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Abstract

In this paper, the viability of general aviation aircraft with serial hybrid-electric powertrains is examined. They
will be compared to conventionally powered aircraft with similar specifications, by the means of initial sizing
results. Studies on battery specific energy and aerodynamic efficiency will be analyzed, the latter in the scope
of a distributed electric propulsion concept, to see their influence on the viability of serial hybrid aircraft. Results
show that a serial hybrid-electric aircraft with an optimized distributed electric propulsion concept is competitive
to today’s conventionally powered light general aviation aircraft, while enabling significant fuel savings.
Additionally parameter variation studies are conducted to see the influence of take-off distance, aircraft range
and cruise speed on the optimal design point. The finding is that the conventional design rule is not valid
anymore and for every new hybrid-electric aircraft a design space exploration should be conducted.

NOMENCLATURE 1. INTRODUCTION

EStFC - g;a;tléerySpemflc Fuel Consumption Environmental awareness increased steadily over the past

CTOL - Conventional Take-off and Landing decades and climate change has become an omnipresent

o - Drag Coefficient topic. As one result, aviation is facing new challenges

conv - Conventional ;:onlc?rning less 'emisﬂsioq_i and Ielss consumpticcj)nf'of ;osgil

- T uel for new aircraft. e goals are e.g. defined by
EOH - Eﬁg:g? of Hybridization Flr/;ghépzth 205dO put:::ished by tt;ec%uzropegn .Comrfnission,
. - e : which demands a decrease o emissions for new

EM - Ef;iﬁfﬁgg?y Density aircraft in the year 2050 of 75 % and 90 % in NOx in

GA - General Aviation comparison to new aircrafts from the year 2000 [1].

9 - Gravitational Acceleration These targets will most likely not be met by just improving

He - Degree of Hybridization of Energy today’s technology, but rather call for new aircraft concepts.

Hp - Degree of Hybridization of Power Electric propulsion is a promising field of technology by

h - Height which such reductions could be achieved. Unfortunately,

ICE - Internal Combustion Engine .the technology is .not.yet ready for fully electric propglsion

L/D - Lift-to-Drag Ratio in a broad application range. The energy density of

m - Mass batteries is still the limiting factor as it is multiple times lower

MSL - Mean Sea-Level than for fossil fuel (e.g. [2] [3]). The medium-term solution

MTOM = Maximum Take-off Mass is likely the hybrid-electric powertrain. In a serial hybrid

nd - Not Defined configuration, superior efficiency [4] and higher specific

P - Power power [5] of electric motors make the use of concepts like

P/W - Power-to-Weight Ratio Distributed Electric Propulsion (DEP) [6] possible, while

PE - Primary Energy internal combustion engines can use the high specific

RE - Range Extender energy of fossil fuel. The combination of both propulsion

S - Wing Area methods as a serial hybrid .offers new d(_agrees of de§ign

Spec - Specific freedom but has to be optimized to utilize its full potential.

POV\IID - $2rklés_g}? &i?;%i;Ratlo While hybrid-electric transport aircraft have been studied in

t - Time depth (e.g. [7], [8] or [9]), research is still lacking on the topic

VTOL - Vertical Take-off and Landing of General Aviation (GA). This paper aims to answer the

v - Velocity question under which conditions light GA aircraft with serial

W/S - Wing Loading hybrid-electric powertrains utilizing today’s technology are

N _ Efficiency competitive to conventionally powered aircraft.

u _ Ground Friction Coefficient The primary assessment criterion is maximum take-off

mass (MTOM). Additionally primary energy and fuel usage
will be assessed.
A conventional baseline aircraft will be sized first and then
a serial hybrid-electric aircraft without any integration
benefits will be compared, as well as an aircraft that
includes a DEP concept.
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Furthermore a study on the battery energy density is
conducted, to see the influence on the MTOM as well as
energy and fuel usage.

Additionally, parameter variations on important aircraft
specifications are analyzed on their influence on the optimal
design point (DP), best Degrees of Hybridization, MTOM
and viability against conventional aircraft. As the
conventional rule for choosing the design point seems to be
not valid for hybrid aircraft anymore, it will be checked if a
new rule for these aircraft can be established. The
parameters that will be investigated are take-off distance
(TOD), range and cruise velocity.

This paper is structured the following way: Following this
introduction, the used initial sizing methodology is briefly
presented in chapter 2. Then, in section 3, the conventional
baseline aircraft will be defined and compared to a serial
hybrid. In chapter 4 the parameter variations are conducted.
The DEP concept and integration benefits will be applied to
the sizing of an improved serial hybrid in chapter 5. Finally,
chapter 6 gives a comprehensive conclusion.

2. METHODOLOGY

The results that are shown and discussed in chapters 3 and
4 and 5 were produced using an initial sizing tool that was
developed at FH Aachen. It was already used for sizing
studies on CTOL and VTOL aircraft in [10] and [11]. The
methodology implemented in this tool is described in detail
in [12]. However, the core elements of the method will be
briefly presented in this chapter, as this will help to
understand the most important differences between a
conventional sizing approach and the new sizing
methodology for hybrid electric aircraft.

The sizing algorithm is separated into two major parts —
Point Performance and Mission Performance — and hence,
is similar to classical sizing approaches.

For both parts it is necessary to insert certain input
parameters. These specify the flight mission, the
aerodynamics and the propulsion system. This includes the
type of powertrain, while there are four possibilities of
propulsion systems in this methodology:

e The conventional powertrain, as used in the majority of
today’s GA aircraft, where an internal combustion
engine (ICE) is mechanically connected to a propeller,
optionally via a gearbox.

e The fully electric powertrain, where an electric motor
(EM) with power supply from batteries drives the
propeller. It is the counterpart of the conventional
powertrain.

Between those two kinds of powertrains which represent
the extremums of the powertrain spectrum, there are the
partially electrified hybrid powertrains. The types of hybrid
powertrains commonly used are the parallel and the serial
hybrid setup (see Figure 1).

e  For the serial hybrid powertrain, the propeller is solely
driven by an EM, which is sized according to all
performance requirements. A multiple propeller layout,
where each propeller has its own EM, is also possible.
The electric power for the EM is provided either by
batteries or a fuel burning ICE driving a generator. The
ICE and generator are usually called Range Extender.
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Figure 1 — Types of Hybrid Powertrains

e  For the parallel hybrid powertrain, an EM and an ICE
are both mechanically connected to a propeller shaft,
often via a gearbox when both are connected to the
same propeller shaft (Variant 1). Alternatively EM and
ICE each drive one propeller, which is also considered
a parallel hybrid (Variant 2). Just as for the serial hybrid
case, designs with multiple propulsion units for one
aircraft are possible.

Once all inputs regarding the mission, the aerodynamics
and the propulsion system are defined, the search for the
optimal design point with its values for thrust-to-weight ratio
(T/W), respectively power-to-weight ratio (P/W) and wing
loading (W/S) as well as the connected Degree of
Hybridization (DoH) starts. For that purpose, a constraint
diagram is generated. It considers the constraints
presented by Gudmundsson [13], in a slightly modified form
(see [12]). Those constraints are for example the desired
rate of climb, the desired take-off distance or the desired
cruise airspeed. Next, the whole design space of this
constraint diagram is discretized by points in a pattern.
Each point represents a different combination of T/W or
P/W and W/S and Degrees of Hybridization of Hp and He.
Every point is then analyzed using the Mission Performance
part of this sizing algorithm. Afterwards the results are
scanned for the optimal point that provided the best results
concerning the design objective, in this case lowest MTOM.

2.1. Degree of Hybridization of Power

In this context Hp is the DoH of Power, which is the ratio of
the installed propulsion power of all electric motors to the
total installed propulsion power at the propeller shaft(s) (see
Equation 1).

P max
() by =i
Itis defined once for every aircraft and its propulsion system
configuration. For the sizing process, the Hp values are
determined by the ratio of the power demand at the current
split point inside the constraint diagram to the overall power
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demand arising from the current design point (Figure 2).
Note that for serial hybrid-electric powertrains, the DoH of
Power Hp, as it is defined above, is always one, since the
EM must be able to solely deliver the total needed power.
To differentiate between the all-electric powertrain and to
size the Range Extender, an additional DoH of Power for
serial hybrids is introduced by Equation 2.

_ PEM,max
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Figure 2 — Hybridization inside the Constraint Diagram
2.2. Degree of Hybridization of Energy

The parameter He is the DoH of Energy, which is specified
as the ratio of the in-flight required transport energy
delivered by batteries (‘non-consumable’, as the batteries
do not lose weight while being discharged) to the total
required transport energy (see Equation 3). It is defined for
every flight phase of a mission (labeled as ‘') and
determines the power request of EM and ICE in every
moment of each phase.

AEnon- ble
3 H , = non-—consuma
(3) Hg, AE_total

For the sizing process, the different values for He for every
flight phase are determined by the ratio of the power
requirement of the electric motor in the considered phase
to the total power demand of the phase, which is
represented by its constraint (see Figure 2). That means,
e.g. that the He of a phase is zero if the split point is located
above the relevant constraint. It is bigger than zero if the
ICE is not able to generate the totally needed power, which
would be the case if the split point is located underneath the
constraint.

For the sizing the values of T/W or P/W and W/S are,
contrary to the Degrees of Hybridization, for whose
definition the split point is crucial, solely defined by the
design point during the Point Performance calculations (see
Figure 2). That means there are multiple points which share
W/S and P/W but the Degrees of Hybridization Hp and He
are different for each split point.

2.3. Transport Energy Calculation

In the mission performance part, the actual sizing of the
aircraft and its components takes place as an iterative
process to determine the key parameter MTOM. During the
iteration, the whole mission is simulated, while it is divided
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into multiple time steps.

First, an initial value for the MTOM has to be assumed.
Then, according to the T/W or P/W, the installed thrust,
respectively power is calculated, also taking into account
the DoH of power to distribute the maximum power to EM
and ICE. Using this information, the propulsion system is
sized, as its engine-, motor- and integration masses are
computed. Besides, the wings are sized by their reference
area S, using the wing loading W/S.

To calculate the energy carrier masses the needed
transport energy during the whole mission has to be
calculated. This is done by determining the required energy
in every time step of a flight phase, considering all energy
requirements which may occur in this phase. Energy
demands can arise from the compensation of aerodynamic
drag, acceleration (kinetic energy), altitude change
(potential energy) and ground friction. Equation 4 gives the
total needed transport energy in every time step of a
mission phase, while the individual energy demands are
presented thereafter. For particular phases, some energy
demands may not occur and therefore be zero (e.g. ground
friction for cruise flight). Note that the energy in take-off
results from the operation of the powertrain at the maximum
thrust or power for a specified time.

(4) AE = AEgpqy + AEqe. + AEq + AEyf
with

5) AEgraqg zm*g*v*%*At

6) Afqec =7+ m = (Av)”

(7)

(8)

AE : =m=* g Ah
AEgj;r = pxm=gxvx*At

If power specific propulsion devices like the ICE and the EM
are regarded, the transport energy is divided into
consumable energy (fuel) and non-consumable energy
(from batteries) by the DoH of Energy given in Equation 3.
For thrust specific devices like the jet engine, the transport
energy is not split, since the hybridization of propulsion
systems including jet propulsion is not included in this
methodology.

After the energy distribution, the power in a time step of a
mission phase is computed for each ICE and EM using
Equations 9 and 10. In this context, it is essential to respect
an efficiency from shaft to thrust for power specific
propulsion devices [12].

AE ble
9 P = consuma
(9) Prcg = commmant

AEnon—consumable

(10) Pgy = =200
For combustion engines it is necessary to compare the
required power with the maximum power that can be
delivered by the propulsion device at the current altitude,
which is done via a models from [14].
Before the resulting energy carrier masses of battery and
fuel can be calculated, which are needed in a time step of
a mission phase, it is assessed whether a recharging of
batteries by an ICE is possible and desired. This is,
amongst others, dependent on the power rating of each
ICE, as an ICE running at maximum power loading to fulfill
the mission requirements cannot deliver additional power
for recharging.



Deutscher Luft- und Raumfahrtkongress 2018

Initial once Current |_
MTOM MTOM |
—
Transport Powertrain Empty
Energy Mass Mass w/o
Mass — PIW Engine
— E,total —He
— He — Pice &
—E,c&E,nc Pem
— m’bat g m,ICE
— m,fuel — m,EM
Mass Summation
4 -
Payload New
Mass MTOM Ne).(t
Iteration

D g

A<
stopping
criterion

Figure 3 — MTOM lteration Cycle
2.4. Mass Estimation

The calculation of the energy carrier masses, which is
performed in each time step to successively sum up these
masses to the total required energy carrier masses for a
whole mission, is described in Equations 11 and 12.

(11) Amyye; = Picg * nx BSFC = At

AEnon—consumable

(12) Ambattery = %o

As can be seen, for fossil fuels, this calculation requires
additional information about a specific fuel consumption
(SFC) of the engine. Therefore a model is implemented that
correlates current power output or thrust with a SFC.
Information about an efficiency of the conversion from
energy in the batteries to thrust, the included propeller
efficiency as well as a battery energy density are essential
for the calculation of the battery weight. Hence models to
estimate these values are also included.

To respect the weight loss of an aircraft, which is fully or
partially powered by fuel burning engines, and the
consequences on the overall transport energy demand, the
fuel mass computed in every time step is subtracted from
the current mass of the aircraft.

In a final step, the determination of an empty mass fraction
without dry engine mass and without engine integration
masses is essential to sum up all the calculated masses to
the new MTOM and to provide a mass breakdown of the
sized aircraft (see Equation 13). This empty mass fraction
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without engine (emfwe) is derived from statistical data
dependent on the MTOM of the aircraft.

(13) MTOM = memfwe + menergy + Marive train + mpayload

Based on the new MTOM, the next iteration step can be
started. The iteration stops, when the new calculated
MTOM differs less than a defined stopping criterion from the
one of the last iteration step. The whole weight iteration
cycle is depicted in Figure 3.

As a second figure of merit besides the MTOM, the
consumption of primary energy for every sized aircraft is
calculated. The primary energy is a measure for total
energy that was harvested directly from natural resources
to provide an amount of energy to the consumer. Fuel for
example has to be refined from raw oil, which prior had to
be extracted from the soil. All of this used energy to produce
the fuel is summed up in the primary energy factor (PEF).
The factors in Germany from 2016 are 1.1 for fossil carbon
based fuel and 2.8 for electricity [15]. The factor for
electricity is that high because of the current composition of
electricity where coal-burning and nuclear power plants
have a big share, which have a high PEF. The factor will
decrease as the use of renewable energy sources
increases.

3. VIABILITY ASSESSMENT

In this section, the methodology described above is applied
to study the viability of serial hybrid electric aircraft with
today’s technology in comparison to conventionally
powered aircraft.

3.1. Baseline Aircraft

To make assumptions about the viability of serial hybrid-
electric aircraft a reference has to be defined. The aircraft
that will be used for this reason is a generic single-engine,
unpressurized GA aircraft that was also sized with the
aforementioned methodology. The top level requirements,
mission specifications and technology assumptions are
gathered in Table 1. The aircraft is roughly comparable to a
Cessna 172 from its specifications [16]. The same baseline
aircraft is used in [17].

These input parameters lead to the constraint diagram that
can be seen in Figure 6. The decisive constraints are turn
and take-off distance. Inside the figure the conventional DP
is marked with a red circle.

The sizing calculation shows, that the conventional DP
amongst all design points that represent conventionally
powered aircraft (Hp = 0) yields the lightest aircraft that
fulfills all of the requirements. The MTOM and consumption
of primary energy as well as a mass breakdown can be
found in Table 2.

Figure 4 — Impression of Baseline Aircraft
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Figure 6 — Constraint Diagram Baseline Aircraft

Table 1 — Parameters Baseline Aircraft

Requirements

Take-off Ground Roll [m] 200
Rate of Climb at MSL [m/s] 4
Stall Speed [m/s] 25
Cruise Speed [m/s] 55
Payload [kg] 300
Mission

Taxi & Take-off at MSL
Climb to 2500m
Cruise for 1000km
Loiter for 45 min
Descend, Landing, Taxi MSL
Technology

ICE Spec. Power [kW/kg] 1

EM Spec. Power [kW/kg] 5
SFCice [kg/kW/h] 0.35
Bat. Energy Density [Wh/kg] 250
Coo [counts] 300
Induced Drag Factor k [-] 0.0566
CiLmax [-] 1.8
CLto [-] 1.2

Table 2 — Results Baseline Aircraft

Conventional | W/S PW  MTOM  Primary E.

Baseline [N/m?]  [W/kg] [kg] [GJ]

Aircraft 492 84 1090 6.76

Mass breakdown, all values in [kg]

Empty mass ICE Fuel EM Battery
(w/oengine) mass mass mass mass
532 115 143 0 0
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Figure 5 — Constraint Diagram including MTOM Contour
Plot for the Serial Hybrid

3.2. Serial Hybrid Aircraft

The same requirements, mission and technology
assumptions (see Table 1) are used to size a serial hybrid-
electric aircraft. The contour plot of the resulting MTOMs for
all split points can be seen in Figure 5. From its structure
the plot is similar to Torenbeeks thumbprint plots for
conventional aircraft [18].

The first thing that can be observed from this MTOM
contour plot is that the cruise constraint has a strong
influence on the overall weight. For split points below this
constraint, the MTOM drastically increases until it exceeds
5670 kg for which the results are not of interest for GA
aircraft anymore and therefore not included. On the other
hand, the lightest aircraft with a serial hybrid-electric
powertrain, marked by the red diamond, is just above the
cruise constraint. An aircraft at that split point has an ICE
that is sized for the cruise requirement, meaning it runs at
full power during cruise and therefore at peak efficiency,
following the used SFC model. The EM is sized to meet all
power requirements, in this case roughly 170 kW. The
batteries provide extra power for the mission phases with a
higher power demand than cruise like take-off or climb.
The MTOM of this lightest serial hybrid solution is 1300 kg,
which is an increase of ca. 20 % in comparison to the
conventionally powered baseline aircraft. Also considering
primary energy use it is inferior as it would use ca. 7 %
more.

The more interesting finding is that this result is not
achieved at the conventional DP. The design and split point
are located at the maximum wing loading. To see how
different parameters influence the location of the design
point, the parameter variation studies in chapter 4 are
conducted.

A detailed mass breakdown of this serial hybrid aircraft can
be found in Table 3. It shows for example that the Range
extender unit, which is sized to only 63 W/kg as can be seen
in Figure 5, is heavier than the ICE sized to 84 W/kg for the
conventionally powered aircraft, because it includes an
additional generator and suffers from additional conversion
losses, which contributes to the overall heavier weight.
Further, no fuel could be saved, instead the fuel mass
increased slightly. Additional 50 kg of battery mass are
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needed. All of this leads to an overall heavier aircraft which
is not competitive to a conventionally powered aircraft. The
Hp of this aircraft would be 1 and the Hpseriai would be
roughly 2.1, meaning, the ICE is sized to produce less than
one third of the power of the EM.

Table 3 — Results Serial Hybrid-Electric Aircraft

Serial WIS PW  MTOM  Primary E.

Hybrid- [N/m?]  [Wikg] [kal [GJ]

Electric 680 132 1300 7.24

Ato conv. +38% +57% +19% +7%

Mass breakdown, all values in [kg]

Empty mass RE Fuel EM Battery

(w/oengine) mass _mass __mass mass
629 138 149 34 50

Al +18% nd  +4% nd nd

4. PARAMETER VARIATIONS

As stated before, the following parameter studies are
conducted to analyze the influence of take-off distance,
range and cruise velocity on the design point. The one
parameter that is currently analyzed will be changed while
all other values will be kept at the values from Table 1.

4.1. Take-off Distance Variation

The take-off distance changed from 100 up to 999 meters.
The results, listed in Table 4, show no influence of the take-
off distance on the design point. For every value, the design
point is located at the maximum wing loading of 688 N/m?
and the split point always right above the cruise constraint.
The overall P/W ratios and the Hpserial decreases until a
TOD of 600m. For these very high distances the take-off
constraint is not decisive for the overall P/W anymore and
therefore the results do not change.

As described in section 2.1, the Hp serial in combination with
the overall P/W describes the part of the power that is
delivered by the ICE which is later translated into the size
of the ICE. This portion stays constant for all take-off
distances, at 62 W/kg, meaning the split point is always just
above the cruise constraint. Meanwhile, the share of the EM
increases and therefore it gets heavier for decreasing take-
off distances. At the same time the weight of all other
components is also increased by the avalanche effect
which is typical for initial sizing.

Even for the lowest value for the take-off distance of only
100m with a P/W of ca. 250 W/kg, where the conventional
point would only need a P/W of about 110, as can be seen
in Figure 7, the lowest MTOM was achieved at the
maximum wing loading. That shows that the benefit from a
smaller wing during cruise, at least up to this value for the
take-off distance, is higher than the benefit of needing less
than half the overall installed power.

For the increasing take-off distances the MTOM decreases,
as can be seen in Figure 8. But even for the highest TOD,
the serial hybrid aircraft with 1177 kg is still heavier than the
conventional aircraft with its 1090 kg. The red line in Figure
8 shows the resulting MTOMSs for a parameter variation of
TOD for a conventional aircraft. For no TOD in the
investigated range the serial hybrid is lighter.
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Table 4 — Results Take-off Distance Variation

TOD W/S P/W HP,seriaI MTOM PE
[m] [N/m? [Wikg] [-] [kg] [MJ]
100 688 253 4.08 1485 8140
150 688 173 2.79 1363 7496
200 688 133 2.15 1300 7175
250 688 110 1.77 1256 6967
300 688 94 1.51 1221 6806
600 688 78 1.26 1177 6614
999 688 78 1.26 1177 6614
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=
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Figure 8 — MTOM over Take-off Distance
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4.2. Range Variation

The range is a parameter that does not affect the
constraints of the constraint diagram, but was identified as
crucial, as it defines the length of the cruise segment. As
this is the segment where the hybrid with a higher wing
loading gains most of its benefits, a study is conducted.
Different ranges from 100 up to 3000 km are analyzed.

The results are presented in Table 5. They show that there
is an influence of the range on the design point.

For low ranges up to 310 km the lowest MTOM was
achieved with approximately the wing loading of the
conventional design point of 494 N/m?. From 320 up to 3000
km the design point was constantly located at the highest
possible wing loading of 688 N/m2. Simultaneously the P/W
and Hpseriat changed, but were also constant before and
after. Again the split point was always located right above
the cruise constraint, independent of the range.

For low ranges, the fuel savings of an ICE, running at best
fuel economy and being smaller and thereby lighter than for
the conventional powertrain, are not as big as for longer
ranges. That makes the additional EM and batteries not
feasible as they would increase the overall mass. At one
point the savings are big enough to carry the additional
mass and still being lighter than the configuration from the
conventional DP, in this case at a range between 310 and
320 km.

For this resolution of the search pattern and chosen ranges
it appears that the design point jumps suddenly, while in
reality it is more likely that it increases with a few steps in
between up to the maximum wing loading.

The resulting MTOMs increase steadily with increasing
range. The correlation can be seen in Figure 9. Again, the
results for a similar variation for a conventional aircraft are
added and show, that for none of the investigated ranges
the serial hybrid is lighter.

The increase in MTOM is exponential as the mentioned
avalanche effect increases the total weight if more fuel
mass is needed. The used primary energy shows the same
trend of exponential increase.

A serial hybrid aircraft with an equal MTOM to the
conventional baseline aircraft would only be able to fly
about 500 km, which is a loss of half of its range.

Table 5 — Results Range Variation

Range W/S P/W Hpserat  MTOM PE

[km] [N/m? [Wikg] [-] [kg] MJ]
100 494 84 1.06 945 1425
200 494 84 1.06 981 2085
300 494 84 1.06 1021 2798
310 494 84 1.06 1025 2873
320 688 133 2.15 1028 2384
400 688 133 2.15 1055 2844
500 688 133 2.15 1089 3452
1000 688 133 2.15 1299 7175
1500 688 133 2.15 1599 12564
2000 688 133 2.15 2057 20940
2500 688 133 2.15 2823 35251
3000 688 133 2.15 4326 63986
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Figure 9 — MTOM over Range

4.3. Cruise Velocity Variation

The cruise velocity has a direct influence on the cruise and
turn constraint in the constraint diagram. Therefore a
parameter variation for values from 40 to 75 m/s is
conducted.

From the data in Table 6 as well as from Figure 10 it is
clearly visible that the cruise velocity has an influence on
the design point. For a cruise velocity of 40 m/s the
constraint is not decisive as other constraints are always
higher. But, for the first time, the design point is not located
in the conventional point or at the maximum wing loading.
Itis at a slightly higher wing loading and P/W. The split point
is still right above the cruise constraint. For 45 m/s cruise
velocity the cruise and turn constraint are only relevant for
very low wing loadings. Again the design point is in between
the conventional and maximum wing loading, roughly in the
middle between those two. As can be seen in Figure 10, the
slope and the height (power demand) of the cruise
constraint over the given range of wing loadings increases
with higher cruise velocities. This is the reason why the best
wing loading changes. For the first two velocities, the slope
of the cruise constraint is too low so that the additional fuel
and ICE mass savings for split points at higher wing
loadings in comparison to the chosen design point are not
high enough to make up for the additional weight of a bigger
EM and battery that would be required because of the
strongly increasing take-off distance constraint.

For cruise velocities from 50 up to 75 m/s the best design
point seems to be at the maximum wing loading, but due to
the finite resolution they fluctuate between wing loadings of
672 and 688 N/m>2.

The cruise velocity of 75 m/s results in a configuration with
nearly no batteries, as the whole power is delivered by the
ICE, as the Hpserial is approximately one.

The MTOM increases again exponentially over increasing
cruise velocity, as can be seen in Figure 11. The trend for
the primary energy is also again an exponential increase.

A serial hybrid aircraft with the same MTOM as the
conventional baseline aircraft would only be able to fly at
about 43 m/s, over the whole cruise distance of 1000 km
that would be a time penalty of approximately 80 minutes.
The resulting MTOMs from the same parameter variation
for conventional aircraft are added as the red line in Figure
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11. It can be seen, that for all velocities except 40 m/s, the
serial hybrid aircraft is heavier. For low cruise velocities the
MTOMs seem to converge, but only due to bad choices of
the conventional design point of the algorithm [19].

Cruise velocity 40 m/s
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Figure 10 — Example Constraint Diagrams for Cruise
Velocity Variation
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Table 6 — Results Cruise Velocity Variation

Crulse  Wis  PW  Heeia MTOM  PE
[m/s] [N'm?]  [Wikg] [-] [ka] [MJ]
40 466 78 1.95 1050 5138
45 554 99 2.15 1113 5569
50 688 133 2.61 1187 5949
55 672 129 2.05 1305 7313
60 684 132 1.72 1485 9274
65 688 133 1.40 1788 12618
70 688 133 1.14 2333 18704
75 688 143 1.00 3858 35048
4000
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= 2500
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Figure 11 — MTOM over Cruise Velocity

5. SERIAL HYBRID AIRCRAFTS WITH
INTEGRATION BENEFITS

As seen in chapters 3 and 4, a serial hybrid-electric aircraft
without any integration benefits or without relaxing the
requirements or modifying the mission is heavier and
consumes more fuel.

In the following, such integration benefits are considered,
for example a distributed electric propulsion concept.

Such a DEP concept, like the one the NASA intends to use
for the X-57 plane [20], where multiple small electric motors
are distributed over the whole wingspan to accelerate the
local flow over the wing, can increase the maximum lift
coefficient of an aircraft significantly [21] [22]. The
maximum lift coefficient for the next calculation was set to
4, to account for such a DEP concept. For the take-off a lift
coefficient of 2 was assumed. The original values of the
baseline aircraft were 1.8 as maximum and 1.2 for take-off,
as can be seen in Table 1. What is not accounted for in this
calculation, is the energy as fuel or in battery mass to power
the multiple electric motors to achieve the higher lift
coefficients during take-off and landing.

This is going to affect the stall speed constraint, which will
open the design space to much higher wing loadings, and
the take-off distance constraint, which will be significantly
lowered. For comparison, the old constraints for stall speed
and take-off distance are added as dashed lines.
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Contour Plot of Resulting MTOMs [kg|
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Table 7 — Results Serial Hybrid-Electric Aircraft with DEP

Serial Hybrid | WI/S PW  MTOM  Primary E.
(DEP) [N/m?]  [W/kg] [ka] [GJ]
785 77 1137 6.02

A to conv. +60% -8% +49% 11%

Mass breakdown, all values in [kg]

Empty mass RE Fuel EM Battery

(w/oengine) mass mass mass mass
554 111 126 17 29

al +4%  nd 2%  nd nd

Table 8 — Results Serial Hybrid Electric Aircraft with DEP
and Drag Reduction

400 600 800 1000 1200 1400
Wing Loading [N/m?]

Figure 12 — MTOM Contour Plot Serial Hybrid with DEP

The resulting MTOM contour plot can be seen in Figure 12.
This calculation shows the same basic findings as the one
for the serial hybrid without integration benefits. The best
MTOM is reached for a split point right above the cruise
constraint. For split points below this constraint the MTOM
drastically increases and the best point concerning MTOM
is not the conventional design point anymore.

The split point with the lowest MTOM is located below the
intersection of the climb and new TOD constraint. As can
be seen, the cruise power demand decreases further for
higher wing loadings but only slightly while the overall
power demand strongly increases with the TOD constraint.
That makes a higher wing loading not feasible as the
savings in fuel and smaller ICE are eaten up by a much
heavier EM.

Still, the MTOM decreases in comparison to the hybrid
without integration benefits by roughly 12 % and is only
approximately 4 % heavier than the conventionally powered
aircraft. Concerning primary energy usage and fuel
consumption, it is even better than the conventional one. It
consumes about 12 % less fuel and about 11 % less
primary energy. Even if the overall aircraft is heavier, those
savings come from the much lower power demand during
cruise for the higher wing loading. Detailed information on
the aircraft can be found in Table 7. The Hp,serial of this
aircraft would be roughly 1.32, meaning the Range
Extender unit is able to deliver about 75 % of the EM power.

With the DEP concept, which includes propellers at the
wingtips, the induced drag can be reduced [23]. To simulate
such a reduction, while assuming an optimized integration
of the propellers into the wing, which offers the possibility of
further drag reduction [24], another calculation with a new
minimum drag coefficient of 0.025 is executed. This is a
reduction by about 17 %.

The best split point of this calculation is located at the same
wing loading as without the drag reduction, only the P/W is
a little lower, which is due to the drag reduction. What
changed significantly is the MTOM. For the first time the
serial hybrid is now lighter than the conventionally powered
aircraft by approximately 3 %. Concerning fuel mass and
primary energy usage the reduction is significant, at nearly
30 %. The detailed mass breakdown can be found in Table
8. The Hpserial Of this aircraft would be about 1.5.
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Serial Hybrid | W/S P/W MTOM  Primary E.

(DEP + Drag | [N/m?]  [W/kg] [kg] [GJ]

Reduction) 785 75 1057 4.86

A to conv. +60% -11% -3% -28%

Mass breakdown, all values in [kg]

Empty mass RE Fuel EM Battery

(w/o engine) mass mass  mass mass
517 88 101 16 35

N2 nd  -29%  nd nd

5.1. Battery Energy Density Variation

To see how further technology improvements would
influence the weight, a parameter variation study on the
battery energy density at pack level is conducted. This is
done as battery energy density is often identified as the key
technology for electric or hybrid-electric propulsion. It was
varied from 250 up to 1500 Wh/kg. The study uses the serial
hybrid with the DEP concept and the drag reduction as
baseline. The results are presented in Table 9.

Table 9 — Results Battery Energy Density Variation

E' [Whikg] 250 300 350 400
WIS [N/m?] 760 760 760 880
P/W [W/kg] 74 74 74 87
MTOM [Kg] 1060 1042 1030 1019
PE [GJ] 4.92 4.84 4.78 4.51
Fuel [kg] 102 101 100 94
Bat [kg] 33 27 23 26
E' [Whikg] 500 750 1000 1500
WIS [N/m?] 880 880 880 880
P/W [Wikg] 87 87 87 87
MTOM [kg] 1003 982 972 962
PE [GJ] 4.44 4.35 4.31 4.27
Fuel [kg] 92 920 89 88
Bat [kg] 20 13 10 7
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What can be seen from the data, which are also visualized
in Figure 13, is that the MTOM decreases with increasing
battery energy density, just as one would expected. But the
changes are not very significant, as the battery is only a
small share of the overall mass. For twice the energy
density the MTOM decreases by ca. 5 %. Similar values are
achieved for primary energy usage and fuel mass, both with
about -10%. Figure 13 also shows that the decrease in
MTOM for higher energy densities gets lower and lower, the
MTOM seems to converge against one value.

From an energy density of 350 to 400 Wh/kg the design and
split point of the optimal design change. For the higher
values from 400 Wh/kg up it seems feasible to increase the
wing loading slightly. The additionally needed batteries are
not that heavy at this battery energy density anymore and
their and the EM’s weight are lighter than the fuel savings
that the higher wing loading enables, therefore the aircraft
is lighter.

1060

1040 ¢

MTOM [kg]
=) =)
o (%]
o o

980 1

960

200 600 800 1000 1200 1400

Battery Energy Density [Wh/kg]

400 1600

Figure 13 — MTOM over Battery Energy Density

6. CONCLUSION AND OUTLOOK

In this paper the sizing methodology of an initial sizing tool
for hybrid aircraft was briefly presented and then used to
evaluate light GA aircraft with serial hybrid electric
powertrains featuring technology that is already available.
Furthermore the influence of several parameters on the
design point inside the constraint diagram was analyzed.

A serial hybrid aircraft without relaxing any requirements or
using any of the possibilities such a concept offers is about
20 % heavier and uses more fuel than a conventionally
powered aircraft. If a distributed electric propulsion concept
would be used, which has the potential to increase the
maximum lift coefficient as well as the lift coefficient for
take-off, a serial hybrid that is only slightly heavier with
roughly 4 % more MTOM is possible and would already
decrease the fuel mass by 12 %. If this aircraft can also
benefit from a reduction of drag, in this study represented
by a decrease of about 17 % in Cpo, the aircraft would be
roughly equal concerning MTOM but use nearly 30 % less
fuel. Such fuel savings should make these concepts very
interesting for new aircraft designs. An additional study on
the effect of battery energy density showed that the savings
with improved batteries which are realistic for the near
future are not that significant for a serial hybrid aircraft.
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Overall, those studies showed that a light serial hybrid
aircraft can be viable and should be considered for new
aircraft designs as it enables significant fuel savings.

The parameter variation studies on take-off distance, range
and cruise velocity that were executed to check their
influence on the optimal design point inside the constraint
diagram lead to the following results: While the design point
was independent from the take-off distance, the other two
parameters showed a dependency. For small ranges the
conventional design point was better and from a certain
range up a split point at the maximum wing loading was
best. A similar effect was found for the cruise velocity. A
small velocity leads to design and split points at lower wing
loadings, while higher velocities favored a design and split
point at the maximum wing loading.

As these observations are only valid for this specific set of
input parameters and the design point changes also for
different hybrids, a new rule for choosing the design point
for light serial hybrid aircraft could not be established. But
what can be stated is, that the conventional design rule is
not valid for light serial hybrid-electric aircraft.
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