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Abstract. The analysis of the distribution of thermal energy generated during the combustion process in
internal combustion engines and the estimation of individual losses are important regarding performance
and efficiency. The article analyses the energy balance of the designed two-stroke opposed piston diesel
engines with offset, i.e. the angle by which the crankshaft at the side of exhaust ports is ahead of the
crankshaft at the side of intake ports. Based on the developed zero-dimensional engine model, a series of
simulations were performed in steady-state conditions using the AVL BOOST software. The values of
individual energy losses, including cooling losses, exhaust gas losses, friction losses were obtained. The
influence of decreasing and increasing the offset on the performance of the tested engine was analysed.

1 Introduction
In aviation, both turbine and piston engines are used.
The choice of the drive depends on the assumptions for
the design of a particular aircraft. There is no doubt that
in the case of aircrafts that travel at relatively low
speeds, it is reasonable to choose piston engines. Such a
solution results directly from flight time which affects
the mass balance of the implemented drive and fuel. The
mass of the turbine engine unit, including the fuel, is
significantly lower than the weight of the piston engine
unit only on short flights [1, 2]. If there is no need to
move at high speeds, the reciprocating drive in airplanes
meets those expectations. For this reason, a testing of
internal combustion piston engines continues. In the
paper [3], the analysis of the air exhaust components of
the ASz62-IR piston was performed during the test
flight, while in [4] the authors dealt with the design of
the Rotax 912S air cooling system. In a study described
in [5], a Wankel engine supplied by synthetic fuels was
considered for the use in aircrafts. There is a different
distribution of thermal energy generated during the
combustion process in particular cylinders as a result of
the construction of the radial engine. Authors showed
combustion variability and uniqueness in the 9-cylinder
radial engine ASz62-IR [6]. Among the piston engines,
two-stroke engines which are characterised by higher
thermal efficiency compared to four-stroke engines
deserve particular attention. In addition, they provide
more unit power and their construction is simple due to
no timing system. Compared to four-stroke engines, they
are characterised by low losses of heat to the coolant,
while at the same time they have higher heat losses [7].
The body of literature devoted to the energy analysis
of two-stroke diesel engines is scant. Analyses of the
distribution of thermal energy generated in the fuel
combustion process and the estimation of heat losses are
*

particularly important for performance and efficiency.
One of the forms of energy flow presentation in an
internal combustion engine is the Sankey diagram, in
which individual thermal losses are presented as arrows
or blocks with a width proportional to the size of these
losses [8].

Fig. 1. Diagram of energy distribution in an internal
combustion engine.

In general, the thermal balance of the engine is based
on the measurement of mechanical energy and thermal
energy that the engine transfers to the outside. It is
possible to present an extended balance taking into
account the distribution of energy inside the cylinder. An
example of the balance equation is given by (1):
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increasing engine power. An example is the work [17]
which presents some tests of a diesel engine with an
asymmetric twin-scroll turbine.
One of the forms of reducing heat loss, or actually
recovering a part of lost heat in internal combustion
engines, is the use of the Rankine cycle or Organic
Rankine cycle (ORC). The paper [18] presents the
general characteristics of this method with particular
attention to the types of fluids that can be used in this
cycle. The authors of the work also focused on the
characteristics of fluids [19]. The work [20] shows that
the use of this method results in a more than a dozen
percent increase in thermal efficiency. The authors of the
work [21] proposed different configurations of the
exhaust gas energy recovery system based on the organic
Rankine cycle.
Changing the type of fuel in the engine may result in
a reduction of heat losses, as shown in the work [22],
where the use of hydrogen instead of gasoline reduced
heat loss to the cooling fluid with unchanged exhaust
heat loss. In addition, efficiency can be improved by
adding an additional fluid to the combustion chamber.
This type of research was performed in the work [23]
where the injection of water into the SI engine powered
by LPG and the effect of this process on thermal losses
were analysed. The effect of adding gasoline to diesel oil
on the performance and efficiency of the diesel engine
was examined in [24], while the heat balance of an
engine powered with diesel oil was compared with that
of an engine powered by a mixture of ethanol and diesel
oil in [25].
The efficiency of the diesel engine with a varying
intensity of turbulence inside the cylinder was also
investigated [26]. The research presented in this paper
shows that turbulence in the cylinder has a small effect
on indicated efficiency.
It is also possible to recover a part of lost heat energy
and convert it to electricity using low- [27, 28] and highpower [29] thermo-generators.
The purpose of this work is to analyse the
distribution of energy released in the fuel combustion
process depending on the offset occurring between
crankshafts in a two-stroke diesel engine with an antiroll cylinder system. The research works aimed to
examine what part of the power produced by the engine
is taken by the compressor, what energy losses occur due
to friction and as a result of heat escape to engine block
elements. Finally, a Sankey chart was presented showing
the energy distribution for a single work cycle of the
created engine model.

(1)

where: N – heat supplied to the engine in the form of
chemical energy contained in the fuel, Ne – useful heat
(24÷40%), No – exhaust losses (27÷38%), Nc – cooling
losses (26÷32%), Nf – friction losses (7÷10%), Nr – rest
of the energy.
The approximate ranges of individual losses for
spark-ignition engines are given in brackets. In practice,
these values strongly depend on the design of the engine.
In addition to usable energy which is used to drive
the crankshaft and external receivers, a significant share
in the engine energy balance is heat transmitted to
exhaust gases and heat received by the cooling system.
Both represent approx. 1/3 of the total energy supplied to
the engine. Another factor responsible for significant
energy losses (about 1/10 of supplied energy) is the
friction occurring in the crank-piston system. The
publication [9] analyses the change in the thermal
balance of a diesel engine depending on its load,
accounting for the number of individual losses. The
paper [10] presents the energy balance and performance
of a supercharged SI engine fuelled with natural gas. The
use of supercharging and the change of fuel from
gasoline to natural gas have resulted in an increase in
thermal efficiency by several per cent. In addition, it was
found that the increase in the load results in a percentage
reduction in thermal losses to the coolant. The paper [11]
presents the analysis of heat balance for two
supercharged diesel engines and one naturally aspirated
diesel engine. It was determined how much of the energy
supplied in the fuel is converted into useful work, the
heat contained in the exhaust gases and the heat
transferred to the walls.
Piston crowns, piston rings and a cylinder liner in
two-stroke engines show a significant thermal load due
to high turbulence and no stroke in which cooling would
take place, as it is in four-stroke engines. This results in
the need for intensive cooling of these elements or the
use of technological solutions that increase their
strength. An example of the latter is the use of special
TBC coatings, capable of reducing heat transfer from the
inside of the combustion chamber to the walls of the
cylinder and head. The tests performed in [12] have
shown that the use of this type of coating in a diesel
engine reduces by a dozen or so percent the amount of
heat discharged to the coolant compared to a standard
engine running at full load. At the same time, the heat
loss associated with the exhaust is increased by more
than 20%. The use of TBC coating slightly increases the
overall efficiency (brake thermal efficiency) [13, 14] and
improves the performance [15]. The paper [16] presents
the effect of using ceramic coatings on the energy
balance of a diesel engine.
The development of the construction of internal
combustion engines based on the Otto or Diesel cycle is
limited due to the fact that their efficiency limit has been
reached. Therefore, in order to improve their
performance, it is important to focus on the analysis of
losses and the attempt to minimise them.
The simplest form of recovering a part of lost heat in
the engine is the use of a turbocharger capable of

2 Engine model
A zero-dimensional engine model was developed in the
AVL BOOST software (Fig. 2). It is based on the first
law of thermodynamics, and the time variable is
independent. In addition, the method of spreading the
flame is not included there. The mass burning rate is
preset. A map of the Rotrex C30-64 compressor from the
manufacturer was imported to the model. In order to
improve the filling process behind the compressor, an air
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process is more effective. The offset for the tested engine
is shown in Fig. 3.

intercooler model was created. The basic engine
parameters are presented in Table 1.
Table 1. Basic technical parameters of the tested engine.
Engine type

Two-stroke opposed-piston diesel
engine

Type of scavenging

Uniflow performed by a mechanical
compressor with an intercooler

Number of cylinders

3

Bore

65.5 mm

Stroke

72 mm

Fig. 3. Offset as a difference in the piston phases.

Compression ratio

22:1

Take-off power

100 kW

Offset

14°

In this work, individual energy losses were analysed
depending on the assumed offset value. For this purpose,
three variants of the engine model were developed,
achieving the same power but differing in the offset
which was 10°, 14° and 20°. The same power for the
analysed cases was obtained by changing the gear ratio
between the crankshaft and the compressor shaft in the
Model Parameters module and by changing the
characteristics of the inlet and outlet ports in the cylinder
settings. The tests were performed for fixed engine
operating conditions for a maximum continuous power
of 86 kW at 4000 rpm. Assumed AFR equal to 24.5 and
the start of combustion SoC equal to -0.7°, Table 2
presents computational cases defined in the Case
Explorer module.

The combustion process was defined by the Viebe
function. This function is characterised by the rate of
heat release in the crank angle function and depends on
the following variables: start of combustion SoC,
combustion duration CD, curve parameter m and
parameter a, depending on how much of the fuel injected
will be burnt. [30] The following parameters of the
Viebe function were adopted in the model of the tested
engine:
- start of combustion SoC = -0.7°,
- combustion duration CD = 40°,
- curve parameter m = 0.7,
- parameter a = 6.9.
The heat exchange through the cylinder walls was
defined using the standard Woschni 1978 model. For this
purpose, the piston and cylinder surface areas and the
temperatures on their surfaces were introduced to the
engine model. In addition, the swirl ratio SR = 1.5 was
defined to account for the influence of turbulence of the
charge on the heat exchange coefficient h.

Table 2. Computational cases defined in the AVL BOOST
software.
Case
number
1
2
3
Case
number

Power

Offset O
(°)

Gear ratio
(-)

10

24.583:1

14

21.365:1

20

21.034:1

Maximum
continuous power,
86 kW

Engine speed
n (rpm)

Height of the
inlet ports
(mm)

1
2

Height of the
exhaust ports
(mm)
13

4000

10

3

13
15

3 Results and discussion
The simulation enabled us to establish the power
generated as a result of fuel combustion in one of the
cylinders of the engine under test for the defined
calculation cases. In addition, the value of effective
power on the crankshaft and the power values of
particular losses occurring during the engine operation
such as: power necessary to drive the compressor, power
friction losses, power lost in exhaust gases, power lost in
the cooling fluid, power lost in the intercooler. The
balance up to 100% supplements the other losses
including those of blow-by, radiation and heat transfer
through the connecting pipes. The values of individual

Fig. 2. The engine model created in the AVL BOOST
software.

The pistons in opposed-cylinder engines do not move
absolutely concurrently to improve the filling of
cylinders with a fresh charge. The crankshaft at the side
of outlet ports is ahead of the crankshaft at the side of
intake ports by a certain angle called the offset. As a
result of the earlier closing of outlet ports, the charging
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relation to the total amount of energy released as a result
of fuel combustion during a single engine operation
cycle. These shares are shown in Table 4, and for the
reference offset in Fig. 5.

losses for the defined calculation cases are presented in
Table 3.
Table 3. Calculated energy for different offset values for the
continuous maximum power.
Type of energy

O = 10°

O = 14°

O = 20°

Fuel power (kW)

237.8

222.5

223.8

Fuel power + cylinder
power (kW)

245.7

227.4

228.6

Effective power (kW)

85.9

85.4

85.7

Compressor power (kW)

18.7

11.6

11.5

Intercooler power (kW)

10.9

6.8

6.7

Cylinder power (kW)

7.8

4.8

4.8

Friction losses (kW)

16.6

15.9

15.9

Exhaust losses (kW)

89.8

84.0

85.6

Cooling losses (kW)

28.6

27.0

26.3

Other losses (kW)

6.1

3.5

3.6

Table 4. Percentage shares of the calculated power for
different offset values for the continuous maximum power.
Type of energy

O = 10°

O = 14°

O = 20°

Fuel power + cylinder
power (kW)

100%

100%

100%

Effective power (kW)

35.0%

37.5%

37.5%

Compressor power (kW)

7.6%

5.1%

5.0%

Friction losses (kW)

6.8%

7.0%

6.9%

Exhaust losses (kW)

36.6%

37.0%

37.5%

Cooling loses (kW)

11.6%

11.9%

11.5%

Other losses (kW)

2.5%

1.5%

1.6%

Fig. 4 shows the percentage change in the calculated
powers depending on the offset in relation to the
reference value equal to O = 14°.

Fig. 4. Percentage change of the calculated powers for different
offset values for the continuous maximum power.

Fig. 5. Sankey diagram showing the energy balance of the
tested engine for the offset of 14°.

The friction, exhaust and cooling losses for the offset
of 10° increased respectively by 4.1%, 6.9% and 6.0% to
the reference offset value. The power consumed by the
compressor increased by more than 60%. This increase
is due to the change in the gear ratio between the
crankshaft and the compressor. The power delivered to
the cylinder increased by 8%, which results from the
necessity of delivering more fuel in order to maintain the
effective power at a constant level in accordance with
the research assumptions. The increase in the offset
value to 20° results in a nearly 2% increase in outflow
losses and a 2.6% decrease in cooling losses. The power
consumed by the compressor dropped by 1% and the
friction losses decreased by 0.5%. The amount of energy
supplied per unit of time has not changed significantly
compared to the reference case.
On the basis of the determined power values, the
percentage shares of particular losses were calculated in

Fig. 6 shows the percentage shares of the calculated
power for different offset values for the continuous
maximum power. Regardless of the offset value, the
effective power and the power of the exhaust losses are
the largest percentage shares. The share of the power of
the exhaust losses slightly increases with the increase of
the offset value from 35% to 37%. The share of cooling
losses and friction losses for the assumed offset values is
maintained at a comparable level of 11-12% and 6-7%,
respectively. The share of friction losses, exhaust losses
and cooling losses decreases slightly for an offset of 10°.
For an offset of 20°, the exhaust losses increase, the
cooling losses decrease and the friction losses remain
unchanged. The share of power consumed by the
compressor at an offset of 20° was slightly smaller,
while for an offset of 10° it increased from 5% to more
than 7.5%, which is an effect of the change in the
defined ratio between the crankshaft and the compressor
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shaft. This translates into the decrease in the share of
effective power in the overall energy balance from
37.5% to 35%. The share of other losses including those
of blow-by, radiation and heat transfer through
connecting pipes constitutes an insignificant part of the
energy balance, and ranges from 1.5 to 2.5%.

balance. The cooling losses amounted to approx. 10%,
and the friction losses to approx. 7% of the total power
generated as a result of combustion of an air-fuel
mixture.
Decreasing the offset value in relation to the
reference results in decreased effective power. In order
to compensate for it and obtain models that provide the
same effective power, it is necessary to change the ratio
between the crankshaft and the compressor. This change
results in a significantly increased power consumed by
the compressor, which translates into a larger share of
energy contained in fuel. In addition, the shares of
friction losses, exhaust losses and cooling losses
increase.
The increase of the offset value relative to the
reference one results in a slight increase in the outlet
losses. The power consumed by the compressor, the
power of friction losses and the power of the cooling
losses are reduced.
This work has been realised in the cooperation with The
Construction Office of WSK "PZL-KALISZ" S.A." and is part
of Grant Agreement No. POIR.01.02.00-00-0002/15 financed
by the Polish National Centre for Research and Development.

Fig. 6. Percentage shares of the calculated power for different
offset values for the continuous maximum power.

Fig. 7 shows the difference in the percentage of the
calculated powers according to the offset in relation to a
reference value of O = 14°.
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