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Abstract. This investigation presents the development of a model of a flight envelope for a piston engine aircraft. The study
covers performing necessary tests and measurements of the selected operating parameters of the engine piston and an
analysis of the results. The paper describes also a mission and aircraft manoeuvres. This investigation enables us to study
loads on an aircraft piston engine, i.e. Continental Motors IOF-240-B5B, mounted in the Liberty XL2 by Liberty Aerospace.
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Introduction

Correct energy management is presently a basic focus of
the majority of the studies on aspects of the operation of
aircraft engines. This means that efficient engine opera-
tion combined with low emissions is more important than
more power to reduce light aircraft fuel consumption with
a relatively small decline in cruising speed and to reduce
occurring operating costs. Also, following this tendency,
engine head temperature should be reduced by, e.g. cor-
rect energy management and an appropriately selected
fuel mixture, which should lead to engine head better life
time and also to reduce the cost to maintain the engine
in continuing airworthiness (Brender, Carney 2013; Rice
1958). The thermodynamic aspects of aircraft spark igni-
tion engines have already been well researched and a cer-
tain knowledge on them is provided by the studies: Stone
(2012); Kroes, Wild (1994) and Crane (2010). The most
efficient energy management (economical flight) usually
generates up to a 20% difference in fuel consumption
relative to that of the operating point at maximum power
(Hirschman 2009). As discussed in works by Hirschman
(2009) and Braly (2016), the attempt to achieve highly ef-
ficient flight can reduce flight speed by from 5 to 10%.
Although a power-to-weight ratio is lower in piston en-
gines than in turbine ones, this difference, according to
Dudziak (2013), decreases with increased flight time.

While the unmanned aircraft, typically used for relatively
short missions (often shorter than an hour), could be fit-
ted with turbine engines for economic reasons (Wendeker,
Czyz 2016; Dudziak 2013), piston engines remain a basic
drive unit for longer missions, especially manned ones.
Accordingly, piston engines could be successfully applied
even in today’s aircraft designs. For example, the ILX-27, a
helicopter developed by Institute of Aviation, Air Force In-
stitute of Technology and the Military Aviation Plant No.
1 in £6dZ (Wendeker, Czyz 2013; Hajduk, Sabak 2013), is
equipped with a single piston engine known as Lycoming
0-540-F1B5 of 191 kW (260 hp).

Safety is definitely a fundamental factor behind de-
signing aircraft engines. Aircraft such as airplanes are
very complex structures but accidents due to strictly mal-
designed aircraft are rare. The majority of aviation acci-
dents results from failed individual components in systems
that generate and transfer power. Accidents that result in
destroyed aircraft and casualties are often due to damaged
engines (Turan, Karci 2009; Bhaumik et al. 2002, 2008;
ATSB 2007; Lourenco et al. 2008; Findlay, Harrison 2002).

This paper presents a model of a flight envelope of an
aircraft. The flight envelope covers a statistical description
of loads on the engine. This is a record of loads on the en-
gine when the pilot performs various both air and ground
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manoeuvres. It is important here to describe these loads
and time of individual manoeuvres. These results can be
applied to optimize engine operation. Knowing what the
engine should achieve under daily operation, one can per-
fectly design and built it for the required tasks. The con-
cept of flight envelope is universal so it can successfully
describe not only the engine but also the entire aircraft
and its individual components. This can serve as a basis
for designing structures more adapted to specific tasks,
more robust and highly optimized.

1. Research object

Engine loads under flight conditions are examined here on
the Liberty XL2, which is shown in Figure 1. It is a two-
seat, low wing aircraft (O$rodek Ksztalcenia Lotniczego...
2018) with a single engine. The Liberty XL2 was produced
by Liberty Aerospace, transformed later into Discovery
Aviation. The aircraft was designed by Ivan Shaw and is
the successor to the Europa XS. It is economical in flight
and easy to maintain and operate. Our research plane be-
longs to Aviation Training Centre of Rzeszéw Technical
University at Jasionka (Poland) and is applied for training
flights.

The drive unit of the Liberty XL2 is the Continental
Motors IOF-240-B5B - a four-cylinder, horizontally op-
posed engine of 125 hp, incorporating a Full Authority
Digital Engine Control (FADEC) (FAA 2007). The re-
search engine, shown in Figure 1, is also equipped with
a microprocessor system, power-link, to individually con-
trol ignition and injection in each cylinder. Accordingly,
the pilot does not need to regulate the composition of the
mixture and to heat up the carburettor as well as this sys-
tem makes it easier to start up a hot engine. Parameters
are automatically selected for each rotation of the shaft to
achieve the required power and not exceed the limit val-
ues. Consequently, very low fuel consumption of around
20 I/h and increased engine service life (Stelak 2010) are
achieved. The engine was designed in 1960 for light air-
craft by Continental Motors and first certified on 7 July
1971. Its technical parameters are in Table 1.

Table 1. Continental Motors IOF-240-B5B technical parameters
(Oérodek Ksztalcenia Lotniczego... 2018)

Bore 112.7 mm
Displacement 98.4 mm
Capacity 3.931
Weight 116 kg

Fuel supply system Aerosance FADEC
Fuel 100LL AVGAS
Cooling Air-cooled
Output power 125 hp (93 kW) at 2800 rpm
Specific power 23.66 kW/l
Compression ratio 8.5:1
Power-to-weight ratio 0.8 kW/kg

2. Research methodology

This examination focuses on obtaining data on flights of
the piston engine aircraft and the key parameters include:

- boost pressure — intake manifold air pressure;

- engine speed;

- cylinder head temperature.

The data on flights was obtained from the FADEC in-
corporated into the Liberty XL2. The FADEC controls as a
whole parameters of the engine and its drive components.
If such a type of control applied, a controlling computer
completely controls the engine. The pilot cannot control
the engine, and in the event of a total system failure,
manual control is impossible. The FADEC controls both
piston and turbine engines. The system operates by analys-
ing conditions at a given moment to adjust parameters to
achieve a constant and most economical operation of the
engine. To function correctly, the FADEC analyses data
such as (Menne 2007):

- air density;

- throttle position;

- cylinder head temperature.

Figure 1. Liberty XL2 in flight (on the left side) and Continental Motors IOF-240-B5B
(Osrodek Ksztalcenia Lotniczego... 2018) (on the right side)
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The system controls data with a frequency of up to 70
times per second and thus is capable of evaluating, which
parameters should be entered so that the engine could
achieve the best efficiency. The parameters controlled by
the FADEC include in particular (Menne 2007):

- a fuel supply system;

- fuel consumption;

- engine power;

- engine thrust.

Certain additional parameters, which depend on drive
unit’s complexity are also controlled and include, e.g. rotor
blade or propeller pitch or a cooling system. The FADEC
also controls engine starting. The FADEC should basi-
cally achieve a perfect optimum engine performance cor-
responding conditions at a given moment (George 2007).

Since the operation of engines and the efficiency of
the FADEC are strongly correlated, safety measures are
indispensable to protect against potential failures. The ba-
sic feature of the safety system is redundancy, which is
the duplication of all critical components of a controlling
system. If one component fails, the efficient one takes over
its tasks. This solution makes the FADEC a “fault tolerant”
system, which means that it is designed and built to be
capable of operating even if errors occur or its elements
fail (FAA 2016). Figure 2 depicts the schematic of FADEC
wiring and communication with the remaining aircraft
components.

The advantages of the FADEC (Menne 2007) include:

- a more efficient drive unit;

- more efficient fuel consumption;

- automatically protected engines if operations beyond
a tolerance range;
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- semi-automatic engine starting;

- improved integration of aircraft avionics and propul-

sion systems;
- improved quality control;
— less parameters to be controlled by the crew;
- automatic emergency assistance to the crew.
The disadvantages of the FADEC (FAA 2016) include:
- an impossible manual engine control - in the event
of a total failure of the FADEC, starting or restarting
the engine are impossible;

- highly complex control systems;

- high costs of developing systems.

The fact that the Liberty XL2 is applied for training at
Aviation Training Centre of Rzeszéw Technical University,
its individual flights follow the scheme of several stages,
according to the data obtained from the FADEC:
an engine start;
taxiing into the runway;

a take-off;
a climb to the required altitude;

- a cruise and manoeuvres as required by the instruc-

tor;

- a descent;

- a final approach;

- landing;

- taxiing on the specified parking space;

- turning off the engine and leaving the aircraft.

If flights repeat, the last two flight stages are replaced
by repeating the entire process. This means that landing
is followed, instead of taxiing into the parking space, by
re-taxiing into the runway and the next regular stages.

Control signal

Feedback signals

(T,P.,, T....etc.)

oil’ * case

~ Engine condition

™~ monitoring signals
(fuel flow, pressure,
temperature etc.)

Figure 2. FADEC wiring diagram on the aircraft (study by authors based on Austrian Technik (2017) and Menne (2007))
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Figure 3. Engine rotational speed (a) and intake manifold pressure (b) for the Liberty XL2 flights
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Figure 4. Mean head temperature (a) and mean exhaust gas temperature (b) for the Liberty XL2 flights

The data from the FADEC are given in three files with
registered parameters. The recording is updated every 1
second and starts when the engine starts and ends when
the engine turns off. To facilitate the analysis, each file is
assumed to refer to a single flight, which means that a
given flight proceeds in a number of take-offs and land-
ings. Flights do not cover time for training breaks. Given
the above, the test results are as a recording of the param-
eters for the three training flights of varied duration with
a certain number of take-offs and landings and in-between
breaks of random duration.

3. Research results

The research data from the FADEC cover three missions
of repeated manoeuvres of a take-off and landing. Each
mission is regarded as a single flight. The following data
from the FADEC is investigated:

- speed [rpm];

- intake manifold pressure [Pa];

- mean head temperature [°C];

- mean exhaust gas temperature [°C];

- intake manifold temperature [°C].

Accordingly, five parameters are obtained for each of
the three flights. Figures 3-5 depict the corresponding
characteristics.

4. Research examination

The study of the research results enables us to design a
flight envelope. Regarding the changes of the parameters
over time, the beginning and ending of the given stages
of the mission are specified and the time of each of these
stages are examined. Then, the data are depicted as com-
parative charts to show the share of time of each stage
within the whole mission. This method enables us to de-
sign a flight envelope as a table where the given manoeu-
vres are listed with its average duration within the entire
mission of the aircraft. Table 2 shows the time of the given
stages and the share of the engine load.
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Figure 5. Mean intake manifold temperature
for the Liberty XL2 flights
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Table 2. Time of each stage within in the entire mission and the share of the engine load over the given stage
Time in minutes over the given stages within the entire mission
Taxiing [min] Take-off and climb [min] Cruise [min] Descent and landing [min]
Flight 1 53 6 40 5
Flight 2 35 13 216 12
Flight 3 33 16 155 12
Total 121 35 411 29
Average 40.3 11.7 137 9.7
Engine load over the given flight stages
Taxiing [min] Take-off and climb [min] Cruise [min] Descent and landing [min]
Flight 1 10 95 64 16
Flight 2 12 92 76 19
Flight 3 8 96 68 22
Average 10 94.3 69.4 19
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Figure 6. Time share of the given stages within the entire mission for the flights: a — flight 1; b - flight 2; ¢ - flight 3

There are also graphs to show the load on the research
aircraft engine over the varied stages of the mission for
each of the flights. The engine load is determined by ex-
amining the graphs for each of the flights. The zero load
is idling and the maximum load is the moment of a total
throttle opening over a take-off.

Figure 6 shows the time share of the given stages with-
in the entire mission for all of the Liberty XL2 flights. Fig-
ure 7 shows the mean percentage of individual stages rela-
tive to the entire mission for all of the Liberty XL2 flights.
Figure 8 shows the mean engine load over the given stages
for all of the Liberty XL2 flights.

Conclusions

The result of the research is the model of the flight enve-
lope for the Liberty XL2 with a piston engine Continental
Motors IOF-240-B5B. The research results are statistically
investigated. The study on the data obtained from the
FADEC of the Liberty XL2 shows that the total time of
the first flight is 104 min where the taxiing takes 53 min,
the take-off and climb 6 min, the cruise 40 min and the
descent and landing 5 min. The total time of the second
flight is 276 min where the taxiing takes 35 min, the take-
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Figure 7. Mean time share of the given stages within the entire
missions for flights 1, 2, 3
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Figure 8. Mean engine load over the given stages for flights 1, 2, 3
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off and climb 13 min, the cruise 216 min and the descent
and landing 12 min. The total time of the last flight time
is 216 min where the taxiing takes 33 min, the take-off
and climb 16 min, the cruise 155 min and the descent and
landing 12 min. The average values for the above data are
as follows: the taxiing takes 40 min, the take-off and climb
12 min, the cruise 137 min and the descent and landing
10 min.

The research results on the engine load should be ex-
amined in the same way. The engine load for the first flight
over the taxiing is 10%, the take-off and climb 95%, the
cruise 64% and 16% over the descent and landing, for the
second flight the shares are 12, 92, 76 and 19%, respec-
tively, and for the third flight 8, 96, 68, 22, respectively.
The averages for the given stages are as follows: 10% - the
taxiing, 94.3% - the take-off and climb, 69.4% - the cruise,
19% - the descent and landing. It is essential that the Lib-
erty XL2 flights are training flights so there are repeated
take-offs and landings, and relatively short cruise times.
The flight envelope developed in this research can be ap-
plied to calibration of the electronic control unit.
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