, any uncertainty in 
thrust measurements contributes to the uncertainty in the torque cal
culations. Fuel consumption was assessed by timing the duration 
required to consume a fixed 20 mL volume of fuel, using a stopwatch 
with a precision of 0.1 s. Additionally, the fuel volume was measured 
with an accuracy of 0.1 mL. The combination of these uncertainties 
contributes to the total uncertainty in fuel consumption.The tempera
ture of the engine casing was measured using a thermal camera, which is 
capable of recording temperatures between − 10 ◦C and 1000 ◦C, with an 
accuracy of ±2 ◦C. This implies that the recorded temperature could 
deviate by up to 2 ◦C in either direction. Exhaust gas temperatures were 
determined using a highly accurate K-type thermocouple, with a preci
sion of ±0.1 ◦C. Emissions were measured using a BOSCH-BEA 060 gas 
analyzer. Carbon monoxide (CO) levels were detected within the range 
of 0–10 vol%, with a resolution of 0.001 vol%. The same analyzer 
measured carbon dioxide (CO2) concentrations between 0 and 18 vol%, 
with a precision of ±0.10 vol%. Hydrocarbons (HC) were measured in 
parts per million (ppm), with the analyzer capable of detecting levels 
between 0 and 9999 ppm, and a resolution of ±1.0 ppm. Oxygen (O2) 
concentrations were measured within the range of 0–22 vol%, with a 
precision of ±0.10 vol%. Finally, nitrogen oxides (NOx) emissions were 
measured within the range of 0–5000 ppm, with a precision of ±1.0 ppm 
(see Fig. 2).

2.3. Energy and exergy analysis

The current study focuses on the performance, energy, exergy, 
exergoenvironmental and exergoenvironmental impacts of JP5 aviation 
fuel and JP5+HHO dual fuel combustion of a two-stroke, air-cooled, 
UAV engine. Before starting thermodynamic calculations, it is assumed 
that the engine operates steadily, the exhaust gases and the air entering 
the intake manifold are ideal gases, and the combustion gases are in 
chemical equilibrium. Additionally, to facilitate thermodynamic ana
lyses, it is assumed that the control volume (CV) of the engine is an open 
system and that kinetic and potential changes of inflows and outflows 
are neglected [48,49]. The ambient temperature is assumed to be 15.4 
◦C, and the ambient pressure is 99.7 kPa during the analyses. As seen in 
Fig. 3, the energies entering and exiting the two-stroke air-cooled UAV 
engine to which thermodynamic analysis will be applied represent the 
CV.

According to the 1st law of thermodynamics, the total energies 
entering and exiting CV are equal to each other and are indicated by Eq. 
(1) [50]. 
∑

Enein =
∑

Eneout (1) 

In the engine system, the energy input consists of the air and fuel en
ergies, while the output energies include shaft work (Ṡwork), exhaust 
(Ėneexh), and losses (Ėnelost). The unit of all these energy flows is kW. 
Assuming the temperature of the intake air entering the system remains 
unchanged, the fuel energy equals the sum of shaft work, exhaust, and 
loss energies, as seen in Eq. (2) [51]. 

Ėnefuel = Ṡwork + Ėneexh + Ėnelost (2) 

Eq. (3) can be used to determine the fuel energy of a engine operated at 
different shaft speeds [52]. Where ṁfuel represents the mass flow rate of 
the fuel in kg/s, while LHVfuel represents the lower heating value of the 
fuel in kJ/kg. 

Ėnefuel = ṁfuelLHVfuel (3) 

As seen in Eq. (4), the torque value of the engine (TorqueJE, Nm) can be 
calculated by taking into account the thrust force (Ftrust) measured 
during the experiments (49 N, 98 N, 147 N, 196 N and 245 N) and the 
thrust arm length (X) (0.0365 m). In order to determine the shaft work of 
the engine, the shaft speed and the calculated torque value are taken into 
account and can be calculated using equation (5) [53]. 

TorqueJE = FtrustX (4) 

Ṡwork =2π n .TorqueJE

60
(5) 

Eq. (6) can be used to calculate the Ėneexh coming out of the CV. Where 
mi represents the mass flow rate of the combustion gas at state i in kg/s, 
while hi represents the specific enthalpy of the burned gas at state i in 
kJ/kg. 

Table 5 
Equipment used in the experimental setup.

Measurement Measuring Range Resolution

Temperature K type (0–1400 ◦C) 0.1 ◦C
Engine speed 2.5–99,999 rpm 1 rpm
Thermal camera − 10 – 1000 ◦C ±2 ◦C
Fuel measurement 10–1000 mL 0.1 vol%
Flowmeter 0-100 L/min ±2 %

Table 6 
Uncertainty analyses for equipment.

Measurement Instrument Range ResolutIon UncertaInty

Engine speed Laser tachograph meter 2.5–99,999 rpm 1 rpm ±1 rpm + ±0.5%
Propeller thrust ’S’ type load cell As per specs ±0.01 kg ±0.1% calibration + ±0.01 kg resolution
Fuel consumption Stopwatch and volume Manual measurement ±0.1 s, ±0.1 ml ±0.1 s, ±0.1 ml
Engine casing temperature Thermal camera − 10 ◦C–1,000 ◦C ±2 ◦C ±2 ◦C
Exhaust gas temperature K-type thermocouple 0–1400 ◦C ±0.1 ◦C ±0.1 ◦C
CO emission BOSCH-BEA 060 0-10 vol% ±0.001 vol% ±0.001 vol%
CO2 emission BOSCH-BEA 060 0-18 vol% ±0.10 vol% ±0.10 vol%
HC emission BOSCH-BEA 060 0–9,999 ppm ±1.0 ppm ±1.0 ppm
O2 emission BOSCH-BEA 060 0-22 vol% ±0.10 vol% ±0.10 vol%
NOx emission BOSCH-BEA 060 0–5,000 ppm ±1.0 ppm ±1.0 ppm
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Ėneexh =
∑n

i=1
mixhi = mCO2hCO2mH2OhH2O + mCOhCO… (6) 

The lost energy from the control volume of the engine can be 
calculated using equation (7). 

Ėnelost = Ėnefuel − [Ṡwork + Ėneexh] (7) 

When the shaft work of a engine is divided by the fuel energy consumed, 
the energy efficiency is obtained, as shown in Eq. (8). 

Energy efficiency=
Ṡwork

Ėnefuel
(8) 

Exergy defines what energy degradation means and is also an indi
cator of how much useful work can be achieved from available fuel 
energy. Eq. (9) expresses the exergy balance according to the 2nd law of 
thermodynamics. Where Ėxein and Ėxeout refer to the incoming and 
outgoing exergy flows, while ĖxeDest refers to the destroyed exergy 
(ĖxeDest). 

Ėxein = Ėxeout + ĖxeDest (9) 

As seen in Eq. (10), while the exergy entering the CV is fuel exergy 
(Ėxefuel), the exergy leaving the CV is exergy power (=Ṡwork) [54], 
exhaust exergy(ĖxeExh), heat transfer exergy(ĖxeHeat), and exergy 
destroyed(ĖxeDest), respectively. 

Ėxefuel = Ṡwork + ĖxeExh + ĖxeHeat + ĖxeDest (10) 

The Ėxefuel of the system is obtained by multiplying the fuel energy 
(ṁfuel x LHVfuel) and the chemical exergy factor (φfuel) and can be calcu
lated as seen in Eq. (11). Additionally, the φfuel can be calculated ac
cording to the compound mass ratios (a = h/c, b = o/c, and c = s/c) of 
the fuel mixtures, as can be seen in Eq. (12) [55]. 

Ėxefuel = ṁfuel LHVfuel φfuel (11) 

φfuel =1.0401 + 0.1728 a + 0.0432 b + 0.2169 c(1 − 2.0628a) (12) 

The ĖxeExh coming out of the engine CV is a function of the mass flow 
rate (at state i) of the combustion products and the combustion gases, 
and is obtained by multiplying these two functions as in Eq. (13) [56]. 

Fig. 2. Schematic view of the test setup.

Fig. 3. Schematic view of CV for energy and exergy evaluation of two-stroke air-cooled UAV engine.
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ĖxeExh =
∑n

i=1
ṁi

[
etm,i + ech,i

]
(13) 

etm,i symbolizes the thermochemical specific exergy and ech,i symbolizes 
the chemical specific exergy of the combustion products. etm,i and ech,i 

are calculated with Eq. (14) and Eq. (15), respectively [57]. 

etm,i =
∑n

i=1

[(
hi − hi,0

)
− T0

(
si − si,0

)]
(14) 

ech,i =RT0

∑n

i=1

[

ln
eenv,i

eexh,i

]

(15) 

In Eq. (14), h symbolizes molar enthalpy and s symbolizes molar en
tropy. In Eq. (15), R symbolizes the specific gas constant and T0 sym
bolizes the reference temperature. Also, eexh,i symbolizes the molar ratio 
of the exhaust gas compound in case i, and eenv,i symbolizes the molar 
ratio of compound i in the reference environment [58].

The heat transfer exergy occurring from the two-stroke air-cooled 
engine surface to the surrounding environment can be calculated with 
Eq. (16) [59]. Here Ts denotes the engine surface temperature. 

ĖxeHeat =
∑

Ėnelost

[

1 −
T0

Ts

]

(16) 

By proportioning the engine shaft work to the fuel exergy, exergy 
efficiency can be obtained as seen in Eq. (17). 

Exergy efficiency=
Ṡwork

Ėxefuel
(17) 

Irreversibility that occurs during the operation of the engine can be 
calculated with Eq. (18) [60]. 

Irreversibility=
ĖxeDest

T0
(18a) 

2.4. Exergoenviromental and exergoenviroeconomic analysis

In this experimental study, the amount of CO2 emitted into the 
environment as a result of combustion of a two-stroke, air-cooled UAV 
engine is used for exergoenvironmental and exergoeconomic analysis 
evaluations. In exergoenvironmental analysis calculations, as shown in 
Eq. (19), the CO2 emissions released into the environment over the 
course of one year (Exeevn) are considered, including calculations for CO2 

emitted per unit of engine power (ṁenvṠwork) and the engine’s opera
tional duration (hope) [61,62]. As a result of the exergoenvironmental 
analysis, the amount of CO2 released into the surrounding environment 
(ton CO2/year) by operating the engine 8 h a day at the end of one year 
(330 days) is determined [63]. 

Exeevn = ṁevnṠworkhope (18b) 

Exeeco =Exeenv ecCO2 (19) 

Eq. (19) can be utilized for exergoenviroeconomic (Exeeco) analysis 
calculations [64]. In this equation, ecCO2 represents the cost of CO2, and 
for the calculations, the average CO2 cost for the year 2023 is accepted to 
be 78.23 Euros [65].

3. Results and discussion

Experiments are conducted on a small UAV two-stroke engine fueled 
by JP5, operating at various engine shaft speeds (ranging from 3250 rpm 
to 6250 rpm) and in dual-fuel mode (JP5-HHO gas). The thrust loads 
corresponding to the engine shaft speeds of 3250, 3750, 4500, 5250, and 
6250 rpm are measured as 49, 98, 147, 196, and 245 N, respectively. In 
these experiments, HHO gas is injected into the engine cylinder in 
addition to JP5 fuel, at different mass flow rates (1, 1.5, 2, and 4 L per 

minute (lpm)). Data obtained from the experiments are used to analyze 
engine performance, emissions, energy, exergy, exergoenvironmental 
impact, and exergoenviroeconomic factors, which are presented in this 
section.

3.1. Performance and emissions

In Fig. 4, torque and shaft work of the engine are presented for 
different shaft speeds. Additionally, Fig. 4 displays brake specific fuel 
consumptions (BSFC) of JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels at various shaft speeds. In the current experi
mental parameters, torque and shaft work of the engine increase with 
increasing shaft speed from 3250 to 6250 rpm. The highest torque and 
shaft work values are achieved at 6250 rpm, measuring 8.95 Nm and 
5.86 kW, respectively. BSFC values for test fuels show the highest values 
at 3250 rpm and the lowest values (excluding JP5) at 6250 rpm. For 
instance, at 3250 rpm, JP5 fuel exhibits a BSFC value of 2038.6 g/kWh, 
while the BSFC values for the engine operated in dual-fuel mode with 1, 
1.5, 2, and 4 lpm HHO gas show reductions of 6.9%, 9.6%, 9.6%, and 
11.5%, respectively. Similarly, at the lowest BSFC values observed at 
6250 rpm, JP5 fuel shows a BSFC of 562.6 g/kWh, whereas the BSFC 
values for the engine operated in dual-fuel mode with 1, 1.5, 2, and 4 
lpm HHO gas show reductions of 9.8%, 14.1%, 11.1%, and 15.1%, 
respectively. Overall, compared to JP5 fuel across the 3250–6250 rpm 
range, the average reductions in BSFC are approximately 6.3%, 9.4%, 
7.8%, and 10.9%, respectively. Compared to JP5 fuel, one of the sig
nificant reasons for the reduced fuel consumption when using HHO is its 
ability to create a homogeneous mixture in the air intake and increase 
the combustible oxygen content. Hydrogen is a fuel with high combus
tion capacity, and it demonstrates this ability within HHO. This leads to 
the creation of better combustion conditions, resulting in lower BSFC. 
The results obtained on BSFC are in line with studies that have achieved 
a reduction in BSFC with the use of HHO [21,25]. Additionally, the 
gradual increase of HHO gas in dual-fuel applications, leading to a 
reduction in BSFC, was also reported by Kenanoğlu et al. [42].

Fig. 5 displays exhaust gas temperature (EGT) of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. As the shaft speed increases from 3250 rpm to 6250 rpm, the 
EGT of all test fuels increase. The reason for this is the increase in the 
total mass flow rate into the cylinder with higher speeds, which prolongs 
the combustion process. The lowest EGT for all test fuels is observed at 
3250 rpm, while the highest EGT is observed at 6250 rpm. For instance, 
at 3250 rpm, JP5 fuel exhibits an EGT value of 346 K, while the EGT 
values for the engine operated in dual-fuel mode with 1, 1.5, 2, and 4 
lpm HHO gas show increases of 0.6%, 1.4%, 2.3%, and 1.2%, respec
tively. Similarly, at the highest EGT values observed at 6250 rpm, JP5 
fuel shows an EGT of 382 K, whereas the EGT values for the engine 
operated in dual-fuel mode with 1, 1.5, 2, and 4 lpm HHO gas show 
increases of 1.6%, 2.1%, 2.6%, and 1%, respectively. Overall, compared 
to JP5 fuel across the 3250–6250 rpm range, the average increases in 
EGT are approximately 1%, 1.5%, 2%, and 1%, respectively. Generally, 
across all speeds, JP5 fuel exhibits the lowest EGT, whereas operating 
with dual-fuel mode including HHO additives results in increased EGT 
values. The reason for this can be attributed to HHO gas improving the 
combustion process and simultaneously increasing the gas temperatures 
due to the presence of H2 (hydrogen). Similarly, the engine surface 
temperature (EST) tends to increase with the increase in shaft speed. 
Additionally, the use of HHO as an additional dual fuel with JP5 fuel also 
contributes to the increase in ESTs. The lowest EST for all test fuels is 
observed at 3250 rpm, while the highest EST is observed at 6250 rpm. 
For instance, at 3250 rpm, JP5 fuel exhibits an EST value of 328 K, while 
the EST values for the engine operated in dual-fuel mode with 1, 1.5, 2, 
and 4 lpm HHO gas show 329 K, 331 K, 332 K, and 330 K, respectively. 
Similarly, at the highest EST values observed at 6250 rpm, JP5 fuel 
shows an EST of 371 K, whereas the EST values for the engine operated 
in dual-fuel mode with 1, 1.5, 2, and 4 lpm HHO gas show 374 K, 376 K, 
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378 K, and 376 K, respectively. Overall, compared to JP5 fuel across the 
3250–6250 rpm range, the average increases in EST are approximately 
0.5%, 1%, 1.3%, and 0.6%, respectively.

Fig. 6 (a) displays HC emission variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. With the increase in shaft speed from 3250 to 6250 rpm, the HC 
emissions of all test fuels show a decreasing trend up to 5250 rpm. 
However, with the increase in shaft speed from 5250 to 6250 rpm, HC 
emissions tend to increase again. The most significant reason for this can 
be attributed to rapidly decreasing volumetric efficiency with increasing 
speed, as well as frictional forces. To overcome existing frictional forces, 
higher mass fuel consumption may contribute to an increase in HC 
emissions. The highest HC emissions for all test fuels are observed at 
3250 rpm, while the lowest HC emissions are obtained at 5250 rpm. For 
instance, at 3250 rpm, the HC emissions for JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 16.2 g/kWh, 
17.2 g/kWh, 17.5 g/kWh, 17.8 g/kWh, and 18.7 g/kWh, respectively. At 
the shaft speed of 5250 rpm, which shows the lowest HC emissions, they 
are 7.3 g/kWh, 7.5 g/kWh, 7.8 g/kWh, 7.9 g/kWh, and 8.3 g/kWh. In a 
two-stroke engine, the use of JP5-HHO dual fuel results in increased HC 
emissions compared to JP5 fuel. Parameters such as the shape of the 

combustion chamber, valve timing, exhaust valve opening, intake 
mixture, and in-cylinder fluid dynamics can contribute to the formation 
of HC emissions [66]. The increase in O2 content due to the presence of 
HHO gas in the combustion zone is expected to reduce HC emissions. 
However, in a two-stroke engine, while exhaust gases are expelled after 
combustion, the intake port simultaneously opens, allowing fresh charge 
to enter the cylinder. As a result, the prolonged opening of the exhaust 
port can cause some of the intake charge to escape, leading to an in
crease in HC emissions. Overall, compared to JP5 fuel across the 
3250–6250 rpm range, the average increases in HC emission are 
approximately 4%, 6%, 8%, and 14%, respectively.

Fig. 6 (b) displays CO emission variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. At all test speeds, the highest CO emissions are obtained with 
JP5 fuel, while the lowest CO emissions are achieved with JP5+HHO 2 
dual fuel. For instance, at 3250 shaft speed, CO emissions with JP5 fuel 
are 293 g/kWh, whereas with JP5+HHO 2 fuel, CO emissions are 283 g/ 
kWh. At 6250 shaft speed, CO emissions with JP5 fuel are 184 g/kWh, 
whereas with JP5+HHO 2 fuel, CO emissions are 171 g/kWh. The 
oxidation of carbon (C) in the fuel to CO2 requires sufficient temperature 
and O2. Otherwise, the C in the fuel is released as CO emissions instead 
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Fig. 4. Variation of torque, shaft work and BSFC of a two-stroke UAV engine at different shaft speeds.
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of CO2 emissions [67]. In this dual-fuel application, HHO’s ability to 
distribute evenly and increase the O2 content in the combustion zone 
contributes to reducing CO emissions. Additionally, increased surface 
temperatures may lead to higher cylinder temperatures. In this scenario, 
elevated combustion temperatures also aid in reducing CO emissions. As 
seen in Fig. 6 (b), when CO emissions increase, CO2 emissions decrease, 
and when CO emissions decrease, CO2 emissions increase. Overall, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels 
compared to JP5 fuel across the 3250–6250 rpm range, the average 
reductions in CO emission are approximately 3%, 4%, 5%, and 4%, 
respectively.

Fig. 6 (c) displays CO2 emission variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. At shaft speeds of 3250 and 6250 rpm, the highest CO2 emissions 
are obtained with JP5+HHO 2 fuel, while the lowest CO2 emissions are 
achieved with JP5 and JP5+HHO 4 fuels. CO2 emissions represent 
complete combustion products, suggesting that JP5+HHO 2 dual fuel 
achieves a higher combustion efficiency compared to other fuels based 
on these emission values. The delivery of HHO at 4 lpm may decrease 
volumetric efficiency and lead to poorer combustion conditions, 
potentially resulting in higher CO2 emissions. Additionally, at 4500 rpm 
shaft speed where CO emissions peak, CO2 emissions are at their mini
mum level, indicating that the conversion reactions from CO to CO2 are 
halted, thus reducing CO2 emissions. Overall, JP5+HHO 1, JP5+HHO 
1.5, JP5+HHO 2, and JP5+HHO 4 fuels compared to JP5 fuel across the 
3250–6250 rpm range, the average increases in CO2 emission are 
approximately 1%, 2%, 4%, and − 2%, respectively.

Fig. 6 (d) displays NOx emission variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. At shaft speeds of 3250 and 6250 rpm range, the highest NOx 
emissions are obtained with JP5+HHO 2 fuel, while the lowest NOx 
emissions are achieved with JP5. For instance, at 5250 shaft speed, NOx 
emissions with JP5 fuel are 0.07 g/kWh, whereas with JP5+HHO 2 fuel, 
NOx emissions are 0.11 g/kWh. At 6250 shaft speed, NOx emissions with 
JP5 fuel are 0.23 g/kWh, whereas with JP5+HHO 2 fuel, NOx emissions 
are 0.27 g/kWh. NOx emissions are significantly formed under slightly 
lean air/fuel mixtures and high combustion temperatures [68]. In this 
study, the higher NOx emissions at 2 L/min HHO gas compared to 4 
L/min HHO gas can be explained as follows: Introducing more HHO gas 
into the cylinder (i.e., 4 L/min instead of 2 L/min) further lowers the 
lower heating value of the total fuel mixture. This reduction in com
bustion temperatures contributes to the decrease in NOx emissions. 
Additionally, the excessive leaning of the combustion zone weakens the 
flame speed and slows down the combustion reactions, further reducing 
NOx formation. Similar to the findings of this study, Kamarudin et al. 
[69] emphasized that NOx emissions increase with the addition of HHO, 
but when the mixture becomes excessively lean or rich, NOx emissions 
decrease due to the reduction in combustion temperatures. Overall, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels 
compared to JP5 fuel across the 3250–6250 rpm range, the average 
increases in NOx emission are approximately 13%, 18%, 35%, and 23%, 
respectively. At high speeds, the increase in NOx emissions may be 
attributed to the prolonged combustion duration caused by the 
increased fuel quantity delivered to meet high power and speed 
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Fig. 6. (a)HC, (b)CO, (c)CO2, and (d)NOx emission variation of engine at different shaft speeds.
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demands. Additionally, the use of HHO can elevate combustion tem
peratures due to hydrogen’s high flame speed and wide flammability 
range. This condition can also contribute to an increase in NOx emis
sions, highlighting it as another factor contributing to their rise.

3.2. Energy analysis

Fig. 7 (a) displays fuel energy flows variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. As shaft speed increases from 3250 to 6250 rpm, energy flow 
rates also increase. Meeting the increased shaft power requires more fuel 
injection, leading to an overall increase in total energy consumption. 
The lowest fuel energy flows are achieved at 3250 shaft speed, while the 
highest are at 6250 shaft speed. For example, at 3250 shaft speed, the 
fuel energy flow for JP5 fuel is 16.1 kW, whereas for JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels, the respective fuel 
energy flows are 15.5 kW, 15.3 kW, 14.7 kW, and 14.6 kW. At 6250 shaft 
speed, JP5 fuel has a fuel energy flow of 42.6 kW, while JP5, JP5+HHO 
1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels have fuel energy 
flows of 41.9 kW, 39.8 kW, 38.1 kW, and 36.6 kW respectively. Overall, 
the dual-fuel application of JP5 fuel with HHO contributes to reducing 
the required energy amount to deliver the current power. This can be 
attributed to HHO’s ability to distribute evenly inside the cylinder, its 
wide flammability range, and hydrogen’s high flame speed, enhancing 

the combustion process. In the 3250 to 6250 shaft speed range, the 
average reductions in fuel energy flows compared to JP5 fuel are 
approximately 1%, 4%, 7%, and 9% for JP5, JP5+HHO 1, JP5+HHO 
1.5, JP5+HHO 2, and JP5+HHO 4 fuels, respectively.

Fig. 7 (b) displays shaft work variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. For all test fuels, shaft work increases as the shaft speed increases 
from 3250 to 6250 rpm: at 3250 shaft speed, 0.61 kW of shaft work is 
obtained; at 3750 shaft speed, 1.41 kW; at 4500 shaft speed, 2.54 kW; at 
5250 shaft speed, 3.96 kW; and at 6250 shaft speed, 5.89 kW of shaft 
work is achieved.

Fig. 7 (c) displays exhaust energy flows variation of JP5, JP5+HHO 
1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. As shaft speed increases from 3250 to 6250 rpm, exhaust energy 
flows tend to increase. Minimum exhaust energy flows for all test fuels 
are observed at 3250 shaft speed, while maximum exhaust energy flows 
are achieved at 6250 shaft speed. For instance, at 3250 shaft speed, the 
exhaust energy flows for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels are 0.49 kW, 0.47 kW, 0.52 kW, 0.53 kW, and 
0.49 kW respectively. At 6250 shaft speed, the exhaust energy flows for 
JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels 
are 1.55 kW, 1.54 kW, 1.63 kW, 1.62 kW, and 1.47 kW respectively. 
According to Fig. 7 (c), it is evident that JP5+HHO 1.5 and JP5+HHO 2 
fuels reach maximum values in exhaust energy flows between 3250 and 
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Fig. 7. (a)fuel energy flows, (b)shaft work, (c)exhaust energy flows, and (d)lost energy flows variation at different shaft speeds.
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6250 shaft speeds, while JP5+HHO 1 and JP5+HHO 4 fuels have lower 
exhaust energy flows. This can be attributed to both the higher post- 
combustion products (such as CO2 gas) and the higher EGT values of 
JP5+HHO 1.5 and JP5+HHO 2 fuels compared to JP5+HHO 1 and 
JP5+HHO 4 fuels. Generally, in the 3250 to 6250 shaft speed range, 
compared to JP5 fuel, JP5+HHO 1 and JP5+HHO 4 fuels show average 
decreases of approximately 4% and 5% in exhaust energy flows 
respectively, while JP5+HHO 1.5 and JP5+HHO 2 fuels show average 
increases of approximately 4% and 4% respectively.

Fig. 7 (d) displays lost energy flows variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. The system’s maximum lost energy flows occur at 6250 shaft 
speed, while minimum loss energy flows occur at 3250 rpm. The pri
mary reason for this is the significant increase in friction losses with 
increasing speed. Additionally, heat loss, lubricating oil loss, and many 
unaccounted parasitic losses tend to increase with speed. This phe
nomenon results in increased loss energy flows at higher speeds. 
Generally, the highest loss energy flows are observed with JP5 fuel, 
while the lowest loss energy flows are achieved in JP5+HHO dual fuel 
configurations. For example, at 3250 rpm shaft speed, the loss energy 
flows for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 
4 fuels are 14.9 kW, 14.4 kW, 14.2 kW, 13.6 kW, and 13.5 kW respec
tively. At 6250 rpm shaft speed, the loss energy flows for JP5, JP5+HHO 
1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 35.1 kW, 34.5 
kW, 32.3 kW, 30.6 kW, and 29.2 kW respectively. In general, in the 
3250–6250 rpm shaft speed range, compared to JP5 fuel, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels show average de
creases in loss energy flows of approximately 1%, 5%, 8%, and 10% 
respectively.

Fig. 8 displays energy efficiency variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. Both the increase in shaft speed from 3250 rpm upwards and the 
dual-fuel application of JP5 fuel with HHO contribute to improving 
energy efficiency. Minimum energy efficiency is achieved at 3250 rpm 
shaft speed, while maximum energy efficiency is achieved at 5250 rpm 
shaft speed. For example, at 3250 rpm shaft speed, the energy efficiency 
of JP5 fuel is 3.8%, whereas compared to JP5 fuel, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels show increases in 
energy efficiency of 3%, 5%, 9%, and 9% respectively. At 5250 rpm shaft 
speed, the energy efficiency of JP5 fuel is 14.5%, while JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels show increases in 
energy efficiency of 1%, 4%, 7%, and 11% respectively compared to JP5 
fuel. However, as shaft speed transitions from 5250 rpm to 6250 rpm, 

energy efficiency slightly decreases due to increased friction losses and 
other unaccounted losses. The dual-fuel application of JP5 fuel with 
HHO ensures high energy efficiency due to lower fuel consumption and 
reduced losses. Sharma et al. [27] reported that the addition of HHO to a 
diesel engine increases work availability. They attributed this to the high 
diffusivity of H2, which improves the air/fuel mixture and enhances 
combustion. Overall, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels compared to JP5 fuel across the 3250–6250 rpm 
range, the average increases in energy efficiency are approximately 1%, 
4%, 7%, and 10%, respectively.

3.3. Exergy analysis

Fig. 9 (a) displays fuel exergy flow variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. In general, the JP5+HHO dual-fuel application contributes to a 
decrease in fuel exergy flows. This is due to the lower heating value of 
the dual fuel in conjunction with HHO usage, as well as lower mass fuel 
consumption. Minimum fuel exergy flows are achieved at 3250 rpm 
shaft speed, while maximum fuel exergy flows are achieved at 6250 rpm 
shaft speed. For example, at 3250 rpm shaft speed, the fuel exergy flows 
for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels 
are 17.2 kW, 16.6 kW, 16.3 kW, 15.7 kW, and 15.7 kW respectively. At 
6250 rpm shaft speed, the fuel exergy flows for JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 45.5 kW, 44.8 
kW, 42.5 kW, 40.7 kW, and 39.1 kW respectively. At 3250 rpm shaft 
speed, the reduction rates in fuel exergy flows compared to JP5 fuel are 
3.2%, 4.8%, 8.2%, and 8.7% for JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 
2, and JP5+HHO 4 fuels respectively. At 6250 rpm shaft speed, the 
reduction rates in fuel exergy flows compared to JP5 fuel are 1.6%, 
6.6%, 10.6%, and 14% for JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels respectively.

Fig. 9 (b) displays exhaust exergy flow variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. Shaft speed increase correlates positively with exhaust exergy 
flows. This is because post-combustion products tend to increase with 
engine speed and power. Minimum exhaust exergy flows for all test fuels 
are observed at 3250 shaft speed, while maximum exhaust exergy flows 
are achieved at 6250 shaft speed. For instance, at 3250 shaft speed, the 
exhaust exergy flows for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels are 1.06 kW, 1 kW, 1.04 kW, 1.02 kW, and 1.02 
kW respectively. At 6250 shaft speed, the exhaust exergy flows for JP5, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 
2.57 kW, 2.41 kW, 2.47 kW, 2.38 kW, and 2.30 kW respectively. Be
tween shaft speeds of 3250 rpm and 6250 rpm, JP5 fuel exhibits higher 
exhaust exergy flows compared to other fuels. This is likely due to higher 
mass airflow during single fuel usage, which increases the exhaust gas 
flow rate and consequently leads to notable increases in exhaust exergy 
flows. Literature includes studies demonstrating that the use of HHO can 
reduce the mass airflow. Also, the relatively similar EGT temperatures 
do not significantly influence the variation in exhaust exergy flows. In 
general, in the 3250–6250 rpm shaft speed range, compared to JP5 fuel, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels show 
average decreases in exhaust exergy flows of approximately 4%, 2%, 
3%, and 5% respectively.

Fig. 9 (c) displays heat transfer exergy variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. The minimum heat transfer exergy of the two-stroke air-cooled 
engine system is achieved at 3250 rpm shaft speed, while the maximum 
heat transfer exergy is obtained at 6250 rpm shaft speed. For instance, at 
3250 rpm shaft speed, the heat transfer exergies of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 6.6 W, 6.8 W, 7.2 
W, 7.4 W, and 7.0 W respectively. At 6250 rpm shaft speed, the heat 
transfer exergies for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels are 17.1 W, 17.9 W, 18.5 W, 19.1 W, and 18.5 W 
respectively. It is observed that the heat transfer exergy flows of 
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JP5+HHO dual-fuel applications are higher compared to JP5 fuel alone. 
This is attributed to the increase in combustion gas temperatures due to 
H2 in HHO, thereby increasing the heat transfer rate with ambient 
temperatures. Additionally, when examining the EST values in Fig. 5, 
the highest values are achieved with JP5+HHO dual-fuel application, 
whereas the lowest values are obtained with JP5 single-fuel application. 
This indicates why heat transfer rates are higher in HHO applications. 
Generally, the highest heat transfer exergy currents are achieved with 
JP5+HHO 2 fuel, followed by JP5+HHO 1.5 fuel. The H2 in HHO pos
sesses high flammability and adiabatic flame temperature. Therefore, 
when combustion occurs, the temperature of the burned gases rises 
significantly, increasing the heat transfer rate in air-cooled engines. 
However, an excessive increase in the amount of HHO in the cylinder 
raises the O2 concentration and lowers the LHV of the mixture, leading 
to a decrease in combustion temperatures. As shown in Fig. 5, EST in
creases up to 2 L/min of HHO, but it decreases at 4 L/min of HHO gas. 
This is due to the excessive air/fuel ratio, resulting in weaker combus
tion conditions. Therefore, the highest heat transfer loss occurs with the 
JP5 + 2 L/min HHO dual-fuel application. Dhyani and Subramanian 
[70] also noted that increasing the H2 concentration in the cylinder 
raises combustion temperatures, which in turn leads to higher heat 
transfer losses. In general, in the 3250–6250 rpm shaft speed range, 
compared to JP5 fuel, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels show average increases in heat transfer exergy flows 
of approximately 3%, 8%, 10%, and 5% respectively.

Fig. 9 (d) displays exergy destroyed variation of JP5, JP5+HHO 1, 

JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. JP5+HHO dual-fuel application is observed to have a significant 
impact on exergy destroyed compared to JP5 single-fuel application. 
Close minimum exergy destroyed values are obtained at 3250 rpm and 
3750 rpm shaft speeds, whereas maximum exergy destruction occurs at 
6250 rpm shaft speed. For instance, at 3250 rpm shaft speed, the exergy 
destroyed of JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels are 15.5 kW, 15.0 kW, 14.7 kW, 14.1 kW, and 14.0 kW 
respectively. At 6250 rpm shaft speed, the exergy destroyed for JP5, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels are 
37.0 kW, 36.5 kW, 34.2 kW, 32.4 kW, and 30.9 kW respectively. 
Generally, between 3250 rpm and 6250 rpm shaft speeds, JP5 and 
JP5+HHO 1 fuels exhibit the highest exergy destroyed, while an 
increasing ratio in HHO dual-fuel application tends to decrease exergy 
destroyed. The improvement of the combustion process by HHO is the 
main factor contributing to the reduction in exergy destroyed. On the 
other hand, lower fuel consumption and lower exhaust exergy flows to 
achieve the existing power also contribute to lower exergy destroyed 
levels. The increase in heat transfer exergy at higher HHO ratios, how
ever, does not significantly affect exergy destroyed due to its very low 
amounts. In general, in the 3250–6250 rpm shaft speed range, compared 
to JP5 fuel, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 
fuels show average reductions in exergy destroyed of approximately 1%, 
4%, 8%, and 10% respectively.

Fig. 10 displays irreversibilities variation of JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
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speeds. The irreversibility of the two-stroke air-cooled engine are 
function of exergy destruction, and an increase in exergy destruction 
leads to increased irreversibilities. Fig. 10 shows that the use of HHO 
reduces engine irreversibilities, and this improvement becomes more 
significant at higher speeds. As engine speed increases, factors such as 
increased fuel injected into the cylinder and decreased volumetric effi
ciency contribute to increased irreversibilities. This results in longer 
combustion durations and increased combustion products, further 
increasing irreversibilities. At higher speeds, the use of JP5+HHO dual- 
fuel application increases H2 and O2 concentrations in the combustion 
zone, contributing to improved combustion processes and lower fuel 
consumption. Both reduced fuel consumption and improved combustion 
phase significantly contribute to reducing irreversibilities. At 3250 rpm 
shaft speed, the irreversibility value of JP5 fuel is 53.6 W/K, whereas 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels show 
reductions in irreversibility values by 3%, 5%, 9%, and 9%, respectively. 
At the maximum irreversibilities observed at 6250 rpm shaft speed, JP5 
fuel has an irreversibility of 128.4 W/K, while JP5+HHO 1, JP5+HHO 
1.5, JP5+HHO 2, and JP5+HHO 4 fuels show reductions in irrevers
ibility values by 2%, 8%, 13%, and 17%, respectively.

Fig. 11 displays exergy efficiency variation of JP5, JP5+HHO 1, 

JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at various shaft 
speeds. The two-stroke air-cooled UAV engine achieves its minimum 
exergy efficiency at 3250 rpm shaft speed, while maximum exergy ef
ficiency is attained at 5250 rpm shaft speed. For instance, at 3250 rpm 
shaft speed, the exergy efficiencies of JP5, JP5+HHO 1, JP5+HHO 1.5, 
JP5+HHO 2, and JP5+HHO 4 fuels are 3.6%, 3.7%, 3.8%, 3.9%, and 
3.9%, respectively. At 5250 rpm shaft speed, these efficiencies increase 
to 13.6%, 13.7%, 14.1%, 14.5%, and 15.1% for JP5, JP5+HHO 1, 
JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels, respectively. The 
dual-fuel application of JP5+HHO significantly contributes to higher 
exergy efficiency due to lower fuel consumption and reduced exergy 
destroyed compared to JP5 single-fuel application. In his study using 
diesel, biodiesel, and HHO fuels, Forero [71] reported that the exergy 
efficiency of biodiesel decreased compared to diesel, but that the 
application of biodiesel + HHO with the use of HHO had a higher exergy 
efficiency. Ferero attributed this to the increase in the amount of HHO, 
which enhances the content of H2 and O2 in the combustion zone and 
improves combustion. This is consistent with the findings obtained in 
the current article. In general, in the 3250–6250 rpm shaft speed range, 
compared to JP5 fuel, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels show average increases in exergy efficiency of 
approximately 1%, 4%, 7%, and 10% respectively.

3.4. Exergoenviromental analysis

In this paper, analyses are carried out by taking into account CO2 
gases released after combustion and known as greenhouse gases as 
exergoenvironmental effects. Fig. 12 displays exergoenviromental 
impact variation of JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels at various shaft speeds. Exergoenvironmental impact 
tends to increase as the shaft speed increases from 3250 to 6250 rpm. 
Minimum exergoenvironmental impact results are obtained at 3250 rpm 
shaft speed, while maximum exergoenvironmental impact results are 
obtained at 6250 rpm shaft speed. For example, running a two-stroke 
engine at 3250 rpm for one year results in exergoenvironmental im
pacts of 0.81 tons CO2, 0.82 tons CO2, 0.82 tons CO2, 0.82 tons CO2, and 
0.79 tons CO2 for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and 
JP5+HHO 4 fuels, respectively. Additionally, running the same engine 
at 6250 rpm high speed for one year results in exergoenvironmental 
impacts of 7.67 tons CO2, 7.75 tons CO2, 7.78 tons CO2, 7.89 tons CO2, 
and 7.64 tons CO2 for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels, respectively. Throughout all shaft speeds, the 
highest exergoenvironmental impact is achieved with JP5+HHO 2 fuel, 
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followed by JP5+HHO 1.5 fuel. This is because both fuels exhibit higher 
CO2 emissions compared to other fuels. In general, in the 3250–6250 
rpm shaft speed range, compared to JP5 fuel, JP5+HHO 1, JP5+HHO 
1.5, and JP5+HHO 2 fuels show average increases in exergoenvir
onmental impact of approximately 1%, 2%, and 4% respectively. 
Conversely, the exergoenvironmental impact of JP5+HHO 4 fuel is 
reduced by approximately 2% on average compared to JP5 fuel.

3.4.1. Exergoenviroeconomic analysis
Fig. 13 displays exergoenviroeconomic impact variation of JP5, 

JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels at 
various shaft speeds. When a two-stroke, air-cooled engine operates at 
6250 rpm over the course of one year, the highest exergoenvironmental 
economic impact values are observed due to CO2 emissions into the 
environment. For instance, running the engine at 6250 rpm for one year 
results in exergoenvironmental economic impacts of approximately 
€600/year, €606/year, €609/year, €617/year, and €597/year for JP5, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels, 
respectively. Conversely, operating the same engine at 3250 rpm for one 
year yields exergoenvironmental economic impacts of approximately 
€63/year, €64/year, €64/year, €64/year, and €62/year for JP5, 
JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, and JP5+HHO 4 fuels, 
respectively. When the engine operates between 3250 rpm and 6250 
rpm over the course of one year, the average exergoenvironmental 
economic impacts for JP5, JP5+HHO 1, JP5+HHO 1.5, JP5+HHO 2, 
and JP5+HHO 4 fuels are approximately €267/year, €270/year, €272/ 
year, €276/year, and €264/year, respectively.

4. Conculusions

In this study, experiments of an engine with JP5 aviation fuel and 
HHO gas in dual-fuel mode at different shaft speeds were carried out. 
The energy, exergy, exergoenvironmental, and exergoeconomic evalu
ations based on these experimental data yield several important 
conclusions. 

- Fuel Efficiency: The high diffusivity and enhanced oxygen content 
of HHO contribute to an average reduction in Brake Specific Fuel 
Consumption (BSFC) by 6%–11% compared to JP5. The use of 4 lpm 
of HHO leads to a 2% reduction in CO2 emissions.

- Exergy Efficiency and Reduction in Exergy Destruction: HHO’s 
positive impact on combustion improves fuel consumption and 

exergy efficiency. It also reduces exergy destruction, with a reduction 
ranging from 1% to 10% when increasing HHO from 1 to 4 lpm.

- Heat Transfer Exergy: Increasing HHO volume boosts combustion 
gas temperature, leading to a 3%–10% rise in heat transfer exergy.

- Exergoenvironmental and Exergoeconomic Impacts: While HHO 
increases energy and exergy efficiencies, it slightly elevates CO2 
emissions, leading to a 4% increase in exergoenvironmental and 
exergoeconomic impacts.

4.1. Recommendations for industry and R&D

To further explore the potential of HHO as a sustainable fuel addi
tive, the following recommendations are made. 

1 Industry Application: 
- Optimization of HHO Integration: Industries involved in UAV 

and small jet engines should consider optimizing HHO volume for 
fuel efficiency gains while monitoring environmental impacts. The 
current study shows that increasing HHO flow can reduce BSFC, 
but balancing this with emissions is crucial.

- Development of HHO Injection Systems: The development of 
advanced HHO injection systems to precisely control the flow rate 
(e.g., between 1 and 4 lpm) could allow for maximizing perfor
mance benefits while mitigating CO2 emissions.

- Pilot Studies in UAV Engines: UAV manufacturers and defense 
industries should conduct pilot studies using the JP5+HHO blend 
to explore its viability in real-world conditions, especially for 
military and commercial UAV applications where energy efficiency 
is paramount.

2 Future R&D Directions: 
- HHO Enrichment with Hydrogen: Future research should 

investigate enriching HHO with pure hydrogen to reduce carbon 
emissions, as indicated in this study. This could lower the exer
goenvironmental impact, making it an even more sustainable op
tion for the aviation industry.

- Advanced Combustion Techniques: Further research should 
focus on advanced combustion techniques (e.g., pre-chamber 
ignition systems) to enhance HHO combustion efficiency, thereby 
minimizing CO2 emissions while boosting exergy efficiency.

- Exploring Alternative Green Additives: Beyond HHO, re
searchers should explore other green additives or dual-fuel blends 
(e.g., biofuels or ammonia) that can further enhance engine effi
ciency while reducing environmental impact.

- Thermal Management Strategies: Research into thermal man
agement strategies could help better harness the increased heat 
transfer exergy caused by higher HHO volumes, potentially 
improving overall engine thermodynamic performance.

Generally, the use of HHO in dual fuel mode enhances energy and 
exergy efficiencies. However, it also leads to an increase in CO2 emis
sions, which contributes to higher exergoenvironmental and exer
goenviroeconomic impacts. In future studies, enriching HHO with H2 
could significantly reduce carbon emissions. This could lead to 
achieving lower environmental and economic impacts.
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