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Summary

The principle of operation of an engine with a pneumatic energy accumulator and a test rig built at
the Technical University of Lodz, Department of Vehicles and Fundamentals of Machine Design, have
been presented in this paper. The test rig was used to test a two-stroke spark-ignition IC engine with
a prototype energy accumulator situated in one of the engine cylinders. The instantaneous position of
the secondary piston of the energy accumulator was measured with the use of a laser sensor fixed on
the cylinder head and the measurement system has been described in this paper. A graph with typical
curves representing the engine cylinder pressure and the movement of the secondary piston in the
pneumatic energy accumulator has been included, too.

Many attempts have already been made to provide the spark-ignition IC engine with devices of
various kinds in order to improve engine performance characteristics. However, none of the solutions
proposed have found wider practical application. In the case of a pneumatic energy accumulator
with the new design concept as presented here, a broad spectrum of development possibilities can
be seen. Therefore, this article will be the first in a series dedicated to the testing and modelling of
a spark-ignition engine with a pneumatic accumulator.

Keywords: internal combustion engine, pneumatic energy accumulator, laser sensor, compression
ratio, secondary piston.

1. Introduction

The traditional piston-crank mechanism in spark-ignition engines has a constant
compression ratio. One of limitations to the compression ratio values stems from a hazard
of combustion with knocking, which must be avoided at the maximum engine load; it is
chiefly for this reason that the compression ratio of an average engine ranges from 8:1 to
11:1. In spark-ignition (SI) engines, the constant ignition ratio results in a drop in the general
engine efficiency with decreasing load. However, the idea of variable compression ratio
was actually passed over when engines were designed for series production; nevertheless,
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this may become a subsequent stage of the development of Sl engines in the future. There
are a great many designs of engines with variable combustion ratio, e.g. MCE-5, SAAB SVC
1.6L, or Lotus Omnivore.

In the solution covered in the patent application filed with the Patent Office of the
Republic of Poland under item P388876 [1] and described here, the compression ratio is
automatically controlled by a secondary spring-supported piston located in the cylinder
head and constituting, together with the associated components, a pneumatic energy
accumulator. Such a solution was tested in a two-stroke engine, with cylinder pressure
curves being measured at several loads at a selected engine speed.

2. Principle of operation of the engine with
a pneumatic energy accumulator

A schematic diagram of the construction of a pneumatic energy accumulator, taken from
the patent application, has been presented in Fig. 1. According to the description provided in
the application, there are two moving space dividers when cylinder valves are closed. The
first one is the crown of the piston (6), which is connected with the engine by kinematic
links; the face of the secondary piston (5) constitutes the other one. The behaviour of the
first space divider is defined by kinematics of the piston-crank mechanism. The movement
of the other one is controlled by the resultant of all the forces acting on the secondary
piston, i.e. thrust caused by the pressure prevailing in the engine cylinder, thrust of the
pneumatic springs, inertia forces, and friction forces.

The principle of operation of the engine with a pneumatic energy accumulator is as
described below. When the engine cylinder pressure overcomes the initial pressure in the
tank of the pneumatic spring (2) then the secondary piston (5) goes up and, simultaneously,
accumulates energy in the "tank-spring” (2). When the piston reaches its top position, the
elastic strain energy accumulated in the "tank-spring" comes to its maximum and all the
forces acting on the piston, including the inertia forces, balance each other. The energy
accumulated in the "tank-spring” is recuperated when the piston (5) goes back. Then, the
piston going down keeps the volume of the combustion chamber on a constant level thanks
to the energy of the "tank-spring.”" The piston approach to its bottom position is controlled
by a single-acting pneumatic spring (4) and a single-acting damper (3). The engine cycle
modification as presented, related to the end of the compression stroke and the beginning
of the expansion stroke, requires the pneumatic energy accumulator designed as a "tank-
spring” to be highly adaptable so that the cycle could be successfully performed in a wide
range of engine speeds and loads. This is achieved by changing the pneumatic spring (2)
rate in two ways: by changing the volume of the "tank-spring” with a movable baffle (1) and
by changing the pressure in the tank of the pneumatic spring.

The solution applied offers low mass of the secondary piston system, easy control, and
relatively compact and simple design.



Description of a rig for the testing of a prototype engine with a pneumatic energy accumulator 47

1. Movable baffle

2. Pneumatic spring to ac cumulate energy
(with controllable pressure)

3. Single-acting pneumatic damper
(with controllable damping factor; to dissipate the
kinetic energy of the secondary piston)

4. Self-acting spring
(to absorb the kinetic energy of the piston with
controllable pressure when the piston approaches its
bottom position)

5. Secondary piston

\ (with precisely specified mass)

\ 6. Piston-crank mechanism of the engine
N

Fig. 1. Principle of operation of the pneumatic energy accumulator.
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3.Testrig

The test rig, which was built when the work described in [2] was being done, has been
shown in Fig. 2, with the description of the test rig components having been limited to the
system part that was related to the supply of air to the energy accumulator. The system
built offered full electronic control of air pressure from a control console within a range
from 0,1 MPa do 1 MPa bars. Two pressures could be controlled, i.e. the pressures of the air
supplied to the main pneumatic spring (2) and to the auxiliary spring (4).
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Fig. 2. Test rig (schematic diagram).

4.Laser measurement of the position of the secondary piston

The position of the secondary piston (5) in the cylinder head of the two-stroke engine
was measured with the use of a laser distance sensor Baumer OADM 2016460/S14F with
measuring range of 30 + 130 mm, sampling frequency of 1.1 kHz, and linearity error of
0.2 mm.

A schematic diagram of the measurement method has been shown in Fig. 3. The
measurement was carried out in a measurement space, in which the secondary piston
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was moving. The measurement space was isolated from the environment because of
the overpressure prevailing in it. A laser beam going through a sight glass was reflected
from the measurement surface and returned to the sensor after having been deflected
by an angle that was a measure of the distance between the measurement surface and
the sensor. The measurement thus carried out was burdened with errors arising from
the refraction of light on sight glass surfaces, but tests carried out made it possible to
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estimate the error; at differential measurements, it could be ignored without detriment to
the measurement results. In the whole measurement space, there were particles of ail,
which lubricated and cooled the piston/cylinder system. The oil particles also settled on
the surface that reflected the measuring laser beam and on the perspex sight glass. This
caused the necessity of continuous monitoring of the system operation and resulted in
signal fadeouts, which entailed breaks in the measurements. During the breaks, the ail
was removed from all the surfaces and, at the same time, the technical condition of the
pneumatic energy accumulator was verified.

Engine vibrations were found to be another problem. They caused a physical phenomenon
of interference, which was liquidated by the application of a special device that fixed the
sensor on the cylinder head. This problem could be solved in two ways: either by fastening
the sensor very stiffly, but at a risk of damage to the sensor, or by using an elastic fixture
with a vibration damper. At the testing of the prototype, the latter method was employed
because of the specific sensor used, for which the acceptable working accelerations were
significantly limited.

In result of experiments, the upper surface of the piston was chosen as the element to
reflect the laser beam, because it was free of oil deposits. A drawback of such a solution
was small width of the measurement area, which required the sensor to be very precisely
positioned; moreover, the piston deformations caused by internal stresses could not be
taken into account. After an analysis of all the problems related to the measurements
carried out, it was found that the sampling frequency of a new sensor should be at least
15 kHz and its accuracy should be of the order of 0.1 mm. Only the use of such a sensor
resistant to high acceleration values and rigidly fastened to the cylinder head would ensure
adequate measurement accuracy.

5.Test method

The test was based on a requirement that the maximum pressure value should not exceed
that of the pressure occurring in the engine when the throttle is fully open.

This value was found at the initial stage of the tests to be about 4.5 MPa. Then, the
geometrical parameters and supports of the secondary piston were determined. Several
dozen measurements of pressure curves were also carried out for the modified cylinderin
ordertodevelop the energyaccumulatordesign.Following this, acomparative measurement
was carried out on a two-stroke engine. Pressure variations were simultaneously measured
in two outermost cylinders, the combustion chambers of which have been presented in
Fig. 4. Thanks to this, the results obtained for both cylinders could be directly compared
with each other in the selected ranges of engine speeds and loads. The analysis was
only carried out for the working points where the scavenging in the two-stroke engine,
resulting in asymmetry in the process of supply of air-fuel mixture to both cylinders, was
not disturbed. Moreover, the influence of the ignition advance angle and the mass of the
secondary piston on the cylinder pressure curve was also tested.
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Fig. 4. Combustion chambers of the two cylinders compared with each other.

6. Example of the measurement results obtained
for the two-stroke engine

An example of loops representing the secondary piston position (dashed line) and the
cylinder pressure (full line) vs. relative cylinder volume, superimposed on each other and
simultaneously measured on the two-stroke spark-ignition engine, has been presented
in Fig. 5. The working parameters of the engine were as follows during the measurement:
displacement of a single cylinder - 332 cm3; throttle opening angle - about 15%; engine
speed - 1400 rpm; maximum compression ratio - about 20:1.

The actual cylinder pressure vs. volume curve as presented in Fig. 5 visibly differs from
the standard pressure-volume curve measured for a two-stroke spark-ignition engine.
Undoubtedly, this has been caused by the functioning of the secondary piston present in
the combustion chamber. The movement of the secondary piston at its final stage could
be roughly described as oscillating motion with damped amplitude and visible logarithmic
damping factor, which evidenced correct functioning of the system to dissipate the kinetic
energy of the secondary piston (5) approaching its bottom position, spring (4) and damper
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Fig. 5. Actual cylinder pressure and secondary piston position vs. relative cylinder volume.

(8). The curve representing the movement of the secondary piston (dashed line) in Fig. 5
is visibly corrugated. This may be explained by insufficient sampling frequency of the laser
distance sensor, which "lost the signal” at higher speeds.

The pressure measurement was also disturbed, which resulted from interferences of
electrical nature, becoming particularly well visible in the range of low pressure values.
In spite of this, a "shelf" typical for the solution under consideration can be seen. This
represents the cycle part where energy recuperation takes place: temporarily, the cylinder
volume does not significantly change and, in consequence, the pressure remains constant
(hence the name).

7.Recapitulation

The structure of the pneumatic energy accumulator proved to be sufficiently durable for
the preliminary tests to be carried out. The test rig was developed to such an extent that all
the engine and accumulator parameters could be fully controlled. The energy accumulator
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characteristics such as mass of the secondary piston and pressures in the secondary
piston supporting springs were preliminarily selected and the impact of these parameters
on the cylinder pressure variations at the end of the compression stroke and at the
beginning of the expansion stroke was analysed. During the tests, the engine efficiency
at partial loads was found to have increased by 30% and no signs of combustion with
knocking were detected despite a very high compression ratio (21:1). Disturbances of
engine scavenging prevented the engine tests from being carried out at throttle opening
angles exceeding 50%. Moreover, when the secondary piston (5) approached its bottom
position, a pressure was found to occur in the spring (4) that was many times as high
as that supplied to the spring (2), which indicated that the mass forces in the system
reached very high values. The most troublesome task was found to be the measuring of
the secondary piston position with a laser distance sensor. Too low a sampling frequency
of the sensor made it impossible for a thermodynamic analysis of the system at higher
engine speeds to be carried out. The tests will be continued on a four-stroke engine with
the use of a laser sensor with specifications meeting the requirements in the full range of
engine loads.
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