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Experimental research of two stroke aircraft diesel engine

This paper presents the results of experimental studies of the opposed-piston diesel engine. This engine was designed during one of
the stages of the research on a new-type drive unit for gyrocopter applications. In order to conduct research, a special test stand as well
as control and measurement systems were developed. As part of the work on the engine, the fuel injection system, engine temperature
control system and measurement systems were designed. In addition, a computer program has been developed for the fuel injection
system control (injectors, valves fuel pressure regulators). The paper presents the results of the preliminary tests for a single value of
engine speed (1500 rpm) and three values of load defined by torque. The measured value of the indicated pressure made it possible to

calculate the maximum pressure. The results obtained from the bench tests were analyzed.
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1. Introduction

Spark ignition engines are widely used for propulsion of
light aircrafts. In recent years, several diesel models (Thiel-
ert, SMA Engines) have appeared on the aviation market,
which effectively compete in this field with SI engines. The
innovative solution is the use of two-stroke opposed-piston
diesel engine for propulsion of aircraft. A completely new
type of propulsion requires a series of tests of such an en-
gine.

The basic method of testing internal combustion engines
are workplace tests using an electric brake and a set of
measuring sensors. One of the key measurement signals in
the engine test stands is the pressure signal in the cylinder.
It can be used to create an open indicator graph. A compari-
son of a number of such ranges for subsequent work cycles
allows for the creation of a dense indicator diagram. Its
analysis makes it possible to assess the phenomenon of the
uniqueness of subsequent work cycles, which may result
from unequal filling of the cylinder with a fresh charge or
an uneven combustion process. In addition, the pressure
signal in the cylinder allows for a series of additional ana-
lyzes: combustion process, heat load and heat efficiency,
mechanical load. On the basis of the pressure data for the
gas in cylinder it is also possible to calculate the work per-
formed by the gas acting on the piston [1]. Many publica-
tions focus on the analysis of the combustion process using
cylinder pressure. a method for performing a quick thermo-
dynamic diagnosis of the combustion process in a DI diesel
engine. Pressure signal analysis in time and time-frequency
do-mains can be used for detecting the start and the end of
combustion and the heat release peak [3]. Moreover, the
misfire phenomenon can be detected using the pressure
cylinder signal [4]. The analysis of cylinder pressure allows
for the investigation of start of combustion and calculation
of an accurate net rate of heat release indicator diagram in
the case of the dual-fuel engines study [5]. The cylinder
pressure signal can also be used to analyze the noise of
working engine. An example is work [6], in which the
method of analyzing noise generated during the combustion
process in a diesel engine was presented. A similar issue
was analyzed in the paper [7]. The pressure cylinder can be
used to control the operation of the engine. This method

was analyzed in the paper [8], which presents the control of
the closed-loop combustion process using the digital cylin-
der pressure signal in a diesel engine. A similar solution
was analyzed in the paper [9], where the cylinder pressure-
based control system (CPBC) for conventional diesel com-
bustion with high EGR levels was used. The authors of the
paper [10] presented the use of cylinder pressure to control
pre-mixed diesel combustion. The authors paid attention to
the control effectiveness of the real-time cylinder pressure
feedback.

In order to obtain an indicator diagram it is necessary to
use the following devices: a pressure sensor placed in the
cylinder, a position sensor of the crankshaft and a recorder.
The direct application of the pressure transducer in the
cylinder is limited for technical and economic reasons.
Direct measurement requires a high-performance pressure
transmitter capable of withstanding the difficult operating
conditions inside the cylinder. Flame front transducers are
expensive, have a limited lifetime and require some modifi-
cations to the design of the engine for their installation [11].
The authors of the publication [11] introduced the non-
parametric modelling techniques to reconstruct the cylinder
pressure in the diesel engine. In paper [12], an attempt was
made to reproduce the cylinder pressure signal based on
externally measured engine vibration signal.

The cylinder pressure signal can also be used to analyze
exhaust emissions. In [13], a neural network was used to
predict emissions of the direct injection diesel engine. The
authors of the paper [14] presented a method of real-time
estimation of engine-out particulate matter emissions of
a diesel engine using in-cylinder pressure signal.

The purpose of the research was to conduct a prelimi-
nary analysis of the unevenness of work of the newly-
designed two-stroke opposed-piston diesel engine. For this
purpose, experimental tests were performed on a test bench.
For the defined operating points, the value of pressure as
a function of time was obtained in one of the cylinders of
the tested engine. The registered signal was used to perform
the analysis of work uniformity. For the defined operating
points, a statistical analysis was performed and the average
value of the maximum cylinder pressure was calculated. In
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addition, based on the calculated ppax values, return maps
for the defined operating points were developed.

2. Research object and test stand

The tests were performed using a test bench located in
the laboratory of the Lublin University of Technology. The
basic element of test stand is the Electromyron EMX
100/10000 electric brake. Table 1 shows the basic brake
data. The engine was connected to the brake by means of a
shaft and an overload clutch. The test object was two-stroke
opposed piston diesel engine.

Table 1. Technical data of the EMX-100 brake

Brake type EMX-100/10000
Maximum power 100 kW
Maximum speed 10000 rpm
Maximum torque 240 Nm
Brake mass 250 kg
Turning direction any
Length of the measuring arm 0.370 m

This engine is a development version of a new construc-
tion designed for propelling ultra-light aircraft. The engine
is called PZL 100 and can generate 100 kW of power. The
basic design and functional assumptions for the engine are
summarized in Table 2. The engine in the development
version is shown in Fig. 1.

Fig. 1. PZL 100 engine on the test bench

Table 2. Basic parameters of the research object

Take off power 100 kW
Engine speed 4200 rpm
Number of cylinders 3
Bore 65.5 mm
Stroke 72 mm
Compression ratio 22:1
Scavenging Uniflow

As part of the tests, the pressure in the combustion
chamber of the first cylinder was measured. The engine has
been equipped with a pressure measuring system located in
the first cylinder. For this purpose, a mounting socket was

made in the engine block and cylinder liner in accordance
with the pressure sensor manufacturer's instructions. The
GH14D sensor from AVL was used to measure the pres-
sure. The sensor is shown in Fig. 2. It is a piezo-electric
sensor with a measuring range of 0-25 MPa. Signal condi-
tioning was performed with the AVL MICRO IFEM piezo

4CH SDC amplifier.
@
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Fig. 2. GH14D pressure sensor

In addition, a program for controlling the fuel injection
process was developed (using injectors and valves control-
ling the fuel pressure). The window of the developed pro-
gram is shown in Fig. 3. The engine is equipped with two
injectors per cylinder. This solution reduces the time of fuel
injection and enables precise distribution of fuel in the
combustion chamber. The PZL 100 engine control system
was made at Expansion Chassis from National Instruments.
It is a device designed for controlling and collecting data,
based on the Zyng-7020 FPGA chip. The platform used has
a built-in network interface that allows remote communica-
tion with the device. For testing the engine, a program was
developed in the LabView software from National Instru-
ments. Due to the need for precise control of injectors and
synchronization of the moment of injection occurrence with
the position of the crankshaft, the program had to consist of
two modules. The first module was responsible for the
synchronization and communication of the measuring card
with the executive card. The second module was written in
the LabVIEW RT software, which is used to create applica-
tions that work in real time.
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Fig. 3. The engine control panel window

The developed program allowed to set parameters such as:
— oil pressure in fuel rails,
— advance injection in relation to TDC (expressed in crank
angle),
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— duration of the first injection,

— duration of the second injection,

— offset of the next injection in relation to the previous
one.

The results were recorded using the National Instru-
ments 9215 measuring card. A program was also developed
in the LabView environment. During the tests, a sampling
and recording frequency of 100,000 Hz was adopted. The
indicated pressure in the first cylinder and the crankshaft
position signal were recorded.

3. Experimental results

The conducted tests were preliminary tests performed
after the first start of a new engine type. The purpose of the
research was to conduct a basic analysis of the unevenness
of engine work. Therefore, the tests were carried out at low
values of the rotational speed and the load determined by
the torque. For the defined speed value, the power generat-
ed was increased by increasing the fuel dose. This is con-
firmed by the value of the air—fuel equivalence ratio A
shown in Table 3. The lambda value was measured in the
exhaust system.

Table 3. Defined engine operating parameters

No. N [rpm] M [Nm] A
1 1500 11 45
2 1500 22 3.8
3 1500 31 2,9

Due to the interference, the signal was subjected to fil-
tration. A low-pass filter was used that removed the fre-
quency bands below 15,000 Hz. The result of this process is
presented in Fig. 4. Then the signal was converted using
a factor of 25.00758 bar/V. The time of one cycle for the
analyzed operating points was 40 ms at the engine speed
equal to 1500 rpm. During engine operation for the fuel
injection that initiated the combustion, the injector opened
at 0.4 ms (20° before TDC). The main injection was given
4.° pefore TDC, and the injector opened at 0.5 ms, 0.7 ms,
0.9 ms, respectively for three measuring points according to
Table 3. The obtained pmax Values were subjected to statisti-
cal analysis, specifying average values and standard devia-
tions.
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Fig. 4. The signal from the pressure sensor in the first cylinder

Figures 5-7 show cylinder pressure as a function of
time for 12 consecutive work cycles for defined operating
points. The maximum pressure in the cylinder that was
registered was equal to 57.19 bar. Analyzing consecutive

maxima for the three operating points, a significant pressure
fluctuation can be observed.
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Fig. 5. Fragment of the pressure in the first cylinder — operating point No. 1
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Fig. 6. Fragment of the pressure in the first cylinder — operating point No. 2
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Fig. 7. Fragment of the pressure in the first cylinder — operating point No. 3

Figures 8-10 show calculated maximum cylinder pres-
sure as a function of time for defined operating points. The
time of recording pressure signal was 32 seconds for all
analyzed work points.
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Fig. 8. Maximum cylinder pressure for operating point No. 1
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Even in the case of the smallest load there was a signifi-
cant fluctuation in cylinder pressure. For this working point
its value varied from 42.78 to 49.18 bar.
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Fig. 9. Maximum cylinder pressure for operating point No. 2

The increase in the load resulted in the reduction of
pressure instability in the cylinder. Its value for the 2nd
operating point varied from 41.32 to 46.16 bar. The average
value of pmax for this case was less than the value corre-
sponding to the 1st operating point.
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Fig. 10. Maximum cylinder pressure for operating point No. 3

Further increase in the load resulted in the occurrence of
single high pressure increases. For example, the average
value of pyax for this case was 47.64 bar, and the maximum
jump was 57.19 bar. The value of the maximum pressure in
the cylinder changed in the range of 40.95-57.19 bar.
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Fig. 11. Average value and standard deviation of maximum cylinder
pressure

Figure 11 shows the average value of maximum cylin-
der pressure and standard deviation of maximum cylinder
pressure for analyzed operating points. Due to unstable
operation, the increase in load did not result in an increase
in the average maximum cylinder pressure. For operating
point No. 2, a lower value of py.x was observed compared
to point No. 1. In the case of the third operating point, the
highest value of standard deviation occurred. This means
a large variation of pressure during the measurement.

Based on the results of the pressure measurement, return
maps for the tested engine were developed. The return map
shows the relationship between the given work cycle and
the next cycle for the selected engine operation parameter.

Figure 12 shows the return maps for the maximum cyl-
inder pressure for the considered operating points.
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Fig. 12. pmax return maps for the analyzed operating points

For all the work points considered, there was a signifi-
cant dispersion of the measurement points. This means that
the engine operation was not stable under given conditions.
The distribution of points along the line confirms that the
maximum pressure is unstable. At the same time, it can be
concluded that the subsequent values depend on the previ-
ous values.

4. Conclusions

The paper presents experimental results of two-stroke
opposed piston engine tests. The measurements performed
on the test bench made it possible to register the pressure in
one of the engine cylinders.

The recorded signal was subjected to filtration. Maxi-
mum pressure values were obtained for the analyzed oper-
ating points, which were subjected to statistical analysis. In
addition, return maps for p,ax Were developed.

A significant fluctuation in cylinder pressure was ob-
served, which translated into unstable operation. The meas-
ured pressure for analyzed operating points ranged from 41
to 57 bar.

As part of further work, optimization of the injection
process and control algorithm is planned.
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Nomenclature

Cl

compression ignition

CPBC cylinder pressure-based control system

EGR

Sl

exhaust gas recirculation
spark ignition
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