
INTRODUCTION

With the beginning of the 21st century, in the 
automotive industry there has been a trend of re-
placing the internal combustion engines with the 
electric or hybrid engines. This trend is mainly 
due to the care for the natural environment and 
human health. Additionally, in other areas of 
transport, e.g. in aviation, there are more and 
more studies and development projects aimed 
at optimizing the design of aircraft propulsion 
systems [24, 12]. The basic goal currently set by 
the constructors is to reduce the fuel consump-
tion and the emission of toxic substances. One 
of the ways to significantly reduce the emission 
by aircraft propulsion is to change the design of 
a propulsion unit. In light aircraft and unmanned 
ships, a small piston engine is usually used as 
the main source of propulsion. The paper [11] 
presents the research on such engines. How-
ever, an interesting solution seems to be the use 
of an innovative construction of a diesel engine 

with opposed pistons for propelling this type of 
aircraft. The strength of a piston of this type of 
engine was analyzed in paper [19]. The general 
possibility of using the opposed piston engines in 
the future was presented in work [27]. Some pa-
pers focused on the development of the opposed 
piston engines [21, 18, 31]. There are also works 
in which the charge exchange system was studied 
[8, 10], or the effect of injection on the operation 
of this type of engine was analyzed [32].

Another issue is the fact that currently, the au-
tomotive industry is showing a trend of abandon-
ing the production of diesel engines, but their use 
in aviation is becoming more and more popular 
due to the advances in materials engineering that 
enabled the use of modern materials to reduce the 
mass of these engines. Similarly, it seems possible 
to use in aviation the modern high-pressure injec-
tion Common Rail technology, which has been 
dynamically developed since the early 1990s, 
as described in work [30]. Such aspects confirm 
that of using diesel engines in light aviation is 
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purposeful. The possibility of supplying a Diesel 
engine with the kerosene is investigated [23, 6].

In order to make use of any new drive pos-
sible, it must go a long way, starting with the con-
cept, through the design, to its mass production. 
This second step seems to be easier to do now 
than many years ago, owing to the possibility 
of using computer aided design and calculation. 
Currently, at the stage of engine design, after the 
assumption of its main technical parameters, it is 
possible to simulate its efficiency and processes, 
including combustion process, charge exchange, 
etc. under different operating conditions.

The computer aided design in the case of 
internal combustion engines is widely used by 
manufacturers. There are many works focusing 
on this subject. The general design process was 
described in paper [22]. The CFD models were 
presented in the works [28, 26, 3, 17]. The 1D 
models were also analyzed [25, 9]. All works 
proved that it is appropriate to use modeling for 
the design of drive units.

The authors of this publication also em-
ployed this method, using the AVL Boost pro-
gram, which is applied to model and simulate 
the work of piston engines.

One of the aspects to be taken into account 
during the design work is the compression ratio, 
which was proven in work [2]. The value of this 
parameter in the last 20-30 years has been re-
duced in diesel engines. The impact of the change 
of compression ratio on the engine performance, 
its combustion process and emission of toxic sub-
stances was described in works [4, 16, 1]. There 
are also works focusing on the operation of an al-
ternative fueled engine [14, 5].

It was possible owing to the introduction of 
high-pressure fuel systems (smaller drops, better 
atomization, possible self-ignition). The influence 
of the CR parameter on the engine performance 
was studied in works [15, 20, 29, 13], where the 
significance of the compression ratio influence on 
the performance of the engine was proved.

This paper attempts to determine how chang-
ing the compression ratio affects the performance 
of an opposed-piston diesel engine. The research 
engine is in the design phase and is intended to 
be used in light aircraft and unmanned aerial ve-
hicles. The basic technical parameters of the test 
object are presented in Table 1.

The purpose of the research conducted in this 
work was the analysis of the selected parameters 
of the two-stroke opposed-piston aircraft diesel 

engine depending on the compression ratio. The 
obtained results will enable the optimization of the 
engine design and will show what effect the com-
pression ratio has on the performance of the re-
search engine. Further work on the engine will al-
low the validation of the developed engine model.

ENGINE MODEL

The AVL BOOST software was used to ana-
lyze the impact of the compression ratio on the 
performance of the research engine. In this pro-
gram, a zero-dimensional engine model was cre-
ated, which was connected by a shaft to a me-
chanical compressor (Fig. 1). The model was 
created using block elements that characterized 
the work of specific engine components (TCP1 
mechanical compressor, CO1 intercooler, C1-C3 
engine cylinders  as well as intake and outlet lines 
marked with numbers). The defined MP measure-
ment points enabled flow parameters monitoring.

The zero-dimensional model of the engine is 
characterized by the fact that the thermodynamic 
parameters are calculated as average parameters 

Table 1. Basic parameters of the research engine

Type Compression-ignition engine
with opposed pistons

Number of strokes 2

Number of cylinders 3

Cylinder stroke 71.5 mm

Cylinder bore 92.6 mm

Maximum power 100 kW

Engine speed 4200 rpm

Scavenging type Uniflow with mechanical compressor

 
Fig. 1. The research engine model cre-

ated in the AVL BOOST software
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inside the combustion chamber, and the flame 
formation process is not taken into account. The 
key variable describing the changes taking place 
in the model is the time parameter. The flow 
through the ducts is modeled as one-dimensional, 
which means that the average flow values are cal-
culated for a given channel cross section. All the 
actually occurring flow losses are replaced by the 
corresponding flow coefficients.

In the case of a two-stroke opposed-pis-
ton engine with uniflow scavenging, the im-
provement of the charge exchange process is 
achieved by applying a phase shift between the 
engine shafts. This shift should occur between 
the shaft on the side of the inlet ports and the 
shaft on the side of the outlet ports. This phase 
shift is called an offset. For the engine tested, 
the assumed phase change was 14 degrees. The 
parameters characterizing the charge exchange 
process are defined in the cylinder settings by 

entering the inlet and outlet ports opening times 
and their effective flow areas.

The map of the Eaton TVS R900 mechanical 
compressor (Fig. 2) was introduced into the en-
gine model and the gear ratio between the engine 
shaft and the compressor shaft was defined. Its 
value was set to 1: 2.91.

The model defined by the Viebe function was 
adopted as the combustion model. It uses four 
parameters to determine the rate of heat release 
(ROHR) and mass fraction burned (MFB). These 
parameters are: start of combustion (SoC), com-
bustion duration, shape parameter m and addi-
tional parameter a.

The Woschni 1978 model was adopted as a 
heat exchange model. It is based on defining the 
temperature of selected surfaces on the engine 
components such as a cylinder head or a piston.

The operating points used to perform the simu-
lation tests are shown in Table 2. For each of the 
work points, a series of tests was conducted, differ-
ing in the compression ratio ε. The engine power for 
a given calculation point was adjusted by changing 
the start of combustion angle SoC (Table 3).

The compression ratio values for which the 
calculations were performed, were as follows: 
16, 17, 18, 19, 20, 21, 22. For the defined oper-
ating points, the values of the indicated mean ef-
fective pressure IMEP, peak firing temperature 
Tmax and peak firing pressure pmax, break specific 
fuel consumption BSFC and compressor power 
Nc were analyzed.

 
Fig. 2. Map of the Eaton TVS R900 compressor used in the research engine model [7]

Table 2. Engine operating points characterized by 
power, engine speed and air to fuel ratio (AFR)

Operating point Power 
(kW)

Engine 
speed (rpm)

AFR
(-)

Take-off power 100 4200 21.5

Maximum continu-
ous power 86 4000 24

Cruising power
at altitude H = 0 m 73 3800 26.5

Cruising power
at altitude H = 2300 m 73 3800 21.5
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SIMULATION RESULTS AND DISCUSSION

The figures shown in the following pres-
ent the results of calculations for the analyzed 
values of the compression ratio. The indicated 
mean effective pressure, peak firing pressure and 
temperature, break specific fuel consumption 
and compressor power were presented. Figure 3 
shows the indicated mean effective pressure for 
analyzed work points for selected values of the 
compression ratio. It can be seen that the obtained 
IMEP values are similar and do not differ by more 
than 0.01 MPa. This is due to the fact that in each 
case, the engine power was maintained at a con-
stant value and it was obtained by modifying the 
SoC values. The value of the IMEP for the ana-
lyzed engine work points slightly increases along 
with the value of the compression ratio. The re-
sults obtained show that a change in the compres-
sion ratio does not necessarily have a significant 
impact on the IMEP. This is because the start of 
combustion was modified during the experiment. 
This affected the course of the modeled working 
process of the engine, and in particular the heat 
development process in the cylinder. It should 
also be noted that for all variants of power output 

(take-off power, maximum continuous power, 
etc.) the trend of changes is similar.

Referring to the peak firing temperature 
(Fig. 4), it can be seen that increasing the CR 
causes a decrease in the value of this parameter. 
This is noticeable for each power value. This 
drop is over 160 K for take-off power. Such 
changes in the value resulted from the neces-
sity to change the SoC parameter in order to 
maintain constant power values. In all cases, 
increasing the compression ratio caused the 
need to delay the start of combustion.

While analyzing this parameter, it should 
be noted that the change is from about 1.7% 
for minimum power i.e. cruising power and 
3.6% for maximum power i.e. take-off power. 
For each power value, it can be concluded that 
an appropriate construction of the combustion 
chamber (compression ratio) and organization 
during the combustion process (start of combus-
tion, start of injection) can reduce the heat load 
of the engine combustion chamber.

The delay at the beginning of the combustion 
process shifted this process to the work stroke. 
At the same time, an increase of the compression 
ratio resulted in a raise of the maximum pressure 

Table 3. The start of combustion (SoC) values expressed in deg for the considered operating points determined by 
the power and compression ratio ε

ε (-) Take-off power Maximum continuous power Cruising power at H = 0 m Cruising power at H = 2300 m
16 -4.0 -4.0 -2.0 -4.0

17 -3.0 -3.0 -2.0 -4.0

18 -2.0 -1.5 -1.5 -3.5

19 -1.5 -1.0 -1.0 -3.0

20 -0.5 -0.5 -1.0 -1.5

21 1.0 0.0 0.0 0.5

22 1.5 0.0 0.0 1.0

 
Fig. 3. Indicated mean effective pressure in relationship 

to the compression ratio for defined operating points

 
Fig. 4. Peak firing temperature in relationship to 

the compression ratio for defined operating points
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in the cylinder. Only in the case of cruising pow-
er at 2300 m there is a maximum for CR equal 
to 19. In other cases, there is an upward trend. 
For the extreme CR values, the differences are 
around 1 MPa. It should be emphasized that in 
this case, the main factor that causes the increase 
in the maximum pressure is the increased value 
of the compression ratio. The increase in the 
value for CR = 19 for the take-off power and 
cruising power at 2300 m can be caused by the 
efficiency of the compressor.

The maximum pressure value was obtained 
for the take-off power and CR = 22 (Fig. 5). The 
obtained peak pressure values were reduced in the 
case of increasing the compression ratio by delay-
ing the start of combustion. It should be noted that 
for the maximum compression ratio values, the 
combustion begins after TDC, which is unfavor-
able due to the efficiency of the work cycle.

As with the previous parameters, the chang-
es in the maximum pressure in the cylinder also 
confirmed the effect of compression ratio. For 
each power variant, an average increase in the 

maximum pressure in the cylinder of about 1.6% 
was obtained. It can be concluded that the me-
chanical load will increase along with the com-
pression ratio. This is particularly important for 
relieving the bearings, piston pin, connecting rod 
and crankshaft. Therefore, when changing the 
CR, one should definitely take into account the 
strength of the above mentioned engine parts.

This is evident from Figure 6, which presents 
BSFC in relationship to the CR for subsequent 
operating points. It can be conclusively stated that 
the minimum break specific fuel consumption is 
observed for each operating point at CR = 20. 
However, the differences between the maximal 
and minimal values are not large and are equal to 
5-6 g/kWh. It can also be concluded that the set-
ting of start of combustion also has an additional 
effect on the minimum BSFC value. The differ-
ences obtained are no more than 2%. Therefore, 
it can be concluded that the effect of the compres-
sion ratio combined with a change in the start of 
combustion does not significantly affect the over-
all efficiency of the engine. However, due to its 
minimum value it is worth considering the impact 
of the compression ratio on the BSFC value dur-
ing the engine design.

Referring to Figure 7, the lowest power con-
sumed by a mechanical compressor was obtained 
for CR = 20 for all work points considered. For a 
given work point, the power does not change by 
more than 1 kW for the analyzed range of com-
pression ratio. It is due to the fact that the high-
est compressor efficiency occurred for this point. 
This is also related to the conditions prevailing in 
the cylinder (pressure) to which the compressor 
supplied the air. It should be emphasized that in 
the case of the two-stroke diesel engine, the com-
pression ratio modification changes the operating 

Fig. 5. Peak firing pressure in relationship to the 
compression ratio for defined operating points

Fig. 6. Break specific fuel consumption in relationship 
to the compression ratio for defined operating points

Fig. 7. Compressor power in relationship to the 
compression ratio for defined operating points
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conditions of the supercharging compressor. For 
CR equal to 18 and 19, the value of power con-
sumed by the compressor is close to the power 
corresponding to CR = 20.

Despite small changes in the power consumed 
by the mechanical compressor, they are in the 
range of 3 to 4%. The obtained minimum power 
value also occurs for CR = 20, which is reflected 
in the BSFC value for CR = 20. It can therefore be 
assumed that a compression ratio of 20 is optimal 
in terms of energy, i.e. for all operating conditions 
(take-off power, maximum continuous power, 
etc.) there is a minimum fuel consumption.

CONCLUSIONS

As a result of the simulation tests per-
formed on the created engine model, the way 
how the compression ratio influences the se-
lected engine parameters in the two-stroke op-
posed-piston diesel engine was analyzed. The 
tests were conducted for four characteristic 
work points of the engine.

The greatest impact of the compression ra-
tio occurred in the case of break specific fuel 
consumption. The minimum BSFC values were 
obtained for CRs equal to 18, 19 and 20. Fur-
ther increase or decrease of the analyzed pa-
rameter value results in an increase in break 
specific fuel consumption.

In addition, it was observed that the BSFC 
value is correlated with the compressor power, 
because also the minimum in the plot is present 
for this parameter. It should be noted that the ob-
tained curves for compressor power are flatter 
compared to the curves for BSFC.

The value of IMEP for a given work point re-
mained relatively constant due to the assumption 
made to maintain constant engine power. Peak 
firing pressure increased along with the com-
pression ratio, while in the case of peak firing 
temperature there was a downward trend. Due to 
the assumption of maintaining a constant power 
for a given working point, the pressure increase 
was compensated by a drop in temperature. In 
this way, the amount of energy released in the 
process was the same.

Further work on the model will focus on its 
validation based on bench tests. It will then be 
possible to perform an extended analysis of the 
impact of the compression ratio on the selected 
operating parameters of the research engine.
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