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Abstract

With civil aviation growing at around 4.7% per annum, the environmental footprint of aviation is increasing. Moreover,
the use of kerosene as a fuel accelerates the depletion of non-renewable fossil fuels and increases global warming. Hence,
the aviation industry has to come up with new technologies to reduce its environmental impact and make aviation more
sustainable. An electrically assisted propulsion system can combine the benefits of an electrical power source with a
conventional turbofan engine. However, the additional electrical system increases the weight of the aircraft and com-
plexity of the power management system. The objective of this research is to analyze the effect of an assistive electrical
system on the performance of a turbofan engine for an A320 class aircraft on a short-range mission. The developed
simulation model consists of an aircraft performance model combined with a propulsion model. The power management
strategy is integrated within the simulation model. With the proposed propulsion system and power management
strategy, the electrically assisted propulsion system would be able to reduce fuel burn, total energy consumption, and

emissions for short-range missions of around 1000 km.
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Introduction

Aviation is at a crossroad, on one hand, aviation is
growing at approximately 4.7% per annum and is
poised to grow at the same rate for the next couple
of decades'? and on the other hand, the environmental
impact of aviation is increasing and sustainability of
aviation is being questioned.® Since the majority of air-
craft emission occurs within the sensitive layers of the
atmosphere, near the tropopause,* the environmental
impact of aviation is not just limited to CO, emission
but entails the contribution from other sources like
NOx, H>0, soot, contrail formation, etc.’ As a result,
both ACARE and NASA have set ambitious goals to
reduce emissions of future aircraft.®’.

The majority of civil aviation is dominated by inter-
city air traffic on the short range, as shown in Figure
1(a),® which is mostly flown by single-aisle aircraft.
Narrow-body jets can cover a range of between 500
and 4500km and, as can be seen in the figure, are
mainly operated on routes in the range up to
2000 km. In 2015, around 13,563 narrow-body jets
with 100 to 229 seats were operated and it is antici-
pated that the number of single-aisle aircraft will

increase to 24,904 in 2035, forming around 65% of
the entire flying fleet.” Thus, reducing the environmen-
tal impact of single-aisle aircraft will have a substantial
effect on the entire civil aviation.

Due to the advancement in battery technology, the
automotive industry has managed to lower its environ-
mental impact with hybrid and fully electric cars. In the
aerospace industry, the concept of all-electric and
hybrid electric propulsion is being introduced on gen-
eral aviation airplanes. The Airbus E-Fan and Pipistrel
Panthera are good examples of all-clectric and hybrid
electric general aviation aircraft. However, the
restricted power-to-weight ratio of electric components
holds back the development of a fully electric commer-
cial passenger aircraft, as high power requirements
make it difficult for current electric technology to
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Figure 1. Distribution of available seat kilometers with route distance for the year 2009.2

meet the required performance. Therefore, the turbofan
engine is still required to propel the aircraft. Combining
the state-of-the-art turbofan engine with an electric
motor could be a potential solution to meet the future
requirements of air travel. Such a propulsion system is
called the hybrid electric propulsion system (HEPS).

Different examples of HEPS applications for aero-
nautics have been developed.'®'® They show that the
use of HEPS has the potential to increase efficiency
and reduce emissions and, therefore, are in line with
the future goals for civil aviation. However, successful
application of these concepts depends on a number of
factors, the increase in weight and complexity being
one of the most crucial. Moreover, sizing becomes
complicated if propulsive power comes from two dif-
ferent types of energy sources. The determination of
the ratio of power coming from both energy sources is
an important parameter for the power management
system and in the sizing of HEPS. It determines the
amount of electrical and chemical energies to be car-
ried on board and the weight of power components.
Hence, the feasibility of HEPS and its potential to
meet the requirements depends to a large extent on
the power management strategy of HEPS.'

Power management strategies on hybrid systems have
been well established in the automotive industry; how-
ever, they are still being explored in the aerospace indus-
try. Over the years, different HEPS concepts have been
investigated for aircraft. These HEPS concepts can be
categorized by the way in which the gas generator and
electric part are combined to drive the propulsor: series,
parallel, or a combination of both.'>'® A series configur-
ation means that the propulsor (fan/propeller) is powered
by electric motors only, which in turn are driven by elec-
tric power produced by the turbo-generators. In a paral-
lel configuration, the power is supplied by both electric
motor (powered by a battery) and the turbogenerator. In

the series/parallel configuration, the combustion engine
can drive both electric generator and the propulsor (fan /
propeller). The electric generator is linked to the electric
motor that subsequently will drive the propulsor. The
main difference with the series architecture is that the
combustion engine is also directly connected to the pro-
pulsor. Moreover, the electric motor is also able to drive
the propulsor independently. To summarize, the architec-
ture is defined by the way in which the power from a
combustion engine and an electric drive are combined to
drive the propulsor.

The series architecture has been investigated by
various authors.'*!”!® They analyzed the series archi-
tecture of a distributed propulsion system on a hybrid
wing body configuration. In the series configuration,
the extra generator not only adds weight but also
induces an extra energy conversion penalty. In order
to utilize the benefits of the series architecture, the
aircraft configuration needs to change significantly.
This study is aimed at analyzing the feasibility of
HEPS in the context of a conventional single-aisle
aircraft. Therefore, an evolutionary approach to
HEPS based on a parallel architecture is investigated.

Electrically assisted propulsion system

A HEPS can be defined as a propulsion system that
combines a conventional propulsion system with an
electrical propulsion system in order to achieve better
overall performance and/or lower emissions.'” This
paper focuses on an electrically assisted propulsion
system (EAPS), a variation of HEPS in which the elec-
trical system is used as a secondary system that would
be running in parallel and would assist the existing pro-
pulsion system in certain flight phases to increase the
overall efficiency. The EAPS system is considered in this
paper because the energy-to-weight ratio of electrical
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batteries is significantly lower than those of the conven-
tional propulsion system and hydrocarbon fuel. Thus,
using the electrical system as a secondary system to
assist the primary propulsion system can have larger
benefits than using the electrical system alone as a pri-
mary propulsion system. Therefore, the EAPS configur-
ation might have a better potential to reduce the overall
environmental footprint of the aircraft, as it exploits the
electric components to compensate for the lack of per-
formance from conventional propulsion systems in the
off-design condition. The turbofan engine may be sized
specifically for one phase (e.g. cruise) of the mission,
thereby allowing the turbofan engine to be more
efficient.

The objective of this research is to analyze the effect
of an assistive electric system on the performance of a
turbofan engine during the flight mission of a narrow
body single aisle aircraft, similar to the A320, as these
aircraft have the largest impact on air transportation
system. In order to analyze the aircraft with EAPS over
the complete flight mission, the power requirements are
derived from a flight performance model of the air-
craft, developed in MATLAB®® and Simulink®?!
environment. To simulate the turbofan engine,
GSP®?%% is used and is coupled with the aircraft simu-
lation model by GSP API®.** Finally, the EAPS and
its power management strategy are modeled and inte-
grated within the MATLAB® environment.

The system architecture

Due to the assistive nature of the electrical system in
EAPS, the engine can be down-sized and designed

optimally for the cruise condition, while relaxing
some of the off-design constraints like take-off and
climb. In this research, the electric motor is attached
to the low pressure (LP) spool of the turbofan engine
to assist the engine during off-design conditions.

In a turbofan engine, part of the inlet air is com-
pressed by a fan, which bypasses the core engine.
Accelerating a large amount of air through the
bypass increases the propulsive efficiency and therefore
yields a more efficient propulsion system.?> However,
increasing the bypass ratio (BPR) reduces the specific
thrust. A higher BPR also increases the thrust lapse
rate, which is the variation of thrust with altitude.

The engine efficiency is maximum when operating
closer to its design point. Hence, the design point is an
important aspect of the engine. The engine efficiency
can thus be increased either by moving the operating
conditions closer to its design point or by relaxing the
constraints posed by the off-design operating require-
ments. In the proposed EAPS, the power node is
mechanical, which means that the mechanical power
produced by the motor is added to the mechanical
power provided by the low-pressure turbine (LPT)
of the turbofan engine. Figure 2 shows a schematic
of the investigated EAPS architecture.'®

The electric motor is powered by a battery and is
attached to the LP spool. The electric motor is able
to drive the LP spool and thereby the fan. This
allows all-electric operation for low power require-
ments, like idling and taxiing. For higher power
requirements, the electric motor is used in conjunction
with the turbofan and for medium power settings, the
turbofan engine is used alone. Thus, the power supplied
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Figure 2. Schematic layout of the proposed electrically assisted propulsion system.'*

PMAD: power management and distribution.
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by the electric motor can be combined with the power
from the LPT to increase the overall efficiency. The
power management and distribution (PMAD) compo-
nent determines the power split between the electrical
system and the turbofan engine.

One of the main advantages of parallel HEPS is
that the electrical system and the turbofan engine
can operate independently and in conjunction. This
allows temporary operation with either the engine
and or electric motor, thereby increasing the overall
system reliability, an important factor to be con-
sidered in civil aviation. Having a parallel configur-
ation also enables the independent design of the
power share between both sub-systems. Moreover,
the power provided by the electric motor with respect
to the power provided by the engine can be adjusted
during operation.?® If required, the excess power from
turbofan can be used to charge the battery under spe-
cific flight conditions. However, this aspect has not
been dealt with in the current paper.

Metrics for performance and sizing

In a HEPS, the energy comes from two different
sources, chemical energy from fuel and electrical
energy stored in the batteries. Although the efficiency
of electrical components is significantly higher than
the turbofan engine, the specific energy density of bat-
teries is substantially lower than kerosene. This sig-
nificantly affects the overall aircraft weight and
thereby the required energy to propel the aircraft.
The power management strategy plays an important
role in optimizing the overall fuel burn and energy
consumption of the aircraft. The power split is the
power supplied by the electric system to the fan
(Psupp, Elecsyst) With respect to the total power of the
propulsion system (P,,;)

d = Psupp,E/ecSyst (1)
Pios

As the power split determines the ratio of electric
power supplied, the overall efficiency of the propul-
sion system will change as the efficiency of the elec-
trical system is higher than the turbofan engine.
Conventional propulsion systems can be compared
by their thrust specific fuel consumption (7SFC).
For HEPS systems, the thrust specific power con-
sumption (TSPC) can be used, as given in®’

Popp _ V. _ 4

TSPC = _
Nec * Ner = Mpr

2

N Nov

where Py, is the supplied power, Fy is the net thrust,
V is the flight velocity, and 7, Nec, N4 » and n,, rep-
resent the overall energy conversion, transmission,
and propulsive efficiency, respectively. Equation (2)
can be rewritten into equation (3), which calculates

the efficiency by considering power supplied from
both the energy sources

Puy  Fy-V
Psupp Ppyy + Pfuel

Nov = (3)

where Py, and Pj,e are the power from the battery and
fuel, respectively. The power from fuel is dependent on
the fuel flow (n17,./) and fuel heating value (FHV)

Pt = migyer - FHV 4)

The main components that affect the weight of the
electric system are the battery, the inverter, and the
electric motor. The development of the technology in
electrical components can be expressed in terms of
specific power or specific energy. Figure 3 displays
the anticipated development of electric component
technology as predicted by Rostek.?®.

Next, to the specific power of electric components
and specific energy of electrical batteries, the compo-
nent efficiencies will have an effect on the overall
weight, as they determine the power or energy
output. Table 1 shows the assumed efficiencies of vari-
ous electrical components. It should be noted that
these values are slightly conservative, but since some
of the associated supporting systems for the electrical
components have not been modeled accurately (e.g.
cooling system for batteries, etc.), these values are a
good representation for a system analysis, as carried
out in the present research.
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Figure 3. Performance targets on system component level;
presented by Rostek. 8

Table 1. Overview of electric system components
assumptions.

Components Efficiency (%)
Battery 90'?

Inverter 99.5%°
Electric motor 93%
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Modeling environment
The aircraft model

To simulate the effect of power management strategy,
a flight performance model of the Airbus A320 was
developed and is used to determine the power require-
ments for a 1000 km flight. This simulation model has
been developed in MATLAB®?® and Simulink®*'
environment. The flight performance model uses the
basic equations of motions to simulate the state of the
aircraft, as described by the following equations®'

. L4 Fy-si

:%@osw—%@osy %)
. Fy- -D .
Vzw_g.sn’ly (6)

m

where y is the flight path angle, L is the lift force, D is
the drag force, Fy is the net thrust, J is the flight
velocity, m is the aircraft mass, ¢ is the bank angle,
« is the angle of attack, and g is the gravitational
constant.

The input for the flight performance model is the
along-track distance, calibrated airspeed (CAS) or
Mach number and flight path angle. Another input
for the flight performance model is the position of
the aircraft with respect to the north and the ecast, as
this allows the simulation of turns. In the current
research, the aircraft is assumed to fly in a straight
line and therefore the mission is defined by the track
distance, speed profile and flight path angle.

To validate the aircraft performance model, the
model output is compared with PianoX®, a perform-
ance analysis software that calculates the performance
characteristics of a specified aircraft in its database for
a given range and payload (fuel consumption, emis-
sions, drag, etc.). This research is not focused on
attaining an accurate flight mission, but to analyze
the effect of an EAPS on a reference flight.
Therefore, comparison with PianoX® is carried out

in a qualitative manner to see if similar trends could
be observed from both models. As a validation of the
flight mission analysis module, a 1000 km flight mis-
sion of Airbus A320 is simulated and compared with
PianoX®. The aircraft mission is shown in Figure 4(a)
and (b) and the comparison of the flight path angle,
Mach number, thrust, and fuel flow are shown in
Figure 5(a) to (d). It can be seen that the results
from the two models are in good agreement with
each other. The discrepancy in the fuel flow is
mainly due to the different engine model used in the
current analysis as compared to PianoX®, which will
be explained in a later section of the paper.

The engine model

To simulate the CFM LEAP-1A turbofan engine per-
formance, the engine has been modeled in GSP®. The
GSP® is a component-based, 0D thermodynamic ana-
lysis platform for gas turbines, developed jointly by
NLR and TU Delft. It provides a flexible platform to
model various types of gas turbines as various com-
ponents can be connected appropriately to simulate
any gas turbine architecture. This flexibility in com-
ponents assembly is especially beneficial in analyzing
novel engine architectures. The required power and
state of the aircraft (altitude, Mach number) are
inputs to the engine model. These inputs are provided
by the flight performance model to the engine model
using GSP API®. For modeling the engine in off-
design conditions, turbomachinery maps have been
scaled and fine-tuned using the methodology elabo-
rated by Rademaker >,

The output of the engine model is the fuel flow,
which affects the aircraft weight and thereby its
required thrust. GSP® is also able to compute the
approximate values of the engine emissions. While
the major products of combustion like CO, and
H,O are mainly dependent on the fuel consumption,
the minor species of combustion like NOx, CO, UHC
(unburnt hydrocarbon), and soot are mainly depend-
ent on the chemical kinetics, combustion technology,
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Figure 4. (a) Mission altitude profile; (b) aircraft true airspeed.
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Figure 5. (a) Flight path angle; (b) flight Mach number; (c) aircraft thrust requirement; (d) engine fuel flow.
Table 2. Scaled emission data used for GSP®.
Mode Mg (kgls) Ta (K) pe (bar) El UHC El CO El NO, SN
Take-off 1.20 938.99 42.83 0.03 0.26 15.11 1.4
Climb out 0.79 848.15 31.82 0.02 0.14 11.29 9.5
Approach 0.13 547.84 6.72 0.04 2.4 5.74 1.8
Idle 0.04 420.33 2.89 1.31 24.98 2.75 1.8

combustor design, and combustor operating condi-
tions. There are several ways of evaluating these emis-
sion in GSP®, namely, the NLR Emission Model, the
semi-empirical method, and the multi-reactor com-
bustion model.>* In the current research, the NLR
emission method is used in which data available
from the ICAO emission certification databank (for
NOx, CO, UHC emission index data, and smoke
number data) at specific engine thrust settings are
used to predict the combustor emission characteris-
tics. The emission index at off-design conditions is
then calculated using logarithmic interpolation with
combustor temperature and empirical corrections for
deviating combustor pressures.

To model the emissions of the engine, the ICAO
Aircraft Engine Emissions Databank is used.® The
ICAO table consists of four data sets of emission indi-
ces for take-off, climb out, approach, and idle. Since
the data of the CFM LEAP-1A was not available
when this research was carried out, the data of the
CFM 56 is used. With the specified emission reduc-
tions claimed by the original engine manufacturer

(OEM) like 50% margin on NOyx emissions versus
CAEP/6 standards, the data of the CFM 56 engine
can be scaled and used for the emissions of the CFM
LEAP- 1A. Table 2 shows the data used as an input
for GSP®. It should be noted that since the same emis-
sion model are used in the two engine architectures
(conventional and EAPS), the differences in the emis-
sion are important rather than the absolute value.

Figure 6 shows the engine model within the GSP®
environment. The output of the engine model is used
to determine the effect of EAPS and its power man-
agement strategy.

Figure 7 compares the emissions obtained from the
GSP model with PianoX® for Airbus A320. Both
simulate the emissions of Airbus A320, but since the
CFM LEAP-1A engine modeled in GSP is a new
engine compared to the A320 model in PianoX® with
the CFM-56 engine, it can be seen from the figure that
emissions from LEAP-1A engine are significantly
lower as compared to the CFM-56 engine. The reduc-
tion in CO, emissions is 12.2%, which resembles the
expected reduction, as stated by the OEM.** This
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Figure 6. The CFM LEAP-IA turbofan engine model in GSP®.
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Figure 7. Comparison of fuel burn dependent emissions
between simulation model and PianoX® for a specified mission
of 1000 km.

proves that the engine model developed in GSP® is
reasonably good to carry out further simulations.

The GSP model for the LEAP engine is extended for
the proposed EAPS system by adding the power pro-
vided by the electric motor to the LP shaft of the turbo-
fan engine. The power management strategy
determines the amount of electrical energy to be carried
onboard and the amount of (peak) power to be sup-
plied, essential for sizing of the electrical system. To
integrate the power management strategy and thereby
sizing of the electrical system, several calculation steps
are required. Such a methodology has been presented
by United Technology Research Center (UTRC)*.

The EAPS simulation

To evaluate the feasibility of the proposed EAPS
system, first, the reference flight mission is simulated.
This step is needed in order to determine the LP shaft
power during flight. In the second step, part of this
shaft power is then supplied by the electrical system;
depending on the power split ratio. In the third step,

the mass of the electrical system is computed and is
added to the aircraft mass. Due to the additional
mass, the thrust requirement of the aircraft changes,
resulting in new LP spool shaft power. Lastly, the
motor power determined in the second step is added
to the required engine shaft power computed in the
third step. Figure 8 shows the various simulation steps
in the form of a flow diagram.

Power management strategy

During the entire mission, the power management
strategy determines when and how the electrical
system  would assist the turbofan engine.
Consequently, the weight of the electrical system fol-
lows from the power management strategy, as the
weight is determined by the amount of electric
power and energy to be available during the flight.
The additional weight of the electrical system should
be offset by its performance, and therefore to analyze
the effect of a power management strategy from an
overall mission perspective, a global optimization
methodology is applied.

In terms of the turbofan engine design condition,
there are several definitions, as shown in Figure 9.°¢ A
valid engine design should meet performance require-
ments under all operating conditions. The conven-
tional approach of ensuring feasibility of an engine
design involves iterative loops between the design con-
dition and off-design conditions such that the final
engine design can satisfy the operating constraints in
the entire flight envelope®”.

If the constraints on hot day take-off and top of
climb could be eased due to the assistance of electrical
power, the engine can be optimized for the cruise con-
dition, thereby reducing the cruise SFC. Also, for very
low thrust requirements like taxiing and idling, engine
performance in terms of fuel consumption and engine
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Figure 8. Schematic of the simulation model.
mmm 7hermal Design Point: Hot-day, take-off
» Maximum operating temperature
» Highest spool speed
» Turbine cooling system is designed
» Mechanical design of disks and shaft
mmm Aerodynamic Design Point: Top of Climb
* Maximum corrected mass flow rate
* Gas path dimensions are sized
mmm Energy Design Point: Cruise
» The mission segment where an engine is operated extensively
e Cycle performance is optimized
Figure 9. Various engine design conditions.>®
emissions can be reduced substantially as electric taxi- 2. Take-off: assistance of electric system (controlled
ing would reduce noise and emissions at airports with the take-off power split).
significantly. 3. Climb: assistance of electric system (controlled
Figure 8 shows the power management strategy with the climb power split).
considered in this research. It is segmented into the 4. Cruise: turbofan engine only.
following flight phases, as shown in Figure 10. 5. Descent: turbofan recharges the electric system.

6. Taxi-in: fully electric.
1. Taxi-out: fully electric.
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Figure 10. Power management strategy during flight mission.

In this power management strategy, the power split
is a percentage of the average power per flight phase.
The power supplied by the electrical system is con-
stant during each flight phase and corresponds to
this percentage.

The input variables for the power management
strategy are the take-off and climb power splits. The
power split during take-off lowers the maximum
thrust required from the turbine engine, whereas
power split during climb increases efficiency. The
take-off and climb power splits have a substantial
effect on the sizing of the electric system and on the
weight of the aircraft. Moreover, as less fuel is used
during taxi-out, take-off and climb, the weight of the
aircraft during the cruise is different.

Engine scaling

The assistance of the electric system during take-off
and climb allows the engine to be designed for the
cruise phase and this has a significant effect on the
engine weight and performance. In order to scale
the CFM Leap-1A engine to an electrically assisted
turbofan engine, various scaling parameters have been
used, as described in this section. The mass of the
engine is reasonably well correlated to the take-off
static thrust by equation (7).>” It should be noted
that the static take-off thrust (Fy.ro) in this equation
is in pound force and the outcome is the engine mass
(Mengine) iIn pounds

Mengine = 2.7- F(/)V?]S“O (7)

Equation (8) represents the mass flow rate scaling
parameter, MSP.*® When scaling the engine, this par-
ameter should remain constant. For example: scaling
the design mass flow rate (m1) with 80% means that
the characteristic diameter (D) needs to be scaled
with the square root of 80%

n - /0

where 6 and § represent the pressure and temperature
parameters, respectively. Both parameters are

computed using reference values for pressure and tem-
perature from ISA standard sea level static conditions

Dot

5= ' 9)
DProt,ref
Tll)f
0= 10
Trot,ref ( )

Due to the additional power delivered by the elec-
trical system during certain flight phases, the centrifu-
gal forces (F,) on the fan blades increase and would
lead to a heavier fan disk of the turbofan engine.
Equation (11) describes the relation between the rota-
tional speed of the blades (w) and centrifugal force on
the fan blades. To ensure that the disk does not fail
under the increased load, the mass of the disk should
increase as well

FC:m~a)2~R (11)

Scaling of the engine is also limited by the turbine
inlet temperature, 7;4. Normally, a turbofan engine
encounters maximum operating temperature at hot-
day take-off and the operating temperature during
cruise is significantly lower. However, for an EAPS,
the T4 at cruise would be higher than that of a con-
ventional turbofan engine. This increase in 774 should
be incorporated when scaling the turbofan engine for
the EAPS.

Results of the simulation

The fuel burn and total energy consumption of the
Airbus A320 for a 1000 km flight mission are 3231 kg
and 38.62 MWh, respectively. The electric system
may reduce the fuel burn, but as fuel is not the
only source of energy, the total energy consumption
(fuel 4 electrical energy) for the mission should also
be considered. Although the efficiency of the electric
system is almost twice as high compared to the
turbofan engine, the specific energy of the electric
battery is significantly lower than the specific
energy of the fuel, resulting in additional weight.
With the anticipated development of electric
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component technology for 2030 + (see Figure 3), the
sp. energy of batteries at a system level is assumed to
be 600 Wh/kg. It should be noted that this is still 20
times lower than the sp. energy of the kerosene fuel
(~ 12,000 Wh/kg).

Due to the increase in the aircraft weight, the
objective of saving fuel contradicts the objective of
saving energy. Figure 11 displays a Pareto represen-
tation of the sensitivity of fuel burn and energy con-
sumption for various sp. power and sp. energy values
of electrical components. The values of sp. power and
sp. energy correspond to different technology targets
as mentioned in Figure 3. Each symbol represents a
different technology maturity level, while each point
represents a different power management strategy. As
the power management strategy affects the weight of
the electric system, the fuel burn and the total energy
consumption are also affected. It can be seen that air-
craft MTOW is exceeded for several combinations of
take-off power split and climb power split.

With the current electrical technology, EAPS does
not show any benefit. It can be seen from the figure
that aircraft total energy consumption increases sig-
nificantly due to the increase in aircraft weight. With
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Figure 11. Pareto efficiency of EAPS for electric technology
targets.
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Figure 12. Pareto efficiency of EAPS with electric technology
maturity of 2030+.

the anticipated technology maturity level of 2030, the
use of an EAPS can save both fuel burn and total
energy consumption. Figure 12 represents a zoomed
version of Figure 11: fuel consumption (Jet-A) versus
total energy consumption using electrical machines
and batteries that are expected to be available in the
year 2030, for several variations of power splits. The
three power management strategies labeled in the
figure are explored further as they offer a substantial
reduction in fuel consumption while reducing the total
energy consumption at the same time. For these
points resizing of the engine will be considered.

It is important to further analyze the effect of the
power split on the engine design and performance on
the points shown on the Pareto front of Figure 12 as
the change in power split ratio has a significant influ-
ence on the engine performance characteristics e.g.
extreme high shaft speeds or higher T,4. Figure 13
shows the mass of the engine as a function of the
relative design air flow rate, which is a percentage of
the reference design mass flow. It can be seen that the
engine weight reduces when reducing the relative mass
flow rate. However, the EAPS systems increase the
shaft and disk weight depending on the power split
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Figure 13. Effect of engine design mass flow scaling on engine
mass, including the additional weight of redesigned disks.
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Figure 14. Effect of engine size and power management
strategy on turbine inlet temperature.
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ratio. It can also be observed that the effect of take-off
power split and climb power split is different.

The effect of downscaling the engine on the cruise 774
of the CFM LEAP-1A engine is shown in Figure 14.
Assuming that the 74 may not exceed the value of the
reference engine, it can be seen that down scaling the
engine to 80% is not feasible. It can be seen that increas-
ing the take-off power split reduces the Ty.

Taking the turbine inlet temperature into account,
it can be seen that the power management strategy
with a take-off and climb power split of 0.0% and
13.9% respectively results in an increase in Ti.
However, the power management strategy with a
take-off power split of 24.9% and a climb power
split of 13.6% with a downscaled engine of 90% is
feasible. This would lead to a fuel saving of 7.5% and
a reduction in total energy consumption of 2%.
Accordingly, the CO, and H»O emissions reduce pro-
portionally to the fuel saving. Figure 15 shows the
fuel-dependent emissions of the Airbus A320 without
and with (optimized) EAPS next to each other.

Other emission types depend on the specific oper-
ation of the engine (NOy and CO). Figure 16 depicts
the effect of EAPS on emissions that are dependent on
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Figure 15. Effect of proposed EAPS on fuel burn dependent
emissions.

30 _
- CO
s f A wo
E] & © o,
=20
w
[
o
)
g 10
(] B g
2% =
0 | 7.
A320 A320 with EAPS

Figure 16. Effect of EAPS on engine operation dependent
emissions.
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Figure 17. Pareto representation of relative changes in fuel
burn and total energy consumption for various mission ranges.

the engine thrust setting. The EAPS turbofan engine
emits 5.5% fewer pollutants than the conventional
turbofan engine. It should be noted that when the
range is increased to 2000 km, the relative fuel burn
and the energy consumption increase. This is mainly
due to the weight of the batteries, which has to be
carried over for a longer distance. The variation in
the relative fuel burn and energy consumption for dif-
ferent ranges is shown in Figure 17. Thus, with the
current projected technology development in electrical
batteries and electrical components, the HEPS is feas-
ible for short ranges only. Nevertheless, this is within
the range that covers most of the inter-European
flights.

Conclusions

The developments in battery technology allowed the
automotive industry to build hybrid and fully electric
cars. However, for aircraft, the limited power-to-
weight ratio of electrical components impedes the
development of all-electric propulsion. In this
regard, HEPS, especially the EAPS system is more
viable. In this research, the power management strat-
egy of an EAPS system based on a parallel HEPS
architecture is analyzed for a single-aisle aircraft for
a mission range of 1000 km.

The implementation of the EAPS in the mid/long-
term depends heavily on the technology maturity level
of the electric components. With the current technol-
ogy, the EAPS would only make the aircraft heavier,
without being able to save any fuel. With the pre-
dicted technology level of 2030, the parallel EAPS
can be beneficial for a short-range flight of 1000 km,
if an appropriate power management strategy is
chosen.

In the power management strategy of this research,
the aircraft is propelled electrically during taxiing and
is electrically assisted during the take-off and climb
phase. With a climb power split of approximately
14%, the total energy consumption and fuel burn
are both reduced. A take-off power split of approxi-
mately 25% seems sub-optimal in the first place, but
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does allow the engine to be downscaled and operate
close to its design point during the cruise. Therefore,
with a take-off and climb power split of 25% and 14%
respectively, the engine can be scaled down to 90%.
This configuration can reduce fuel consumption by
7.5% and the total energy consumption by around
2%. The CO, emission during the flight reduces pro-
portionally with the fuel savings. It was observed that
the proposed EAPS can reduce the NO, emission by
3.7%. The EAPS system can reduce the emission in
and around airport substantially due to electric taxi-
ing and reduced fuel burn during take-off and climb.

Acknowledgements

The authors would like to thank Mr Oscar Kogenhop and
Mr Edward Rademaker for providing their assistance on
GSP and the simulation of emissions.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

References

1. Boeing. Current market outlook 2015-2034. 2015.

2. Airbus. Global market forecast 2015-2034. 2015.

3. Owen B and Lee D. Aviation emissions. In:
Encyclopedia of aerospace engineering. New York:
John Wiley &Sons, 2010.

4. Lee DS, Pitari G, Grewe V, et al. Transport impacts on
atmosphere and climate. Aviat Atmos Environ 2010; 44:
4678-4734.

5. Burkhardt U and Kaércher B. Global radiative forcing from
contrail cirrus. Nature Climate Change 2011; 1: 54-58.

6. European Commission. ‘“‘Flightpath 2050: Europe’s
Vision for Aviation”. Report of the High-Level
Group on Aviation Research, Publications Office of
the European Union, Luxembourg, 2011.

7. Bradley MK and Droney CK. Subsonic ultra green air-
craft research: Phase I final report. NASA NASA/CR-
2011-216847, 2011.

8. Japan Aircraft Development Corporation. Worldwide
Market Forecast for Commercial Air Transport 2010-
2029, YGR 5067, 2010.

9. Japan Aircraft Development Corporation. Worldwide
Market Forecast 2016-2035, YGR 5089, 2016.

10. Hung JY and Gonzalez LF. On parallel hybrid-electric
propulsion system for unmanned aerial vehicles. Prog
Aerosp Sci 2012; 51: 1-17.

11. Perullo C and Mavris D. A review of hybrid-electric
energy management and its inclusion in vehicle sizing.
Airer Eng Aerosp Technol 2014; 86: 550-557.

12. Felder JL, Kim HD and Brown GV. Turboelectric dis-
tributed propulsion engine cycle analysis for hybrid-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

wing-body aircraft. In: 47th AIAA aerospace sciences
meeting, Orlando, FL, 2009.

Pornet C, Gologan C, Vratny PC, et al. Methodology
for sizing and performance assessment of hybrid energy
aircraft. J Aircraft 2015; 52: 341-352.

Schmitz O and Hornung M. Methods for simulation
and analysis of hybrid electric propulsion systems.
CEAS Aeronaut J 2015; 6: 245-256.

Lorenz L, Seitz A, Kuhn H, et al. Hybrid power trains
for future mobility. In: Proceedings of the 62nd
Deutscher Luft- und Raumfahrt Kongress (DLRK),
Stuttgart, Germany, 2013.

Davies K, Norman PJ, Jones C, et al. A review of tur-
boelectric distributed propulsion technologies for N + 3
aircraft electrical systems. In: 48th international univer-
sities” power engineering conference, Dublin Institute of
Technology, Ireland, 2013.

Luongo CA, Masson PJ, Nam T, et al. Next generation
more-electric aircraft: A potential application for HTS
superconductors. IEEE Trans Appl Superconductivity
2009; 19: 1055-1068.

Felder JL, Brown GV, Kim DH, et al. Turboelectric
distributed propulsion in a hybrid wing body aircraft.
In: Proceedings of the 20th international society for air-
breathing engines (ISAE 2011), Gothenburg, Sweden,
2011, p. 20.

Nalianda D and Singh R. Turbo-electric distributed
propulsion—Opportunities, benefits and challenges.
Aircr Eng Aerosp Technol 2014; 86: 543-549.
MATLAB. Version 8.6.0 (R2015b). Natick, MA: The
MathWorks Inc., 2015.

Simulink. Version 8.6.0 (R2015b). Natick, MA: The
MathWorks Inc., 2015.

Visser WPJ and Broomhead MJ. GSP. A generic
object-oriented gas turbine simulation environment.

Technical Report NLR-TP-2000-267, Netherlands
Aerospace Centre (NLR), 2000.
Team GSP 11 User Manual Version 11.4.5.0.

Netherlands Aerospace Centre (NLR), 2015.

Team GSP, API 11 User Manual, Netherlands
Aerospace Centre (NLR), 2013.

Mattingly JD, Heiser WH and Pratt DT. Aircraft engine
design. 2nd ed. AIAA Education Series. Reston, VA:
ATAA, 2002.

Schmitz O and Hornung M. Unified applicable propul-
sion system performance metrics. J Eng Gas Turbines
Power 2013; 135.

Isikveren AT, Kaiser S, Pornet C, et al. Pre-design stra-
tegies and sizing techniques for dual-energy aircraft.
Aircr Eng Aerosp Technol 2014; 86: 525-542.

Rostek P. Hybrid electric propulsion- A European ini-
tiative for technology development. In: Electric &
Hybrid aerospace technology symposium, Bremen,
Germany, 2015.

Brown GV. Weights and efficiencies of electric compo-
nents of a turboelectric aircraft propulsion system. In:
49th AIAA aerospace sciences meeting including the new
horizons forum and aerospace exposition, Orlando, FL,
USA, 2011.

Miyairi Y, Perullo C and Mavris DN. A parametric
environment for weight and sizing prediction of
motor/generator for hybrid electric propulsion. In:



1502

Proc IMechE Part G: | Aerospace Engineering 233(4)

31.

32.

33.

34.

S1st AIAA/SAE/ASEE joint propulsion conference,
AIAA Propulsion and Energy Forum, Orlando, FL,
USA, ATAA 2015-3887, 2015.

Ruijgrok GJJ. Elements of airplane performance. 2nd
ed. Delft, The Netherlands: VSSD, 2009.

Rademaker ER. Scaling of compressor and turbine maps
on basis of equal flow Mach numbers and static flow
parameters. Netherlands Aerospace Centre (NLR), 2012.
https://www.easa.europa.cu/document-library/icao-air-
craft-engine-emissions-databank#group-easa-
downloads

Safran aircraft engines press release, https://www.
safran-aircraft-engines.com/commercial-engines/single-
aisle-commercial-jets/leap/leap-1a

35.

36.

37.

38.

Warwick G. NASA studies early option for hybrid-elec-
tric airliners. Aviation Week & Space Technology, http://
aviationweek.com/commercial-aviation/nasa-studies-
early-option-hybrid-electric-airliners (2016, accessed 22
February 2016).

Yin F and Rao AG. Off-design performance of an
interstage turbine burner turbofan engine. J Eng Gas
Turbines Power 2017; 139: 082603-082611.

Sforza PM. Commercial airplane design principles.
Boston, MA: Butterworth-Heinemann, 2014.

Walsh PP and Fletcher P. Gas turbine performance -
Dimensionless, quasidimensionless, referred and scaling
parameter groups. Hoboken, NJ: Blackwell Science Ltd,
2008.


https://www.easa.europa.eu/document-library/icao-aircraft-engine-emissions-databank#group-easa-downloads
https://www.easa.europa.eu/document-library/icao-aircraft-engine-emissions-databank#group-easa-downloads
https://www.easa.europa.eu/document-library/icao-aircraft-engine-emissions-databank#group-easa-downloads
https://www.safran-aircraft-engines.com/commercial-engines/single-aisle-commercial-jets/leap/leap-1a
https://www.safran-aircraft-engines.com/commercial-engines/single-aisle-commercial-jets/leap/leap-1a
https://www.safran-aircraft-engines.com/commercial-engines/single-aisle-commercial-jets/leap/leap-1a

