Case Studies in Thermal Engineering 79 (2026) 107783

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering
IL.SEVIER journal homepage: www.elsevier.com/locate/csite

Experimental and thermodynamic analyses of a two-stroke UAV
engine operated with gasoline-methanol blends

Erdal Tuncer

Istanbul Health and Technology University, Istanbul, Turkey

GRAPHICAL ABSTRACT

EFFICIENCY &
SUSTAINABILITY

FUEL BLENDS

TWO-STROKE EMISSIONS
UAV ENGINE TEST (CO, HC, CO2)
ARTICLE INFO ABSTRACT
Keywords: This study delineates experimental investigations and thermodynamic analyses conducted on a
UAV engine two-cylinder, two-stroke, air-cooled engine-standard for uncrewed aerial vehicles (UAVs)-oper-
Meihamﬂ ated with various gasoline-methanol fuel blends. Performance and emission metrics were ob-
Eﬁzr tained at five thrust levels (5, 10, 15, 20, and 26 kg) utilizing five distinct fuel blends (MO, M10,
Exerg M20, M30, and M40). The acquired data facilitated comprehensive evaluations of energy, exergy,

and sustainability. At lower thrust levels, the minimal fuel consumption was observed with MO; at
higher thrust levels, the minimum was recorded with M40. An increase in the methanol content
within the fuel blends resulted in a notable reduction in CO5 emissions; for instance, at a thrust of

E-mail address: erdal.tuncer@istun.edu.tr.

https://doi.org/10.1016/j.csite.2026.107783

Received 1 September 2025; Received in revised form 9 January 2026; Accepted 30 January 2026

Available online 6 February 2026

2214-157X/© 2026 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).



E. Tunger Case Studies in Thermal Engineering 79 (2026) 107783

26 kg, CO, emissions were 5.65% for MO and 3.91% for M40. The highest efficiencies in terms of
energy and exergy were achieved at a thrust of 15 kg across all fuel blends. Correspondingly, the
maximum sustainability index was determined to be 1.39 for M40 at a thrust of 15 kg.

1. Introduction

The ongoing increase in global energy demand, coupled with a predominant reliance on fossil fuels, raises considerable concerns
regarding energy security and environmental sustainability. Scarcity of fossil reserves, price fluctuations, and adverse ecological
impacts motivate the pursuit of alternative solutions, particularly within the transportation and aviation sectors [1]. The trans-
portation sector remains a principal contributor to global carbon emissions, thereby exacerbating climate change and associated
environmental challenges.

The rapid expansion of the Unmanned Aerial Vehicle (UAV) market has necessitated the search for more efficient and environ-
mentally friendly propulsion systems [4]. While conventional gasoline engines are widely used in small-scale UAVs due to their high
power-to-weight ratio, they suffer from relatively low thermal efficiency and high exhaust emissions. Consequently, researchers have
focused on alternative fuels such as alcohols (ethanol, methanol), biodiesel, and hydrogen to improve combustion characteristics and
reduce the environmental footprint of aviation engines. Alcohol-based fuels, in particular, have gained attention for spark-ignition (SI)
engines due to their renewable nature and oxygenated structure, which promotes cleaner combustion [7,9].

Among alcohol fuels, methanol is considered a promising candidate for UAV applications. Methanol possesses a high octane
number, which allows for higher compression ratios without knocking, thereby potentially increasing thermal efficiency [2].
Furthermore, the high latent heat of vaporization of methanol provides a significant cooling effect on the intake charge (charge
cooling), increasing the volumetric efficiency and power density of the engine. However, methanol also has a lower lower heating
value (LHV) compared to gasoline, which typically results in increased specific fuel consumption [8]. Several studies have investigated
gasoline-methanol blends in automotive engines, reporting reductions in CO and HC emissions [10,24,31]; however, the specific
application of these blends in two-stroke UAV engines and their impact on exergetic performance requires further detailed investi-
gation. Apart from standard blends, researchers have also investigated various fuel additives such as nanoparticles [16] and different
diesel-alcohol mixtures [17-19,23] to observe their effects on engine characteristics.

Despite technological advancements since the nineteenth century, internal combustion engines continue to play a central role in
numerous energy conversion systems. Their high power-to-weight ratio, low capital costs, extensive engineering heritage, and relative
ease of maintenance are critical factors contributing to their widespread utilization [2,3]. Although hybrid and electric propulsion
systems are rapidly advancing, internal combustion engines remain the predominant power source in many mobility and aviation
applications.

For uncrewed aerial vehicles (UAVs), internal combustion engines offer advantages such as extended endurance, rapid refuelling,
low weight, and high energy density, rendering them attractive for various mission profiles [4]. Two-stroke piston engines, frequently
employed in UAV applications, are preferred for their simple construction, high power-to-weight ratio, and cost-effectiveness. The
operational flexibility provided by these engines is significant for reconnaissance, surveillance, and logistics missions.

Electric propulsion offers benefits including near-zero local emissions, low noise levels, and high efficiency; however, the limited
energy density of batteries and range constraints restrict their applicability in long-duration or high-power UAV operations. Moreover,
inadequate charging infrastructure and limited battery lifespan sustain the practical relevance of internal combustion engines for
numerous UAV use cases [5].

Nonetheless, internal combustion engines face drawbacks such as relatively high fuel consumption, thermal management issues,
vibration problems, and harmful exhaust emissions. Mitigating these adverse effects—especially in environmentally sensitive appli-
cations like UAVs—while maintaining or enhancing performance constitutes a critical research objective. Reducing fuel consumption
offers operational advantages by decreasing take-off weight or increasing payload and endurance, which are vital considerations for
UAV missions.

Alternative fuels have emerged as promising options. Alcohol-based fuels, particularly methanol and ethanol, are appealing due to
their potential for renewable production, high octane number, low flame temperature, and intrinsic oxygen content, which can lead to
improved combustion characteristics in internal combustion engines [6].

Methanol, in particular, possesses attributes of interest. Its high latent heat of vaporization and oxygen content promote more
homogeneous mixture formation and stable combustion within the cylinder. These properties tend to reduce carbon monoxide (CO)
and unburned hydrocarbon (HC) emissions while increasing knock resistance. Although methanol is toxic, it can be produced from
biomass or natural gas, presenting a pathway towards potentially more sustainable fuel supply chains [7].

However, methanol's lower lower-heating-value (LHV) and high vaporization enthalpy may lead to increased fuel consumption
when used in high fractions [8]. Therefore, identifying optimal methanol-gasoline blending ratios is essential for balancing perfor-
mance and emissions.

A substantial body of literature has examined the effects of methanol-gasoline blends on engine performance and emissions. Many
studies indicate that low-to-moderate methanol fractions (e.g., 10-30%) reduce CO and HC emissions, whereas higher fractions may
result in efficiency losses and increased fuel consumption [9,10]. The impacts on nitrogen oxides (NOx) formation are mixed and
appear to depend on operating conditions.

Most existing research focuses on automotive engines. However, studies addressing small-displacement, two-stroke, air-cooled
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engines—particularly those used in UAVs—are scarce, and performance analyses based on energy and exergy are limited. This gap
represents a significant deficiency both in scientific literature and practical applications.

Conventional energy analyses primarily evaluate engine performance through quantification of energy flows, but they do not
account for irreversibilities or energy quality. Conversely, exergy analysis assesses the true available work potential of the fuel,
enabling a more comprehensive evaluation of engine performance [11,17,24].

The sustainability index, an important extension of exergy analysis, serves as a crucial metric for aviation applications. Values
exceeding one indicate sustainable operation. For UAV engines, this index reflects not only thermodynamic performance but also
environmental and operational sustainability, making it a valuable indicator in the context of future aviation regulations (e.g., ICAO
environmental standards, EURO 7).

Although thermodynamic analyses of internal combustion engines are widespread, exergy-based studies specifically targeting
small-scale UAV engines remain limited. Among the few existing studies, Balli et al. [12] performed a comprehensive exergy analysis
on a spark-ignition UAV engine (T620) and reported that the combustion process accounts for the highest exergy destruction, while
exhaust losses represent the largest waste exergy stream. Similarly, Ozcan et al. [13] evaluated the environmental performance of a
UAV engine and concluded that sustainability indicators improve significantly at higher engine loads due to reduced specific exergy
destruction. In another study, Balli and Ozcan [14] integrated exergoeconomic and exergoenvironmental methods, highlighting that
fuel cost is the dominant factor in the total cost of operation. Despite these valuable contributions, these studies have predominantly
focused on standard gasoline. To the best of the authors' knowledge, there is no study in the literature that investigates the exergy and
sustainability performance of a two-stroke UAV engine operated with gasoline-methanol blends. This study aims to fill this specific
research gap.

This research endeavors to address the existing gap through experimental testing of gasoline-methanol blends (M0-M40) on a two-
stroke, two-cylinder, air-cooled UAV engine. Performance and emission data were collected and utilized to perform energy and exergy
analyses, assessing fuel exergy, exergy destruction, exergy efficiency, and sustainability indices.

The primary novelty of this work lies in its comprehensive assessment of methanol addition, encompassing not only energy and
emissions but also exergy destruction and the sustainability index. The findings aim to provide direct guidance for alternative-fuel
strategies for UAV engines and insights relevant to future aviation environmental regulations.

In conclusion, this study is among the inaugural efforts to evaluate the exergy-based performance of methanol-gasoline blends in
UAV engines. The outcomes are expected to contribute to the scientific literature and facilitate the development of more sustainable
and environmentally friendly propulsion systems for small-scale aviation.

2. Materials and methods

In this investigation, the test engine constitutes a commercially available model presently utilization in unmanned aerial vehicle
(UAV) applications. From a technical perspective, the engine may be characterised as a two-cylinder, two-stroke, air-cooled, spark-
ignition (SI) engine. The experimental procedures were conducted within a climate-controlled laboratory environment under stable
ambient conditions (20 °C, 998 mbar, 52% relative humidity).

2.1. Test engine and technical specifications

The engine utilization in the experiments is produced by Erin Motor and is registered under the trade name Baykus. Its technical
specifications are detailed in Table 1. The engine has a maximum power output of 12 hp at 8000 rpm and is capable of producing a
maximum static thrust of approximately 26 kg at sea level.
2.2. Test fuels

The fuels utilization in the experiments were procured from a local petroleum company. Pure gasoline was mixed with methanol

(purity 99.5%) on a volumetric basis, and 2.5% synthetic lubricating oil (corresponding to a 40:1 ratio) was added to each blend to
ensure proper lubrication of the engine components. The blend ratios and their respective codes are detailed in Table 2.

Table 1

Test engine specifications.
Producer ERIN MOTOR A.S.
Brand/Model BAYKUS/H12
Max. Engine Power 12 Hp
Max. Engine Speed 8000 rpm
Number of Strokes 2
Number of Cylinders 2
Fuel Injection Type Carburettors
Stroke 36.5 mm
Bore 48 mm
Displacement 0.132L
Compression Ratio 9.3
Ignition Advance 20° CA
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Following preparation, all fuel blends were subjected to mixing in an ultrasonic stirrer operating at 50,000 Hz for 30 min, after
which they were promptly tested in the engine. The physical and chemical characteristics of the blends are summarised in Table 3. The
fundamental properties of the base fuels and their blends, including density, kinematic viscosity, and calorific value, were determined/
verified in accordance with the ASTM D4052, ASTM D445,ASTM D93 and ASTM D240 standards, respectively, as specified in the table.

2.3. Experimental Setup

The experimental configuration is depicted in Fig. 1. The engine was mounted on a custom-designed floating test bed to isolate
vibrations and allow for axial movement. The thrust force generated by the propeller was transferred via a horizontal linkage arm to an
S-type load cell (SC516C) securely fixed to the static frame. The load cell, which was calibrated with standard weights prior to testing,
continuously recorded the axial thrust force with a sensitivity of +0.03 kg. The propeller used was a 26-inch fixed-pitch carbon fiber
propeller optimized for UAV applications. Supplementary measurements encompass exhaust gas emissions, exhaust gas temperature,
cylinder surface temperature, and fuel consumption. Finally, an uncertainty analysis was conducted in accordance with methodologies
documented in the literature [39]. The measurement ranges, accuracies, and uncertainties of the sensors employed in the setup are
detailed in Table 4.

2.4. Experimental procedure

The experiments were conducted at thrust forces of 5, 10, 15, 20, and 26 kg, which correspond to the stable operating ranges of the
engine. At each thrust condition, measurements were taken for exhaust emissions, exhaust gas temperature, cylinder body temper-
ature, and fuel consumption. Each test was performed three times, and the average values were utilization to generate the results and
figures presented in this study.

The engine power was computed using the measured propeller diameter (26 inches), rotational speed, and thrust, employing the
widely accepted propeller coefficient relations (Ct, Cp) documented in the literature. The specific fuel consumption (SFC) was sub-
sequently calculated from the measured fuel flow and the computed power. Therefore, engine performance was assessed through the
propeller test stand without the use of a dynamometer.

Fuel consumption was determined using a dual-verification approach to minimize experimental uncertainty. Both volumetric and
gravimetric (mass-based) measurements were conducted simultaneously. The volumetric consumption was recorded using a gradu-
ated burette system and a stopwatch, while the mass depletion was monitored in real-time using a precision digital scale. The mass flow
rate was calculated from the gravimetric data and cross-checked with the volumetric readings to ensure consistency. Regarding the
engine operating conditions, the engine was not operated at a constant speed. Since the engine was coupled to a fixed-pitch propeller,
the rotational speed was a dependent variable determined by the aerodynamic torque of the propeller at each throttle setting.
Therefore, the experiments were controlled based on target thrust levels (5, 10, 15, 20, and 26 kg) rather than fixed engine speeds.

3. Thermodynamic analyses

This study encompasses both energy analysis, founded on the First Law of Thermodynamics, and exergy analysis, based on the
Second Law. Additionally, the sustainability index was computed. The control volume employed in the analyses is depicted in Fig. 2.

The engine cylinder was defined as an open thermodynamic system (control volume). Since the process involves mass transfer
(intake and exhaust) and a moving boundary (piston motion), the analysis considers the time-averaged steady-flow energy and exergy
balance equations over a complete engine cycle, treating the engine as a steady-state open system for the overall performance eval-
uation. Ideal gas behaviour was assumed for all working fluids, and kinetic and potential energy changes were neglected. The reference
environment for exergy calculations was taken as 20 °C and 1 atm. Steady-state conditions were assumed, and transient effects were
neglected.

3.1. Energy analysis

The fundamental objective of all internal combustion engines is to produce useful work. Since the engine power was transferred
directly to a propeller without a dynamometer, the effective power (P,s) generated by the engine was calculated using the propeller
thrust and rotational speed, based on the aerodynamic power coefficient (Cp) method commonly used in UAV applications:

Table 2
Fuel ratios and abbreviations.
Abbreviation Gasoline (%) Methanol (%) Synthetic engine oil (%)
MO 100 0 2.5
M10 920 10 2.5
M20 80 20 2.5
M30 70 30 2.5
M40 60 40 2.5
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Table 3
Fuel properties of test fuels.
Sample Calorific Value (MJ/kg) Density (@15°C) Kinematic Viscosity (@40 °C) Flashpoint (°C)
(kg/m*) (mm2/s)
MO 44.3 740 0.55 —45
M10 41.88 745 0.554 —45
M20 39.46 750 0.558 —45
M30 37.04 755 0.562 —45
M40 34.62 760 0.567 —45
Standard ASTM D240 ASTM D4052 ASTM D445 ASTM D93
Exhaust Gas Analyser

S Type Load Cell and Display

]

PCE-THB40
Thermohygrometer
[~ )

Fuel Measurement Systems

Propeller

UAV Engine

Fig. 1. Experimental setup.

Table 4
Measurement devices' accuracy and associated uncertainties.
Measured Parameter Accuracy/ Uncertainty/ Notes Brand and Model
Sensitivity Tolerance
Shaft Speed (rpm) 1 rpm +0.5% Includes resolution and repeatability UNI-T UT372 Digital Laser
uncertainty tachometer
Thrust (kg) +0.03 kg +0.02 kg Resolution and calibration-related Sensor-con SC516C Loadcell
uncertainty
Fuel Flow Time (s) +0.1s +0.1s Chronometer precision CASIO Hs-3v-1rdt Chronometer
Surface Temperature +2°C - Thermal camera accuracy FLUKE TIS Thermal Camera
Q)
CO (%vol) 0.001%vol +0.005%vol Device sensitivity combined with tolerance Bosch BEA 60 Gas Analyzer
CO,, (%vol) 0.01%vol +0.2%vol Device sensitivity combined with tolerance Bosch BEA 60
Gas Analyzer
HC (ppm vol) 1 ppm vol +12 ppm Device sensitivity combined with tolerance Bosch BEA 60
Gas Analyzer
0 (%vol) 0.01%vol +0.4%vol Device sensitivity combined with tolerance Bosch BEA 60

Gas Analyzer
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Fig. 2. Control volume used in thermodynamic analyses.

Pgy=p-n’-D°-C, @

where p is the air density (kg/m3), n is the rotational speed (rev/s), D is the propeller diameter (m), and Cp is the dimensionless power
coefficient. Specific fuel consumption (SFC), a critical performance metric, was calculated using the measured fuel mass flow rate and
effective power:

mfuel
eff

SFC=

x 3600 (2)

Applying the first law of thermodynamics to the control volume illustrated in Fig. 2, the steady-flow energy balance equation can be
expressed as:
Qin = Wnet + Qloss + Hexh 3)

The total energy input is primarily provided by the chemical energy of the fuel:

Qin =My - LHVjy 4

where g, is the fuel mass flow rate (kg/s) and LHV},, is the lower heating value of the fuel (kJ/kg). The specific LHV values for each
fuel blend used in the calculations are taken from the experimentally verified data presented in Table 3. The sensible enthalpy of the
intake air was neglected as it enters at ambient reference conditions.

Finally, the thermal efficiency of the engine is defined as the ratio of useful work output to the fuel energy input:

P,
N = Q_f: &)

3.2. Exergy analysis
While energy analysis is crucial for assessing thermal efficiency, it does not account for the quality of energy. Exergy analysis, on

the other hand, evaluates the maximum useful work obtainable from the fuel, thereby providing a more comprehensive performance
indicator. The general exergy balance for the control volume is expressed in Equation (6) [20].

EXgir + Expuer = EXyy + EXex + EXpear + EXqest 6)
Here, represents the exergy of the fuel (Exfuel), the exergy carried by exhaust gases (Ex,y), the exergy of heat transferred from the engine

6
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body (ExXhear), and the exergy destruction (EXgest)-
The exergy-based shaft power (Ex,,) represents the useful work output. Fuel exergy was calculated using the following empirical
correlations [21]:

Epyt = Mg 9LHVjq )

The exergy factor (¢) was obtained using Equation (8) [22].
h 0 a h
(/1:1.0401+0.1728E+0.0432E+0.2169E 1 72.06282 ®

Exhaust gas exergy was evaluated by first formulating the actual combustion reaction. The stoichiometric coefficients obtained
from the combustion balance were used to determine exhaust gas mass flow. In this study, the total exhaust mass flow (im,,) was
assumed to be 98% of the total mass flow entering the control volume. The specific exergy of the exhaust gas(e.) is composed of
physical (thermomechanical) and chemical exergy components:

Ee, = Eph + €ch ()]
The total specific exergy of the exhaust gas is expressed as the sum of thermomechanical (physical) and chemical exergy
components:
Vexh = Wim + Ven (10)
The physical exergy component, assuming ideal gas behavior, is calculated using temperature and pressure differentials relative to
the reference environment:
€iphy = p[ (Tiex) = To) = To In ({Tiey} /{To})] + R To In ({Piex) } / {Po}) (1n

where cp is the specific heat capacity of the exhaust gas, R is the gas constant, and subscripts ‘ex’ and ‘0’ denote exhaust and envi-
ronmental conditions, respectively. Since the exhaust discharges directly to the atmosphere, the pressure term (P, ~Py) is negligible.
The chemical exergy component is determined based on the molar composition of the exhaust species:

E{ch} =R To in In (};ﬁ) (12)

In Equation (12), x; represents the molar fraction of the i-th component in the exhaust gas, and y; represents the molar fraction of the
same component in the reference environment (atmosphere). The molar fractions of atmospheric gases were taken from literature data
[25].

The exergy of heat transferred from the engine body to the environment was determined according to Equation (13) [26]:

Exheat = Z (1 - %) Qloss a3

where Ts is the average surface temperature of the engine body, Ty is the ambient temperature, and Quss is the rate of heat loss
determined from the energy balance in Equation (3).
Entropy generation was evaluated using Equation (14) [27]:

. E
Sgen = -)’I(:iest 14
0

The exergy efficiency was finally obtained from Equation (15) [28]:
EXW
=== 15
e = Fer (15)
3.3. Sustainability analysis

The sustainability index, derived from exergy efficiency, was calculated using Equation (16). For internal combustion engines, a
sustainability index greater than one indicates acceptable sustainable operation [29].
1

SI=
1 T Nex

16)
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4. Results and discussion
4.1. Fuel consumption

Fig. 3 demonstrates the variation in specific fuel consumption (SFC). The findings suggest that the incorporation of methanol into
gasoline, as well as alterations in thrust load, considerably influence fuel consumption. The maximum fuel consumption was observed
with the M40 blend at a thrust of 5 kg, whereas the minimum fuel consumption was recorded with pure gasoline (MO0) at a thrust of 15
kg. As seen in Fig. 3, the specific fuel consumption (SFC) exhibits a non-linear trend with increasing thrust. The lowest SFC values were
observed at the 15 kg thrust level for all fuel blends, indicating the engine's most efficient operating point (best efficiency point) in
terms of thermal conversion. However, a significant change is observed as the thrust increases from 15 kg to 20 kg. In this range, the
engine transitions from a partial-load cruise condition to a high-load regime. To maintain the required torque and cooling at higher
loads (20 kg and above), the fuel metering system provides a richer mixture, leading to a noticeable increase in SFC. This effect is more
pronounced in methanol blends due to their lower heating value, requiring a higher mass flow rate to satisfy the energy demand at high
throttle openings.

This behavior is attributed to the physicochemical properties of methanol. Although methanol has a lower Lower Heating Value
(LHV) than gasoline, its high latent heat of vaporization significantly lowers the intake charge temperature, increasing the air density
and volumetric efficiency. Furthermore, at high thrust levels, air-cooled engines typically operate with richer gasoline mixtures to
manage thermal loads. The cooling effect of methanol reduces the thermal strain, allowing for more efficient combustion without
excessive enrichment. Additionally, the inherent oxygen content of methanol promotes complete combustion. These factors collec-
tively compensate for the lower energy content, resulting in reduced fuel consumption at high loads compared to pure gasoline.

This behavior can be attributed to the lower heating value (approximately 20 MJ/kg) of methanol, which is nearly 50% lower than
that of gasoline. The relatively modest decrease in power output is elucidated by methanol's high-octane number and lower latent heat
of vaporization, which can partially enhance combustion within the cylinder and compensate for the loss in heating value. Prior studies
have similarly indicated that the high latent heat of vaporization of methanol facilitates improved combustion efficiency compared to
gasoline by diminishing the effective energy consumed within the cylinder. In this regard, the present study aligns with the existing
literature [15].

4.2. Exhaust emissions

The analysis of carbon monoxide (CO) emissions at various load conditions, as presented in Fig. 4, demonstrates that the addition of
methanol contributes to a reduction in CO formation across all thrust levels. Specifically, at lower loads ranging from 5 to 15 kg of
thrust, CO concentration diminished from 2.97% with MO to 1.42% with M40. This decline can primarily be attributed to the
oxygenated characteristics of methanol, which enhance combustion efficiency and facilitate the complete oxidation of carbon to
carbon dioxide (CO,). Similar findings have been documented in existing literature, where methanol incorporation has been
consistently associated with decreased CO emissions [9].

As the thrust increases to levels between 20 and 26 kg, a general escalation in CO emissions is observed, attributable to mixture
enrichment, incomplete combustion processes, and higher in-cylinder temperatures at elevated loads. Nonetheless, even at a thrust
level of 26 kg, significant reductions in CO levels are evident with methanol addition, decreasing from 7.0% with MO to 3.20% with
M40.

Overall, the lowest CO emissions were recorded with the M40 blend, indicating that higher methanol content is most effective in
minimising CO formation. This observation is consistent with prior studies highlighting the CO reduction potential of meth-
anol-gasoline blends [10].

The variation of NOx emissions with load, as depicted in Fig. 5, demonstrates irregular patterns at low and medium thrust levels,

EMO EM10 mM20 mM30 M40

: I
0.0
5 10 15 20 26

Thrust(kg)

m

[=] [=] [=]
N w iS

Specific Fuel Cons.(kg/kWh)

=]
[

Fig. 3. Variation of specific fuel consumption (SFC) with thrust force for different fuel blends.
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Fig. 4. Carbon monoxide (CO) emissions at various load conditions.
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Fig. 5. Nitrogen Oxides (NOx) emissions at various load conditions.

with a pronounced increase observed at the highest load of 26 kg. This trend underscores the significant influence of combustion
temperature on Nox formation. At lower loads, cylinder temperatures tend to be relatively low, resulting in limited NOx production
ranging from 3 to 10 ppm. As the load increases, elevated combustion temperatures and pressures markedly elevate NOx levels,
reaching between 230 and 290 ppm. These observations are consistent with existing literature, which indicates that NOx emissions
tend to increase under high-load, high-temperature conditions [34].

The impact of methanol addition on NOx emissions exhibits complexity. At low and medium loads, no definitive reduction trend is
apparent, likely attributable to variations in combustion characteristics and the air-fuel ratio. Conversely, at high loads, methanol
content demonstrates a dual effect: at 26 kg thrust, NOx levels decrease from 260 ppm with MO to 230 ppm with M20, before rising
again to 290 ppm with M40. This suggests that moderate methanol concentrations can mitigate NOx emissions, whereas higher levels
may elevate in-cylinder temperatures, thereby enhancing NOx formation. Similar findings have been reported by Huang et al. [10] and
Verhelst [9]. Therefore, the optimal condition for minimising NOx emissions appears to be at intermediate methanol levels, such as
M20.

To assess the thermal characteristics of the engine and their correlation with pollutant formation, the surface temperature of the
exhaust muffler was monitored utilizing a thermal camera. The variation of surface temperature concerning thrust load is depicted in
Fig. 6.

Although these values represent the external surface temperature rather than the temperature of gases within the cylinder, they
serve as a valuable indicator of the comparative thermal load on the engine. As observed, the temperature generally increases with
engine load. However, at low and medium thrust levels (5, 10, and 15 kg), the incorporation of methanol resulted in a conspicuous
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Fig. 6. Exhaust Surface Temperature at various load conditions.

reduction in surface temperature compared to pure gasoline (MO). For example, at 5 kg thrust, the temperature decreased from
approximately 61 °C with MO to 51 °C with M40. This cooling trend aligns with the high latent heat of vaporization of methanol, which
absorbs significant heat during the intake and combustion processes.

While the surface temperatures at high loads (20 and 26 kg) displayed a converging trend between methanol blends and gasoline,
the overall lower thermal profile at partial loads substantiates the findings concerning NOx emissions. Since NOx formation is strongly
dependent on peak combustion temperatures, the observed cooling effect—even indirectly through surface measur-
ements—contributes to explaining the suppressed NOx levels presented in Fig. 5.

The variation of HC emissions with load (Fig. 7) indicates higher levels at low loads. For instance, at 5 kg thrust, HC emissions were
3873 ppm with MO and increased irregularly with methanol addition, reaching a maximum of 5650 ppm with M10. This trend can be
attributed to methanol's high latent heat of vaporization, which reduces in-cylinder temperature and impairs mixture homogeneity
under low-load conditions. Similar findings in the literature confirm that adding methanol can exacerbate HC emissions at light loads
[31]. As load increases, HC emissions decrease substantially. This decline is primarily due to higher in-cylinder temperatures, which
enhance combustion completeness. For example, at 15 kg thrust, HC emissions decreased from 2853 ppm with MO to 1451 ppm with
M30. At 26 kg thrust, HC emissions decreased from 5658 ppm (MO) to 2833 ppm (M30), effectively halving the emissions. These results
confirm that methanol's oxygen content facilitates more complete combustion at medium and high loads. Similar reductions in HC
emissions with alcohol addition have been extensively documented in the literature [9]. In conclusion, the optimal condition for HC
emissions was achieved with M30, especially at medium and high loads. Nonetheless, the increase in HC emissions with M10 observed
under low-load conditions highlights potential limitations during light-load operation.

7000
EMO EM10 EM20 EM30 mM40
6000
5000
'E 4000
Q.
=
Q 3000
2000 I
1000 } ii
0

Thrust (kg)

Fig. 7. Hydrocarbon (HC) emissions at various load conditions.
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Carbon dioxide (CO,) emissions serve as a significant indicator of the completeness of combustion. As illustrated in Fig. 8, CO4
emissions exhibit a consistent increase with rising load, reflecting augmented fuel consumption and combustion efficiency at higher
thrust levels. For instance, CO5 emissions escalated from 1.29% at 5 kg thrust to 5.65% at 26 kg thrust for MO. This trend aligns with
findings in the academic literature, which associate higher loads with increased CO, formation due to more complete combustion
processes [35].

The addition of methanol, however, consistently resulted in a reduction of CO, emissions across all thrust levels. Specifically, at 15
kg thrust, CO, emissions decreased from 2.91% (MO) to 2.15% (M40). At 26 kg thrust, emissions declined from 5.65% (MO) to 3.91%
(M40). This phenomenon can be attributed to methanol's lower carbon content and oxygenated structure, which facilitates lower CO4
output. Similar reductions have been documented by Verhelst [9] and Huang et al. [10]. Consequently, the optimal condition for
minimising CO, emissions was identified at the highest methanol content (M40).

4.3. Energy analysis

Based on fuel consumption data, the input fuel energy was calculated and is presented in Fig. 9. As expected, blends with higher
heating values provided higher fuel energy. Among the tested fuels, MO delivered the highest heating value at 44,300 kJ/kg, followed
by M10 (41,880 kJ/kg), M20 (39,460 kJ/kg), M30 (37,040 kJ/kg), and M40 (34,620 kJ/kg). Consequently, fuel energy was
consistently highest with MO across all load conditions.

At a thrust level of 10 kg, the fuel energy was determined to be 22.78 kW for MO, 22.10 kW for M10, 21.43 kW for M20, 20.92 kW
for M30, and 20.30 kW for M40. When operating at the maximum thrust of 26 kg, MO produced 52.05 kW, whereas M40 generated
only 36.00 kW. The relative difference between MO and M40 was approximately 7.4% at a low load of 5 kg, increasing to 30.8% at a
high load of 26 kg. This observation highlights the increasing influence of LHV at elevated loads. In summary, the addition of methanol
resulted in a modest reduction in fuel energy at lower loads, while a more significant reduction was observed at higher loads. These
findings are consistent with existing literature, which attributes the decreased energy output to methanol's lower LHV [36,37].

The results of thermal efficiency are illustrated in Fig. 10. The incorporation of methanol contributed to enhanced efficiency across
all load conditions. For example, at a thrust of 5 kg, efficiencies were recorded as 21. 1% (M 0), 22. 1% (M 20), and 22. 8% (M 40). Ata
thrust of 15 kg, efficiencies reached 25. 5% (M 0), 27. 98% (M 20), and 30. 5% (M 40). At a thrust of 26 kg, efficiency improved from
17. 3% (M 0) to 25% (M 40). These enhancements are attributable to methanol’ s oxygen content, which facilitates superior com-
bustion, and its high latent heat, which diminishes knocking and permits more advanced ignition timing.

Methanol, owing to its intrinsic oxygen content, enhances combustion and contributes to the formation of a more homogeneous
mixture within the cylinder. Additionally, its high latent heat of vaporization reduces temperatures within the combustion chamber,
thereby decreasing the tendency for knocking and enabling the use of more advanced ignition timings. These properties, particularly
under low and medium load conditions, lead to more efficient combustion, resulting in increased thermal efficiency. Specifically,
within the thrust range of 5-15 kg, the improvement in thermal efficiency relative to M 0 was approximately 1-5%.

At higher loads, the tendency of gasoline to operate under rich mixture conditions, coupled with the associated increase in heat
losses, reduces thermal efficiency. However, the addition of methanol helps to mitigate this decline. Notably, the M 40 blend
demonstrated a distinct advantage, achieving a thermal efficiency of 25%, in comparison to gasoline operation. These findings are
consistent with those reported in the literature. Sayin et al. [36] and Yilmaz et al. [37] emphasised that the oxygen content of methanol
enhances thermal efficiency, while Tutak et al. [34] and Atmanli et al. [38] attributed the improvements in efficiency, particularly at
medium loads, to methanol’ s combustion characteristics and its high latent heat of vaporization. The obtained results showed
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Fig. 8. Carbon dioxide (CO3) emissions at various load conditions.
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similarities with other studies in the literature [34,36-38].

4.4. Exergy analysis
This investigation involved the execution of an exergy analysis to determine the thermodynamic losses associated with gaso-
line-methanol fuel blends. The derived fuel exergy values are illustrated in Fig. 11. Upon review of the analysis results, it is evident that

as thrust increases, the exergy values similarly rise, attributable to increased fuel consumption. At lower load conditions, the exergy
values of the fuel blends demonstrate remarkable similarity; however, at higher loads, a significant decline in exergy values is observed
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Fig. 11. Fuel exergies at different thrust forces.
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concomitant with an increasing methanol ratio. For example, at thrust levels of 5 kg, 15 kg, and 26 kg, the MO fuel produced 17.7 kW,
27.2 kW, and 55.6 kW of exergy, respectively. Under identical conditions, the M40 fuel produced 16.7 kW, 23.1 kW, and 39.1 kw.
Consequently, the exergy of MO fuel was found to be 5.6% higher at low load, 15.1% higher at medium load, and 29.7% higher at high
load in comparison to M40 fuel.

The exergy of exhaust gases was calculated and is presented in Fig. 12. In internal combustion engines, the exergy of gases dis-
charged into the atmosphere constitutes a loss of energy. An increase in exhaust exergy correlates with a decrease in engine efficiency.
Consistent with existing literature, the efficient combustion of methanol ensures a reduction in exhaust exergy [11,33]. In this
investigation, the addition of methanol to gasoline (M10, M20, and M30) was observed to decrease exhaust exergy. However, when the
methanol content reached 40%, an increase in exhaust exergy was noted relative to M10, M20, and M30 fuels. For instance, at an
output of 15 kg thrust, the exhaust exergy values for MO, M10, M20, M30, and M40 fuels were 1.463 kW, 1.412 kW, 1.375 kW, 1.363
kW, and 1.471 kW, respectively. At a thrust of 26 kg, the exhaust exergy values for these fuels were 2.965 kW, 2.836 kW, 2.767 kW,
2.703 kW, and 2.756 kW, respectively.

When the proportion of methanol ranged between 10% and 30%, combustion efficiency improved due to its oxygen content,
resulting in a reduction of unburned gases and a consequent decrease in exhaust exergy. Conversely, at a methanol ratio of 40%, this
trend was reversed, and an increase in exhaust exergy was observed. This phenomenon may be attributed to the increased difficulty in
mixture formation at higher methanol proportions, disparities in flame propagation speed, and, particularly, in two-stroke engines, an
increase in unburned fuel losses during scavenging. Furthermore, due to methanol's high latent heat of vaporization, in-cylinder
temperatures may decline significantly, which can lead to incomplete combustion under full-load conditions and consequently in-
crease the exergy carried away by the exhaust gases. This observation aligns with existing research concerning “combustion instability
at high methanol fractions” [32].

Similar to exhaust exergy, the exergy of heat lost from the engine body to the atmosphere is also considered a loss. Thermal losses in
engines adversely impact performance. In this study, the heat dissipated from the engine body to the atmosphere was quantified, and
its exergy was subsequently determined, as presented in Fig. 13. At a thrust of 5 kg, the thermal exergy losses through the engine body
were found to be comparable across all fuel blends (0.92-1.04 kW). However, as thrust increased, the disparities between the thermal
exergies of the various fuel blends widened. For instance, at 10 kg thrust, the heat loss exergies for MO, M20, and M40 fuels were 1.46
kW, 1.32 kW, and 1.20 kW, respectively. At 26 kg thrust, the exergy of heat losses amounted to 3.93 kW, 3.04 kW, and 2.30 kW,
respectively, for the same fuels. Enhancing the methanol ratio in the fuel blends results in a reduction of the exergy associated with
thermal losses. For example, at 20 kg thrust, the exergy of heat losses for MO, M10, M20, M30, and M40 fuels were 2.87 kW, 2.54 kW,
2.20 kW, 1.90 kW, and 1.65 kW, respectively. An increase in methanol content results in a decrease in the thermal exergy lost from the
engine body to the atmosphere. The primary rationale for this phenomenon is that, owing to methanol's high latent heat of vapor-
ization, in-cylinder gas temperatures decrease, thereby reducing the temperature differential with the engine walls. This diminished
temperature difference limits heat transfer and consequently reduces the energy and exergy losses through the engine body.
Furthermore, the more uniform combustion facilitated by methanol suppresses local temperature peaks, thereby diminishing heat
losses. Consequently, even at elevated thrust levels, the body heat loss associated with M40 fuel was significantly lower than that of
MO. These findings align with existing literature indicating that methanol mitigates combustion chamber wall heat losses [30].

For fuels utilization in internal combustion engines, minimal exergy loss is advantageous because it signifies greater availability.
Exergy destruction denotes the portion of fuel exergy that remains unutilized. Consequently, reducing exergy destruction positively
influences engine performance enhancement. In the present study, the exergy destruction of fuel blends was quantified, and its
variation across different thrust levels is depicted in Fig. 14. At lower thrust levels, the incorporation of methanol into the fuel blends
did not produce a noticeable alteration in exergy destruction. Conversely, at higher thrust levels, exergy destruction exhibited a
significant reduction upon the addition of methanol [11,33]. Specifically, at 20 kg thrust, the exergy destruction of the M40 fuel blend
was 27.56% lower compared to that of the MO fuel blend, while at 26 kg thrust, it was reduced by 26%. Increasing the methanol
proportion in fuel blends contributes to a decrease in exergy destruction.

The primary reason for this reduction, particularly at higher loads, is the occurrence of more homogeneous and complete com-
bustion. The oxygen content within methanol facilitates the in-cylinder oxidation reactions and diminishes unburned hydrocarbons.
Moreover, due to its high latent heat of vaporization, a more balanced thermal profile within the combustion chamber prevents the
formation of excessively high local hot spots, thereby reducing irreversibilities. Synthesising these effects, the useable energy portion
of the fuel increases, resulting in decreased exergy destruction. However, since combustion stability tends to be more constrained at
lower loads, the influence of methanol addition was not as pronounced. The results obtained are consistent with existing literature
findings, which indicate that “methanol addition reduces exergy destruction at high loads” [32].

The exergy efficiencies of the fuel blends are depicted in Fig. 15. The peak exergy efficiency was attained at a thrust of 15 kg. At this
thrust level, the exergy efficiencies for MO, M10, M20, M30, and M40 fuels were recorded as 23.92%, 24.65%, 25.98%, 26.99%, and
28.08%, respectively. At 20 kg and 26 kg thrusts, exergy efficiencies declined in comparison to the 15 kg thrust. It was observed that
combustion losses increased as higher thrust was achieved. The augmentation of the methanol proportion in fuel blends resulted in
increased exergy efficiency [11,33]. At 10 kg thrust, the exergy efficiencies of MO, M20, and M40 fuels were 21.37%, 22.53%, and
23.59%, respectively. For the same fuels at 26 kg thrust, the efficiencies were calculated as 16.18%, 19.29%, and 23.02%, respectively.

The reason for the highest exergy efficiency at 15 kg thrust is that the combustion efficiency reached its optimal level at this
operating point. During medium loads, the air-fuel ratio is more balanced, and inadequate combustion alongside heat losses are
minimised. Conversely, at higher loads (20-26 kg), increased cylinder temperatures lead to elevated heat losses and irreversibilities,
along with a propensity for richer mixtures. This situation results in a reduction of exergy efficiency.

The enhancement of exergy efficiency with higher methanol ratios in fuel blends can be attributed to methanol's oxygen content,
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which facilitates more effective oxidation and diminishes unburned hydrocarbons. Furthermore, owing to methanol's high octane
number, combustion becomes more stable, amplifying efficiency differences, particularly under high load conditions. For instance, at
26 kg thrust, the M40 fuel achieved an exergy efficiency of 23.02%, approximately 7% higher than MO. These findings corroborate the
literature, which states that “methanol addition improves exergy efficiency at medium loads and limits the decline at high loads™ [32].

4.5. Sustainability analysis

The sustainability index is a crucial parameter utilization in exergy analyses. This index must exceed 1. In this study, the sus-
tainability indices were computed for various fuel blends and are depicted in Fig. 16. Consistent with exergy efficiency, the highest
sustainability indices were observed at 15 kg thrust. This suggests that the engine operates most efficiently at this thrust level. At this
point, the maximum sustainability index was calculated for the M40 fuel as 1.39. Similarly, at the same thrust, the sustainability
indexes for MO, M10, M20, and M30 fuels were 1.31, 1.33, 1.35, and 1.37, respectively.

The occurrence of the highest sustainability index at 15 kg thrust indicates that the engine achieved its most balanced performance
in terms of thermal and exergetic efficiency at this operating condition. At moderate loads, combustion stabilises more effectively, with
heat losses and irreversibilities minimised. Consequently, exergy efficiency reaches its peak, and the sustainability index increases
correspondingly.

The systematic increase in the methanol ratio correlates with a rise in the sustainability index. This is attributable to methanol's
oxygen content, which facilitates cleaner and more efficient combustion, thereby reducing CO and HC emissions and enhancing the
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useable fuel fraction. For instance, at 15 kg thrust, the M40 fuel attained a sustainability index of 1.39, approximately 6% higher than
MO. This finding aligns with existing literature indicating that “oxygenated fuel additives improve both exergy efficiency and the
sustainability index in engines” [11,33].

4.6. Limitations and future recommendations

While this study provides comprehensive insights into the exergetic performance of gasoline-methanol blends in UAV engines, it
has certain limitations. First, the experiments were conducted under sea-level conditions. Since UAVs operate at various altitudes, the
decrease in atmospheric pressure and air density at higher altitudes significantly impacts engine performance. As air density drops, the
mass of oxygen available for combustion decreases, leading to a richer fuel-air mixture if not compensated. This phenomenon typically
results in reduced volumetric efficiency, lower power output, and altered emission profiles compared to sea-level data. Therefore, the
results presented here may differ under high-altitude flight conditions. Second, the engine performance was evaluated using a fixed-
pitch propeller, which couples the engine speed directly to the thrust load. A dynamometer setup allowing for independent speed and
load control could provide a broader map of engine behavior. Finally, the analysis assumed steady-state operation, neglecting the
transient effects during rapid throttle changes common in UAV maneuvers.

Future research should focus on testing these fuel blends in an altitude chamber to simulate real-world flight conditions. Addi-
tionally, conducting in-flight tests with a UAV would provide valuable data on the practical applicability and transient response of
methanol blends.

5. Conclusion and recommendations

This study comprehensively investigated the performance, emission characteristics, and exergetic sustainability of a two-stroke
UAV engine fueled with gasoline-methanol blends (MO, M10, M20, M30, and M40) under various propeller thrust loads. The
experimental data and thermodynamic analyses lead to the following key conclusions:

Fuel Consumption and Efficiency: Fuel consumption exhibited notable variations depending on the engine thrust and methanol
proportion. At a cruise thrust of 15 kg, the M40 blend showed a 6.77% increase in fuel consumption compared to pure gasoline
(MO) due to its lower heating value. However, at a higher load of 26 kg thrust, M40 consumption decreased by 11.48%, indicating
improved efficiency at high loads.

Optimal Operating Range: The thermodynamic analysis identified the 15 kg thrust load as the engine's Best Efficiency Point (BEP).
The maximum thermal efficiency was recorded as 30.49% with M40 fuel at this load, while the exergy efficiency reached 28.08%
under the same conditions. This enhancement is attributed to the high octane number and improved combustion characteristics of
methanol.

Emission Reduction: Methanol addition significantly improved the environmental profile of the engine. A substantial reduction in
CO, emissions was observed with increased methanol proportions; for instance, at 26 kg thrust, CO5 emissions decreased from
5.65% with M10 to 3.91% with M40. This decline directly reflects the lower carbon content of methanol relative to gasoline.
Thermal Management and Durability: Alcohol-based fuels produced cleaner combustion with less soot formation compared to pure
gasoline. Additionally, the high latent heat of vaporization of methanol provided a cooling effect, which is beneficial for reducing
thermal stress on the engine components and mitigating NOx formation.

Strategic Advantage: The study confirms that alcohol-based fuels constitute an effective alternative for two-stroke UAV engines.
The utilization of these fuels offers crucial benefits regarding compliance with environmental regulations and contributes to the
reduction of the aviation sector's carbon footprint.

In conclusion, while methanol blends result in a slight penalty in volumetric fuel consumption at partial loads, they offer significant
advantages in terms of thermal efficiency, power output, and emission reduction. Future work should focus on flight tests at varying
altitudes and the development of optimized ECU maps to further capitalize on the properties of methanol.
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