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Abstract
Civil aviation has been going through continuous development since the invention of jet engines. Still,
with the continuing increasing demands, there are still challenges to be faced in order to meet the emis-
sion goals. Even with operational improvements, novel combustion technologies with hydrogen and
drop-in fuels and increased component efficiencies, there is still need for more efficient engines. Previ-
ously, the increase in engine efficiency was achieved through increasing Overall Pressure Ratio (OPR),
Bypass Ratio (BPR) and Turbine Inlet Temperature (TIT). This method is approaching its limit for the
conventional Joule-Brayton cycle. The current high BPR engines reach a BPR of 12 which results in
a 85% propulsive efficiency where 93% is the theoretical limit. So, already the propulsive efficiency of
conventional state-of-the-art turbofan engines are already quite high. On the other hand, the thermal
efficiencies of conventional turbofan engines are only around 45-50%. The OPR of the state-of-the-
art turbofan engines reach around 60. Further increase from an OPR of 50 to 70 in the conventional
Joule-Brayton cycle will only result in a 3% efficiency improvement. So, increasing OPR further in the
conventional Joule-Brayton cycle is not a viable option. Due to higher OPR, the TIT will also be higher.
Especially reaching 1800K, NOx production increases significantly. To summarize, there is much more
room for improvement in the thermal efficiency of turbofan engines and new technologies to tackle this
are needed to meet the ACARE 2050 goals.

There has been efforts made to define the main loss sources in the conventional turbofan. The
main loss sources are found to be: combustor loss, core exhaust loss and bypass flow loss. The
most prominent loss, combustor loss, is caused by the irreversibilities caused by heat addition through
internal combustion. It is argued that this loss can be mitigated by the use of a composite cycle that
uses a constant volume process along with the conventional turbofan cycle. With this method, OPR
on the order of 150 could be reached through isochoric combustion than shaft work. The free piston
composite cycle engine concept (FP-CCE) is a novel concept that aims to increase the core efficiency of
the future aircraft engines. In the FP-CCE concept, a free piston engine is placed between the HPC and
the combustor. The free pistons energize the flow using constant volume combustion. Therefore, the
increase in pressure does not depend only on shaft work. Furthermore, due to the stationary operation
of the pistons, the high temperatures reached during the combustion process are only present for a very
short amount of time. Therefore, the mechanical loads are also lower compared to the case where the
same temperature levels are reached using the conventional Brayton cycle. The free piston engine
sare modelled using 0-D chemical kinetics approach, implemented using Cantera. The free piston
engines will be burning hydrogen in HCCI mode. The species are tracked using a reactor network in
order to analyze the thermodynamic properties and emissions. The previous analysis done on the free
piston concepts have not been made considering aircraft applications. So, the free piston designs are
also scaled-up to meet the performance requirements of the LEAP-1A26 engine, a state-of-the-art high
bypass turbofan engine. Then, the scaled-up free piston design is implemented into the aircraft engine
simulation environment.

In this study, three different concepts are made that could be used in the future FP-CCE concepts:
multi-fuel concept (C1) where hydrogen is burned in the pistons and Jet-A1 in the combustor, H2 con-
cept (C2) where hydrogen is burned in both the piston and the combustor and finally, the only piston
concept (C3) where only the pistons are burning hydrogen and there is no combsutor. Each design is
put into an optimization problem to come up with a feasible design. In this study, the cascading mass
effects are not considered, therefore, the designs are set such that each achieve the same thrust. The
different concepts are compared and it was determined that the H2 concept (C2) provides the best
performance between the three concepts. With C2, the core efficiency of the engine cycle increased
from 46% to 66%. Furthermore, since this concept only burns hydrogen, there is no carbon emissions.
As a downside, the NOX emissions of this concept was found to be 3 times higher than the baseline
LEAP-1A26 aircraft engine.
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1
Introduction

Climate change is an urgent global issue that requires our immediate attention. With the rapid growth
of technology, it has become necessary to limit emissions in order to prevent a further rise in tempera-
tures.With the growing demand to fly, the emissions from the aircraft industry has also been a problem.
The average reduction of fuel consumption per passanger-km has decreased 1.3% per year since the
1960’s, and is expected to continue at a similar rate until 2037 [1][2]. On the other hand, the demand
for flying has also been increasing over the years. According to the predictions of Airbus, the aviation
sector will undergo 4.4% annual growth in revenue passenger-km for the next two decades. Meanwhile,
Boeing expects in its Commercial Market Outlook an annual growth of 4.6% [3]. Therefore, the speed
at which the fuel consumption is decreasing can not keep up with the increasing demand to fly.

Aviation contributes to climate change by releasing combustion products to the atmosphere. As a
result of combustion, carbon dioxide (CO2), water vapour (H2O), nitrogen oxides (NOx), sulphate
aerosols, compounds from incomplete combustion such as unburnt hydrocarbons (UHC) and non-
volatile particulate matter (nvPM) such as soot are emitted to the atmosphere. The emitted species
can lead to a wide range of atmospheric processes including the formation of contrail-cirrus and ozone
and the depletion of methane.

In order to decrease emissions and fight climate change, global and local agreements in the aviation
sector are made. According to the CORSIA agreement, the growth in the sector must be offset such
that to reach net zero[4]. Furthermore, The Advisory Council for Aviation Research and Innovation
in Europe (ACARE) has set targets to reduce emissions[5]. This agenda targets further significant
improvements on engine level: CO2 emissions per passenger kilometer should decrease by 30% by
2035 compared to the year 2000 technology standard. Furthermore, it is stated that a reduction of
75% of CO2 and 90% of NOx emission per passenger-km by 2050 has to be achieved [5]. On the
other hand the growth of the aviation sector is still too large to offset the emissionsIn order to meet the
atmospheric temperature and CO2 emission targets, a significant improvement in technology has to
be made. For the aviation sector to meet these targets, efficient and low emissions technologies have
to be developed. This combination has the greatest potential to allow for the aviation sector to meet
the emission demands.

The state-of-the-art engine scan reach propulsive efficiencies around 80-85%. Meanwhile the ther-
mal efficiencies are still around 40-45%. There is a clear room for improvement in the thermal effi-
ciencies in the modern aero engines. Therefore, studies on novel concepts are conducted that aim to
increase the core efficiency of the next-gen aero engines[6]. Studies indicate that the use of constant
volume combustion along with the constant pressure combustion in aero engines can have significant
improvement on the thermal efficiencies. Constant volume combustion concepts are expected to in-
crease the thermal efficiency by reaching hecto-pressure reatios of the order 100. The free piston
composite cycle engine (FP-CCE) concept that has been investigated in this report is one of the con-
cepts that aim to increase the core efficiencies of future turbofan aircraft. The free piston composite
cycle engine (FP-CCE) concept is a concept that utilizes constant volume combustion to increase the
core efficiency of the engine. The FP-CCE concept utilizes free piston engines to energize the flow with
constant volume combustion within the aero engine cycle. This report will be investigating the whether
the use of the FP-CCE engine will provide improvements in performance and emission characteristics.

1
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In this report, an opposed free piston engine using HCCI combustion will be applied to a short-medium
range aircraft engine. The effects on performance and emissions of this novel configuration will be
analyzed.

Following the literature study on the free piston composite cycle engine, certain gaps in the field
have been identified. The FP-CCE concept is a very new concept that is still under development and
is analyzed for the year 2050. Previous investigations on this concept showed that there is no current
piston design available to accommodate the power requirements of an aircraft engine. So, firstly, the
conventional free opposed piston design will be scaled up. The performance of the the opposed free
piston concept using hydrogen HCCI combustion has not been analyzed yet for various parameters.
The SFC and NOx emissions emissions for this concept would be very valuable to analyze. Therefore,
it is important to see whether the proposed free opposed piston concept can achieve higher thermal
efficiency and low emissions with the upscaled design. As a result, the research question for this study
is formulated as: Can the opposed FP-CCE concept exhibit better performance and emissions
characteristics compared to the state-of-the-art high bypass turbofan engines?

To answer this question, certain sub questions or milestones were identified. These sub-questions
relate to the gaps in literature about this new concept. To summarize, the milestones are:

• RQ1: When scaled-up, is the opposed free piston engine still feasible to be used in the aircraft
in terms of performance

• RQ2: Does the FP-CCE engine concept achieve higher thermal efficiency with the designed
free piston compared to the state-of-the-art turbofan engines?

• RQ3: Does the FP-CCE engine concept have better emission characteristics than the
state-of-the-art turbofan engines?

This study will aim to answer the research questions provided. First the baseline free piston engine
will be modelled. Then, the free opposed piston engine will be scaled-up to the performance require-
ments of LEAP-1A26. Then, the free opposed piston model will be implemented into the aircraft engine
cycle model to analyze the performance and emissions.



2
Literature Review

2.1. Development of Aero Engines
In this section, the development of aero engine technology will be discussed. Various engine types,
important performance characteristics and operation of aero engines were researched and summa-
rized here. Until the end of World War II, the piston engine technology was widely used in aircraft. At
that point, various piston engine configuration were already investigated but getting more power out
of the piston engines became very difficult due to increased cooling requirements and shock losses.
The materials being developed at the time were not able to perform at the required level. Sophisticated
cooling techniques combined with the development of high-temperature materials allowed gas turbines
to operate at higher turbine inlet temperatures. Furthermore, the development of new gas turbine con-
figurations, such as turbofan aircraft engines and combined-cycle concepts for stationary applications,
have significantly improved their performance and efficiency. As a result, gas turbine engines have
become the primary choice for many applications. [7] [8]

2.1.1. Aero Engine Performance
The conventional turbojet engine is basically a gas generator that produces thrust by expanding the
hot and pressurized gas. In this configuration, the compressor, combustor and turbine can be referred
as the gas generator module of the jet engine. The hot gases at the exit of the gas generator could
theoretically be expanded to ambient pressure in an isentropic expansion and work can be extracted
from the flow. The work extracted from the gas generator is Wgg and this over time gives the gas
generator power, referred as Pgg. While calculating the Pgg in case of turbo-fan engine, the work
contribution of fan going towards core flow should also be considered as core consumption. Therefore,
it is subtracted removed from total work output to obtain Pgg. The rest of the fan work going to bypass
is a component of Pgg itself.[9]

Now, having defined Pgg, the jet power and power losses can be defined. In the equations below
the propulsive jet power, thrust power and the power loss are shown respectively.

Ẇprop. jet = 0.5ṁ
(
v2j − v2o

)
Ẇthrust = ṁ (vj − vo) vo

Ploss = 0.5ṁ (vj − vo)
2

(2.1)

where vj is the jet velocity, vo is the flight velocity.
There are three primary sets of parameters commonly utilized to assess advancements in engine

technologies. The initial set encompasses engine design parameters, namely BPR (Bypass Ratio),
OPR (Overall Pressure Ratio), and TIT (Turbine Inlet Temperature). The boundaries defined by these
parameters establish the design space for an engine. The second category comprises cycle dependent
parameters, such as thermal efficiency, propulsive efficiency, and overall efficiency. These parameters
represent the effectiveness of a specific cycle. Additionally, there exist constraints that delineate the
operating conditions of an engine. These constraints are associated with thermal limits, mechanical
limits, and emission limits[10]. Also, the ideal Brayton cycle is constructed using various assumptions.

3



2.1. Development of Aero Engines 4

Figure 2.1: Sankey Diagram of losses in the aero engine [12]

In a real gas turbine engine, there are various losses that occur in different processes which leads
to different efficiency definitions. These are visualized in the Sankey Diagram shown in Figure 2.1.
The main goal for the gas turbine cycle in an aircraft is to convert the chemical power to thrust power
efficiently. The engine fuel consumption is associated to three criteria, the thermal efficiency, the propul-
sive efficiency, and their product ,the total efficiency [11] [10][12]. Considering the losses in real life,
only a minor portion of the total chemical power (approximately 40% in a modern civil aircraft engine)
is converted into the mechanical power. [13]

Thermal Efficiency
The thermal efficiency ηth of a gas turbine shows how much of the chemical power is converted to
mechanical power. In a gas turbine cycle, the chemical energy is extracted from the injected fuel.
Meanwhile, the mechanical power output is represented by the difference between the power produced
by the turbine and the power required to drive the compressor.The thermal efficiency can also be
expressed as the multiplication of the combustion and thermodynamic efficiency. The combustion
efficiency represents the losses due to the incomplete combustion processes. The thermodynamic
efficiency is the amount of power generated at the exit of the turbine following an isentropic expansion
through the nozzle divided by the energy of the fuel. This efficiency represents the heat losses occuring
in the core which diminishes the useful power extracted from the gas generator portion of the engine.
Lastly, the jet generator efficiency is the kinetic energy available at the nozzle divided by the gas power
available at the exit of the of the nozzle following an isentropic expansion. This efficiency represents
the heat losses that occur due to the expansion in the nozzle.[11] The thermal efficiency can be written
as:

ηth =
Kinetic energy

Thermal energy input
=

Wt−Wc

ṁf × LHVf
=

Σ
{
1/2 · ṁa ·

(
V 2
j − V 2

0

)}
ṁf × LHVf

(2.2)

where Wt and Wc are the turbine work output and compressor work requirement respectively; ṁf

and ṁa are the fuel flow rate and the air mass flow rate; LHV is the Lower Heating Value of a given
fuel; Vj and V0 are the jet velocity and the free stream velocity.The thermal efficiency of a modern
turbofan engine is about 50%. It is expected the new generation engines will be able to reach a thermal
efficiency of 55% with the increase in TIT and OPR[10]. On the other hand, the increase in TIT and
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OPR are reaching a limit due component efficiencies, material cooling requirements, component scaling
behaviour and real gas effects. Therefore, the further significant improvement of the thermodynamic
efficiency of pure Joule-/Brayton-cycle based engines has become increasingly challenging[14].

Propulsive Efficiency
With the thermal efficiency, the efficiency in which the chemical energy is turned into mechanical energy
is determined. Now, the mechanical energy has to be converted to thrust energy. The efficiency at
which the mechanical energy is converted to thrust is represented by the propulsive efficiency, ηprop.
The propulsive efficiency is determined by dividing the actual thrust power by the total useful kinetic
energy. So, the propulsive efficiency represents the lost kinetic energy when converting the useful
kinetic energy to thrust.

ηprop =
Thrust power
Kinetic energy

=
FN · V0

Σ
{
1/2 · ṁ ·

(
V 2
j − V 2

0

)} =

∑
{ṁ · (Vj − V0)} · V0∑{
1/2 · ṁ ·

(
V 2
j − V 2

0

)} (2.3)

where the FN is the net thrust. The notation of sum is valid when the objective is an unmixed turbofan
with an unchoked nozzle[11].

Equation 2.3 shows that the maximum propulsive efficiency is reached if the jet velocity is equal to
the free stream velocity. However, if this happens, there would be no thrust generated. So, the residual
kinetic energy in the jet wake is inevitable. In reality, in order to increase the propulsive efficiency, the
residual kinetic energy has to be decreased as much as possible. This can be achieved by increasing
both FPR and BPR as they directly affect the residual kinetic energy[10]. The theoretical limit for
propulsive efficiency is around 93% and the current high BPR engines reach 85% [12].

Overall Efficiency
The overall efficiency , ηtot, is defined as the product of the thermal and propulsive efficiency. It is
deemed to be a more useful parameter to quantify the performance of the whole engine. The overall
efficiency can be expressed as:

ηtot = ηth × ηprop =
FN × V0

ṁf × LHVf
(2.4)

With this expression, it can be seen that the overall efficiency shows the thrust power divided by the
total used thermal power. TSFC is also a useful parameter to measure the performance of a gas turbine
cycle. Then defining the thrust specific fuel consumption as TSFC = ṁ

FN , overall efficiency can be
re-written as:

ηtot =
V0

TSFC × LHVf
(2.5)

From this expression, it can be seen that for a given flight speed and fuel, the total efficiency is
inversely proportional to the thrust specific fuel consumption. So, decreasing the thrust specific fuel
consumption is beneficial in increasing the overall efficiency of the engine.

Cycle Parameters
In this section, the important cycle parameters that define the design space for the engine to be opti-
mized will be discussed. For a commercial turbofan aircraft engine, the main cycle parameters to be
discussed are the BPR, OPR and TIT.

Bypass Ratio
The bypass ratio is a measure used in turbofan engines to indicate the amount of air that bypasses the
engine core compared to the amount of air that passes through the engine core. It is defined as the
ratio of the mass of air that passes through the bypass duct to the mass of air that passes through the
engine core. The bypass ratio is an important parameter for turbofan engines because it affects their
performance and efficiency. A higher bypass ratio means that more air is bypassing the engine core
and therefore less fuel is being burned to produce the same amount of thrust. This results in a more fuel-
efficient engine with lower emissions.The aim of such engine configurations is to improve the propulsive
efficiency hence reducing the TSFC. Moreover, the jet noise decreases substantially because of the
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lower jet velocity. Increasing the BPR also has certain drawbacks. When BPR is increased, the engine
size also increases. This results in an increased engine drag. Another important point arises due to the
fact that usually the low speed spool is connected to the fan. As BPR is increased, the fan rotational
speed has to be decreased. Consequently, the rotational speed of the LPC and LPT will also be lower.
As a result, more LPT stages are needed to extract the same amount of work. So, the engine weight
will increase. In order to overcome this issue, the the geared turbofan concept can be used with high
BPR turbofans to decouple the LPC from the fan.[15] [12]

In Figure 2.2, the change in BPR over the years with developing aero engine technology is given.
From the figure, the increasing BPR trend can be seen clearly. For modern commercial turbofan aircraft
engines, the BPR ranges from 5 to 10. Moreover, with the very recent Geared Turbofan by Pratt &
Whitney, the BPR can even reach 12. [16]

Figure 2.2: Bypass Ratio over the years [12]

Overall Pressure Ratio
The overall pressure ratio is the ratio of the maximum pressure at the compressor exit to the pressure at
the inlet of the engine. The OPR is important for aircraft engines because it is a measure of the engine’s
ability to compress the incoming air, which affects the engine’s overall performance, efficiency, and
thrust output. A higher OPR generally results in a more efficient engine with higher thrust output. With
a higher OPR, the inlet pressure and temperature going into the combustor increases. Theretofore, the
required fuel to reach the desired turbine inlet temperature decreases. In addition, in order to achieve
high OPR values, advanced compressor design and materials are required or more compressor stages
have to be added. In either case, more complexity is added which leads to a higher engine mass.
Therefore, the trade-off between high OPR and low mass and complexity have to be made.[14][10]

From Figure 2.3, the trend of increasing OPR over the years considering various engines are shown.
Over the last few years, the overall pressure ratio has increased to be around 50. The latest Gen-x
engine from GE reaches and OPR of 60[17].
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Figure 2.3: Overall Pressure Ratio over the years [12]

Turbine Inlet Temperature
Turbine inlet temperature (TIT) is the temperature of the air and fuel mixture before it enters the turbine
section.Turbine inlet temperature is important because it has a significant effect on the performance
and efficiency of the engine.

A higher TIT generally results in higher engine efficiency and better fuel consumption. When the
temperature at the exit of the combustor is higher, than it means that the engine has been able to extract
more energy from the products of the combustion process. Therefore, more power can be extracted
to drive the compressor and produce thrust. On the other hand, the TIT can only be increased to a
certain level. The achievable TIT depends on the material properties. When TIT is higher, the engine
components will degrade faster as they are subjected to higher temperatures. Therefore, the reliability
and the durability of the engine will decrease. Additionally, having a high TIT will cause problems in
terms of NOx emissions. As the temperature gets higher, more NOx will be produced. Especially past
1800 K, NOx emissions show a significant increase. [12][10]

To summarize, BPR, TIT and OPR have been defined. The factors in which limit how these param-
eters were also presented. The parameters, BPR, TIT and OPR define the design space in which the
gas turbine cycle can be optimized. They have a big influence on the thermal and propulsive efficiency.
Therefore, these parameters have to be evaluated to asses the gas turbine performance accurately.

2.1.2. Current Turbofan Engine Technology
Firstly, the current turbofan engine technology was researched. In aero engine design, the goal is
to keep reducing the TSFC by increasing the efficiencies. In Figure 2.4, the trend of specific fuel
consumption as a function of year of certification for various are engine designs are given. From this
figure, it can be seen that there is a clear trend of decreasing SFC over the years. Even though this
decreasing trend seems to continue, the rate of decrease in SFC is also decreasing with the years as
limits in component performances. Furthermore, with the addition of the emission requirements that
became more apparent in the last few years, the design optimization problem became much more
sensitive.
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Figure 2.4: Trends of jet engine technology development quantifed in terms of uninstalled cruise SFC as a function of year of
certifcation [18]

For commercial aviation, efforts are being made to reach higher an BPR and OPR. In Figure 2.5a
and Figure 2.5b, the GE9X and Rolls-Royce Trent7000 engines are shown. The GE9X is a high BPR
turbofan with a BPR of 9.9:1 and and OPR higher than 60:1[17]. The Trent7000 is also a high bypass
turbofan engine with and OPR of 50:1 and BPR of 10:1[19]. In the engines coming into operation in
the coming years, such as the new generation GEx90, the BPR is the highest so far.

(a) GE9X High bypass turbofan[17] (b) Rolls-Royce Trent7000 High bypass turbofan[19]

Achieving high propulsive and thermal efficiency is favoured. Additionally, the propulsive efficiency
and thermal efficiency are coupled. The design of the aircraft consists of compromises to optimize
the thermal and propulsive efficiency.The propulsive efficiency can be improved through increasing the
BPR, which in turn makes the engine bigger and heavier, aggravating installation penalties. Hence,
it is not practical to constantly enlarge the engine BPR.Therefore, the engine propulsive efficiency is
limited.[12] Especially, with the introduction of the geared turbofan engine, the propulsive efficiency can
be kept on increasing towards the theoretical limit around 93%. For today’s best turbofans propulsive
efficiencies are now higher than 80% whereas thermal efficiencies only reach values around 50% and
the rate of improvement is dropping. This is because the remaining losses in the turbofan architecture
are becoming increasingly difficult to mitigate[6].

In the past, efforts to enhance thermal efficiency primarily focused on improving component efficien-
cies. However, a significant amount of the fuel’s chemical energy continued to be wasted in the envi-
ronment. Meanwhile, advancements in aero engine components and configurations only resulted in
marginal performance gains, as the main turbomachinery component efficiencies have nearly reached
their maximum potential. As a result, further improvements in this area cannot effectively drive future
advancements.[13].
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Increasing the thermal efficiency of the pure Joule-/Brayton-cycle based engines has become in-
creasingly challenging over time. The increase in overall pressure ratio from 50 to 70 will only yield a
3% unit improvement.[6] Meanwhile complex cycles incorporating intercooling, reheat and regeneration
can achieve thermal efficiencies of nearly 60%[20]. In order to meet the efficiency improvement goals,
there is a need for a 40% reduction in losses of turbo components and an increase in OPR to 60 in order
to reach the targets set for 2035. To achieve the targets set for 2050 using the Joule-/Brayton-cycle,
turbo components would require 100% component efficiency and an OPR of 120. These figures are
based on the assumption that the engine mass and relative turbine cooling air remain constant without
any increase[21].To summarize, the propulsive efficiency for the state-of-the art turbofan engines are
already high and is getting closer to the theoretical limit. On the other hand, there are much more room
for improvement for the thermal efficiency for the new generation of aero engines.

The major loss sources for state-of-the-art turbofan engines for long-range applications that are
relevant for the aero engines designs that will be released to the market in 2050 are identified[6]. Fur-
thermore, various radical novel designs are elaborated that can potentially mitigate these losses. The
breakdown of these losses are visualized in Figure 2.6. The three major loss sources are defined as
the combustor irreversibilities, core exhaust losses and bypass flow losses.

Figure 2.6: Breakdown of losses in a state-of-the-art turbofan for long-range applications[6]

The first loss source to be discussed is the combustor losses. Losses in the combustor occurs be-
cause of heat addition through internal combustion as it generates a considerable amount of entropy.
By implementing a combustion process that involves a rise in pressure instead of maintaining constant
pressure, significant advancements can be made in reducing combustor irreversibility. The composite
cycle is a thermodynamic cycle that uses both the constant volume and the constant pressure combus-
tion to increase efficiency which will be explained later in this part.

Three concepts that tackle this type of loss is the piston engine based composite cycle engine,
nutating-disc engine and pulse detonation engine. The composite cycle piston engine will be detailed
in the next section while the other two will be briefly explained here.

The second loss is the core exhaust loss, mainly caused by heat loss to the surroundings but excess
kinetic energy and pressure losses due to fluid friction also contributes to this loss. To mitigate these
losses, concepts such as bottoming cycle, recuperation and intercooling can be used.

The third loss source is the bypass flow loss. This loss is mainly associated to lost kinetic energy
in the bypass flow. Friction losses in the fan, bypass duct and bypass nozzle also contribute to thus
loss source. Tackling the bypass flow loss source is more straightforward then tackling the other two
loss sources. By increasing the mass flow and reducing the exhaust jet velocities, the losses causes
by excess kinetic energy in the bypass flow can be reduced substantially. Furthermore, it is expected
that, by the year 2050, matured geared turbofan and open rotor technologies will be able to bring
the bypass flow losses significantly. In conclusion, new and radically more efficient cores would have
to make substantial reductions of combustor irreversibility and core exhaust loss, piece 1 and 2 in
Figure 2.6, simply because other losses have become so small it is now difficult to make large cuts in
these.
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2.2. Aviation Fuels
In this section, various fuels that are used for aviation applications will be discussed. Firstly, important
characteristics of aviation fuels will be presented, then different aviation fuels that are used will be
explained.

From Figure 2.7, various energy carriers are compared. Having low weight is one of the most im-
portant criteria for flying. Therefore, fuels with high mass energy density and high volumetric density
is crucial. Looking at Figure 2.7, it can be seen that kerosene has a high volumetric density and mass
energy density. This makes kerosene quite favourable for aviation. Meanwhile, looking at hydrogen,
it can be seen that it has a much higher mass energy density than kerosene but has a very low volu-
metric energy density. This makes hydrogen really difficult to store as very large tanks will be required
to the required amount of fuel. Although storing hydrogen cryogenically increases the volumetric en-
ergy density, it causes other problems due to increased complexity of keeping the fuel in cryogenic
temperatures. Therefore, storability and operability of the fuels are vital in design considerations. [22]

Figure 2.7: Comparison of various energy sources for aviation [23]

For reciprocating engines, there is two other fuel properties that is commonly used: the cetane and
octane numbers[24]. Cetane number, or cetane rating, is a measure of the ignition value of a diesel
fuel that represents the percentage by volume of cetane in a mixture of liquid methylnaphthalene that
gives the same ignition lag as the oil being tested. Cetane number is important because it is an inverse
function of the fuels ignition delay. Ignition delay is the time it takes between the start of ignition and the
first measurable pressure increase during combustion. Lower cetane number fuels will have a higher
ignition delay.

An octane rating, or octane number, is a standard measure of a fuel’s ability to withstand compres-
sion in an internal combustion engine without detonating. The higher the octane number, the more
compression the fuel can withstand before detonating. Octane rating does not relate directly to the
power output or the energy content of the fuel per unit mass or volume, but simply indicates gasoline’s
capability against compression.

In contrast, fuels with lower octane but higher cetane numbers are ideal for diesel engines because
diesel engines ,also called compression-ignition engines, do not compress the fuel, but rather com-
press only air and then inject fuel into the air that was heated by compression. Gasoline engines rely
on ignition of air and fuel compressed together as a mixture, which is ignited near the end of the com-
pression stroke by electric spark plugs. Therefore, high compressibility of the fuel matters mainly for
gasoline engines. Using gasoline with lower octane may cause engine knocking or pre-ignition. The
octane rating alone does not only determine the performance of the gasoline, but also the versatility of
the fuel in handling a range of lean to rich operating conditions

In a typical Otto cycle spark-ignition engine, the air-fuel mixture is heated as a result of being com-
pressed and is then ignited by the spark plug. This burning normally takes place via rapid propagation
of a flame front through the mixture, but if the unburnt portion of the fuel in the combustion chamber
is heated or compressed)too much, pockets of unburnt fuel may self-ignite before the main flame front
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reaches them. Shockwaves produced by detonation can cause much higher pressures than engine
components are designed for, and can cause a ”knocking” or ”pinging” sound. Knocking can cause
major engine damage if severe.[25]

Octane ratings are directly linked to activation energies, which represent the energy needed to
initiate combustion. Fuels with higher octane ratings require greater amounts of applied energy to
initiate combustion. As a result, the likelihood of uncontrolled ignition, such as autoignition, self-ignition,
pre-ignition, detonation, or knocking, is reduced when higher octane fuels are used during compression.
[25]

2.2.1. Conventional Aircraft Fuel
The aviation sector uses petroleum based kerosene which is also called jet fuel. Kerosene based jet
fuel is the most commonly used fuel in aviation. Such fuels are called jet fuel for gas turbines and
aviation gasoline for piston-based engines such as United States (US) Jet A (European Jet A-1), Jet
Propellant JP-4 (European F-40), JP-5 (European F-44), JP-7 (US only), JP-8 (F-34), JP-TS (US only),
and JP-8 I 100 (US only)[26][27]. Kerosene based fuels are Jet A, Jet A-1, JP 5 and JP 8 with 8–18
carbons. Naphtha type fuels are Jet B and JP-4 with 5–15 carbons. These fuels are also used as
blends of kerosene-naphtha and kerosene-gasoline (JP-4)[28].

Jet A: Jet A is a kerosene-based fuel that is widely used in commercial aviation. It has a high energy
density, meaning it provides a lot of energy per unit of volume. Jet A is also relatively inexpensive and
widely available. However, it produces emissions of carbon dioxide, nitrogen oxides, and sulfur oxides,
which contribute to air pollution and climate change.

Jet B: Jet B is another kerosene-based fuel that is similar to Jet A but has a lower freezing point.
It is often used in cold climates where the freezing point of Jet A may be too high. However, it is less
energy-dense than Jet A and is therefore less efficient.

Avgas: Avgas, or aviation gasoline, is a high-octane fuel that is used in piston-engine aircraft. It has
a higher energy density than Jet A but is also more expensive and less widely available. Additionally,
it contains lead, which can be harmful to the environment and to human health.

2.2.2. Alternative Aviation Fuels
In order to reach the emission goals, alternative energy carriers for aviation has been gaining more
attention[29]. In Figure 2.8, the alternative fuel routes for the future of aviation is presented. From this
figure, it can be seen that various energy carriers are available for aviation applications. For jet engines,
drop-in fuels produced from biofuels, which are more sustainable than kerosene, are being investigated.
On the other hand, electric aviation is also considered to be an option especially for smaller aircraft. In
that case, batteries can be used to run the electric motor of an aircraft. Hydrogen can both be used
as a fuel for jet engines when stored cyrogenically or it can be used as a fuel cell to power an electric
motor. For this report, fuels that are most relevant for jet engines for long range applications are of
interest.[30] [31]
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Figure 2.8: Overview of alternative fuel routes for aviation[31]

Hydrogen
Hydrogen can be used as a fuel for aircraft propulsion, either in fuel cells or in combustion engines. It
is considered to be one of the main options to use as fuel to reach the emission goals as it offers great
benefits to decrease emissions. The characteristic of hydrogen as a fuel and Jet-A are compared [32].
Hydrogen as a fuel is advantageous because it produces no carbon dioxide emissions. Besides the
CO2, there are also no secondary emissions such as soot, CO, UHC and volatile organic compounds.
Furthermore, H2 has a LHV that is almost three times the LHV of Jet A. Hydrogen can also be produced
from renewable sources which is valuable for energy grid integration. On the other hand, hydrogen has
certain disadvantages. Firstly, gaseous hydrogen has a low volumetric density. Therefore it has to be
stored in cryogenic or in highly pressurized tanks. Also, these tanks can not be stored in the wings, only
fuselage or in underwing pods. The liquid hydrogen requires pressurized tanks to be stored in extremely
low boiling points. Adding the very diffusive nature of hydrogen into the equation, the storage tanks
require high complexity. Lastly, compared to kerosene, there is much less infrastructure to support
hydrogen aviation and hydrogen more expensive than kerosene. [22]

Hydrogen engines have the advantage of wide flammability limits, enabling their operation with
significant dilution, either through excess air or exhaust gas recirculation (EGR). The laminar burning
velocity and flame stability can exhibit considerable variation, making them crucial parameters to con-
sider. The flame stretch rate is likely to have a significant impact on both the burning velocity and flame
stability. [33]

The findings suggest that by progressively substituting conventional jet fuel (Jet A) with a fleet of
aircraft powered by liquid hydrogen fuel, the cumulative CO2 emissions could reach a stabilized level
and subsequently decrease below the specified target. This positive outcome can be achieved even
with the continuous growth of air transportation demand. Specifically, the implementation of a cryogenic
aircraft fleet, even at a conservative growth rate of 1,000% per year, could play a significant role in
stabilizing, halting the increase, and subsequently reducing cumulative CO2 emissions. Alternatively,
a more rapid introduction rate of 5% would have an immediate impact, effectively halting the emissions
and leading to a continuous and substantial reduction by the end of the observed period (2060/65),
surpassing the target of reducing emissions to 50% of the 2006/10 levels. [32]

Pratt & Whitney wants to associate its geared turbofan architecture with its Hydrogen Steam In-
jected, InterCooled Turbine Engine (HySIITE) project, to avoid carbon dioxide emissions, reduce NOx
emissions by 80%, and reduce fuel consumption by 35% compared with the current jet-fuel PW1100G,
for a service entry by 2035 with a compatible airframe.[34] The Airbus ZEROe project, unveiled in late
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2020, aims to develop three concept aircraft: a turbofan, a turboprop, and a blended wing-body design.
These aircraft are designed to be zero-emission and are scheduled to be operational by 2035. All three
ZEROe concepts follow a hybrid-hydrogen approach, utilizing modified gas turbine engines that employ
hydrogen combustion. Liquid hydrogen is used as fuel for combustion with oxygen.[35]

Electric
Although not classified as a traditional fuel source, electric power is gaining significant traction as a
propulsion method for aircraft, particularly smaller ones like drones and electric planes. Electric aircraft
are regarded as a promising solution to mitigate the environmental impact of aviation by offering zero
emissions and reduced noise levels, while potentially attaining remarkable efficiencies. battery-electric
motors have a higher efficiency ( 90%) than most jet engines ( 50%), which can be further exploited
through emerging battery chemistries.Nonetheless, the range and speed of electric aircraft are currently
constrained by battery capacity limitations[36]. Batteries serve as the predominant energy storage
component for electric aircraft, owing to their comparatively high storage capacity. However, as of
2018, the specific energy of electricity storage remained a mere 2% of that offered by aviation fuel[37].
The 1:50 ratio renders electric propulsion unfeasible for long-range aircraft. To illustrate, a 930 km
journey for a 12-passenger, all-electric aircraft would necessitate a six-fold enhancement in battery
power density.[38].

Energy density is widely recognized to be the bottleneck for zero-emission electric powertrain.Hybridisation
leads to better energy management with the benefits of reducing fuel consumption by up to 5% com-
pared to a standard flight. The electrical sources could come from batteries or fuel cells which convert
hydrogen into electricity. Electric aviation is mostly considered for Urban Mobility solutions. Electric
VTOL aircraft or personal air vehicles are being considered for Urban Air Mobility. EVTOL’s such as
Lilium are getting attention[39]. Furthermore, in November 2022, Airbus unveiled its fuel cell-powered
engine[40].

Liquefied methane - LNG
The studies and experimental tests have shown that LNG is a viable option as an alternative aviation
fuel[28][30][31]; however, it is not used in normal service and operations. The main energy carrier
in LNG is methane, which can also be produced from biomass pathways (e.g., liquefied biogas) and
electrofuels pathways. However, several challenges remain in operating LCH4 aircraft, where design
and construction of the LCH4 storage tanks and supply chain infrastructure are the biggest challenges.
Cryogenic fuel tanks are required to operate LCH4 in an aircraft; these are larger and heavier than
other fuel tanks. Compressed natural gas (CNG) and liquified natural gas (LNG) are fuel feedstocks
that aircraft may use in the future[29] . Studies have been done on the feasibility of using natural gas[11]
and include the ”SUGAR Freeze” aircraft under NASA’s N+4 Advanced Concept Development program
(made by Boeing’s Subsonic Ultra Green Aircraft Research (SUGAR) team). The Tupolev Tu-155 was
an alternative fuel testbed which was fuelled on LNG.[27]

Biofuels
Biofuels are fuels made from renewable sources such as vegetable oils or animal fats. They can be
used in aviation as a substitute for fossil fuels, and they produce fewer emissions than conventional fu-
els. However, they are currently more expensive than conventional fuels and can require modifications
to aircraft engines[41].

Such fuels are also called “drop-in” fuels because these fuels can be implemented directly to the
existing airplanes. These fuels are less restricted by crude oil resources. Moreover, the production
process of these fuels is sustainable.[42]

Today, there are two biofuel types certified for aviation, both in maximum 50 % blends with con-
ventional Jet A/A-1. One of these is hydrotreated vegetable oil (HVO) derived from oil seed plants.
This type of biofuel is commercially available and in small quantities is already in use. The other type,
Fischer-Tropsch (F-T) kerosene derived from lignocellulosic materials is to be expected on the market
within 5-10 years. The life-cycle benefits of a HVO fuel are very sensitive to biomass feedstock as it
needs oil seed crops. However, the fuel itself is cheaper than the other alternatives, and is expected
to be competitive with aviation kerosene when subsidized. The F-T fuel is more expensive, but its
feedstock is cheaper and it has a better environmental profile[43].
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2.3. Aero Engine Solutions for the Future
The ambitious goals considering the emission requirements will need novel technologies with high
performance to bring the to life. Especially solutions to increase the thermal efficiency of the engine
will be of high importance. In this section, the aero engine design solutions that are considered for the
future will be explained. The solutions that are discussed here mostly entails the design of the aircraft
engine. Firstly, the current state of the aero engine technology will be put forth with details from state-
of-the-art engines. Then, various novel technologies that will potentially be used for future aviation will
be explained.

2.3.1. Concepts for Future
Following the identification of the main loss sources to be considered for future aero engine design,
novel concepts for the future that tackle these losses were researched. In this subsection, the future
applications for aero engines will be presented.

Open rotor
The use of high-speed advanced turboprops, also known as ”propfans,” on transonic transport aircraft
gained considerable interest in the 1970s and 1980s when fuel efficiency was a primary concern in
aeronautical research. However, with the significant decrease in fuel prices, the motivation to further
develop this technology diminished. However, recent interest in unducted, open rotor propulsion sys-
tems has started investigations again[44].

This design is aims increase the propulsive efficiency by tackling the bypass flow loss. The open
rotor concept is visualized in Figure 2.9a. As can be seen from this figure, this concept utilizes the
advantages of the turboprop configuration where the intake fan is unshrouded.

At lower flight speeds, the turboprop configuration leads to a higher efficiency. On the other hand,
with increasing Mach number, there is a sharp increase in the shock losses, which results in lower
efficiency. Furthermore, the noise levels also increase substantially as flight speed increases. More re-
cently, propellers incorporating sweep back have been developed, which can maintain their propulsive
efficiency at higher flight Mach numbers. The ongoing research on the open rotor has demonstrated
positive achievements regarding the increase in flight speed and noise reduction. With various develop-
ments of aero-acoustics and materials, the new generation open rotor designs achieve a considerable
decrease in noise levels. Furthermore, such turbo-propeller turbines have been developed and demon-
strated. They show that a 20% reduction in fuel consumption is possible[20].

(a) Open Rotor Concept by Rolls-Royce[45] (b) The Pratt and Whitney PW1100G Geared Turbofan Engine[46]

Geared Turbofan
Another design aimed to increase the propulsive efficiency is the geared turbofan configuration. This
system, similar to open rotor, is to decrease the bypass flow loss. In the geared turbofan configuration,
the fan is decoupled from the LP shaft to enable for each component to rotate at their optimum speed.
An example of the geared turbofan configuration can be seen in Figure 2.9b.

As the BPR increases, the SFC decreases, although at decreasing rate. However, with improved
core performance, the high BPR engines can go upto a value of 12 for the BPR[17].The increasing
BPR of the engine allows for higher propulsive efficiency. At such high BPRs, the LP turbine speed
decreases. This is because, the LP shaft also drives the fan and the fan-tip speed is often the limit-
ing factor for the LP turbine rotational speed. Therefore, the LP turbine will require more stages and
increase the weight of the engine. With light-weight gearbox the LP turbine speed would increased,
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reducing the number of LP turbine stages and hence the weight of the LP turbine. If the reduction
in LP turbine weight were greater than the weight of the gearbox system, then the fuel burn would
decrease[20].

To summarize, the de-coupling of the fan from the LP shaft with GTF configuration, increases effi-
ciency, decreases noise and leads to a lighter system.

IRA - Intercooled Recuperated Aero Engine
The IRA concept is mainly designed to minimize heat losses in the engine and increase the thermal
efficiency. This concept tackles one of themain sources of loss in the engine, the core exhaust loss. IRA
concept was researched by MTU[13]. In Figure 2.10, the IRA concept developed by MTU is visualized.

To enhance the performance of the aero engine, a crucial factor is reducing the losses of waste heat
energy. This can be effectively accomplished by integrating a recuperation system into the exhaust
nozzle of the engine. In this approach, a series of heat exchangers are positioned within the exhaust
nozzle, downstream of the low-pressure turbine exit. This arrangement enables the utilization of a
portion of the high-temperature gas’s thermal energy to heat the air discharged from the compressor
before it enters the combustion chamber. As a result, this integration promotes fuel efficiency and
contributes to lower levels of pollutant emissions.

Adding an intercooler and a recuperator adds considerable complexity and mass to the engine. Due
to the significant weight increase, this engine has not been able enter the market. Although, due its
ability to decrease the core exhaust losses, this concept has still potential to be used in the future.

Figure 2.10: The IRA - Intercooled Recuperative Aero-engine Concept (red: hot gas inlet, orange: flow through recuperator
banks) fromMTU[13]

ITB Burner concept
The interstage turbine burner (ITB) is also a concept to reach higher thermal efficiencies. It is an af-
terburner located in the duct between the HPT and LPT. In theory, with ITB burner, the specific thrust
increases while efficiency decreases like an afterburner. Compared to the conventional afterburner,
the ITB has a higher thermal efficiency. This is because, for the ITB, the secondary combustion occurs
at a higher pressure than the conventional afterburner since the afterburner is located downstream of
the LPT whereas ITB is located between HPT and LPT [12]. The ITB configuration increases complex-
ity and mass of the engine, but can be beneficial in decreasing emissions. Especially with low NOx
combustion methods, ITB offers promising solution. The ITB has been applied in industrial gas turbines
due to its operating flexibility and potentials to reduce emissions but not applied to commercial aircraft
due to lower efficiency and added mass.

Nutating Disc
One of the ways to increase thermal efficiency is by using constant volume combustion along with the
constant pressure combustion as an intermittent cycle. There are various concept described in [47]
that utilizes both constant volume and constant pressure combustion. Even though constant volume
combustion through piston engines have been around for quite some time, its implementation to new
generation aero engines is quite a recent innovation.

One of the concepts that utilize this is the nutating disc engine. Shown in Figure 2.11b, the Nutating
Engine features an internal disk nutating (wobbling) on a Z-shaped power shaft. Similar to the com-
bined pistone ngine concept, the nutating engine also uses the composite cycle. The nutating engine
offers a notable benefit, wherein each side of the disk is utilized once during each revolution of the
engine. This characteristic ensures a lightweight and consistent volume-based combustion solution[6].
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Consequently, the engine is very compact, and several times more power dense than any conventional
(reciprocating or rotary) IC engine.

After undergoing development and testing for a UAV engine, the nutating engine concept holds the
potential to deliver a solution that is compact, highly efficient, and exhibits low vibration[47]. Besides
addressing architectural considerations, there are significant technological hurdles to overcome. These
challenges encompass the aero thermodynamic interaction between the piston and turbo components,
optimizing engine rating and part power, and ensuring the maintenance of efficient combustion pro-
cesses with ultra-low emissions[6][47].

Pulse Detonation
Unlike the two reciprocating concepts, the proposed implementation of the pulse detonation core con-
cept eliminates the need for an additional conventional combustor to achieve the high temperatures
characteristic of a gas turbine[47][6]. The pulse detonation concept is shown in Figure 2.11a.

The operation of the tubes follows a cyclic pattern consisting of four stages. In the initial stage,
purge air is introduced into the tube to cool it down and remove any residual combustion products from
previous detonations. Moving to the second stage of the cycle, the tubes are filled with a mixture of
fuel and air. Alternatively, fuel injectors can be employed instead of pre-mixing the fuel and air. This
approach helps mitigate the risk of autoignition. The subsequent stage involves closing the inlet valve
and initiating combustion by creating a localized spark near the tube inlet. This ignition event causes
a transition from deflagration to detonation combustion, with the detonation wave rapidly propagating
through the tube. Following this swift step, the final stage is to allow the tube to discharge the hot,
pressurized gases. The concept holds the potential to not only recover a portion of the dynamic energy
produced during detonation waves but also surpass the performance of the two alternative constant
volume combustor concepts[47].

(a) Pulse Detonation[47] (b) Nutating disc[47]

(c) Rankine Bottoming Cycle[47]

Rankine Bottoming
By extracting heat from the core flow, the Rankine bottoming cycle technology effectively lowers the
temperature at the core nozzle exit. This heat is then employed to warm a fluid in a secondary fluid
system, enabling the generation of additional power. The working principle of the Rankine bottoming
cycle can be observed in Figure 2.11c. Combining this cycle with a topping gas turbine has proven to
be a highly effective method in achieving exceptional efficiency for stationary power generation[47].
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The utilization of Rankine bottoming for aero engine application has gained significant attention in
recent times. This concept has prompted key research objectives, including the development and opti-
mization of the secondary system regarding the design and integration of bottoming cycle components.
Additionally, evaluating part load performance and investigating various secondary fluids are crucial re-
search tasks. Notably, exploring synergies with intercooling and composite topping technology holds
the potential to deliver fuel efficiency benefits[47].

Composite Cycle
Another important method that allows for an increased thermal efficiency is the composite cycle concept.
A composite cycle is defined as an integrated assembly of at least two heat engine cycles featuring
independent compression, heat source, and expansion operating on the same working fluid[48].

The primary advantage of the Composite Cycle is the higher peak pressure and temperature. The
secondmajor benefit is the (partially) isochoric combustion, which results in a pressure increase achieved
through heat addition rather than relying on shaft power like in a turbo compressor[47]. The piston cycle
added to the conventional turbofan cycle leads to higher peak pressures. Furthermore, utilizing con-
stant volume combustion along with the conventional turbofan cycle can result in a significant decrease
in the combustor losses[6][49]. In Figure 2.12, a qualitative comparison of the temperature-over-entropy
diagram for a conventional turbofan and the composite cycle is presented.In this figure, the straight lines
represent the conventional Joule-Brayton cycle and the dotted lines represent the composite cycle. It
improves the thermodynamic cycle by putting a topping cycle upon the Joule-/Brayton-cycle[21]. The
thermodynamic benefit of the composite cycle is due to the unsteady operating principle of the piston
engine[49]. The unsteady cycle starts with a mixture of fresh air coming in at station 3’ and the residual
gas from the previous piston cycle. Compression at high pressure in the pistons leads to a higher effi-
ciency than compression in the turbocomponents. One of the reasons for this is that at small reduced
mass flows, clearance losses dominate. Furthermore, due to very small amount of heat losses occur-
ing, the piston compression can be assumed to be isentropic. Then, when the combustion takes place
at isochoric conditions, there is also a large pressure rise. In the subsequent stages of combustion,
expansion occurs simultaneously with piston movement. This expansion involves an isobaric heat ad-
dition. Furthermore, the expansion process remains close to isentropic due to heat losses. The air is
subsequently expelled at station 35’.

The unsteady nature of the operation permits significantly higher peak temperatures and pressures
within the cycle compared to a stationary gas turbine. However, these conditions only need to be
sustained for very brief durations, while the average temperature remains comparable to that of a gas
turbine. Consequently, this leads to an increased thermal efficiency. Therefore, in order to limit the
peak pressure in the piston engine, the pressure ratio in the turbocomponents are typically lower than
in the conventional turbofan engines. This in turn leads to a lower exhaust temperature, T5′ . Also, in
order to keep the efficiency as high as possible, the exit temperature T4′ after the sequential combustor,
which does the constant pressure combustion, is kept low. The free piston composite cycle concept
that is investigated in this report, utilizes the composite cycle explained. Further detail on the the engine
concept using this composite cycle will be presented in Section 2.4.

Figure 2.12: Enthalpy of entropy -diagram of the Composite Cycle and conventional Joule-Brayton Cycle[49]
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2.4. Free Piston Composite Cycle Engine
In this section, the free piston composite cycle engine concept will be discussed. The composite cycle
engine concept where a piston engine is used along with the turbofan was first introduced in paper by
Kaiser et.al.[48]. In theory, this concept could achieve a higher core efficiency by employing discontin-
uous cycles for constant volume combustion, achieving an OPR above 100 (hecto-pressure ratio). In
this study, it was determined that the this engine can reach peak pressure ratios above 300, provides
an improvement in TSFC of 17.5% meanwhile leading to a 31% increase in weight. Moreover, it was
argued that the CCE engine displays reduced emission index compared to the reference turbofan due
to shorter residence times at high temperatures and pressures. A major contributor to lowered NOx
emissions is the Joule/Brayton combustion chamber’s decreased stoichiometric flame temperature.
[48]

Kiaser compared three different thermodynamic cycles: conventional turbofan cycle as reference,
composite cycle and cycle-integrated parallel hybrid [14]. These cycles were evaluated to assess their
potential in reaching the emission targets set for 2035. The analysis was made on a short-to-medium
range aircraft at Top of Climb (TOC) conditions. The piston engine characteristics were modelled for a
two-stroke crankshaft engine using the Seiliger cycle. The piston system weight has been determined
based on simple geometric representation of the piston engine setup and the volumetric efficiency. The
mass of the piston and other components are taken into account using empirical relations. This report
concluded that the composite cycle engine was most promising with providing 25.8% fuel burn over
state-of-the art turbofan engines.

In [50], Kaiser et.al investigated the synergetic combination of the composite cycle engine with
pistons and the Intercooled Recuperated engine that employs recuperators to utilize waste heat from
the core engine exhaust, and intercooler to improve temperature levels for recuperation and to reduce
compression work. After conducting a screening process for intercooler options, it was found that
installing the intercooler in front of the piston system offers a notable benefit of up to 1.9% reduction
in fuel.In this paper, it was concluded that only the application of an intercooler appears to provide a
considerable benefit for the examined thermodynamic conditions.

Following the promising results obtained for the analysis made on the piston engine CCE concept,
in this novel engine concept is analyzed to see how it would perform when the concept is applied to
a year 2050 long range turbofan that uses the GTF configuration[51]. This paper evaluates aircraft
engines within the context of an advanced tube and wing aircraft platform envisioned for 2050. In this
paper, it was found that the baseline CCE concept improves the TSFC by 8.8% and increases the total
engine weight by 41%. The advantages of the combination of intercooler with the CCE concept is also
discussed in this paper. Firstly, there is an additional 2.5% fuel burn improvement while decreasing
the engine weight. Secondly, the baseline CCE concept leads to a 15% higher NOx emissions than
the conventional GTF. Meanwhile, the intercooled CCE has 12 % lower estimated NOx emissions on
average than the GTF. Although, in cruise, simulated NOx emissions are 181 % higher than the GTF’s
for the CCE, and 97 % for the intercooled CCE.

In Grönstedt et al.[6], various concepts that were selected for the ULTIMATE project that will go
into service in 2050 are evaluated.The results from this paper shows that compared to the reference
performance values for 2050, various designs using constant volume combustion achieved double-digit
fuel reductions. So, it was concluded that constant volume combustion could yield efficiency gains that
very few radical concepts promise to deliver. Most of the increased efficiency is because isochoric
combustion generates less entropy compared to isobaric combustion. In addition, in this paper, the
three concepts that aim to decrease combustor irreversibility (piston engine CCE, nutating disc, pulse
detonation) were compared. It was concluded that the piston CCE engine is closest to market, because
of vast experience with four stroke diesel engines in the automotive sector. In addition, it wasmentioned
that the findings imply that while transitioning beyond the tube-and-wing architecture is essential, merely
doing so may not be adequate. A greater level of integration between the airframe and innovative
propulsion systems is necessary to align with the ACARE 2050 targets.

In 2020, Kaiser published a PhD thesis on Multidisciplinary Design of Aeronautical Composite Cycle
Engines[21] which is the body of work that goes into the most detail about the CCE engine with pistons.
The engine architecture considered in this report is constructed considering kerosene combustion.

The first time in this report, the free piston engine concept is considered for the CCE architecture.
The free piston simulation in this report is conducted by making certain assumptions about the free
piston performance compared to the baseline crankshaft engine in terms of change in power, mean
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piston velocity and transmission efficiency. The thermodynamics of the free piston engine is solved
using the same method as the pistons with the crankshaft. So, in this study, the details of the free
piston is not considered. It was determined that the crankshaft configuration engines do not reach the
CO2 emission reduction targets set for 2035, but has potential to reach them with minor improvements
in propulsive efficiency. Meanwhile, the free-piston gas generator concept led to fuel burn improvement
of 9.6%, exceeding the efficiency targets for 2035.

In the article by [49], the concept and the design choices of the free piston composite cycle engine
(FP-CCE) is explained further. In Figure 2.13, a schematic illustration of a potential implementation
of the FP-CCE concept is presented. Similar to a conventional turbofan, the flow is separated after
the fan as bypass and core flow. The assembly can be considered as a self-powered gas generator
as the gained usable power from the combustion process drives the piston compressor. The free-
piston gas generator supplies high-temperature and high-pressure gas to the gas turbine core engine.
Subsequently, the exhaust gas from the free-piston enters the combustion chamber of the gas turbine
to further increase the temperature at the turbine inlet. The downstream components are typical of a
turbofan engine, with turbines driving both the fan and the upstream compressor[49].

Figure 2.13: Scheme of a half-side arrangement of the proposed free-piston composite cycle engine concept supplemented
with standard engine station nomenclature[49]

Firstly, the free piston concept offers a much more lightweight solution compared to the crankshaft
bound piston engine concept as many mechanical components are taken out[49]. Secondly, in a free-
piston engine, the mechanical forces are highly reduced, as no lateral forces are present apart from the
piston weight.Mechanical losses in crankshaft bound piston engines are in the order of 5-10%, while
losses conventional turbofan engines are in the order of 1-2%[49]. This disadvantage is eliminated by
the free piston concept as the losses due to the lateral forces caused by the connecting rod are elimi-
nated. Therefore, the free-piston concept offers significant advantage in eliminating mechanical losses.
In turn higher mean piston velocities can be achieved compared to crankshaft bound piston engines
and more energy can be extracted from the piston engine. So, for a given mass flow rate and power
output, a smaller piston can be used, which will result in a lighter and more compact design. On the
other hand, because the kinematics of the pistons are not bounded by the crankshaft but are controlled
by the forces acting on the pistons, the control of the free-piston engine is more challenging.Looking at
scavenging losses, they are quite similar between a crankshaft bound piston engine and the free piston
engine. On the other hand, free piston engine requires an external source to provide auxiliary power for
various systems such as fuel injection and valve actuation. For crankshaft bound piston engines this is
not necessary. So, the required mechanical power for take-off is higher for the free piston engine[49].

In [21], two-stroke is compared 4-stroke operation for the composite cycle engine concept. It was
found that, compared to the four-stroke engine, using two-stroke engines leads to a 3.7% decrease in
efficiency, while decreasing mass by 23.2%. It is stated that this decrease in masss leads to an addi-
tional 1.1% fuel burn improvement. Furthermore, the overall pressure ratio is higher for the two-stroke
engine, while the combustor exit temperature is similar. Due to higher temperatures being reached
within the pistons, the NOx emissions increase by around 50 %. The total CO2 emissions of an aircraft
are directly linked to the amount of fuel burned during its mission. A previous study evaluated the poten-
tial fuel savings compared to a turbofan engine of a similar technological level, estimating a reduction
of around 15%. This improvement was achieved through a 14% decrease in TSFC, an 11% increase
in engine weight, and subsequent cascading effects on the aircraft level due to the reduced fuel weight
that needs to be carried. Due to the higher peak temperatures and pressures in the piston engines,
NOx emissions are a challenge. The FP-CCE concept is expected to have higher NOx emissions than
future turbofan engines with lean-burn combustor technology[21].Furthermore, If the constant volume
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combustion cycle is realized, it is very likely to be used together with intercooling, possibly optimized
to minimize NOx. Variable intercooling could be used to minimize NOx emissions. Furthermore, the
power needed for compression within the piston compressor decreases. Therefore, can contribute
positively to the weight of piston engines. However, this advantage comes with a slight decrease in
efficiency and the inclusion of the intercooler’s weight.[21]

In the paper by Nickl.et al released in 2022[52], the applied time resolved 0D piston engine perfor-
mance simulation model of the CCE is adapted for hydrogen combustion. To model the free piston
engine The BHL-inhouse piston simulation program PEPSI was modified. In this study, the free piston
engine is not considered. Instead, a piston with crankshaft is simulated for hydrogen combustion. This
report presents a senstivity analysis for showing the effect of valve timing and piston cylinder geom-
etry. Furthermore, the piston engine specifics used in this simulation are for a generic piston engine
rather than the piston engine that will be able to be integrated in the FP-CCE concept. The input data
is quite limited whereas the output data for the piston is not given except the relative changes to the
performance data. Therefore, this study does not consider the effects of free piston combustion with
hydrogen, and the integration of the piston using hydrogen fuel into an aircraft engine architecture. In
this paper, it was identified that the piston peak pressure level is the technological limiting factor for the
development of the CCE design. The effects caused by the combustion characteristics of hydrogen
will result in higher peak pressures higher heat losses occurring to the piston wall compared to when
kerosene is used as fuel. Lastly, this report concludes that the intercooling technology will be expected
to be synergistic with H2-CCEs.

2.5. Free Piston Engines
A free-piston engine (FPE) is a new type of energy converter, which eliminates the crankshaft and
connecting rod mechanism. The free piston engine is a unique thermal hybrid propulsion machine
inherently with a higher thermal efficiency than its counterpart, the Conventional Reciprocating Piston
Engine (CPE)[53]. The piston motion of the FPE is not kinematically constrained like the CPE with a
crankshaft. The piston motion only depends on the pressure differences that develop when the piston
reaches either dead center. The piston operates without any mechanical constraints and undergoes
unique strokes with each movement. Therefore, the stroke length and the compression ratio can vary
almost instantaneously in each cycle. This allows, for the optimization of the compression ratio with
different fuels and operating conditions, without major hardware modifications [53][54][55]. With the
ability of the FPE to use various fuels with different compression ratios and indicated power, system
efficiency of a FPE can be significantly improved by optimizing the thermodynamic cycle[56]. The free
piston engine’s structural simplicity enables it to achieve a higher power density due to the reduced
number of moving parts, resulting in decreased weight and space requirements. Additionally, this
design leads to lower friction loss and eliminates side forces caused by the crank mechanism.[54]In
addition, the absence of the conventional kinematics to constrain the piston motion allows the systems
dynamics to influence its trajectory, now directly via its coupled translational loads. Moreover, the
dynamically constrained FPE can inherently explore an extensive range of piston motion profiles and
trajectories during its development and operation, which may be vital in reducing and, in part eliminating
in-cylinder combustion emissions[57].

2.5.1. Configurations
Free-piston engines can typically be classified into three groups according to their piston arrangement.
Another classification, known as free-piston gas generators, distinguishes engines where the load is
exclusively derived from an exhaust turbine rather than a mechanically coupled load device connected
to the engine. The distinct characteristics of each FPE architecture will be presented in this section.

Single-Piston
The single-piston is a relatively simple architecture with moderately easy control. The single-piston
architecture is visualized in Figure 2.14a. This engine essentially consists of three parts: a combustion
cylinder, a load device, and a rebound device to store the energy required to compress the next cylinder
charge. The main advantage of the single-piston design compared to the other free piston engine
configurations is the high controllability. The rebound device allows for accurate control of the amount of
energy put in the compression process, therefore, regulates the compression ratio and stroke length[55].
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Studies suggest that effective management of compression ratios can result in reduced in-cylinder
emissions and improved Brake Specific Fuel Consumption[53]. Furthermore, the single piston engine
has advantages regarding costs, efficiency, control, and the simplicity of its construction. The evaluation
also shows that the single piston concept has no disadvantages regarding vibrations, not even when
the piston stroke is not balanced with a counter weight[58].

(a) Single piston hydraulic free-piston engine[55] (b) Hydraulic dual piston free-piston engine [55]

(c) Illustration of an opposed piston free-piston engine with piston synchronisation mechanism.[55]

(d) Illustration of a free-piston gas generator [55]

Figure 2.14: Various Piston Engine Configurations

Dual Piston
The dual piston engine configuration is shown in Figure 2.14b. In this configuration, the rebound device
is not required since the working piston itself generates the force needed to drive the compression
process in the other cylinder. Therefore, this design allows for a simpler and more compact device
with a higher power-to-weight ratio. On the other hand, having no rebound device produces certain
disadvantages. The control of the stroke length and compression ratio becomes more difficult. This
is because the combustion process that occurs in one cylinder, drives the compression in the other
cylinder. So, even small irregularities in the combustion process can have a large influence on the next
compression process. Therefore, the combustion process and the piston motion needs to be controlled
and optimized for high efficiency and low emissions. Furthermore, research has shown that the dual
piston configuration is highly sensitive to load differences and large variations for each cycle[55]. Lastly,
dual piston engines have vibrations challenges to address if it is not combined with a second engine to
provide a balanced design[53].
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Opposed-Piston
The opposed piston free piston configuration has two single piston units, connected by a common
combustion chamber. Each piston has a rebound device. Also, a load device can be coupled to one
or both of the pistons. In Figure 2.14c, an opposed piston free-piston engine, with a mechanical piston
synchronisation mechanism is shown.

The primary advantage of the opposed piston configuration is its perfectly balanced and vibration-
free design. This characteristic sets it apart from other free-piston configurations that require additional
methods to control vibrations. Another advantage of the opposed piston design is the reduction in
heat transfer losses due to the absence of a cylinder head. This design also enables the use of uniflow
scavenging, leading to high scavenging efficiency[55].The most important disadvantage of the opposed
piston design is the requirement for a piston synchronisation mechanism. Considering also the need
for a dual set of the main components, the engine becomes complicated and bulky[58].

Free Piston Gas Generator
Free-piston gas generators are engines that supply hot gas to a power turbine without any mechanical
load on the engine itself, except for supercharging the intake air. The work output is solely derived from
the power turbine. In Figure 2.15 an opposed piston free-piston gas generator plant is illustrated.

Figure 2.15: Illustration of a free-piston gas generator[59]

In comparison to conventional gas turbines, free-piston gas generators offers higher compression
and pressure ratios. Additionally, they differ in the way the work required to compress the intake air is
already extracted from the gas before it is supplied to the power turbine. As a result, the gas entering
the turbine has a lower temperature, which reduces material requirements and allows the turbine to be
positioned farther away from the combustor, minimizing heat transfer losses. The operational charac-
teristics of a free-piston gas generator closely resemble those of other free-piston engines of the same
configuration[55]. Based on the count of combustion chambers, available free piston gas generators
can primarily be categorized into three groups: single-cylinder, twin-cylinder, and opposing-cylinder
configurations[59].

The single-cylinder configuration typically includes a rebound device for pushing the piston from
BDC to TDC. Combined with a controllable rebound device, the free-piston of single-cylinder FPLG
can produce precise reciprocating motion which leads to better controllability. The dual-cylinder config-
uration is equipped with two combustion chambers. Under a two-stroke combustion cycle, each stroke
of the free-piston motion is a power stroke. While one chamber is in the combustion stroke, the other is
in the compression stroke that is immediately followed by the combustion. Hence, the combustion state
at one end can directly affect the position of TDC on the other side. The dual-cylinder configuration
can be designed in a compact size for higher output power. Compared with the single-cylinder, it is
more difficult to ensure the consistency of the piston motion and dead centers.In the opposed cylinder
configuration, the combustion chamber is placed in between the two pistons. When the fuel burns,
the pistons on both sides are simultaneously pushed. The explosive force produced by combustion at
each piston can be counteracted by the opposite direction of forces. However, the compression ratio is
determined by the synchronized motion of the pistons, therefore, the motion has a significant effect on
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the combustion process. The opposed piston structure is well-balanced but the piston synchronization
control is quite complex[59]. The most recent developments on the free piston technology has been
mostly on the dual-piston configuration, with approximately 80 % of the papers reviewed by Brosnan
considers dual-cylinder engines[53]

2.5.2. Ignition Methods
Another important characteristic in a reciprocating engine is the method of ignition. Reciprocating en-
gines can either work with spark ignition or compression ignition [25].

Spark Ignition
In the conventional spark ignition engine, fuel is injected into the intake port right before the intake valve
(multi-point injection). This process allows a combination of air and fuel to enter and be compressed
once the intake valve is closed. Prior to reaching the top dead center, the compressed mixture is ignited
using a spark plug therefore it is called spark ignition. Since both intake and compression strokes are
used for mixing fuel and air, the mixture is nearly homogeneous at the end of the compression stroke.

The amount of inducted air is regulated through valves, measured and the fuel is injected propor-
tional to the amount of air that is available.Usually, this is done so that the medium air ratio λa = 1 is
maintained. Therefore, the mixture is quantity regulated in spark ignition engines. In order to prevent
auto-ignition in the compressed air fuel mixture, the compression ratio is restricted. In ??, the engine
map of a four-stroke spark ignition engine is shown. The characteristic map is limited by the idle and
limit speeds as well as by the maximal torque line. Since the pressure is proportional to the torque
times the engine speed, the constant performance lines are hyperbolas in the engine map. These
lines, chondiodal curves, represent lines of constant specific fuel consumption.

Compression Ignition
The conventional diesel engine uses compression ignition. Furthermore, in the diesel engine, only air
is taken in and compressed. Fuel is injected to the compressed air right before TDC.

At that point, the temperature of the compressed air is is higher than the autoignition temperature
of the fuel. After a short time, the ignition lag time, autoignition occurs. Contrary to the spark ignition
engine, the mixture is not homogeneous during ignition. Due to the short time between start of injection
to autoignition, fuel and air can not mix fully, there the combustion proceeds in partial simultaneity.
Therefore, the combustion process does not occur in a uniform way.

Compared to the SI engine, speed is in a narrower range and the actual medium pressure is higher.
The control of the diesel engine is determined by the quantity of injected fuel, which is commonly
referred to as fuel quantity regulation.While in the conventional SI engine the air ratio is always λ = 1,
in the case of the diesel engine it varies with the load and changes between 1.1 ≤ λ ≤ 10.

Another novel way of using compression ignition is the Homogeneous Charge Compression Igni-
tion (HCCI). Essentially, HCCI combustion operates without the need for spark plugs or injectors to
initiate the combustion process. Instead, combustion occurs spontaneously at multiple points once
the mixture reaches its activation energy. This combustion method is noticeably faster than both com-
pression ignition (CI) and spark ignition (SI) combustion. HCCI offers improved thermal efficiency and
reduced emissions by modifying both CI and SI engines. It is compatible with a wide range of fuels, fuel
combinations, and alternative fuels. However, there are challenges to overcome, such as controlling
the combustion phase, dealing with limited operating range and cold starts, managing high noise lev-
els, and preparing a homogeneous charge. Successful operation of HCCI engines requires addressing
these issues[60]. The thermal efficiency of conventional diesel (CI) engine is around 30–40%; however,
if diesel is used in HCCI engine, it increases thermal efficiency to 40–45% [61]. In conclusion, HCCI
combustion can be implemented in existing CI engines with modifications, resulting in lower emissions
of NOx and soot while maintaining comparable performance to CI combustion. Nissan is developing
this technology further for commercial applications[62].

In the paper by Goldsborough and Van Blarigan[63], the numerical analysis on a free piston internal
combustion engine operating on HCCI has been made. The engine considered in this paper operates
in two-stroke mode and uses hydrogen as fuel. The conclusions from this paper can be summarized
as follows. Firstly, the operating compression ratio in this engine can be adjusted based on various
factors, allowing for control over thermal efficiency and performance. These factors can be equivalence
ratio, scavenging efficiency, intake temperature etc. Secondly, the rapid and near-constant-volume
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combustion process in HCCI eliminates burn duration as a limitation to achieving high efficiency with
high compression ratios. Thirdly, HCCI combustion enables significant reduction in NOx emissions
due to low equivalence ratio homogeneous charge combustion, potentially eliminating the need for
exhaust gas after-treatment. Finally, proper piston dynamics are crucial for complete combustion and
minimizing NOx emissions in the HCCI process, requiring careful control of pistonmotion near TDC.The
success of the free piston engine depends on optimizing the scavenging process to prevent limitations
on the achievable compression ratio and fuel loss through the exhaust port.

2.5.3. Free Piston Engine Modelling
There are various efforts to model various free piston configurations, yet, an opposed free piston model
that uses HCCI combustion for hydrogen has only been investigated experimentally by Sandia Labs [64]
. Furthermore, There are various efforts in literature modelling free piston engines[56][63][65][66] [67].
The free piston HCCI ismodelled by Alrbai [68] andGoldsborough [65]. Sandia Labs experimental study
on the free opposed piston model with H2 HCCI combustion that can operate at an high compression
ratios (around 30) and at low equivalence ratios (around 0.35). The results of the experiment showed
that this engine can reach indicated thermal efficiency higher than 50%with a design power output of 30
kW. Thus engine was motored with a pneumatic drive system utilizing bounce chambers. Furthermore,
the use of linear alternator to generate electricity and control the compression ratio was also explored
in these experiments.

Goldsborough and VanBlariganmodelled and analyzed the steady-state operation of a dual-cylinder
free piston engine generator that uses hydrogen as fuel to reach HCCI combustion[63]. This analysis
utilized a zero-dimensional thermodynamic model incorporating detailed chemical kinetics, as well as
empirical models for scavenging, heat transfer, and friction components. This engine was also de-
signed to operate for lean hydrogen combustion (phi around 0.3) at high compression ratios (30). Their
simulation results showed that high indicated thermal efficiency and low NOx can be achieved using
free piston HCCI combustion with hydrogen. Alrbai investigated the performance of a single cylinder
free piston HCCI engine [68]. Zhu investigated the performance of an opposed free piston engine with
SI combustion [67]. In this report, it was also found that a use of an alternator system was necessary
in order to control the compression ratio which varies over time if not controlled.

In general, there are two main factors that is considered in modelling the free piston: the connection
between the piston kinematics to thermodynamics, the heat losses and friction losses. One commonly
used heat transfer relation is the Woschni-Vogel correlation to estimate the wall heat transfer coefficient
[69].The main processes to be modelled in the free piston engine are compression of the intake charge,
combustion of the mixture, expansion of the combustion products and scavenging. There are various
models to describe the in-cylinder processes. A common simple model is the Seiliger cycle. The
Seiliger cycle approach is too simplistic as it cannot predict efficiency, power and peak temperatures
accurately. This is because the Seiliger cycle does not resolve the scavenging process, superposition of
heat addition and expansion[21]. Another approach to model the piston is by using chemical kinetics.
The chemical kinetics approach can solve the compression, combustion and expansion processes
simultaneously. There are various models that are chemical kinetics models: 0-dimensional (0-D)
thermo-kinetics, quasi-dimensional thermo-kinetics, segregated, sequential fluid mechanics –thermo-
kinetics multi-zone approach and multidimensional fluid mechanics with coupled kinetics. The 0-D
model is the simplest model that uses chemical kinetics[68]. In this model, the processes are modelled
as a single zone. It is assumed that the homogneous mixture of gasses are ideal gasses and the first
law of thermodynamics is imposed on the gasses. With the 0-D model, main characteristics of the
engine such as work output, combustion time, peak pressure and peak temperature can be obtained.
Meanwhile, this model cannot predict wall temperature effects accurately. Therefore, it is insufficient in
predicting emissions compared tomulti zonemodels. Furthermore, this model cannot predict themixing
process during scavenging[68]. Golsborough [63] and Kaiser [21] also uses 0-D single zone model for
the thermodynamics. In order to model the free piston, the kinematics and the thermodynamics have
to be coupled. The methodology from Alrbai[68] and Goldsborough [63] both uses force balances to
solve the kinematics and then connect it to the mixture chemical kinetics. The combustion defines the
pressure force in the chamber which is one of the main forces that effect the piston motion. In the
method by Alrbai, the chemical kinetics is solved by Cantera[70]. Furthermore, in the work carried out
by Alrbai, the gas pressure force is modelled as a spring system.
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Free Piston Modelling and Validation

3.1. Methodology
In this section, the methodology to be followed to model the opposed free piston engine will be pre-
sented.The engine will be modelled as a two-stroke HCCI engine.The free-opposed piston is modelled
using a 0-D single zone combustion with a chemical kinetics approach. In this section, the thermo-
dynamic and kinematic model used to model the free piston motion and in-cylinder dynamics will be
elaborated. Furthermore, the models considering friction, alternator, heat transfer and scavenging will
be elaborated.

The free piston engine cycle consists of four main processes: the compression of the charge until
ignition, combustion of the gas, expansion of the combustion products and lastly, scavenging. These
processes cycle will be solved using the chemical kinetics approach where all the processes can be
coupled to each other. The chemical kinetics approach is more complex compared to empirical mod-
els but provide higher accuracy. Furthermore, the model consists of using a thermodynamic and a
dynamic model. With the chemical kinetics approach, compression , combustion and expansion can
be simulated simultaneously.To achieve this, the first law of thermodynamics, ideal gas law and the
combustion rate equations are coupled and solved using the chemical kinetics solver Cantera [70]. In
this method, Cantera is coupled with the dynamic model in a Python simulation environment. The
free piston model consists mainly of two parts, the thermodynamic model and the dynamics model.
These two sub-models are coupled such that the pressures calculated from the thermodynamic model
is inputted to the dynamic model to calculate the acceleration and velocity. In the meantime, the ac-
celeration calculated by the dynamic model influences the piston wall velocity. So, the simulation
advances in an iterative fashion. Furthermore, the reaction mechanism used to simulate the reactions
greatly impact the properties and behaviour of the model. Species reaction equations pose challenges
in terms of stiffness and sensitivity, requiring a specific solver. The nature of these reactions depends
on the mechanism employed, with the option to choose between full or reduced mechanisms based on
considerations such as result sensitivity and computational cost.

3.1.1. Opposed Piston Engine Schematic/ Configuration
The schematic opposed piston engine investigated in this study is shown in Figure 3.1. The combustion
chamber, where all the in-cylinder processes are defined, is confined between two pistons. The move-
ment of the piston is governed by the forces due to the bounce chamber gases, in-cylinder gas, friction
and linear alternators. The pistons move towards the top dead center due to the pressure force exerted
by the gas in the bounce chambers. Then, at top dead center, near constant volume combustion occurs
and the piston is pushed towards the bottom dead center by the in-cylinder gas forces. It is desirable
to have combustion at the top dead center as under-compression can lead to incomplete combustion
and over-compression can lead to a significant increase in the NOx emissions [63]. Achieving constant
volume combustion is quite difficult in reality. In order to come close to the desired point of ignition,
the compression ratio is controlled using the linear alternator [68]. The control of the compression ratio
using the linear alternator will be detailed in the coming sections. When the pistons reach the port
locations, scavenging occurs. For this engine, loop scavenging is employed in order to have easier
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control of the two pistons. The port locations are located symmetric to the x and y axis. This way, the
two pistons can operate in symmetry which makes it much easier to control the compression properties.
More details on the scavenging process will be detailed further later in this section.

Figure 3.1: Schematic of the opposed-free piston engine with loop scavenging

3.1.2. Piston Dynamics
In a free-piston engine, the motion of the pistons are not prescribed like a crankshaft engine, but rather
depends on the force balance on the piston. The force balance on the left piston is visualized in
Figure 3.2. Due to the opposed piston configuration, the opposite force balance will be solved for
pistons on both sides. This leads to the symmetric motion of the left and right piston. In this model, the
motion is positive towards the right. The free piston dynamics can be solved using Newton’s second
law of motion.

Figure 3.2: Force and kinetics analysis of the moving mass [67]
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mpiston
d2x

dt2
= Fbc + Falt + Ff + Fcc (3.1)

The force balance acting on the left piston is given in Equation 3.1. The represented terms in this
equation are the mass of the piston translator mpiston, the in-cylinder combustion chamber force, Fcc,
the bounce chamber force, Fbc, the friction force, Ff , and the alternator force, Fw. The force balance
is made for the pistons on each side. For the force balance on each side, mpiston is taken as the
mass of the linear translator on that side. The bounce chamber acts like a spring system, pushing
the pistons forward during compression and slowing them down during expansion. Meanwhile, the
combustion chamber forces act on the opposite direction. The friction and alternator force act against
the movement at all times, slowing down the piston. The alternator is mostly used in that way to keep
a certain compression ratio.

Bounce Chamber Model
There are two main bounce chamber mechanisms that are commonly used for free piston engine ap-
plications. First method is using springs to control the motion of the free pistons where k is the spring
stiffness and xs is the spring neutral position [71]. Another method is using the gas force to control
the motion of the pistons, also called the pneumatic bounce chambers [67] [72] . Using a pneumatic
bounce chamber instead of springs are advantageous in terms of having a smaller mass and decreas-
ing mechanical complexity of the system. In this method, the bounce chamber is filled with usually
an inert gas. Inert gases are more feasible for bounce chamber applications because they do not
go through chemical reactions at the prescribed temperature and pressure ranges. In the free piston
model constructed by Alrbai, the pneumatic bounce chambers are utilized, but they are modelled as a
spring system [68]. The pressure force exerted by the piston is simplified to a spring system as given
in Equation 3.2.

penumatic : FP = A · Pbc

spring : FP = k ∗ (x− xs)
(3.2)

In the opposed piston engine design by Sandia, Helium is used in the bounce chamber gases [64].
In the reaction mechanisms used in the analysis did not include Helium. Therefore, Argon will be used
in this analysis as it is the lightest inert gas after Helium. The bounce chamber gas is modelled as an
ideal gas in this model. The pressure inside the gas is selected to achieve the desired compression
and expansion characteristics. Looking at Figure 3.1, it can be seen that the there is also a gas on the
other side of the bounce chambers. In reality, the force exerted from the bounce chambers to the piston
is also effected by that gas force. In order to simplify the reactor network model in Cantera, the effect of
that gas mass is not considered. Instead, just one pressure term for the bounce chamber is taken into
account [67][73]. In futuremodels, a reactor network that also takes that gasmass into account could be
made. In the model proposed by Zhu, the pressure in the bounce chamber is also controlled by valves
[67]. In the model used in this thesis, the mass of the gases in the bounce chambers are kept constant,
with no leakage between the piston and the bounce chambers. ’The bounce chamber pressure will be
varied in different simulations but the bounce chamber gas temperature is kept constant at T = 300K.
Also, it is assumed that the bounce chambers do not experience heat loss to the environment.

Friction Model
The friction model used in thesis considers a dynamic and static friction term. This method was also
used in various research made on free piston engines [63][67][68]. The friction model can be repre-
sented with Equation 3.3.

Ff = −sign(vp) ∗ f1 +−vp ∗ f2 (3.3)

This approach to modelling friction offers a compromise between the simple model, where a con-
stant value for friction is assumed, and the more complex models. An effort to model the friction in a
free opposed piston engine is made by Jia[73]. In this paper, the free piston friction is broken down into
components such as piston ring friction, friction due to valve train system and friction due to the losses
in the linear electric generator. To calculate these friction components in more detail, more detail on the
geometry of the model should be known. Since the geometry of the piston defined in this model is not
defined in such detail, it was not feasible to use this approach. So, the model used in the thesis only
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represents the piston ring-wall friction. In order to get realistic results for the friction force with the model
represented in Equation 3.3, the coefficients have to be tuned. If there was experimental data available,
the best approach would be to tune it to get close to the experimental values [63]. In the model created
by Robinson et.al, the friction coefficients are selected to match the 7% friction loss presented by the
researchers in DLR as a baseline value [74]. The same value is also used as a baseline to compare
in the research made by Alrbai [68]. Therefore, it was decided that the friction coefficients would be
tuned to get around 7% friction loss. This is a limitation of this research as this ratio of the friction loss
could be different due to the different engine geometry and average piston speed between the engines.
With more complex parameterisation of the piston model in the future, more detailed friction model can
be applied.

Linear Alternator Model
Lastly, the force applied by the alternator is taken into account. The control of the free piston motion is
vital in ensuring effective operation. Since the motion of the piston is not controlled by a crankshaft, it is
much more difficult to reach the desired compression ratios consistently during operation. By using an
alternator, the force applied to the pistons can be modified during operation to ensure that the desired
compression ratios are reached [72]. In addition to that, the electromagnetic force generated in the
linear alternators can be used to power other devices. In the case of aircraft engines, the power gener-
ated by the alternator can be used for avionics, on-board systems or even fed back to the propulsion
system for next-gen hybrid electric propulsion systems.

The alternator force is generated by the alternator coils and resists the changes in the magnetic
field. The change of magnetic flux through the coil, Φ, determines the induced voltage.

Vind = −dΦ

dt
(3.4)

By using the basic electronic circuit relation, the induced voltage can be written as given in Equa-
tion 3.5, where Rcoil is the coil resistance. . Following this, the induced power can be found as pre-
sented in Equation 3.6.

Vind = −dΦ

dt
= −dΦ

dx

dx

dt
= iRcoil (3.5)

Pind = iVind = −i
dΦ

dx

dx

dt
(3.6)

The induced power is equal to the power extracted from the piston by the electromagnetic force.

Pmech = Falt
dx

dt
(3.7)

Therefore, the alternator force can also be represented as a function of dΦ
dt , which is a design

parameter used for the alternator that depends on the properties of the magnet such as the magnetic
strength, coil turns and gaps between the magnets [72]. In the efforts the model the free piston linear
alternator engine by Sandia, this parameters is used as function of piston position for every single coil
in the alternator.

Falt = −i
dΦ

dx
(3.8)

Another method to model the alternator is by using a more simpler model where the electromagnetic
characteristics of the alternator can be lumped into a single holistic parameter CA and the alternator
force is proportional to the piston velocity [72] [67] [63][68]. With this model, the force generated by the
alterantor can be varied much more easily by just changing the coefficient CA.

Falt = −CA ∗ vp (3.9)

In the research made by Lee, the detailed model in the simple model are compared [72]. In their
research, Lee found that the number of coils and magnets do not matter as long as the energy extracted
by alternator is similar. When the simple model is used, the amount of power extracted can be modified
much easily because the details of the complexity of the electrical components is not considered. This
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makes the simple model muchmore computationally efficient and easy to alter compared to the detailed
model.

Figure 3.3: Alternator Force over time for one cycle [72]

The drawback is that the electromagnetic force behaves very differently between the models as
presented in Figure 3.3. In the detailed model, the alternator force is oscillating many times within
the stroke. This shows that the force is does not always do work against the piston motion during
the stroke. The physics of electromagnetics within the magnet assembly leads to the magnetic flux
to vary with the piston position. Hence, it is hypothesized that a constant value can be determined to
accurately represent the average behavior of the actual alternator. Given the additional computational
time required by the detailed alternator model,employing the simplified model to conveniently adjust
the alternator output is preferred [72].Lastly, the current research does not encompass the rectifier
circuit or battery model. The simplified alternator model given in Equation 3.9 is used in various free
piston models in literature [63] [72] [67] [63][68]. In these models, the linear alternator is used to
generate electrical power and control the compression ratio of the piston at the same time. Based on
testing different combinations of coils and magnet numbers, the charging efficiency ranges from 85%
to 92% [72]. The conservative estimate of 85% is designated as the ”alternator efficiency” to avoid
overestimating efficiency.

3.1.3. Thermodynamic Model
The second sub-model is for the in-cylinder thermodynamics. The in-cylinder gas cycle is studied
using a simple zero-dimensional chemical kinetics thermodynamic method, excluding fluid dynamics
and spatial effects.The state of the in-cylinder gases is determined by applying the energy conservation
equation to the cylinder’s control volume.

The energy conservation of the in-cylinder species are given in Equation 3.10

dU
dt

=
dQcomb

dt
− dQloss

dt
− p

dV
dt

+
∑
i

Hi −
∑
o

Ho −
∑
l

Hl (3.10)

where U is the total internal energy of the combustion chamber, Qcomb is the combustion heat
released due to the fuel, Qloss is the heat transfer of the combustion chamber, Hi represents the total
enthalpy of the air intake, Ho represents the total enthalpy of the air exhaust, Hl represents the total
enthalpy of the air leakage.

The cylinder charge is represented as a perfectly mixed, ideal gas; compression and expansion are
calculated with temperature dependent specific heat ratio and heat transfer between the gas and cylin-
der walls; combustion heat release is predicted with a chemical kinetics full reaction mechanism.The
enthalpy flowing in and out of the combustion chamber are represented in this equation. The enthalpy
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flow can be due to the scavenging process or leakage. In this thesis, the leaking flow from the cham-
bers are not considered. The mass flow during the scavenging process can be controlled using the
effective valve area, discharge coefficient, pressure ratio and the fluid conditions from the scavenging
port. The compression, combustion and expansion phases are modelled differently compared to the
scavenging process as there will be no change in mass during those processes. In this thesis, the per-
fect scavenging model is assumed and will be detailed later in this chapter. The reaction mechanism
used in this study is the A2NOx reaction mechanism for kerosene [75]. This reaction mechanism was
selected because it can models both hydrogen and kerosene combustion, which are needed to model
the FP-CCE concepts.

Chemical kinetics governs the reactions of species within an in-cylinder Perfectly Stirred Reactor
(PSR), where reactantsmix thoroughly and combust uniformly. This reactor type is valuable for studying
highly mixed internal combustion engines, residence time concerns, and high-temperature chemical
kinetics. Cantera solves the time-dependent reaction equations that depict the evolution of the reactor’s
chemical and thermodynamic state. The combustion heat release rate is determined using the formula
[68]:

Q̇comb = −V ·
N∑
i=1

(ω̇i · hi,m) (3.11)

Where ω̇i is the net production rate of the species i, hi,m,is the molar enthalpy of the species i, and N
is the total number of species involved in the reaction mechanism. The input energy to the system is
the fuel energy added per cycle. The input fuel energy is shown in Equation 3.12.

Qf = mf ∗ LHV (3.12)

Heat Transfer correlation
For the free piston model, it is important to accurately estimate heat losses to have a realistic overview
of the performance of the engine. The heat transfer between the walls and the in-cylinder gas can be
expressed with Equation 3.13.

Qloss = h ·Awall · (T − Twall ) (3.13)

The heat transfer then depends on the instantaneous surface area of the cylinder (Awall) and wall
temperature (Twall). In this study, the heat transfer correlation is estimated using the Hohenberg cor-
relation given in Equation 3.14 [76].

h = 130V −0.06

(
p

1× 105

)0.8

T−0.4(v̄p + 1.4)0.8 (3.14)

where V is the in-cylinder volume, p and T are the in-cylinder pressure and temperature, and v̄ is
the average velocity of the moving piston mass.

There are various studies comparing the heat transfer models available that could be potentially
used for HCCI combustion applications. In the study made by Hiaruttin et.al [77], a single-zone ther-
modynamics model was used to compare three different heat loss models: Woschni [78], modified
Woschni[79], and Hohenberg correlations [76]. It was found that the difference in heat loss models
leads to a big difference in the heat flux, with the modified Woschni model having the highest heat
flux among these models. Furthermore, the effects of changing the scaling factor and characteristic
velocity were also investigated. This study concludes that the most accurate results were produced
by using the modified Woschni model. Meanwhile, the Woshcni and Hohenberg correlations require
more rigorous scaling of the constants to match the experimental data. In another study made by Soy-
han et.al, three heat transfer correlations, modified Woschni, Hohenberg and Assanis correlation [80]
, are compared to assess their performance in predicting the heat transfer for HCCI combustion [81].
The results from their experiments are compared to the results obtained using each correlation. In
the Woshcni correlation, there is a term representing the combustion compression velocity, which is
defined as the bulk gas movement due to the compression of the unburned gases by an advancing
flame front. It is argued that this term is not applicable to HCCI engines and can lead to overestimation
of the gas velocity. This leads to an exaggeration of the heat transfer rates during combustion and ex-
pansion, and potentially an underestimation during compression. The Assanis correlation, a variation
of the Woschni heat transfer correlation tailored for HCCI engines, addresses gas movement concerns
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by empirically reducing the combustion compression velocity. This adjustment results in significantly
lower heat transfer rates throughout the engine cycle in our HCCI engine, leading to an overestimation
of peak pressures. It was found that, while the Assanis model can be aligned with the experimental
data by tweaking the scaling coefficient, it is inconvenient to require significant coefficient adjustments
for each unique HCCI engine. It was concluded that, the Hohenberg correlation gave the most realistic
results without the need of a scaling factor, as it has no explicit combustion velocity term. Given that
the HCCI free piston model at hand does not have any experimental values to scale the heat transfer
correlations, the Hohenberg correlation was selected to be the most feasible for this study.

3.1.4. Scavenging
A cruical part of the free piston model is the scavenging model. The control and prediction of free piston
dynamics is quite complex. In turn, this also makes the scavenging process complex as it depends
on the port timings and usually, the pressure differences between in-cylinder and the reservoirs. This
part of the free piston theory needs more attention in order to come up with smart methods to control
scavenging in free piston operations. The free piston will inherently work in two-stroke operation. So,
the gas exchange will happen as the piston are moving.

Perfect Scavenging
In order to simplify the modelling efforts, one of the methods implemented was the perfect scavenging
method[68]. This assumption means that all the gases in the cylinder is changed from cycle to cycle.In
thismethod, it is assumed that the simulation starts with the piston walls at port opening locations. When
the piston walls reach the port opening locations again, the simulation stops with one cycle completed.
With perfect scavenging, no cylinder gas is retained from cycle to cycle and all of the intake conditions
return to the intake conditions. Meanwhile, velocity and acceleration continues with the cycles to have
the dynamics module to work continuously.

Scavenging with Mass Flow Controllers
The change in enthalpy due to the gas exchange can be modelled using the equations below [67]:
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Cd = 0.85− 0.25
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(3.16)

where, Cd is the discharge coefficient, pl is the pressure of the low pressure end, ph is the pressure of
the high pressure end, Tph is the temperature of the high pressure end. This equation is applied to both
inlet and the outlet port. Due to the high complexity of the scavenging model with massflow controllers,
it was decided that the perfect scavenging method will be sufficient for this study.

3.1.5. Simulation Setup
In this section, the simulation setup for the free piston engine is presented. The simulation has an
iterative nature where information is exchanged between the dynamic and chemical kinetics model.
The set of inputs to the simulation consists of inputs that define the geometry of the piston and inputs
that define the characteristics of the cycle to be simulated. The relevant inputs and the simulation
procedure will be more detailed in this section.

The set of inputs for the cycle simulation are:

• Ncycles: number of cycles
• CRtarget: Target compression ratio
• b: piston head bore
• (b/s)max: maximum bore-to-stroke ratio
• Rbdc: bottom dead center ratio. The ratio of the bottom dead center to the total length of the
combustion chamber module.
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• Rport: port ratio. The ratio of the port location with respect to the total length of the combustion
chamber module.

• m: translator mass for each piston
• Ti: cylinder inlet temperature
• Pi: cylinder inlet pressure
• Pbc: bounce chamber initial pressure
• CA : alternator coefficient
• fs,fd: static and dynamic friction coefficient
• Xfuel: fuel composition
• Xox : oxidizer composition
• ϕ: equivalence ratio

Geometry parameterisation
The free piston engine model to be investigated in this thesis in quite unique. The free opposed piston
HCCI engine burning hydrogen is a very novel concept. Therefore, there is currently only one design
in literature, presented by the report by Sandia [64]. In order to explore a wider design space, vari-
ables that define the geometry of the piston are created. In this thesis, the focus is to measure the
effectiveness of the energizing of the flow rather than the detailed design or mechanics of the piston
module. Therefore, a relatively simple parameterisation of the geometric variables were made. In a
more detailed design, components such as the piston heads, bounce chambers and the valves could
be defined in a more detailed geometry where lubrication could also be considered.

Figure 3.4: Simple Parameterisation of the Free Opposed Piston Engine

The geometry of the opposed free piston can be seen in Figure A.1. This simple paramatersiation is
made mainly to calculate the total length of the engine. This step was necessary in order to accurately
define the volumes in the simulated reactor network in Cantera. The selected variables for the geometry
parameterisation are:

• CRtarget: target compression ratio
• b: piston head bore [m]
• (b/s): stroke to bore ratio
• Rbdc: bottom dead center ratio. The ratio of the bottom dead center to the total length of the
combustion chamber module.

where CRtarget is defined as:

CRtarget =
Vi

Vf
=

Apistonhead

Apistonhead

xBDC,R − xBDC,L

xTDC,R − xTDC,L
(3.17)

The total length of the piston is determined by the stroke length and the maximum compression
ratio. The total length of the piston engine is computed using Equation 3.18.The derivation of the total
length equation is presented in Appendix A.
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L =
1

(b/s)
∗ b ∗ 2 ∗ CR

(CR− 1) ∗ (1− 2 ∗Rbdc)
(3.18)

In order to understand the limits of the design parameterisation, a sensitivity analysis of Equa-
tion 3.18 has been made. In this analysis, the bore is kept constant at 0.06 meters. In Figure 3.5a,
the change in total length for the changing target compression ratio and bore-to-stroke ratios are given.
Firstly, the graph shows that the length of the piston module reaches a limit as compression ratio in-
creases. The change in length going from a CRtarget = 20 to CRtarget = 30 only yields less than
1% difference in the total length. Therefore, for the same set of inputs for the variables that effect the
forces on the piston, the compression ratio can only reach to a certain point. even though the CRtarget

is higher. Secondly, it can be observed that with the increasing bore-to-stroke ratio, the limiting com-
pression ratio moves to higher values. So, with the same bore length, higher compression ratios can be
reached because the piston module is longer. In Figure 3.5b, the change in total length for increased
RBDC is given. The total length goes go to infinity as RBDC reaches 0.5. This is expected as the
compressed volume cannot be zero. Furthermore, as RBDC gets smaller, the total length decreases.
This can be explained with the fact that the smaller the bottom dead center location for constant bore
and stroke, smaller the length becomes.

(a) Change in piston in-cylinder module length for changing compression
ratio and bore-to-stroke ratio

(b) Change in piston in-cylinder module length for changing RBDC and
bore-to-stroke ratio

Figure 3.5: Piston dynamics for changing piston head mass
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Figure 3.6: Simulation Procedure

The simulation procedure is similar to the approach taken by Alrbai, as Cantera is also in the model
used in his study [68]. The simulation procedure can be seen in Figure 3.6. The simulation starts with
defining the thermodynamic properties of the in-cylinder and bounce chamber gas and the dimensions
of the piston engine. Then, the calculated pressure from Cantera goes to the dynamic model to cal-
culate the acceleration from the net force and calculate the wall velocity. Then, this wall velocity is
inputted to Cantera as the wall velocity. Then, the simulation advances by one time step to calculate
the new location of the piston and the new thermodynamic properties at that location. Then, these
thermodynamic properties are inputted back to the dynamic model to restart the loop. In the perfect
scavenging model, all the thermodynamic properties of the model goes back to initial conditions.

The free piston control becomes especially complex during multi-cycle operations. The results from
Zhu and Alrbai shows that without a controlling mechanism, the compression ratio increases as cycle
moves on which leads to inefficiencies and even catastrophic failure. As a simple and robust solution,
a PI controller was implemented [67][68].

The controller weight fluctuates within specified upper and lower bounds. The proportional part
adjusts the controller weight according to the error between the actual and target CR. The integral part
integrates the error over time, adding it to the proportional result. The controller uses the equations[68]:

Fa = Wa · Ca · v

Wa = 1−KP · error −KI ·
∫

error · dt

error = CRTarget − CRActual

(3.19)

Where,We is the controller weight,Kp is the proportional component,KI is the integral component,
CRTarget is the target CR, CRActual is actual CR.

3.1.6. Baseline OFPE Design
The selected inputs for the piston engine simulation is based on the set of inputs provided by Goldsbor-
ough[63]. The engine used there is in dual-cylinder configuration but still aims to to HCCI combustion
with hydrogen. Therefore, the inputs for the thermodynamic properties are taken from there. The bore
is selected to be similar to the experiments provided by Sandia [64]. The bore-to-stroke ratio is taken
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into account is taken as one, the square-stroke mode. The square-stroke mode is regarded as a good
trade-off between high power and low mass [21]. The mass if the piston is selected to have a good
overall synergy between being lightweight, requiring less force to push it towards TDC, and being heavy
enough to stay in the TDC to have a more complete combustion [63]. More on this on the sensitivity
analysis part. The static and dynamic friction coefficients are selected such that the friction loss could
be around 7% [74]. The bounce chamber pressure and alternator coefficient is selected such that near
constant volume combustion occurs near the TDC and the piston can travel back to the BDC. The
alternator coefficient is also altered cycle to cycle to ensure that the compression ratios stay uniform
during operation.

3.1.7. Scaled-up OFPE Design
In this section, the scaled-up design of the OPFPE is presented. In order to meet the performance
requirements of a high bypass turbofan engine, the pistons have to accommodate for larger mass per
cycle. As discussed before, the analysis made by Kaiser shows that there is currently no such design
that can accommodate the performance requirements of state-of-the-art turbofan engines. In this study,
the preliminary design of a large scale piston engine is conducted. This was necessary in order have
an accurate estimation on the piston engine requirements of the FP-CCE concepts. In this section, the
design choices made and the resulting performance characteristics of the design will be elaborated.

In order to have a feasible design for the FP-CCE concept, certain requirements were identified.
The OFPE engine at hand will be used to integrate into the FP-CCE concept where the main goal is
to combust at near constant volume conditions and energize the flow. The design requirements for
the scaled-up piston is presented inTable 3.1. Firstly, the piston engine will be used to connect to the
LEAP-1A26 engine. So, the engine has to accommodate enough mass flow, with a feasible number of
pistons. To accommodate a higher mass per cycle, the bore of the piston heads are increased. The
range identified is found to be around 0.1 to 0.5 m as the gas mass per cycle increases exponentially
with increased bore.The number of pistons required is estimated with the relation given Equation 3.20.
The estimated number of pistons is aimed to be between 8 to 24. This is also so that the pistons can
be deployed possible in a V-12 or V-8 configuration[21]. In addition, the inlet pressure and temperature
of the piston would be the values from the exit of the HPC of the aircraft engine.

Npistons =
ṁcore

mgas,p ∗ fp
(3.20)

There were a few more constraints identified in Kaiser in is analysis. For these constraints, the
technological level of 2050 is taken into account by Kaiser[21]. The relevant constraints for this analysis
are as follows. Firstly, it is stated that the mean piston velocity should be kept below 18 m/s. This is
because the life-cycle of the piston gets deteriorated exponentially with the increasedmechanical stress
on piston and liner. Another requirement requirement identified by Kaiser, is that peak pressure is to be
kept below 250 bar to limit peak mechanical loads. Initially, square-stroke mode was explored. It was
seen that the required compression ratio for auto-ignition in this case was quite low in this case, around
4-5. From Figure 3.7, it can be seen that a lower compression ratio of 4 to 5 can be accommodated with
a shorter length. In order to have a balance between a shorter engine and lower peak loads, b/s = 1.5
will be used.

Name Value
Npistons [8-24]
Pi Pt3,LEAP-1A
Ti Tt3,LEAP-1A
vmean < 18 m/s
Ppeak < 250 bar
b/s 1.5
b [0.1-0.5] m

Table 3.1: Scaled-up Piston Design Considerations
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Figure 3.7: Change in piston in-cylinder module length for changing compression ratio ϵ and bore-to-stroke ratio b/s

A preliminary design is made considering the mentioned constraints. The model inputs were manu-
ally iterated to get a feasible design that would fit all the requirements, with having near TDC combus-
tion.

3.2. Results and Discussion
3.2.1. Baseline Free Piston
In this section, the simulation the baseline free opposed piston engine is discussed. Firstly, the overview
of the results from simulating the baseline free piston model will be presented, along with the relevant
inputs. The baseline free piston engine is created to validate the free piston model, before scaling the
piston up to meet the performance requirements for the LEAP-1A26 engine.The inputs are provided in
Table 3.2.

Parameter Value
b 0.06 m
b/s 1
CR 22
Rbdc 0.2
Rport 0.25
m 2 kg
CA 80
fs, fd 80, 2
Xfuel ’H2:1’
Xox ’O2:1.0, N2:3.76’
ϕ 0.38
Ti 400 K
Pi 1 bar
Pbc 15 bar
Twall 700 K

Table 3.2: Baseline Inputs
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Parameter Value
Average frequency f 56 Hz
Average Compression Ratio CR 22
Final Temperature Tf 852 K
Final Pressure Pf 2 bar
Peak Temperature Tmax 2410 K
Peak Pressure Pmax 122 bar
Indicated thermal efficiency ηind 40 %
Thermal efficiency ηth 27 %
Alternator Power Palt 5 kW
Gas mass per cycle mgas 0.22 g

Table 3.3: Baseline FP Results

Using these inputs provided in Table 3.2, the multi-cycle analysis of the free piston engine is con-
ducted. For this analysis the piston is simulated for 100 cycles. The results for the baseline piston
engine is as shown in Table 3.3. At the end of 100 cycles, the average frequency of the engine is found
to be around 56 Hz, with an average compression ratio of 22.6. Figure 3.8, shows that after a few initial
cycles, the compression ratio stayed around 22.8.

2 4 6 8 10
Cycle Number

21.4

21.6

21.8

22.0

22.2

22.4

22.6

22.8

CR

Figure 3.8: Compression Ratio over the first 10 cycles

The breakdown of input energy in the free piston engine can be seen in Figure 3.9. The input energy
to the engine is defined as the energy of the fuel mass entering the piston module at every cycle. The
input energy per cycle is determined using Equation 3.12. In this analysis, hydrogen is used as fuel. In
this piston module, the useful extracted energy is the work done on the alternator, around 31.7%. The
5.6% alternator loss is due to the losses in the alternator in converting the work done on the alternator
to useful energy. The alternator efficiency is taken as 85%. As a result, the alternator can generate
around 90 J of work per cycle, corresponding to an average power of 5 kW over the whole operation.
Looking at the losses, it can be seen that the largest percentage of the losses come from the heat loss
to the walls. Using the Hohenberg loss correlation, the heat loss compared to the input energy was
found to be around 24.8 % of the provided input energy. Furthermore, the friction loss is calculated to
be around 7.9%. The energy that goes to heating the exhaust flow is not considered as useful energy
in the context of the free piston module. Although, in the combined cycle application, the exhaust heat
will be useful energy as the energized flow will be used for thrust. More details on this will be presented
in the following chapters.
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Figure 3.9: Breakdown of Input Energy for the Baseline Free Piston Engine

In Figure 3.10, the P-V diagram for the baseline free piston engine simulation for 5 cycles during
operation is presented. In this figure, all the main processes involved in each cycle can be observed.
Firstly, compression occurs. If the combustion gases are compressed to the auto-ignition point, HCCI
combustion takes place. Furthermore, near the TDC, there is a region of adverse work. In this region,
negative work occurs on the piston due to two phenomena. Firstly, HCCI combustion occurs slightly
before the TDC is reached. So, the piston still slightly moves forward after combustion leading to
negative work on the piston. Secondly, the rate of heat transfer through the walls is faster than the rate
at which the in-cylinder pressure after combustion forcing the piston back towards the BDC.
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Figure 3.10: P-V diagram for the baseline OFPE for 5 cycles

In Figure 3.11, the T-s diagram for the piston engine operation over 5 cycles is given. It is important
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to notice that there are zones where the entropy decreases in the T-s diagram. This is because of
the heat loss function. When the rate at which heat transfer occurs is higher than the rate in which
the compression does work on the flow, the change in entropy can be negative. In order to better
visualize this effect, the T-s diagram when the heat loss function is turned off vs turned on is presented
in Appendix A.
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Figure 3.11: T-s diagram for 5 cycles for the baseline OFPE

The pressure and temperature profile during operation is given for 5 cycles in Figure 3.12. During
operation, the temperature and pressure starts rapidly rising at at auto-ignition point around T = 1150K.
This value is also recorded from the experiments of Cain, where the auto-ignition temperature of H2
is recorded for high pressures [82]. The moment of ignition can be also seen from the heat release
rates over time given in Figure 3.13. The graphs shows that very rapid combustion for the auto-ignition
process. The combustion duration is observed to be in the order of 10-50 µs. The results from this
graph also supports the fact that free pistons could provide better performance than crankshaft engines
due to not having any mechanical connection for the moving piston [63].
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Figure 3.12: Pressure and Temperature over time for 5 cycles for the baseline OFPE
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Figure 3.13: Heat Release Rate from the baseline OFPE

In Figure 3.14, the change in Hohenberg heat transfer coefficient over one cycle is presented. It
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can be seen that the heat transfer coefficient follows a very similar trend with the pressure graph. The
heat transfer rate peaks during auto-ignition with the rapid rise in pressure and temperature.

Figure 3.14: Hohenberg Heat Transfer coefficient over one cycle

The kinematics of the free piston is very important to analyze as the motion of the pistons are not
prescribed. The steady-operation of the piston is highly dependent on the kinematics of the piston.

In Figure 3.15, the acceleration vs velocity for the multi-cycle simulation is presented. From the
graph it can be seen that, the ignition that takes place right before velocity becomes zero near TDC,
acceleration peaks. This is due to the sharp increase in the gas pressure exerted on the piston dur-
ing ignition. Furthermore, the acceleration recorded at the TDC is much larger than the acceleration
recorded at BDC. The rapid changes in the acceleration recorded in the BDC is also caused by the
change in alternator load that occurs at BDC, at the start of each cycle.

Figure 3.15: Acceleration vs velocity for the baseline OFPE
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In Figure 3.16, the velocity over position for the pistons are presented. Looking at this figure, it
can be seen that the velocity has an ’egg-shaped’ profile. The piston has higher velocities near the
TDC compared to the velocities near BDC. Another thing to notice is that the piston accelerates much
quicker towards the other direction in the TDC compared to the BDC. This in turn shows the fact that
in the opposed free piston engine, the pistons spend less time in the TDC compared to the BDC. This
can also be observed when looking at Figure 3.17. The peaks near the TDC for both pistons have
a shorter duration than the peaks during BDC. The fact that the pistons spend less time in the TDC
makes this piston engine more advantageous than crankshaft engines as the heat losses in TDC and
the NOx emissions are less. Furthermore, it can be seen that the velocities slightly increase during the
first few cycles.

Figure 3.16: Velocity vs Position for the baseline OFPE

Figure 3.17: Position vs Time for the baseline OFPE
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In Figure 3.18, the work done on the leftwards piston is presented. This figures illuminates the
effect of the different forces that are acting on the piston. The overall net effect is very close to 0 but is
slightly higher. If the compression ratios were constant at each cycle, then this net effect would always
be zero. In this figure, it is clearly shown that the in-cylinder gas force and the bounce chamber gas
force are acting always opposite of eachother. The bounce chamber always pushes the piston towards
the TDC, while the in-cylinder pressure force always pushes the piston towards the BDC. So, during
compression, the bounce chamber does work on the flow and during expansion, work is done by the
piston on the bounce chamber, except the region of adverse work. Overall, the bounce chamber effect
the system similar to a spring damping system. In contrast, the alternator and friction forces always
work against the movement direction. Therefore, alternator and friction work is always work done by
the piston.
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Figure 3.18: Work Balance on the Left Piston for the baseline OFPE

For the free piston engine at hand, it is very important to analyze the emission characteristics. As
mentioned before, free piston engines offer better performance in terms of NOx production due to
shorter residence times at TDC. The production of NOx for the first 5 cycles is presented in Figure 3.19
in terms of mass fraction and in Figure 3.20 in terms of mole fractions.

In this figure, the production of NOx is given in terms of the mass fraction. As expected, the pro-
duction of NOx starts with ignition. The compression ratio slightly increases for the first few cycles.
As a consequence, the piston spends more time at TDC with over-compression. This leads to an in-
creased NOx production over the cycles. After conducting the multi-cycle analysis, it was found that
the emission index for NO and NO2, defined as gram of specie over kg kilogram of fuel, was found to
be: EINOx = 163.3g/kg.
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Figure 3.19: NOx emissions in mass fractions for the baseline OFPE
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Figure 3.20: NOx emissions in molar fractions for the baseline OFPE

3.2.2. Sensitivity Analysis
In this subsection, the results of the sensitivity analysis conducted on the opposed free piston engine
model will be presented. This allows a better understanding of the synergies of different parameters.
For this analysis, the piston mass, inlet temperature and the equivalence ratio is varied. The results
from the sensitivity analysis also was useful in scaling up the piston to a larger model. This would
be further elaborated in the next section. In the sensitivity analysis conducted, the parameters that
were varied are the piston head mass, in-cylinder inlet temperature and the equivalence ratio. In the
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simulations made for each variable, every other input is kept constant. The inputs for the sensitivity
analysis is provided in Table 3.4. The inputs for the variables that will be studied in the sensitivity
analysis is given for both the baseline case and the ranges of values that are used in the study.

Parameter Value
b 0.06 m
b/s 1
CR 22
Rbdc 0.2
Rport 0.25
m base: 2kg, sens: [1,2,3,4] kg
CA 70
fs, fd 210, 2
Xfuel ’H2:1’
Xox ’O2:1.0, N2:3.76’
ϕ base: 0.38, sens: 0.2-0.8
Ti base: 400 K, sens: [300,400,500,600] K
Pi 1 bar
Pbc 15 bar
Twall 700 K

Table 3.4: Inputs for the Piston Mass Sensitivity Analysis

Piston Mass
In this part, the effect of changing the piston head mass is discussed. In this analysis, all the inputs
are constant except the piston mass which is analyzed for m = [1, 2, 3, 4] kg. The overview of the
simulations can be seen in Figure 3.21a and Figure 3.21a.For this study, the definition for the indicated
thermal efficiency is used as the integration of the in-cylinder P-V curve over the fuel energy provided in
the cycle [25]. Firstly, Figure 3.21a shows that when the pistonmass is increased, the compression ratio
increases. Meanwhile, Figure 3.21b shows a decrease in indicated thermal efficiency with increasing
piston mass. This is because the piston undergoes over-compression. The over-compression on
higher piston head masses for this case can be observed more clearly in Figure 3.22. In the cycle
where m = 1kg, near constant volume combustion happens almost exactly at the TDC. The over-
compression with increased piston mass is seen with the increase in adverse work zone. Therefore,
even though the compression ratios are higher, the indicated thermal efficiency is lower.The reason
why over-compression happens when only piston mass is increased in this case, is because higher the
piston mass, higher the inertia. The rate at which heat is released is not fast enough to counteract the
high inertia of the piston mass moving towards the TDC.

(a) Compression ratios (b) Indicated Efficiency

Figure 3.21: Change in Performance for changing piston head mass
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Figure 3.22: P-V diagram for changing piston head mass

In Figure 3.23a and Figure 3.23b, the temperature and pressure over one cycles for the different
masses are presented. The higher compression ratios achieved with higher piston head mass is also
observed in the pressure profile. Figure 3.23a shows that the peak pressures reached in the cycles
are higher with the higher piston head mass. On the other hand, Figure 3.23b shows that the peak
temperatures are somewhat constant. Due to the over-compression in this case, a higher compression
ratio does not lead to a more complete combustion process. Therefore, the peak temperatures are
similar in the simulations. Furthermore, the increased piston mass leads to an increased ignition delay.
This is because, the higher piston mass leads to lower accelerations and therefore velocities.
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Figure 3.23: In-cylinder thermodynamics for changing piston head mass

The effect of changing the piston head mass on the dynamics of the piston can be seen in Fig-
ure 3.24a and Figure 3.24b. In Figure 3.24a, the increase in average piston velocity is observed, which
confirms the higher accelerations. This is also observed with the fact that the cycles take much longer
as also seen in Figure 3.24b. Another observation that could be made from Figure 3.24b is the fact that
having a higher piston mass leads increased residence time near TDC during and after ignition. This
is represented by the increased width of the peaks observed in Figure 3.24b.
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Figure 3.24: Piston dynamics for changing piston head mass

Higher residence times is expected to have higher NOx production [63]. Since an increased piston
head mass leads to increased residence times, it is expected that the production of NOx will also be
higher. Figure 3.25a and Figure 3.25b presents the production of NOx in terms of molar fractions
over the cycle. As expected, the production of NOx starts at the point of ignition for each simulation.
Furthermore, the increase in NOx production with increasing piston head mass is observed in both
graphs. So, the effect of the piston head mass on the residence times is observed even more clearly
from the NOx graphs. Furthermore, the Zeldovich mechanism for Thermal NOx production shows that
the the production NOx increases with peak temperature [83].
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Figure 3.25: NOx emissions for changing piston head mass

Inlet Temperature
The next parameter that was explored was the inlet temperature. Again, keeping all the other inputs
constant, the inlet temperature is varied as T0 = [300, 400, 500, 600] K. The inlet temperature and the
performance of the engine are highly related. A higher inlet temperature will require less compression
to reach the point of ignition. In Figure 3.26a, the compression ratios over changing inlet temperature
is given. Overall, the observed trend shows a decrease in achieved compression ratio with increasing
inlet temperature. Meanwhile, at Ti = 300 K, the compression ratio is lower than the case where
Ti = 400 K. This can be better explained when examining Figure 3.26a as well. The fact that the
indicated efficiency is almost zero when Ti = 300 K is because the flow does not undergo combustion.
For the condition Ti = 300 K, the in-cylinder gas is under-compressed to achieve HCCI combustion.
When Ti = 400 K, not only the required compression ratio for HCCI combustion is lower, but also the
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actual compression ratio reached is also recorded to be higher. This can be explained by the fact that
the mass of the in-cylinder gas for the cycle increases with increased temperature according to ideal
gas law. With the increased gas mass, the inertia of the in-cylinder gas. This results in a similar effect
of the increase in piston mass discussed previously. With the higher gas mass, the piston is pushed
slightly further and ignition is achieved. For the Ti = 500 and Ti = 600, the required compression ratio
is even lower as the temperatures are closer to the auto-ignition temperature of hydrogen. So, the
in-cylinder gas goes through over-compression, which decreases indicated thermal efficiency of the
cycle. The compression characteristics of the different conditions can be seen in more detail in P-V
diagrams given in Figure 3.27.
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Figure 3.26: Change in Performance for changing Inlet Temperature
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Figure 3.27: P-V diagram for changing Inlet Temperature

The change in in-cylinder pressure and temperature profiles are given in Figure 3.28a and Fig-
ure 3.28b. The cycle with Ti = 300 shows the lowest peak pressure and temperature. This is expected
as there is no ignition in this cycle. Then, the highest peak pressure is reached in the cycle with Ti = 400.
Since the compression ratio was highest in that cycle, the peak pressure is also the highest. Then, the
peak pressures decrease with the increasing inlet temperatures, following the trend of the compression
ratios. Meanwhile, the trend observed in the in-cylinder temperature profile is different. The tempera-
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tures show an increase with the increase in inlet temperature. During over-compression, the time spent
near TDC increases. This leads to a more complete combustion, therefore, higher peak temperatures.
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Figure 3.28: In-cylinder thermodynamics for Inlet Temperature

The effect of changing the in-cylinder inlet temperature on the piston dynamics is visualized in
Figure 3.29a and Figure 3.29b. Looking at the widths of the peaks given Figure 3.29a, it can be seen
that longest time spent at near TDC is by the cycle with Ti = 300K. Since there is no auto-ignition
at that cycle, the in-cylinder gas does not rapidly start applying force to start the expansion stroke.
With the cycle with Ti = 400K, the in-cylinder gases ignite, so there will be a higher force pushing the
pistons to start the expansion stroke. As the inlet temperature increases, the cycles experience higher
over-compression. Therefore, the residence time gets higher with increased inlet temperature in this
case. Figure 3.29b, allows a better understanding of the behaviour of the piston for each condition.
Looking at the right side of this graph, it can be seen that the cycle with Ti = 400 K has a slightly
longer stroke than the cycle with Ti = 300K. This confirms the slightly higher compression ratio for the
cycle with Ti = 400K compared to the cycle with Ti = 300 K. Furthermore, Figure 3.29b shows that,
for the selected engine inputs, only the cycle with Ti = 400K reaches close to the desired BDC. The
under-compressed cycle does not generate enough force at the end of the compression stroke to send
the piston back to the BDC location. Meanwhile, over-compressed cycles lose some of the fuel energy
on doing adverse work. So, not enough energy is left to push the piston back to the BDC.
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Figure 3.29: Piston dynamics for changing Inlet Temperature

The effect of the higher residence times during the increased over-compression with increased in-
cylinder inlet temperature can be observed on the NOx formation. In Figure 3.30a and Figure 3.30b,
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the production of NOx for the different conditions are presented. There is no NOx production with the
cycle where Ti = 300K because there is no auto-ignition. Looking at the other conditions, the trend
in NOx production follows the trend of the residence times as expected. The more time spent at TDC
due to over-compression increases the NOx production substantially.
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Figure 3.30: NOx emissions for changing Inlet Temperature

Equivalence Ratio
Lastly, the effect of changing the equivalence ratio, ϕ, is studied. Similar to the other sensitivity analysis
studies made in the part, all other inputs except the equivalence ratio is kept constant. In Figure 3.31a,
the achieved compression ratios are given for each value of equivalence ratio. The compression ratio
decreases with increasing equivalence ratio. Meanwhile, Figure 3.31b shows that the indicated effi-
ciency of the cycle peaks at around ϕ = 0.4. In order to have a better understanding on the results
of each cycle, the P-V diagrams given in Figure 3.32 are examined. The length of the compression
strokes are in-line with the values of achieved compression ratio. The cycle with ϕ = 0.2 is compressed
to the furthest point, therefore has the highest compression ratio. This is because the cycles with higher
equivalence ratio require a smaller compression ratio to reach auto-ignition[63].

(a) Compression ratios (b) Indicated Efficiency

Figure 3.31: Change in Performance for Equivalence Ratio
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Figure 3.32: P-V diagram for changing Equivalence Ratio

Examining the combustion processes depicted in the P-V diagrams, it can be seen that the length of
the constant volume combustion process is higher with increasing equivalence ratio. This is because
as equivalence ratio is increased, the fuel energy packed in the in-cylinder gases increase. Therefore,
a larger heat release can be achieved with higher equivalence ratio. Although, there is a larger heat
release for the higher values of equivalence ratio, the indicated efficiencies are decreasing. This can
be explained by two factors. Firstly, the larger heat release due to higher equivalence ratio leads to
higher peak pressures and temperatures. Therefore, the heat losses at TDC due to combustion will
be higher. This can also be observed in the pressure and temperature profiles given in Figure 3.33a
and Figure 3.33b. The temperature and pressure profiles for each condition is quite similar except the
peak values. Secondly, the over-compression achieved at higher equivalence ratio also deteriorate the
indicated thermal efficiency.
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Figure 3.33: In-cylinder thermodynamics for changing Equivalence Ratio

In Figure 3.34a and Figure 3.34b, the effect of changing equivalence ratio on the piston dynam-
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ics is presented. The effect of changing equivalence ratio has the largest impact on the expansion
stroke. The higher peak pressures are reached during combustion with higher equivalence ratio. Con-
sequently, a larger force is exerted on the pistons to move them towards the BDC at higher velocities.
The force exerted by the in-cylinder gas after ignition should be high enough to reach the BDC. So, the
increased equivalence ratio in this case, leads to a shorter residence time at TDC with having higher
peak pressures. This leads to an interesting synergy in terms of the NOx production. In Figure 3.34a
the production of NO over time and in Figure 3.34a production of NO2 over time is presented. In both
graphs, the highest production of species does not correspond to the cycle with the highest peak tem-
perature. The reason for this can be explained by the fact that the cycles with higher equivalence ratio
values also spend less time near TDC. The time dependency of the production of NOx can also be
seen in these graphs.
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Figure 3.34: Piston dynamics for changing Equivalence Ratio
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Figure 3.35: NOx emissions for changing Equivalence Ratio

3.2.3. Validation
The model for the opposed free piston engine has to be validated in order to ensure that the results are
realistic. The validation of the engine analyzed in this study was a difficult task. Currently, there is no
work available in literature that studies the modelling of an opposed free piston HCCI engine burning
H2 using reactor networks. Therefore, validation of the model using an existing engine model was not
possible. So, the different parts of the model had to be validated separately. The studies in literature
that comes closest to the engine configuration at hand are the analysis on the dual-cylinder H2 HCCI
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engine made by Goldsborough [63], the opposed free piston SI model created by Zhu [67] and the
experiments made by Sandia [64]. The thermodynamics of the HCCI combustion with hydrogen can
still be validated against Goldsborough’s analysis. With similar inputs as Goldsborough, the cycle is
simulated. The inputs for the cycle is given Table 3.5.

Parameter Value
Ti 300 K
Pi 1.5 bar
Twall 700 K
b 0.07 m
mpiston 2.7 kg
ϕ 0.38
CR 17

Table 3.5: Inputs from Golsborough[63] used in the validation study

(a) P-V diagram from Goldsborough[63] (b) P-V diagram from simulation

Figure 3.36: P-V diagram validation

(a) Pressure over time from Goldsborough [63] (b) Pressure over time from simulation

Figure 3.37: Pressure over time validation

Firstly, the P-V diagrams are compared looking at Figure 3.36b and Figure 3.36a. The trend of the
P-V diagram is quite similar as there is near constant-volume combustion in the TDC. There is a small
difference in the P-V diagrams where the results from the simulation show a slight over-compression
whereas Goldsborough’s results shows that the flow is compressed at an ideal compression ratio.
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The pressure profiles for both simulations are given in Figure 3.37a and Figure 3.37b. The peak
pressure for both cases are quite similar to eachother, with the simulated piston having slightly higher
pressure than the results of Goldsborough. This is in-line with the P-V diagram showing the slight over-
compression. Furthermore, cause of the rapid pressure rise due to the released fuel energy is captured
in both cases. Lastly, the cycle of Goldsborough takes slightly longer than the cycle results from the
piston simulation. Yet, the combustion duration in both simulations are very similar around 5-10 µs.
The difference in the results can be explained by the difference in configurations as Goldsborough is a
dual-cylinder engine and different reaction mechanism used in both cases. This is also apparent when
looking at the cycle duration. In Figure 3.38, the P-V diagram recorded from the simulations of Sandia
is presented. This graph also shows that the P-V diagram of the simulated opposed-free piston engine
is close to the experimental results.

Figure 3.38: P-V diagram from Sandia [64]

The kinematics of the pistons have a large effect on the overall performance of the piston engine,
therefore, it has to be validated. In addition, the piston dynamics depend highly on the thermodynamic
properties of the in-cylinder gas. Therefore, validating the dynamics also will make the validation of the
thermodynamics stronger. In Figure 3.39a, the position over time and in Figure 3.39b, the veloctiy over
position is presented from the results of Goldsborough. The piston spends less time at TDC compared
to the crankshaft configurations. Furthermore, the velocity profile is egg-shaped andmoves faster in the
TDC and BDC compared to the crankshaft configurations. Furthermore, the pistons move faster during
the expansion stroke compared to the compression stroke in a HCCI free-piston engine[68][67]. This
can bemore clearly observed in the velocity-displacement curve by Zhu given in Figure 3.40. Lastly, the
acceleration velocity profile from the study made by Alrbai is presented in Figure 3.41. The simulated
acceleration profile is quite similar to the profile provided by Alrbai. The acceleration peaks with ignition
and increases slightly when there is over-compression and starts decreasing as the expansion stroke
starts. Furthermore, the step changes during gas exchange and BDC location are also presented in
the simulated acceleration profile.
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(a) Position over time (b) Velocity over Position

Figure 3.39: Cycle results of piston dynamics from Goldsborough[63]

Figure 3.40: Velocity over Position from Zhu[67]

Figure 3.41: Acceleration vs velocity from Alrbai [68]

In Figure 3.42, the required compression ratio over various equivalence ratios are given from the
analysis made by Goldsborough. The graph shows decreasing required compression ratio with in-
creasing equivalence ratio. During the sensitivity analysis made, it was also observed that increasing
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the equivalence ratio and keeping everything else constant would lead to over-compression. So, the
sensitivity analysis results are in-line with the results of this graph. Furthermore, in Figure 3.44, the
combustion pressure is presented for varying piston masses. Similar to the results found in the sensi-
tivity analysis, the peak pressure of the combustion chamber increases with the heavier moving mass.
In addition, the peaks move slighlty to the right because of the decreased piston velocity. This trend is
also observed in the sensitivity analysis.In conclusion, the thermodynamics and kinematics of the free
opposed piston HCCI combustion model is validated.

Figure 3.42: Compression Ratio over Equivalence ratio from Goldsborough [63]

Figure 3.43: Changing piston mass effect on pressure profile from Zhu [67]

3.2.4. Scaled-up Piston
The multi-cycle analysis of the free piston engine is conducted. For this analysis the piston is simulated
for 50 cycles. The overview of the results are presented in Table 3.7.
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The results from the scaled-up engine will be compared to the baseline engine. An average fre-
quency of 58 Hz and compression ratio reaches around 4.1 found over the cycles. The mass charge
per cycle increased almost by 100 times. This allows for around 10 piston engine modules required
to accommodate the mass flow requirement of LEAP-1A26. Since this is a high charging engine, the
compression ratio of 4.5 was found to be sufficient to auto-ignite the gases. The bore-to-stroke ratio is
shorter for the scaled-up engine compared to the baseline engine. This is also because the inlet tem-
perature for the scaled-up engine is higher than the inlet temperature of the baseline engine. Therefore,
the required compression ratio to reach the auto-ignition point of T = 1150K is lower. Furthermore,
since a lower compression ratio is needed, the stroke does not have to be as long. Although the initial
temperature and pressure is quite similar for both scaled-up and the baseline engine, the peak pressure
and temperature values are quite close. Since the compression ratio is lower for the scaled-up piston,
the ratio of the peak value to the initial value for the temperature and pressure is lower. The value of
the peak pressure is lower than the required 250 bar. In addition, even though the power generated
by the alternator is much higher, the energy conversion efficiency is lower than the baseline engine.
Furthermore, the indicated efficiency is also lower. The inputs of scaled up model is given in Table 3.6.

Parameter Value
b 0.17 m
b/s 1.5
CRtarget 4.5
Rbdc 0.2
Rport 0.25
m 25 kg
CA 1200
fs, fd 1500, 300
Xfuel ’H2:1’
Xox ’O2:1.0, N2:3.76’
ϕ 0.38
Ti 720 K
Pi 1 bar
Pbc 50 bar
Twall 1000 K

Table 3.6: Inputs for the Scaled-up Engine

Parameter Value
Average frequency f 58 Hz
Average Compression Ratio CR 4
Final Temperature Tf 1336 K
Final Pressure Pf 17 bar
Peak Temperature Tmax 2342 K
Peak Pressure Pmax 140 bar
Indicated thermal efficiency ηind 23.8 %
Thermal efficiency ηth 14.3 %
Alternator Power Palt 114 kW
Gas mass per cycle mgas 23.86 g
Number of piston engines Npistons 10

Table 3.7: Scaled-up FP Results
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Figure 3.44: Compression Ratio over the first 10 cycles for the Scaled-up engine

To get a better understanding on the changes in the efficiency, the energy breakdown will be ana-
lyzed. The breakdown of input energy for the scaled-up piston is given in Figure 3.45. It can be seen
that the percentages of the heat loss and friction loss are quite similar between the two models. Mean-
while, a much larger proportion of energy goes to the exhaust heat compared to the baseline engine.
In the scaled-up engine, b/s is higher. This results in a shorter stroke. Since the alternator generates
energy as the piston moves between TDC and BDC, it is less effective. In turn, less of the input fuel
energy is used by the alternator. In this engine, most of the input fuel energy is used to heat up the
flow. So, by having a longer stroke, the portion of energy that is used by the alternator increases and
the exhaust heat decreases.

Exhaust heat
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Alternator Loss
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Breakdown of Input Energy 
Exhaust heat
Alternator work
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Figure 3.45: Breakdown of Input Energy

The thermodynamic characteristics of the scaled-up piston will be analyzed. This is important to
understand the effects of the piston operation on the in-cylinder gas. In Figure 3.46, the P-V diagram for
the scaled-up design is presented. The first cycle starts with a smaller compression and increases in the
next cycles, causing slight over-compression. With the PI Controller, the compression ratio is controlled.
The T-S diagram for the scaled-up design is presented in Figure 3.47. The difference between the initial
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and later cycles are seen more apparent in the T-S diagram of the scaled-up engine vs the baseline
engine. Again, due to the heat losses, the entropy seem to decrease during the compression and
expansion strokes. In Figure 3.48, the in-cylinder pressure and temperature profile for the scaled-up
piston is presented. The characteristic profiles for H2 HCCI combustion are also captured for the scaled-
up piston. The auto-ignition temperature is around 1150 K, similar to the baseline piston. The peak
pressure is slightly lower in the first cycle and slightly increases in the next cycles, following the trend
of the compression ratios.
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Figure 3.46: P-V diagram for the Scaled-up Piston Model over 5 cycles
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Figure 3.47: T-s diagram for the Scaled-up Piston model over 5 cycles
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Figure 3.48: Pressure and Temperature over time the Scaled-up Piston model over 5 cycles

The piston kinematics for the scaled-up piston also has to be analyzed to see if the requirements
are met. In Figure 3.49, the position over time graph for the scaled up piston is presented. The charac-
teristic motion profile of a free piston is also observed in the scaled-up model. The piston spends less
time at TDC compared to the BDC.

Figure 3.49: position over time the Scaled-up Piston model over 5 cycles
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Figure 3.50: velocity over position the Scaled-up Piston model over 5 cycles

In Figure 3.50, velocity over position for the scaled-up model is presented. The egg-shaped profile
is also apparent in this figure. Compared to the baseline engine, the scaled-up piston has a higher
piston speed. Meanwhile, the maximum mean velocity of 18 m/s is not exceeded in this design. The
higher velocities arise due to the lower b/s and higher bore length. Lower stroke lengths leads to higher
accelerations and peak loads in the piston engine. The bore directly effects the force exerted by the
gas pressure forces. Therefore, the recorded velocities are higher. The acceleration profile for the
scaled-up piston is given in Figure 3.51. Comparing the acceleration profiles of the scaled-up to the
baseline piston, a few observations can be made. Firstly, it can be seen that the accelerations starting
from the BDC are much higher in the scaled-up piston until the piston reaches TDC. Then, the peak
acceleration recorded in the scaled-up piston is actually lower than the baseline piston. This is because
the compression ratio reached in the baseline piston is higher. So, the difference between the bounce
chamber gas pressure and the in-cylinder gas pressure is higher in the baseline case. Still, the overall
acceleration is higher in the scaled-up case due to the higher accelerations in the rest of the cycle,
which leads to higher velocities.
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Figure 3.51: Acceleration over velocity the Scaled-up Piston model over 5 cycles
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The NOx emissions are explored for the scaled-up piston design. The NOx emissions in terms of
molar and mass fractions over time are presented in Figure 3.53 and Figure 3.52 . The emission trend
is quite similar to the baseline engine model. The emission index for NO and NO2 are also calculated
and found to be similar to the baseline piston engine whereEINOx = 233.76g/kg. The NOX emissions
from the scaled-up piston seems to be higher than the baseline concept. This can be attributed to a
few reasons. Firstly, the density of the gas going into the scaled-up piston is higher than the baseline
concept. This also explains why, given the same equivalence ratio, auto-ignition occurs in at a smaller
compression ratio for the scaled-up piston. Furthermore, due to the higher piston head mass in the
scaled-up piston, the residence time of the pistons at the TDC is higher compared to the residence time
of the baseline piston. Therefore, higher NOx is recorded. The results shows that preliminary design
of the scaled-up piston fulfills the requirements. The design can accommodate the performance and
mass flow requirements for integration into LEAP-1A.
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Figure 3.52: NOx emissions in mass fractions
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Figure 3.53: NOx emissions in molar fractions



4
Combined Cycle Aircraft Engine

Modelling

4.1. Methodology
One of the most important tasks of during this thesis was to accurately model aircraft engine in which
the pistons will be implemented. Therefore, a simple model of an existing aircraft had to be created.
The FP-CCE concept is projected to be used in next generation short to medium range aircraft, such
as the next generation Airbus A320Neo. Therefore, the LEAP-1A26CJ engine is used as the baseline
aircraft engine, equipped in A320Neo. In this chapter, the modelling of the LEAP-1A26 engine and the
validation of the results will be detailed.

In this study, the free piston engines will be implemented to work with the LEAP-1A26 engine that is
utilized by A320Neo. LEAP-1A26CJ is a state-of-the-art high bypass turbofan engine that offers high
efficiency and low emissions [84]. The data in order to model the LEAP-1A26 engine comprehensively,
is not found in open sources as some of these data are proprietary knowledge for the company. There-
fore, it is vital that the engine model is validated with the existing data. Initially, pyCycle would be used
to model the FP-CCE engine [85]. Given the very limited documentation of pyCycle and lack of exam-
ples available, using pyCycle to integrate the piston engine would require more time and resources,
outside of the scope of this project. Therefore, it was decided that the cruise condition and LTO cycle
of the LEAP-1A26 engine will be modelled in pyCycle to have a validated model for the aircraft engine.
Then, a custom aero engine code was created and this code was verified and validated against the
LEAP-1A model. The integration of the free piston engine to the baseline aircraft was conducted using
the custom aero engine code.

4.1.1. pyCycle Model
Initially, LEAP-1A26 is modelled in pyCycle. The initial conditions for the simulation and the engine
inputs are set such that the design condition is cruise. The main objective of pyCycle is to serve as
an efficient cycle analysis tool within the context of vehicle-level multidisciplinary optimization [85]. It
aims to retain the modularity and flexibility of existing cycle analysis tools like NPSS. To achieve this
goal, pyCycle combines modeling approaches and methods from two distinct fields: thermodynamic
cycle analysis and multidisciplinary design and optimization (MDO).The capability of pyCycle to de-
liver precise and efficient derivative information for gradient-based optimization has proven to be highly
advantageous for the overall optimization process. Compared to traditional finite difference methods
used in existing tools, such as NPSS, pyCycle is at least seven times faster[85]. Furthermore, due to
its highly modular nature and Pyhton supported environment, it is much easier to implement the piston
engine to the code with pyCycle compared to GasTurb, GSP or PROOSIS. Also, it is open-source and
free unlike NPSS. Therefore, The FP-CCE concept thermodynamic cycle analysis will be made using
pyCycle. In pyCycle, cycle models are constructed by connecting modular cycle elements to form a
comprehensive representation of the entire propulsion system. Given its modularity, using pyCycle is
very advantageous in terms of implementing the piston engine model to the turbofan than other open
source or commercial software’s. The overview of the structure of the code of pyCycle is presented

64
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in Figure 4.1. The code is made up of four main computational parts: Optimizer, Solver, Cycle, and
Balance. These components interact by passing data between them, as indicated by gray lines in the
diagram. The Cycle block is the main part of the code, containing thermodynamic properties and equa-
tions for the components. It consists of modular cycle elements like compressors, burners, or turbines,
which can be combined for various engine designs. In the Balance block, implicit state variables and
associated nonlinear residual equations makes sure the physical dependencies and the design condi-
tions are satisfied. This convergence of these equations are handled by the Solver block. Lastly, the
Optimizer adjusts design variable values to meet constraints and minimize specified objectives.

Figure 4.1: General cycle analysis tool structure[85]

The setup in pyCycle for the high bypass turbofan configuration can be seen in Figure 4.2. In this
setup, the flow connections are shown with f . Furthermore, the shaft are connected by the rotational
speed and the torque. Lastly, the performance element shown as ”Perf” will compute the final values
of thrust and specific fuel consumption. More information on the modelling principles of pyCycle can
be found in the papers provided by Hendricks and Gray [85].

Figure 4.2: High Bypass Configuration used in pyCycle[85]

In the pyCycle model, the cruise condition and the conditions in the LTO cycle were simulated. The
design case was selected to be the cruise condition. The input data for the cruise condition of LEAP-
1A26 is retrieved from the GSPmodel provided by TU Delft and the data provided in the ICAO database
[86].

4.1.2. Custom Aero Engine Model
The main objective of this thesis requires the analysis of the piston and the aircraft together. Due to
the lack of documentation and support on pyCycle ’s code, limit on time and resources, an alternative
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approach was needed. So, a more modular and less complex aero engine model was constructed. The
results from pyCycle is still valuable as they validate the inputs that are used for the custom aero engine
code. Due to the aero engine specifications usually being proprietary data, validating the inputs with
pyCycle is a cruical step. The less complex aero engine cycle calculator will be regarded as custom
code. In the custom code, in order to accurately represent the thermodynamic characteristics of the
aero engine, Cantera is implemented. This way, the thermodynamic properties of the gases at each
station could be determined. Furthermore, with the use of reaction mechanisms in the combustor, the
CO, CO2 and NOx emissions could also be estimated. The engine cycle model is based in the law
of conservation of mass, and first and second law of thermodynamics. The are certain assumptions
made for the cycle simulations.

• The gases are modelled using the ideal gas assumption. The thermodynamic properties and the
composition at every flow station is determined assuming perfectly stirred reactor .

• The compression and expansion processes are modelled as non-isentropic and losses are taken
into account by the isentropic efficiency ηis

• Changes in potential energy between stations are neglected.
• Changes in kinetic energy between stations are taken into account by using total conditions
• Mechanical losses with transmission of expansion power to the compression process are ac-
counted for through the use of the mechanical efficiency.

• Entering mass flow is taken in as real mass flow
• Entropy values are calculated from Cantera

Following the assumptions, the cycle calculations will be explained. The entering mass flow in the
cycle calculations are taken as the real mass flow to follow the notation of the pyCycle outputs. The
entering mass flow gets split in the fan as shown in Equation 4.1.

ṁcore =
ṁreal

BPR+ 1
, ṁbypass =

ṁreal ·BPR

BPR+ 1
(4.1)

The ambient (a) to total conditions at the cruise altitude is determined using Equation 4.2.

Pta = pa

(
1 +

γ − 1

2
M2

) γ
γ−1

Tta = Ta

(
1 +

γ − 1

γ
M2

) (4.2)

During the compression side of the cycle, the pressures at each station are calculated by taking into
account the pressure ratio defined for each station as presented in Equation 4.3 . The temperatures
at the following stations are determined by the isentropic relation and isentropic efficiency. Finally, the
work required for the fan and compressors can be calculated.

Ptf = PR ∗ Pti

Ttf = Tti

(
1 +

1

ηis

[(
Ptf
Pti

) γ−1
γ

− 1

])

W = ṁicp,i (Ttf − Tti)

(4.3)

The results of the combustion process is determined using Cantera. In order to accomplish this, a
function is created. The inputs for the combustor function are the target combustor exit temperature
Tt4, fuel compositionXfuel, inlet gas compositionXi, inlet total temperature Tti and inlet total pressure
Pti. This function works by iterating over values of equivalence ratio, ϕ, and equilibrating the mixture at
constant enthalpy and pressure in Cantera. The iteration continues until the right composition of input
gases are found that would result in the target Tt4. The combustor loss is then added as a percentage
to the entering pressure. With this function, Tt4 and the final composition of the gases are determined.
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Then, the expansion part of the cycle is calculated as shown in Equation 4.4. The high pressure tur-
bine drives the high pressure compressor, with taking mechanical efficiency,ηmech, into account. Then,
the total temperature at the next station is found using the enthalpy balance with WHPT . Finally, the
total pressure at next station is determined using the isentropic efficiency, ηis.

WHPT =
WHPC

ηmech

WLPT =
WLPC +Wfan

ηmech

Ttf = Tti −
WPT,i

ṁicp,i

Ptf = Pti

(
1− 1

ηis

(
1− Ttf

Tti

)) γi
γi

(4.4)

Following the LPT, the core nozzle calculations take place. Here, the pressure is checked against
the critical pressure ratio to check whether either the bypass or the core nozzle is choked. In addition,
a simple turbine cooling model is adopted, given in Equation 4.5 [87] .

ṁccp,c
ṁgcp,g

= b

(
T4 − Tb

Tb − Tcooling

)s

(4.5)

In this study, the estimated values used are b = 0.06 and s = 1, with ametal temperature of Tb = 1450
K. The specific heats, for the gas entering the turbine and the cooling gas are determined using real
gas property models. The turbine inlet temperature T4 and coolant temperature Tcooling are sourced
from the engine performance model. While modelling the cycles, if T4 is less than 1450, no turbine
cooling will be required.

Lastly, exit flow velocities and the thrust values are calculated. Furthermore, the final composition
of the flow exiting the nozzle is known. So, the emissions coming out of the engine can be calculated.
By using the mass fractions calculated in Cantera for each specie to track, the total emission index is
calculated.

4.1.3. Modelling the FP-CCE
In this section, the methodology followed in implementing the free piston engine into the aircraft envi-
ronment is explained.

Implementing the Piston into the aircraft
The piston engine code had to be implemented into the high bypass turbofan engine cycle simulation.
To achieve this, the piston engine is added to the engine cycle simulations as station 35, between the
HPC and the combustor. The final temperature, pressure, composition, gas mass per cycle and change
in entropy is recorded from the outputs of the piston engine simulations and fed to the next station.

One of the most important aspects to consider is the connection between the instationary operation
of the piston engine to the aircraft engine. The piston engine imposes pulsating conditions to the
turbo components. The HPC is subject to pulsating outlet conditions, meanwhile, the HPT is subject
to pulsating inlet conditions. In the methodology followed by Kaiser [21], the pulsating conditions are
taken into account by deteriorating the efficiency and creating buffer volumes to the inlet and outlet
of the piston engine. Considering the effect of the pulsating conditions on the turbine efficiency, the
main influencing factors were determined to be the pulsation frequency fpulse and pressure amplitude
∆p/p[88]. In his thesis, Kaiser assumes that the losses mainly occur in the first stage and uses the
simplified relation given in Equation 4.6[21]. In the case of the compressor, the pulsating exit conditions
deteriorate the efficiency, again depending on the frequency and pressure amplitude[89]. The method
used by Kaiser is given in Equation 4.7, where the efficiency deterioration depends on the quadratic
pressure amplitude.

∆ηis,HPT = 13.4% · ∆p

p
· 2

nstages
·

fpulse
2500 Hz

(4.6)
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∆ηis ,HPC = 150% ·
(
∆p

p

)2

· 1

nstages
(4.7)

The buffering volumes are places before and after the piston engine in order to reduce the oscilla-
tions observed by the turbo components. They are sized such that the efficiency deterioration is kept
below 3%, therefore, negligible. Additional volumes such as ducting and combustor also contribute
to decreasing the efficiency deterioration but are neglected for sizing in the method by Kaiser[21]. In
this study, the sizing of the buffering volumes are not considered. Therefore, an assumed efficiency
deterioration of 3% is assumed for both the HPT and LPT.

FP-CCE Designs
The FP-CCE concept is explored for three different designs in this study to compare the results of
different FP-CCE configurations. The three different design concepts are:

1. C1-FP-CCE - Piston(H2) & Combustor (Jet-A1): Employs both the piston burning hydrogen
and the combustor burning Jet-A1

2. C2- FP-CCE - Piston(H2) & Combustor (H2): Employs both the piston burning hydrogen and
the combustor burning hydrogen

3. C3- FPCCE - Only Piston(H2): Employs only the piston burning hydrogen

The first concept (C1) is when the piston burning hydrogen is directly implemented into the air-
craft engine burning Jet-A1. This design will shed light on the multi-fuel synergy between the piston
and combustor for the LEAP-1A engine. This design provides insight into the potential performance
improvement expected when integrating the piston directly into the LEAP-1A26 engine. The second
concept (C2) is created to assess the FP-CCE design when burning only hydrogen. Since the future
aircraft concepts work to eliminate CO2 emissions by hydrogen combustion, this concept would be
interesting to compare against the multi-fuel concept. For this design, it is assumed that the combustor
can accommodate hydrogen combustion. Lastly, the third concept (C3), where combustion occurs only
in the piston engines, is explored. This design offers an alternative to the combined cycle concept. In
this study, the details of the flow path generation is not considered. When using hydrogen instead of
Jet-A1, different fuel storage methods are needed which will overall alter the mass of the aircraft, and
therefore the mass of the engine. This is not considered in this analysis. In addition, it is expected that
adding the piston engine to the aircraft engine will also lead to an increased thrust requirement due to
cascading effects. The specific of the free piston engine is still not as developed for a sizing analysis.
Therefore, the cascading effects of adding the pistons are not considered in this study. The relevant
thermodynamic performance and emissions will be discussed.

Optimiziation
In order to converge to a feasible design, optimizations studies are conducted using the Optuna python
module. For a fair comparison with the baseline LEAP-1A26 engine, the concepts are configured such
that the net thrust is close to Fnet,0 = 18.3kN . The goal for the CCE concepts are to achieve higher
core thermal efficiency so the optimization is set such that each design has results in 18.3 kN thrust with
highest thermal efficiency possible. Therefore, the objective function to minimize is given as presented
in Equation 4.8. The weights of the optimization function were selected to give a higher priority to
achieving the same thrust for the sake of fair comparison.

f = 0.8 ∗ abs(Fnet,i/Fnet,0 − 1) + 0.2 ∗ ηth/ηth,0 (4.8)

The design variables used in this optimization are the BPR, PRHPC , Tt4, Pbc and ϕpiston as pre-
sented in Table 4.1. The design variables are normalized in order to simplify the design space and
increase the efficiency of the optimization process. The bounds for the design variables are also pre-
sented in Table 4.1.

In this design, the properties of the bypass flow is kept constant to minimize the effect on propulsive
efficiency. Then, only the core thrust will be edited to the required thrust level. So, with the changing
BPR, the bypass mass flow is kept constant, but the core mass flow altered. The HPCPR is selected
because the piston engine also increases the pressure of core flow, so less shaft work is required from
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Table 4.1: Variables and Bounds for Optimization Problem

Variables Bounds
1 0.8 ≤ BPR

BPR0
≤ 1.2

2 0.75 ≤ HPCPR
HPCPR0

≤ 1.25

3 0.8 ≤ Tt4
Tt4,0

≤ 1.2

4 0.8 ≤ Pbc,i

Pbci,0
≤ 1.2

5 0.75 ≤ ϕpiston
ϕpiston,0

≤ 1.2

the compressor. So, the HPCPR could be decreased to get a similar pressure rise at the end of
the compression part of the aero engine cycle. Tt4 is altered because it effects the fuel consumption,
emissions and the core thrust. Moreover, the initial bounce chamber pressure Pbc,0 is altered. This
was done to see whether a different compression ratio could result in better performance and to match
the changes in HPCPR which would effect the inlet pressure of the piston. Lastly, ϕpiston is varied
in the design process. The equivalence ratio of gas going into the piston has a large effect on the
compression ratio and peak temperature in the piston engine cycle and therefore, the NOx formation
and the thermal efficiency. The initial values for each design is selected by doing a manual iteration
to converge to a design point where the thrust is close to 18.3 kN. These values would serve as the
baseline values going into the optimization for each model. The trial study is conducted 100 times
by Optuna’s solver for each of the design concepts. The resulting designs are presented in the next
section.

4.2. Results and Discussion
4.2.1. pyCycle
The results for simulating the baseline LEAP-1A26 engine is presented.The summary of the inputs
used for modelling the cruise condition in pyCycle is given in Table 4.2.The summary of the results of
the cruise condition for LEAP-1A26 are presented in Table 4.3.

value unit
ṁ 177 [ kg/s]
M0 0.78 [ ]
h 35000 [ ft ]

BPR 11.1 [ -]
OPR 37 [ -]
NLPC 3663 [rpm]
NHPC 16312 [rpm]
T4 1550 [K]

Table 4.2: Inputs Cruise Condition for LEAP-1A26 from pyCycle

value unit
Fnet 18.3 [ kN ]
mfuel 0.2667 [ kg/s ]
FAR 0.02338 [ - ]
Pt3 12.8 [ bar ]
Tt3 722 [ K ]

TSFC 14.73 [ g/s-kN ]

Table 4.3: Results Cruise Condition for LEAP-1A26 from pyCycle

The T-S diagram for the cruise condition is constructed using the temperature and entropy outputs
from pyCycle. This T-S diagram is presented in Figure 4.3.
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Figure 4.3: T-s Diagram for the LEAP-1A26 model made in pyCycle

In order to ensure that the cruise condition model is accurate, the off-design conditions are also
modelled. So, validation can be done using the results of the different conditions in the LTO cycle.
The fuel flow for the LTO cycle is provided in the ICAO database. For each condition in the cycle, a
different thrust setting is applied. Since the maximum thrust setting is given in the ICAO database [86],
the thrust value for the other conditions can be determined by assuming a thrust setting value. The
assumed thrust setting values are the taken from the report provided by ICAO [86].

In Table 4.4, the comparison between the outputs from pyCycle and the ICAO database is presented.
From this table it can be observed that the pyCycle simulation outputs differ less than 5 % compared
to the ICAO data. Only the overall pressure ratio at take off shows a higher error. Since the pressure
ratios were taken from the validated GSP model, it can be assumed that the error in overall pressure
ratio is trivial.

Take-off (100%) pyCycle ICAO unit error (%)
BPR 10.9 11.1 [ -] -1.5
OPR 35.8 33.3 [ -] +7.5
Fnet 118.2 120.6 [kN] -2
mf 0.894 0.861 [kg/g] +4

Climb-out (85%)
Fnet 100.5 102.5 [kN] -2
mf 0.730 0.710 [kg/s] +2.8

Approach (30%)
Fnet 35.5 36.2 [kN] -2
mf 0.244 0.244 [kg/s] 0

Idle (7%)
Fnet 8.3 8.4 [kN] -1.2
mf 0.088 0.091 [kg/s] -3

Table 4.4: LTO-cycle results for baseline LEAP-1A from pyCycle against ICAO data
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4.2.2. Custom Aero Engine Model Validation
The baseline LEAP-1A26 engine is modelled using the custom aero engine code and compared to
pyCycle. The results are shown in Table 4.5. The results from both simulations are quite close to ea-
chother as shown. In the simulations, the maximum difference between the flow stations are recorded
to be less than 3%.

Custom pyCycle unit error (%)
Fnet 18.3 18.3 [ kN] 0
mfuel 0.2667 0.2667 [ kg/s ] 0
Pt3 12.8 12.8 [bar] -2
Tt3 737 722 [K] +2
Tt4 1550 1551 [K] 0.1

TSFC 14.55 14.73 [g/s-kN] -1

Table 4.5: Comparison of Custom aero engine simulation to pycycle
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Figure 4.4: T-s Diagram for the LEAP-1A26 model made in pyCycle compared to the custom aero engine code

The comparison of the T-S diagrams are given in Figure 4.4. The processes seem to deviate more
after the combustion process. This is because the cooling flows are modelled as only flowing enthalpies
in my custom code. In the meantime, pycycle uses a more complex model, taking into account stage
cooling. The resulting efficiencies found for the LEAP-1A26 model were found to be. ηth = 46% and
ηprop = 81%

In the custom aero engine code, the resulting emissions of the baseline LEAP-1A26 engine can
also be analyzed. Therefore, the resulting emissions can be validated, which is vital for the emissions
comparison considering the CCE designs. The resulting emissions from the Cantera simulation are
found as:

• EICO = 1.72 ∗ 1e− 2g/kg

• EICO2 = 3.13kg/kg

• EINOx = 54.18g/kg

In the paper by Saluja et.al, the emissions from LEAP-1A26 engine is evaluated [90]. For the Lean-
Burn TAPS-II engine, the empirical relation for NOx production is determined as given in Equation 4.9



4.2. Results and Discussion 72

. This empirical relation gives the NOx index at sea level depending on Pt3, Tt3, FAR and the thrust
setting. The cruise thrust is assumed to be above the 40% thrust setting. The sea level emissions can
be corrected to get the cruise emissions by using Equation 4.10 [90].

EINOp
x,SLS = 0.0069 · P−2.7496

t3 · exp (0.0216 · Tt3) · 9.773(13.3701·FAR) Fengine ≤ 40%
EINOp+m

x,SLS =
(
3.9072 · 10−6

)
· P−13.9974

t3 · exp (0.0776 · Tt3) · 1.4697(86.8456·FAR) Fengine > 40%
(4.9)

EImass , cruise = EImass ,SLS ·
(
Pt3, cruise

Pt3,SLS

)1.35

·
(
FARcruise

FARSLS

)2.5

(4.10)

When using this correlation, the emission index for NOx is calculated to be EINOX = 8.327 g/kg.
This shows that the results from Cantera over-predicts the emissions substantially compared to empir-
ical correlation. One source of uncertainty is because of the fact that TAPS-II is a complex state-of-the
art lean burn engine so it might have mechanisms to decrease NOx within the combustor that is not
taken into account in Cantera. Also, the empirical correlation determined in the article by Saluja has
an uncertainty of 10% with respect to the ICAO values [90]. In this article, the emission index for CO2
is also given as EICO2 = 3.15 kg/kg. The EICO2 determined at the end by Cantera falls within less
than 1% of this value.

4.2.3. FP-CCE Results
In this section, the results of the different design concepts for the FP-CCE is presented. Firstly, the
results from each design model is presented. Then, the designs are compared in terms of performance
and emissions.

FP-CCE Multi-fuel
The results of the preliminary design for the FP-CCE Multi-fuel concept is presented here. The multi-
fuel configuration uses H2 combustion in the piston and jet-A1 combustion in the combustor. The initial
values of the design parameters and the final values from optuna are presented in Table 4.6.

Parameters Leap-1A Initial Final
HPCPR 14.5 8 9.1
BPR 11.1 12.5 13
Tt4 1550 K 1470 K 1248 K
Pbc N/A 45 bar 53 bar

ϕpiston N/A 0.38 0.32

Table 4.6: Design Parameter Inputs for the Multi-Fuel Design

The results of the Multi-fuel FP-CCE concept is presented in Table 4.7. For the results, two ther-
mal efficiencies are indicated. The second thermal efficiency, etathermal,alt, represents the thermal
efficiency of the engine cycle when the alternator power is also considered. Total combined alternator
power for 14 piston engines become 3.3 MW. The T-S diagram of the engine cycle is given in Figure 4.5.
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value unit
Fnet 18.3 [ kN ]

mf,piston 0.1188 [ kg/s ]
ϕpiston 0.32 [ - ]
CRpiston 6.5 [ - ]
fpiston 57 [ Hz ]
Npiston 14 [ - ]
Palt 237 [ kW/piston ]
ϕcomb 0.05 [ - ]

mf,combustor 0.039 [ kg/s ]
Pt3 8.0 [ bar ]
Tt3 655 [ K ]
Pt35 14.3 [ bar ]
Tt35 1186 [ K ]
Tt4 1248 [ K ]

TSFC 10.19 [ g/s-kN ]
ηthermal 0.33 [ - ]

ηthermal,alt 0.54 [ - ]
ηprop 0.81 [ - ]

Table 4.7: Results Cruise Condition for Multi-fuel FP-CCE
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Figure 4.5: T-s Diagram for FP-CCE multi-fuel

The emissions from the Multi-fuel FP-CCE is calculated. The resulting emission index for the rele-
vant species are presented below.

• EICO = 1.35e− 5g/kg

• EICO2 = 0.49kg/kg

• EINOx = 18.23g/kg
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FP-CCE H2
The results of the first iteration for the H2 FP-CCE concept is presented. The design variables deter-
mined by Optuna are presented in Table 4.8.

Parameters Leap-1A Initial Final
HPCPR 14.5 8 6.6
BPR 11.1 12.5 14.4
Tt4 1550 K 1470 K 1301 K
Pbc N/A 45 bar 46.5 bar

ϕpiston N/A 0.38 0.29

Table 4.8: Design Parameter values for the H2 FP-CCE Design

The results from the H2 FP-CCE model is presented in Table 4.9. The T-S diagram for this engine
cycle is presented in Figure 4.6.

value unit
Fnet 18.4 [ kN ]

mf,piston 0.095 [ kg/s ]
ϕpiston 0.29 [ - ]
CRpiston 9.2 [ - ]
fpiston 59 [ Hz ]
Npiston 14 [ Hz ]
Palt 265 [ kW/piston ]
ϕcomb 0.175 [ - ]

mf,combustor 0.058 [ kg/s ]
Pt3 5.8 [ bar ]
Tt3 595 [ K ]
Pt35 10.4 bar [ bar ]
Tt35 1021 [ K ]
Tt4 1301 [ K ]

TSFC 8.33 [ g/s-kN ]
ηthermal 0.38 [ - ]

ηthermal,CCE 0.66 [ - ]
ηprop 0.81 [ - ]

Table 4.9: Results Cruise Condition for H2 FP-CCE
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Figure 4.6: T-s Diagram for FP-CCE H2

The emissions from H2 FP-CCE is calculated. The resulting emission index for the relevant species
are presented below.

• EICO = 0g/kg

• EICO2 = 0kg/kg

• EINOx = 22.68g/kg

FP-CCE Only Free Piston Engine H2
The results of the first iteration for the H2 FP-CCE concept is presented. The design variables deter-
mined by Optuna are presented in Table 4.10. The results from the H2 FP-CCE model is presented in
Table 4.11. The T-S diagram for this engine cycle is presented in Figure 4.7.

Parameters Leap-1A Initial Final
HPCPR 14.5 8 11.3
BPR 11.1 12.5 13.3
Pbc N/A 45 bar 48 bar

ϕpiston N/A 0.38 0.38

Table 4.10: Design Parameter Values for Only piston FP-CCE concept
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value unit
Fnet 18.6 [ kN ]

mf,piston 0.136 [ kg/s ]
ϕpiston 0.38 [ - ]
CRpiston 5.2 [ - ]
fpiston 49 [ - ]
Npiston 14 [ - ]
Palt 205 [ kW/piston ]

mf,combustor 0 [ kg/s ]
ϕcomb 0 [ - ]
Pt3 9.96 [ bar ]
Tt3 699 [ K ]

Pt35 = Pt4 17.5 bar [ bar ]
Tt35 = Tt4 1320 [ K ]
TSFC 7.300 [ g/s-kN ]
ηthermal 0.33 [ - ]

ηthermal,alt 0.50 [ - ]
ηprop 0.807 [ - ]

Table 4.11: Results Cruise Condition for Only Piston H2 FP-CCE

The results from the only piston FP-CCE model is presented in Table 4.11. The T-S diagram for this
engine cycle is presented in Figure 4.7.
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Figure 4.7: T-s Diagram for FP-CCE Only Piston H2

The emissions from only FP-CCE is calculated. The resulting emission index for the relevant
species are presented below.

• EICO = 0g/kg

• EICO2 = 0kg/kg

• EINOx = 191.5g/kg
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4.2.4. Design Comparison and Selection
In this section, the different designs made for the FP-CCE concept are compared in terms of perfor-
mance and emissions. The best designs for each category will be presented and the overall best
performing design will be determined. In this study, the increase in the core thermal efficiencies of
the high bypass turbofan engines are considered. The bypass flow characteristics are kept constant
throughout the designs. Also, the same level of thrust is attempted to be generated by each design.
As a result, the propulsive efficiency are almost exactly the same between the designs.

baseline LEAP-1A Multi-fuel FP-CCE H2 FP-CCE Only Piston H2 FP-CCE
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Figure 4.8: Thermal Efficiency Comparison
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Figure 4.10: CO2 emissions comparison
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Figure 4.11: NOx emissions comparison

In Figure 4.8, the thermal efficiencies of the different concepts are presented. In this discussion,
for the sake of clarity, the thermal efficiency considering only the energy that goes to create thrust
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will be regarded as the base thermal efficiency and the thermal efficiency also considering the energy
extracted from the alternators in the piston will be regarded as composite thermal efficiency.

Firstly, it can be seen that the baseline LEAP-1A concept has a higher base thermal efficiency than
CCE concepts. Meanwhile, the base thermal efficiencies for CCE concepts were found to be close to
each other around 33%. The lower base thermal efficiencies of the concepts can be explained by fact
that H2 has a much higher LHV value than jet-A1. So, the fuel energy released is higher than the initial
value of fuel energy release, even though the kinetic energy generated in the core is very close to each
other due to the generated thrust. Comparing the multi-fuel concept to the H2 FP-CCE concept, it can
be seen that when more of the combustion process is appointed to the combustor in the H2 FP-CCE
concept due to the lower ϕpiston. As a result, the base thermal efficiency is higher for the H2 FP-CCE
concept. When the composite thermal efficiency considered, the highest thermal efficiency is reached
by the H2 FP-CCE concept. Looking at the results, it can be seen that the H2 FP-CCE concept has the
highest alternator power per piston. This can be explained by the higher compression ratio achieved
by the free pistons in the H2 FP-CCE concept. Between the three concepts, the H2 FP-CCE design
has the highest compression ratio with CR = 9.5. Compared to the other CCE concepts, the H2 FP-
CCE concept uses a lower pressure ratio in the compressors. Therefore, the gas entering the piston
combustion chamber has a lower pressure and mass. So, it can be compressed more. Since, the bore
of pistons are kept constant in this analysis, the stroke length is increased for the H2 FP-CCE concept.
With the higher stroke length, more power is generated by the alternators. So, the over-compression
of the in-cylinder in this case help to increase the thermal efficiency by increasing the alternator work
output. In reality, over-compression also causes inefficiencies in the piston cycle due to the adverse
work region, but that seems to have less of an effect on the thermal efficiency of the cycle than the
generated alternator power.The effect of the compression ratio on the alternator power generated can
also be seen when the only Piston FP-CCE concept is examined. Even though it has a similar base
thermal efficiency without the alternator power, compared to the other FP-CCE concepts, it has now a
lower composite thermal efficiency as the other FP-CCE concepts. This can be explained by the the fact
that the only piston FP-CCE concept has the lowest compression ratio with CR = 5.2. Consequently,
it has the lowest alternator power per piston. As a result, the increase in thermal efficiency with the
addition of alternator power is the lowest for the only piston FP-CCE concept.

The concepts are also compared in terms of the different emissions. The CO and CO2 emissions
are presented in Figure 4.9 and Figure 4.10 respectively. With the concepts where only H2 is used as
fuel, there is no CO or CO2 emissions recorded. The multi-fuel FP-CCE CO emissions are more than
two orders of magnitude lower than the emissions of baseline LEAP-1A baseline LEAP-1A. Looking at
the CO2 emissions, a similar trend is observed. The concepts burning hydrogen has no CO2 emissions.
The multi-fuel FP-CCE concept also has a significantly lower CO2 output but the difference is less than
the one for CO. So, in each concept, there is a significant decrease in carbon emissions.

In Figure 4.11, the NOx emission index for each concept are compared. The graphs show that the
highest overall NOx production is by the only piston FP-CCE concept. This shows that the free opposed
piston does not perform as well in terms of limiting NOx production. The lowest NOx production is
still recorded for the baseline LEAP-1A. The CCE concepts using both the piston and the combustor
have around 3 times higher NOX production than the baseline LEAP-1A concept.Kasier also recorded
that the NOx production for the CCE cocnepts he explored resulted in 3 times higher NOx production
compared to the state-of-the-art turbofan engines. The H2 FP-CCE concept has slightly higher NOx
production than the multi-fuel concept. This expected due to the difference in types of fuels used in both
concepts. Lastly, it is interesting to see that the NOX production for the CCE concepts using both piston
and combustor are substantially lower than the Only piston concept. This shows an interesting synergy
between the piston and the combustor. The combustor after the pistons works as an afterburner and
burns away of a substantial amount of NOx produced during the combustion in the pistons. For example,
for themulti-fuel CCE concept, themass of NO recorded after the piston engine is recorded to be around
7.4 grams. Meanwhile, after the combustor, this value is recorded as 2.5 grams. So, more than 60%
of the NOx are burned away according to the results of the simulation. So, using the combustor after
the piston is quite beneficial in terms of lowering the NOx production. Although, a more accurate NOx
model, for example using multiple zones, would be necessary to prove the NOx after burning.

The results of the comparison showed that the H2 FP-CCE concept showed the best performance
overall. This concept burns only hydrogen and more of the combustion takes place in the combustor
compared to the multi-fuel concept. This concept has the no carbon emissions with the highest com-
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posite thermal efficiency. The drawback for this concept is that the NOx production is more than 3
times higher than the NOx production of the baseline LEAP-1A concept.



5
Discussion and Recommendations

In this chapter, the results of the study on the FP-CCE concept will be discussed.

Baseline and Scaled-up Piston Models
• RQ1: When scaled-up, is the opposed free piston engine still feasible to be used in the aircraft

in terms of performance?

In order to correctly model the FP-CCE concepts, both the piston and the aircraft engine model
had to be accurate and representative. The modelling of the free opposed piston model required the
accurate modelling of reactor networks and the characteristics of the free piston processes. The free
opposed piston with H2 HCCI combustion simulation model did not exist until this study. In addition, the
model considered in this study uses reactor networks to track emissions, which is also not so common
in the free piston models available in literature. The results of the free opposed piston was validated
against other free piston models with H2 HCCI combustion. Furthermore, a sensitivity analysis is
conducted to further examine the behaviour of the model against the changes in different variables.
The effect of changing piston head mass, inlet temperature and equivalence ratio were important to
explore before the design of the scaled-up engine was conducted. Following the validation and the
sensitivity analysis it was concluded that created model accurately predict the characteristics of an
OFPE with H2 HCCI combustion.

Compared to the other free piston models, the perfect scavenging model can be considered a
limiting factor. The free opposed piston model considered in this study works in two-stroke operation
mode. The performance deterioration in two-stroke engines due to the losses in scavenging is not
considered in this design. In future designs, the scavenging model can be implemented in the engine
to analyze the multi-cycle characteristics in more detail. Furthermore, as the design of the free piston is
more realized, more complex geometry could be considered. This in turn would allow more complexity
in the sub-models and geometric parameterisation.

The design of the scaled-up piston was a key step in the design process of the FP-CCE. The lack of
designs that can accommodate the performance requirements of the state-of-the-art turbofan engines
was identified by Kaiser. Therefore, first time in this study,the preliminary design of the free opposed
piston HCCI model for an aircraft engine is conducted. The design constraints selected were identified
by Kaiser considering the technology levels of 2050. With the additional performance requirements
from LEAP-1A26CJ, the scaled-up piston design has been made. The resulting design showed that
the long term requirements for the maximum pressure and the mean piston velocity could be reached.
Furthermore, the bore size were adapted such that the number of piston modules never exceeded
16. It was also seen that the operational characteristics of the scaled-up engine was similar to the
baseline engine in terms of frequency, mean piston speed and peak pressure. In Figure 5.1, the piston
model used by Kaiser is compared to the state-of-the-art piston designs in terms of the displacement
volume specific power over mean effective pressure. The identified design for the thesis from Kaiser
is also indicated in this graph. It can be seen that the design of the FP-CCE in this thesis falls within
the expected ranges identified by Kaiser. Furthermore, since the design of the scaled-up engine fits
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Figure 5.1: Displacement volume specific power over mean effective pressure categorised by engine application [21], also
adding the scaled-up FPE from this study

the requirements. The results of the scaled-up piston showed that a feasible design piston made, the
research question can be answered.

It is important to mention that the design of the scaled-up piston was made considering the require-
ments from the cruise conidition of the aicraft. In reality, the pistons would need to accommodate for
off-design. For example, for the take-off condition, the mass flow requirement would be higher for the
pistons therefore the design of the pistons would need to change accordingly. In a design that takes the
whole LTO cycle into account, more complex ways of controlling the compression ratio is necessary.
Optimizing the free piston operation for a single compression ratio is easier. If different compression
ratios are needed in different operating conditions, then the use of alternators to control the operation
would be crucial.

FP-CCE Performance and Emissions
• RQ2: Does the FP-CCE engine concept achieve higher thermal efficiency with the designed

free piston?
• RQ3: Does the FP-CCE engine concept have better emission characteristics?

The results from the proposed FP-CCE concepts will be discussed. Compared to the previous
studies done on the CCE concepts, this study is unique because it uses the free piston model and
considers hydrogen as fuel. In the previous analysis done by Kaiser, the free piston characteristics
were calculated by interpolating from a crankshaft model[21]. Furthermore, in that study, hydrogen
combustion is not considered. In the study made by Nickl [52], hydrogen combustion is considered
for the CCE concept but not a free piston engine. This study sheds light on the characteristics to one
of the most promising concepts that could be used for realizing the CCE in the future. Firstly, the
composite thermal efficiencies of the CCE concepts, considering the alternator power, are higher than
be baseline LEAP-1A. Meanwhile, without considering the alternator power, the expected increase in
the thermal efficiency, by definition, has not been observed with the FP-CCE concepts regarding the
cycle efficiency in turning fuel energy into kinetic energy. This is because of the LHV of the fuel, in this
case H2, being much higher than the LHV of jet-A1. Even though a lower fuel mass is used, the high
fuel energy of the hydrogen is not as efficiently converted into kinetic energy as the baseline LEAP-1A.
It is also important to note that the combustor equivalence ratios for the FP-CCE concepts were quite
low, for example for the multi-fuel concept around ϕcomb = 0.05 and ϕpiston = 0.32. The combustion
at these equivalence ratios, so the lean blow-out limit of the combustors have to also be considered in
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the future designs. In the meantime, a bigger proportion of the combustion assigned to the combustor
in the H2 FP-CCE concept with ϕcomb = 0.175 and ϕpiston = 0.29. With leaner mixtures in the piston,
a higher compression ratio can be employed and therefore, the power generated by the alternator will
also increase. The FP-CCE concepts were projected to enter service by the year 2050 so it is assumed
that lean combustor technology advancements will allow lower equivalence ratio combustion. When
looking at the composite thermal efficiency, where the power generated in the alternators are also taken
into account, the thermal efficiencies depend much more on the piston performance. Connection of
the alternator to power in-flight avionics or something could be useful given that a large amount of
electricity could potentially be produced with this engine. This is quite an additional benefit of using
the free piston engine for this operation. Usually, the free piston engines that use the linear alternators
are mainly used to generate electricity with the alternator. Unless compounded with something else,
the main effect of the usually designs are just to generate electricity. With the combined cycle, the
piston works to heat up the flow and generate electricity at the same time.The compression ratio and
stroke length has a large effect on the alternator power generated over the engine operation. Therefore,
the H2 FP-CCE concept had the highest compound thermal efficiency with 66% compared to the 46%
baseline thermal efficiency. One thing that could improve the alternator power generated would be
to increase the compression ratios reached in the piston engines. One of the methods to do this
would be to decrease the piston inlet temperature[21]. By decreasing the temperature of the inlet mass
flow to the piston, the volume flow decreases,and the piston will be smaller Furthermore, the lower
peak pressures also decrease the cooling requirements for the piston engine [52].Therefore, the use
of intercoolers can also be beneficial in terms of using the piston engines more efficiently and making
them lighter. Looking at the emissions, one of the main advantages for using this concept becomes
apparent. Firstly, the concepts using H2 have no CO or CO2 emissions which is very desirable to meet
the emission requirements of the future. Furthermore, it was also observed that using both the piston
and the combustor together substantially decreased the NOx emissions compared to the case where
only the pistons are used. This finding shed light on the after burning mechanism when the combsutor
is used after the piston. Still, the NOx production for the concepts with both the combustor and piston
are still around 3 times higher than the baseline LEAP-1A. As a result of this analysis, it was decided
that the H2 FP-CCE concepts shows highest potential with the high thermal efficiency and low carbon
emission properties.

The FP-CCE concept comparison conducted in this study only takes the cruise condition into ac-
count. When also taking the off-design conditions, the winner of the trade-off could be different. This
is especially because firstly, the cascading effects of adding the piston mass on board is not taken into
account. With more components added to the engine, the required thrust also increases. In the only-
piston H2 FP-CCE concept, there total engine mass is projected to be lower as there is no combustor.
On the other hand, just having the piston engine is not as desirable due to safety of operations. The
pistons are much more difficult to cold start and adjust power levels depending on the design point.
Therefore, the H2 FP-CCE concept still could be more valuable to analyze than only-piston FP-CCE
concept. Furthermore, the aero engine model used to analyze the FP-CCE concept is a simplified
cycle code that does not take into account the details of the components. In a further design, the flow
path generation could be made and the performance of the other components could also be realized.
In addition, the design space considered in this thesis to take into account both the aircraft engine
and the piston engine was small in terms of the design space. Due to the scope and time constraints
of the project, optimizations with more variables was not considered. In the future, a more complex
optimization study could be conducted to better understand the synergy between the parameters and
come up with a more efficiency design. Lastly, the connection of the instationary operation of the FP
to the aircraft engine is not considered in detail in this thesis. This is one of the main technological
drawbacks in realization of the FP-CCE concept. In addition to the variation of compression ratio in
the FP-CCE concept during operation, the connection to aircraft operation becomes even more diffi-
cult. More studies should be done in realizing control strategies where varying compression ratio and
instationary operation could be connected to the aircraft.



6
Conclusion and Future Work

Finding solutions to increase the thermal efficiency and decrease the fuel consumption of the net-gen
aircraft engines is crucial to ensure the longevity of the industry. Aircraft needs to emit significantly less
emissions to meet the sustainability requirements set for the future. The FP-CCE concept were one of
the solutions explored by the industry. In this report, the performance and emissions characteristics of
various FP-CCE concepts are explored. Firstly, the free opposed piston engine is simulated. Then, the
engine is scaled-up to fit the performance and mass flow requirements of the cruise condition of LEAP-
1A26 engine. The scaled-up engine design resulted in an engine with an indicated thermal efficiency
around 30%, generating around 150 kW of electricity per piston module. The scaled-up piston engines
were implemented into three FP-CCE concepts: Multi-fuel, only H2 and only piston H2. The results of
the analysis show that the concept with using both the piston and the combustor to burn H2was themost
promising. The H2 FP-CCE concept emits no carbon emissions, has a higgh thermal efficiency, above
60% but had 3 times higher NOX emissions compared to the baseline LEAP-1A. Although, the thermal
efficiencies were calculated to be lower for the FP-CCE multi-fuel and H2 concepts. This is attributed
to the fact that the LHV of H2 is much higher than the LHV of jet-A1 therefore, there is a decrease in
thermal efficiency. When adding the power generated by the alternators to the thermal efficiency, it was
found that the H2 FP-CCE concept had the highest thermal efficiency. In conclusion, it can be said that
the free pistons can accommodate the performance requirements of the state-of-the-art high bypass
turbofan engines with scaled-up models. Although the variable compression ratio and instationary
operation of the pistons are difficult to control, implementation of complex control technolgies in the FPE
can be considered in the future. In addition, the H2 FP-CCE concept showed significant increase in
performance and decrease in emissions compared to the state-of-the-art high bypass turbofan engines.
In order to be certain about the performance of the FP-CCE concepts, further studies would be valuable.
All in all, the FP-CCE concept is a promising concept that needs further analysis to realize it for the
next gen aircraft.

Future Work
The study detailed in this report had certain limitations as discussed before. So, further work will be
necessary to bring this engine to life. Firstly, the implementation of a more complex scavenging model
would have a significant effect on the performance. The FPE works in two-stroke operation so the
losses due to scavenging will have to be taken into account. Furthermore, as the details of the free
piston gets more realized, the geometric parameterisation can also be more detailed. This would help
increase the complexity of the sub-models such as the alternator model, friction model and the bounce
chamber model. Lastly, the designs made in this study were made through simple optimization models
created using Optuna. The optimization models did not take both the piston and aircraft design in an
integrated way. Furthermore, in the future analysis using the FP-CCE concept, the cascading effects
of adding the piston engine mass could be considered. With the more complex geometry, the sizing of
the piston can be conducted with higher accuracy. Then, the cascading effects would be much more
valuable to explore for the FP-CCE concepts. In future work, it could be very valuable to set up an
optimization model where the variables the free piston engine model could be optimized in conjunction
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with the aircraft engine cycle variables. The future work will be conducted by the Flight Performance
group of the TU Delft Faculty of Aerospace Engineering using the aircraft engine code and the OFPE
model code to improve the scavenging models and improve the designs of the FP-CCE concepts.
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A
Appendix A

A.1. Derivation of Total Length

Figure A.1: Simple Parameterisation of the Free Opposed Piston Engine

CR =
V0

Vf
(A.1)

V0 = Apistonhead ∗ (xBDC,R − xBDC,L) (A.2)

Vf = Apistonhead ∗ (xTDC,R − xTDC,L) (A.3)

xBDC,R = RBDC ∗ L (A.4)

xTDC,R = xBDC,R − S (A.5)

xBDC,L = (1−RBDC) ∗ L (A.6)

xTDC,L = xBDC,R + S (A.7)

The derivation starts with the compression ratio definition. The piston areas on both sides get
cancelled out

CR =
V0

Vf
=

xBDC,R − xBDC,L

xTDC,R − xTDC,L
=

xBDC,R − xBDC,L

(xBDC,R − S)− (xBDC,L + S)

=
xBDC,R − xBDC,L

(xBDC,R − S)− (xBDC,L + S)
=

(1−RBDC) ∗ L−RBDC ∗ L
(1−RBDC) ∗ L− S − (RBDC ∗ L+ S)

Dividing both sides by L:
CR =

1− 2 ∗RBDC

1− 2 ∗RBDC − 2 ∗ S/L
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The, the expression can be re-written as:

CR ∗ (1− 2 ∗RBDC − 2 ∗ S/L) = 1− 2 ∗RBDC

CR ∗ (−2 ∗ S/L) = 1− 2 ∗RBDC − CR ∗ (1− 2 ∗RBDC) = (1− CR) ∗ (1− 2 ∗RBDC)

The, taking the compreesion ratios to one side,

2 ∗ S/L =
CR− 1

CR
∗ (1− 2 ∗RBDC)

Finally, plugging in the bore-to-stroke ratio b/s,the total length of the module can be expressed as:

L =
1

(b/s)
∗ b ∗ 2 ∗ CR

(CR− 1) ∗ (1− 2 ∗Rbdc)
(A.8)

A.2. T-S diagrams with Different Heat Transfer Modes

(a) T-S diagram of the baseline engine with heat loss (b) T-S diagram of the baseline engine with NO heat loss

Figure A.2: Cycle results
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