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Abstract. The increasing public awareness of the negative impact of harmful substances emitted as a result of the
operation of vehicles powered by internal combustion engine on health and the environment has contributed to the
dynamic development and popularization of alternative propulsion systems. The main development trend are
electric drives; however, some manufacturers are looking for new solutions, among which the pneumatic drives
can be distinguished. One of the advantages of this type of propulsion is the possibility of adapting currently used
combustion engines to compressed air supply. The paper concentrates on presenting solutions applied by
researchers to propulsion conversion, on the basis of which own concept is proposed. The modification process of
a single-cylinder two-stroke engine for compressed air supply was described. The adaptation of the solenoid valve
parameters as an actuator of the cylinder filling system was performed. This type of design allows for the start of
the cylinder filling with compressed air at any time in relation to the crankshaft rotation angle. A functional
diagram of the control process operation of the engine power system was developed which enables its correct
operation. An important element of the system, in terms of the optimization of engine operation, was the
opportunity to have an impact on selected power supply parameters. The purpose of this paper is to demonstrate
the potential of utilizing existing components of an internal combustion engine to build a power unit, which does
not require a combustion process to generate torque. The presented method of propulsion system conversion will
allow for the popularization of compressed air supply system as an alternative propulsion source.
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Introduction

Conventional internal combustion engines as a stand-alone propulsion source are slowly being
displaced from the market due to increasingly higher CO2 emission standards imposed on vehicle
manufacturers [1]. One of the alternative supply systems is the use of compressed air. This solution,
invented in the 19th century, has frequently returned as an alternative for other sources of
propulsion [2; 3]. Despite the many advantages of compressed air drives, limited emphasis is being put
on their development. With regard to electric drives, which are currently the most popular alternative
source of propulsion [4], they do not require the use of expensive and still not ecologically friendly in
production batteries [5]. The great advantage is the possibility of using existing internal combustion
engines and their components for converting power supply [6], thus the carbon footprint left by the drive
is reduced already at the manufacturing stage. This is also contributing to the greatest popularity of
solutions using reciprocating engines [7], although other proposals of unconventional solutions can also
be found, including the following: scroll engine [8; 9], rotary engine [10], vane engine [11]. A
disadvantage of pneumatic drives is the problem caused by the low energy density of the compressed
air [12]. As a consequence, it is complicated to provide enough space in the vehicle for compressed air
tanks of sufficient capacity to ensure an adequate operating range. An important element in the design
of an air engine is the proper selection of the air dosing element to allow for the correct time and moment
of supply. This could reduce compressed air consumption, which will contribute to improved
performance. There are various types of air dosing elements, including mechanical solutions [13], or
solutions using solenoid valves.

Conversion of the internal combustion engine to compressed air supply

In the literature many studies can be found on the conversion of the internal combustion engine to
the compressed air supply [14-16]. Due to the fewer range of modifications, a two-stroke engine is
usually used as the base of the propulsion unit. The most important stage of modification is the ensuring
of appropriate dosage of compressed air in order to achieve efficient operating parameters. In the internal
combustion engine, the timing system is responsible for the delivery of the charge to the cylinder. Over
the years, a variety of solutions have been developed to enable, among other things for variable valve
timing [17] or valve lift variation [18], in order to obtain the most efficient performance with sufficient
economy. Those systems are designed to operate on four-stroke engines, what does not favour them to
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be converted to compressed air power. In two-stroke engines, the timing is commonly realized through
the exposing of the appropriate channels in the cylinder when the piston moves. The advantage of this
solution is that there is no necessity to use separate engine timing components. The disadvantages are
the symmetry of the timing system and the lack of ability to affect on the timing of the opening or closing
of the channels in the engine. It is especially undesirable in the case of conversion to other fuel supply
sources, due to the necessity for changes in valve timing relative to the fuel supply [19]. In addition, in
most of the two-stroke engines, the load in the form of fuel mixed with oil and air is drawn into the
crankcase, from where it reaches the cylinder through the scavenge channels. In this way, lubrication of
the engine is also realised. This system is not suitable with a compressed air supply. A solution is the
relocation of the compressed air intake from the intake channel to the engine head allowing it to enter
directly above the piston. In the cylinder heads of spark-ignition internal combustion engines there is a
space for the spark plug, which is unnecessary in the case of power conversion. This location is well
suited for the placement of the compressed air inlet. In addition to the air dosing element for the engine
4, the pneumatic system consists of components, such as 1 compressed air tank, 2 air filter, 3 pressure
regulator, 5 expanded air outlet.
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Fig. 1. Pneumatic system scheme of an engine supplied by compressed air

Compressed air dosing element solutions

Researchers in studies present various methods of compressed air supply. One of the simplest
solutions is to use a mechanically opened valve. An example of such a solution is presented in [20]. The
valve consists of a ball pressed by the air pressure and a spring into a seat in the cylinder head Fig. 2.
The ball is placed in a perforated tube, which is its guiding element. A pin is mounted on the piston,
which has the task of lifting the ball, causing the valve to open. As the piston moves downward, the
valve automatically closes itself. The problem with the design is that the valve begins to open even
before the piston reaches TDC (Top Dead Centre). The compressed air supply to the engine then creates
resistance to the piston approaching TDC, resulting in a decrease in external engine performance.
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Fig. 2. Scheme of compressed air engine with mechanical valve:
1 —tank; 2 — valve; 3 — dosing valve; 4 — piston with rod [18]

In paper [21], the authors used a pneumatic valve as the compressed air dosing element with
mechanical control using a roller lever (Fig. 3) built with 1 main valve, 2 pilot valve, 3 servo piston,
4 roller lever. In this case the valve remains normally closed and opens when pressure is applied to the
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roller lever. The load is applied by a ring with a suitable cam, attached to the output of the engine
crankshaft. The timing of opening and closing of the pneumatic valve in relation to the crankshaft
rotation angle is determined by the shape of the cam pressing on the valve. The opening of the outlet
canal is realized through a port in the cylinder exposed by the piston. In order to work as precisely as
possible, the valve should be as close to the cam as possible, which results in it being located at a certain
distance from the cylinder head. This can lead to a delay in valve operation due to the time required for
the air to enter the inlet port in the cylinder head, which must be taken into account when setting the
valve timing. In addition, at higher rotational speeds the valve can have problems with the correct
opening time, which causes the supply air to become a resistance to the moving piston. The authors were
able to achieve stable operation for rotational speed of 600 r.-min.

Fig. 3. Pneumatic valve with lever [19] Fig. 4. Valve mounted on engine [19]

Another solution is to use a pneumatic solenoid valve. The operation of this valve can be controlled
only electronically, which gives a wide range of configuration possibilities for the timing of valve
opening and closing. Another advantage is the valve opening time - it has a delay caused by the valve
opening process, however, it is shorter than in the mechanical valve. A similar solution has been applied
in prototype internal combustion engines to control valve operation [22; 23]. The capability of high-
precision controlling of the combustion process contributes to its improvement, which improves
performance and lowers the emission of exhaust gases. Despite this, this solution has never been
implemented mainly due to the reliability of the system. However, in case of pneumatic prototype
engines, a more important factor than reliability is the possibility of wide range of adjustment the
parameters of the power unit. For example, the opening of the solenoid valve can be performed by a
magnetic connector controlled by a magnet [6] attached to the flywheel or by a dedicated controller. In
the first case, the solution does not allow to differentiate valve opening and closing parameters according
to, for example, engine rotational speed. As a result, efficient performance is achieved only at a certain
range of rotational speeds. This may also lead to problems with stable operation at different rotational
speeds, similar to the concept with a lever valve. The advantage is lower cost of the system and low
complexity.

Object of the analysis

As the base for supply conversion, a single-cylinder two-stroke engine of 50 cm3 capacity from a
moped was used [24], Fig. 5. Due to the research character of the conversion, it was decided to use a
solenoid valve 2 for dosing compressed air situated in the place after the spark plug. Standard pneumatic
solenoid valves usually have inch threads; therefore, it was necessary to modify the threads in the engine
head to enable installation of elements with the use of reduction adapter. It was also necessary to remove
some of the motor cooling ribs in order to place the valve as close to the cylinder head as possible. When
powered by compressed air, there is no combustion process generating heat, so this will not have a
negative impact on the engine temperature. Furthermore, in the engine the serial elements of the supply
system have been removed, and the intake canal 1 together with the flushing canals 3 have been blinded.
The lack of fuel-oil mixture supply causes a problem with engine lubrication. It was decided to use
lubrication from the gearbox, by making suitable holes to allow oil to pass between these components.
The compressed air engine is not exposed to thermal stress, which contributes towards not having to
ensure a very efficient lubrication system. Numerical studies [19] have shown that it is desirable to
modify the compression ratio of the engine. The original compression ratio is 9.2:1 [24], which can
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result in a higher pressure at the end of compression than the assumed supply pressure of 8 bar. This
will have a negative impact on the proper running of the engine. For this purpose, shims were used
between the cylinder and the cylinder head of engine 4 to change the compression ratio.

Fig. 5. Engine supply conversion [17]

Selected compressed air dosing element

In this study, it was decided to use a pneumatic solenoid valve 2M15 with an operating range up to
a pressure of 16 bar, Fig. 6. This valve is normally closed, and 12V DC is required for its activation. In
the closed position, a plunger 1 with a membrane 2 rests on a seat in the housing 4. The plunger is
positioned in a guide pipe 3, mounted in the housing 4, sealed by an O-ring 5. A set of two springs 6
makes the valve in the closed position and the membrane rests on an inlet nozzle in the housing. Solenoid
9 is mounted on guide of the plunger 3 and secured by the washer 7 and the nut 8. When energizing the
solenoid, the plunger 1 together with the membrane 2 rises allowing the air flow. When fully opened,
the valve has a flow diameter of 4.5mm. This value has been verified by numerical calculations and
should be sufficient to achieve an adequate flow rate.
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Fig. 6. Cross-section of the used solenoid Fig. 7. Operating diagram of the solenoid
valve (description in the main text) valve control system

The used pneumatic solenoid valve delivers air directly to the cylinder chamber by 12V activation
signal. Opening time of the valve is controlled by information from the encoder relating to the position
of the crankshaft and engine speed. The time range for valve opening depends on the valve operating
setting that can be adjusted by the controller. In order to accurately determine the appropriate timing of
the signal for valve opening, the valve response time from the actuation should be determined, as well
as the opening and closing times, as presented in the works [25; 26] in order to increase the precision of
the dosed air and the timing of its delivery to the cylinder chamber.

The described engine in the course of calculations with the use of a simplified mathematical model
consisted of a mechanical part, describing relations resulting from the mechanics of the crank-piston
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system, and a pneumatic part, determining the change of pressure acting on the piston [27], achieving
the parameters as follows: the power P; = 0.78 kW at speed np1 = 2460 r.-min! and the torque T; = 3.71
Nm at speed nry = 1413 r.-mint, respectively. These results can be compared to the performance of a
mechanical valve engine [21]. Both engines have a similar design, their displacement is similar, being
50 cm® and 60 cm? accordingly. In the second case, the engine was able to operate at a maximum speed
of 600 r.-min? achieving a power output of P, = 0.17 kW, and T, = 1.87 Nm. The variation among other
things is due to the greater controllability of the valve opening parameters. In both cases, the achieved
engine speed is lower than in the stock internal combustion engines. This is due to insufficient valve
opening time at higher speeds, mainly due to the delay in operation.

Conclusions

The paper focuses on the issues of converting an internal combustion engine to compressed air
supply. It has been decided to choose a pneumatic solenoid valve as the compressed air dosing element.
The power unit is controlled by a dedicated controller. This design, after conducting experimental tests
and adjusting operating parameters, can be used as a kit for modifying a specific internal combustion
engine to run on compressed air. The next stage of work is to develop a testing station that allows to
optimize the operation of the drive unit and to compare the results obtained by numerical methods. An
expansion of the design is to use the solenoid valve to control the exhaust valve as well. This would
allow for an even greater range of control of the air motor’s operating parameters.
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