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Abstract

Gasoline engines are increasingly popular for use in small unmanned aircraft
requiring endurance due to the specific energy of gasoline (47.3 MJ-kg™") and
its cost effectiveness. However, gasoline is volatile and it poses a health haz-
ard. In this work, isopropanol is proposed and investigated as viable fuel for
small gasoline engines. Isooctane is used as a benchmark for performance
comparison. The field testing reveals that isopropanol offers similar running
performance and ease of starting. The maximum output power of isopropanol
is surprisingly found to occur at a more advanced ignition timing compared
with isooctane. The significant outcome of this study is that isopropanol can
readily be used as a replacement fuel for existing engines without the need for
any modifications to the ignition module or the engine itself.
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1. Introduction

Unmanned aerial vehicles (UAVs) are becoming well-adopted for various civi-
lian applications, particularly in the areas of aerial photography, inspections,
land surveying and mapping [1]-[6]. Spark ignition (SI) gasoline engines are of-
ten the practical choice to power these UAVs that require flight endurance be-
tween 2 to 5 hours due to the following attributes: gasoline has a relatively high
specific energy of 47.3 MJ-kg™', the affordability of gasoline fuel, and a wide se-
lection of commercially available gasoline model engines with power density
ranging approximately from 2.1 to 3.2 kW-kg™" [7] [8].

However, besides from giving off a lingering petroleum odor [9], gasoline fuel
and its exhaust residues present potential health hazards especially during en-

gine tuning, trouble-shooting, transportation of the UAV's, manual refueling and
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storage. Engine carburetors and external fuel pumps are primary sources from
which gasoline vapors enter the air and inhalation is a common route of expo-
sure [10]. Gasoline vapors contain about 90% alkanes and 2% aromatics (0.9%
benzene) [10]. Moreover, gasoline may be carcinogen and many scientists be-
lieve there is no safe level of exposure to a carcinogen [9].

Alternative fuels include hydrogen and alcohols. Hydrogen has one of the
highest specific energy contents (141.86 MJ-kg™') but being a gas at room tem-
perature, hydrogen faces numerous challenges when it comes to practical im-
plementations including safe storage, fitting the bulky pressurized storage tank
within the limited space of a civilian UAV and a significantly lowered effective
specific energy [11]. The first four aliphatic alcohols, namely methanol, ethanol,
propanol and butanol are of interest as fuels because they can be synthesized
chemically or biologically [12]. Furthermore, they have characteristics which al-
low them to be used in internal combustion engines [12]. Methanol is not suita-
ble for endurance UAVs as it has only about half the energy density of gasoline
and it is toxic [12]. Propanol and butanol are considerably less toxic and have
significantly higher energy densities [12]. The specific energy contents of pro-
panol and butanol are 33.4 and 36.1 MJ-kg™', respectively [13]. These attributes
would make them potential fuels for endurance UAVs powered by SI engines
where manual refueling process is required. Given the potentials of these fuels,
ethanol, butanol and isopropanol blends have been extensively studied [14]-[19].
However, there has been very little study on the viability of isopropanol as neat
fuel for SI engines.

In this work, we therefore proposed and investigated the use of isopropanol as

neat fuel for SI engines to be used in endurance UAVs for civilian applications.

2. Experimental Setup and Procedures

The test engine used in this study was the Evolution® 10GX with a displacement
of 10 cc [20]. The original electronic ignition module that came with the engine
was used for the field testing but the stock muffler was replaced by the more
compact E-3071 from O.S. Engines for easier installation. A tachometer was
connected to the ignition module to provide engine speed in real time. An adap-
ter plate was designed and machined from a 5 mm birch plywood to enable the
throttle servo (Hitec HS-82MG) to be placed in a more strategic position. The
engine drove a Xoar 13 x 6 wooden propeller. The entire assembly was then
mounted onto the firewall of a 20 cc Yak 54 (Seagull Models) as shown in Figure
1. An external 12 V electric starter was used to start the engine by cranking on
the spinner.

A small piece of magnet has been embedded into the engine drive hub (facto-
ry-assembled). The ignition module is triggered by the falling edge of the mag-
netic field. A Hall sensor was included with the engine and pre-installed close to
the engine drive hub (Figure 2). A simple Arduino code was written to accu-
rately detect the crank angle at which the falling edge occurred. With the help of
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Figure 2. Side view of the engine showing the preset position of the
Hall sensor.

a digital inclinometer, the spark plug was found to fire at crank angle (CA) 28° +
0.5° before top dead center (BTDC). The ignition position can be moved closer
to the top dead center (TDC) by simply changing the position of Hall sensor
(after loosening its 2 locking screws). The closest allowed position from TDC
was measured to be 24°. Likewise, the Hall sensor may be slide in the opposite

direction away from the TDC to fire the spark as early as 32°. A different Hall
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sensor with a custom mounting bracket would be installed if the required spark
firing position exceeded 32°. It was expected that optimized ignition positions
for the fuels could be found by varying the Hall sensor position in the range of
24° to 32° BTDC.

The GX10 manual recommends a minimum oil content of 4.8% (20:1) pre-
mixed into its gasoline fuel [21]. Based on this guidance, a 5.0% oil content
(Klotz® TechniPlate® KL-200) was selected for premix into the isooctane. In the
case of isopropanol, 4.0% oil content was used and this was derived by stoichi-
ometry while ensuring the same amount of oil flowing through the engine at
wide open throttle (WOT). Table 1 shows a summary of the fuel characteristics
involved in this study [13] [22] [23].

Table 1. Fuel specifications.

Water  Density Molecular mass Specific energy

Fuel Vend Grad
ue endor rade %) (grem) (gmol!) (MJ-kg™!)
Isooctane  Fisher Scientific ~ A.R. 0.01 0.690 114.23 47.9
Isopropanol Fisher Scientific =~ A.R. 0.01 0.785 60.10 33.4

3. Results and Discussion

The engine was found to start easily with the isopropanol fuel at field tempera-
ture of 30°C in shade. It started within 1.5 seconds when cranked using the ex-
ternal electric starter and the ease of starting was similar to that of isooctane.
However, being an alcohol fuel, some heating might be required for ease of
starting in colder weathers. Once the engine has warmed up, the engine was
tuned at WOT for maximum engine speed (and hence peak output power). With
the Hall sensor at preset position, the optimal settings of the needle valve for the
isooctane and isopropanol were approximately 1.13 and 2.38 turns, respectively
and this was consistent with the fact that isooctane has higher energy density
than isopropanol. The engine running on isopropanol was found to have steady
idle and excellent throttle response. A short video showing the throttle response
is available as Video 1. Figure 3 is a snapshot showing the test engine running at
2800 RPM on isopropanol.

Figure 3. The test engine running on isopropanol.
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The Hall sensor position was then varied to determine the optimal timing. For
each sensor position, the needle valve was fine-tuned at WOT to ensure the
maximum engine speed has been correctly obtained. It was observed that the
needle valve was largely unaffected by the change of the ignition position. The
collected results were as presented in Figure 4. The maximum engine speeds
obtained were used to generate calculated static thrusts [24]. In the calculations,
the local altitude was entered as 15 m above sea level and custom propeller type
was selected, with K, = 0.81 and K, = 0.69. The calculated static thrusts were
shown in Figure 5. At maximum engine speed, both isooctane and isopropanol
produced comparable static thrust. The data in Figure 4 indicate that the isooc-
tane achieved a maximum speed of 9260 RPM at 30° £ 1° BTDC and this optimal
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Figure 4. Maximum engine speed as a function of ignition position for both fuels.
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Figure 5. The corresponding calculated static thrusts produced by the propeller.
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timing was in excellent agreement with the value reported in the literature [25].
The isopropanol achieved a similar maximum speed of 9200 RPM but at a more
advanced timing of 35" BTDC. It has been widely reported that, in general, al-
cohols have faster flame propagation speeds compared to isooctane [26] [27]. It
was therefore a surprise that the isopropanol demonstrated a need for its igni-
tion position to be advanced, rather than retarded.

A plausible explanation for the unexpected result might be related to the effect
of cylinder pressure on the flame propagation speed. It has been shown that un-
der laminar conditions, the flame propagation speed of isooctane slowed with
increasing cylinder pressure [28]. It is therefore possible that isopropanol exhi-
bits greater sensitivity to increased cylinder pressure resulting in a significantly
slower flame propagation speed compared to isooctane. Nevertheless, future
work involving realistic in-cylinder conditions is needed to ascertain the exact

mechanisms leading to isopropanol having a more advanced ignition timing.

4. Conclusion

This study proposed and investigated isopropanol as a potential neat fuel for
endurance UAVs. Field testing using a commercially available gasoline engine
with its stock ignition module revealed that the isopropanol fuel resulted in
steady reliable idle, in addition to excellent throttle response. Furthermore, the
10 cc test engine powered by isopropanol started within 1.5 seconds when
cranked with external electric starter. The maximum output power at an ignition
timing of around 35° CA BTDC was on par with that of isooctane. The signific-
ance of this study is that, apart from shifting the Hall sensor to a more advanced
position, isopropanol can readily be used as an alternative fuel to gasoline which
contains potentially carcinogenic components. This will bring enormous health
benefits to operators of gasoline powered civilian UAVs that often require ma-
nual refueling. Use of isopropanol will also mitigate the issues of indirect expo-
sures to gasoline fumes and exhaust residues during regular maintenance and
transportation of the UAVs. The detailed mechanisms that led to isopropanol
requiring a more advanced ignition timing at wide open throttle compared with

isooctane will be the subject of future study.
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