




for the ATR vehicle.

(a) Altitude pro�le (b) Velocity pro�le

Figure 8: Mission pro�le for the 400 nmi mission.

(a) Mass pro�le (b) Thrust pro�le

Figure 9: Mass and thrust pro�les for the 400 nmi mission.

The resulting vehicle has a battery weight of 13,140 lb and 903 lb of fuel. The
energy required to complete the 400 nmi mission is approximately 6,200 kW-hr
or 15.5 kW-hr per nmi. In the previous PEGASUS study [2], a similar hybrid-
electric conventional vehicle (only one propulsor class located at the wing inboard
instead of the three proposed in the PEGASUS concept) required about 20 kW-hr
per nmi. This indicates that the PEGASUS vehicle has the potential to use less
energy than more conventional con�gurations. A fuel-only ATR 42-like vehicle with
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Figure 2: Propulsor con�guration and locations.

The wingtip propulsors provide most of the thrust required during the operation
of the vehicle. The rotational component of the propeller slipstream is expected to
attenuate the wing vortex system, providing a potential aerodynamic bene�t [8,9].
A parallel hybrid-electric propulsion system is used because it can be more e�cient
in converting stored energy into shaft power than a turboprop alternative. The
e�ciency of a gas turbine is often on the order of 40%, whereas an electric propulsive
system e�ciency is on the order of 90%. A combination of the two systems would
likely result in an overall e�ciency between these values [2]. The ATR 42-500 aircraft
uses the Pratt & Whitney PW 127E turboprop. The PEGASUS wingtip propulsive
system is a combination of an electric motor and a PW 127E-like gas turbine engine.
The new engine model was created by applying e�ciency improvements and weight
reduction factors to the PW 127E, assuming an entry-into-service (EIS) of 2030. One
of the major concerns with wingtip propulsors is the yawing moment produced in a
OEI scenario. To simplify the analysis, it is required that the PEGASUS OEI yawing
moment does not exceed the yawing moment of the ATR vehicle. This requirement
is met by limiting the amount of thrust provided by the wingtip propulsors.

The main purpose of the inboard propulsors is to provide additional thrust during
takeo� and climb; however, they can also help mitigate di�cult control character-
istics that arise in OEI scenarios. These propulsors create swirl which translates to
a non-optimal spanwise lift distribution on the wing. To alleviate this e�ect, the
inboard propellers are folded during cruise and descent.

The purpose of the aft propulsor is to decrease the propulsive power required
to operate the aircraft by using boundary layer ingestion (BLI). Previous studies
have suggested that capturing and reenergizing the boundary layer can lead to
the recovery of the momentum de�cit [4, 10]. Unlike the inboard propulsors, this
propulsor operates during all phases of the mission. Gray et al. [11] suggested that
it is possible to obtain between 1% to 4.5% reduction in the total power required
during cruise with a BLI system. Note, however, that this result is for a di�erent

ight condition and con�guration than PEGASUS.

XROTOR [12] was used to design the propellers. In this study, six-bladed pro-
pellers were used at the inboard, wingtip, and aft. Table 1 shows the main charac-
teristics of the propellers used. The outputs from XROTOR for the design of each
propeller are located in Appendix A.
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Table 1: Propeller Features

Wingtip Inboard Aft

Number of Blades 6 6 6
Blade Radius (ft) 5.33 4.00 3.28
Hub Radius (ft) 1.07 0.81 0.66
Shaft Power (hp) 1600 1600 1000

The baseline vehicle considered in this study incorporates a 10% induced drag
reduction when the wingtip propellers are operating. This assumption was used in
the previous study [2] and is comparable with the results obtained by Blaesser [13],
where the induced drag with the wingtip propellers operating was 9% lower than
for a clean wing. Blaesser also predicted a 4% induced drag reduction from using
the wingtip propulsors compared to using inboard propulsors. This information was
used to estimate an induced drag penalty of 4.4% when the inboard propellers are
operating. A conservative assumption of no BLI bene�t was used for the baseline
vehicle. Section 4 shows sensitivity studies for the induced drag reduction due to
the wingtip propellers and the assumed BLI bene�t.

2.2 Wing Selection

The maximum takeo� weight of the ATR 42-500 aircraft is approximately 40,000
lb. The PEGASUS vehicle is expected to have a larger takeo� weight mainly because
of the battery weight required. For this reason, the wing planform needs to be
adjusted to ensure that the wing loading for the PEGASUS concept is comparable
to the ATR vehicle. The ATR 72-500 vehicle has similar characteristics to the ATR
42-500 vehicle but has a 10,000 lb higher takeo� weight. Therefore, a scaled version
of the ATR 72-500 wing is used for the PEGASUS concept. The reference wing area
of the ATR 72-500 is 657 ft2 and the wing has an aspect ratio of 12. The approximate
wing loading for this vehicle is 76 lb/ft 2, which is the target wing loading used for
the baseline PEGASUS vehicle.

2.3 Mission Pro�le

The transportation demand study by Marien [3] predicted the potential demand
for short-haul aircraft in the U.S. for the year 2030, assuming a point-to-point
network of trips shorter than 900 nmi. It was found that 50% of the regional trip
demand was for trips of 200 nmi or less, and 90% of regional trip demand was for
trips of 400 nmi or less. The PEGASUS concept is designed to perform two di�erent
missions informed by the results of this study. The �rst is a 200 nmi mission during
which the hybrid-electric propulsors only use electric power. The second mission is
a 400 nmi hybrid-electric mission during which the wingtip propulsors use both fuel
and electric power. Both missions have an approximate cruise altitude of 20,000 ft.

A previous study found that the PEGASUS vehicle weight is highly sensitive
to the requirements for the reserve mission [2]. The ATR 42-500 published reserve
mission performance includes an 87 nmi range to an alternate airport and a 45
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minute hold. For this study, the reserve mission is modeled by adding an e�ective
reserve range to the mission. An e�ective reserve range of 300 nmi is computed
by considering the alternate airport distance of 87 nmi added to 45 minutes at
284 knots. It is important to note that the same reserve mission is 
own for both
missions and that the reserve mission has an e�ective range that is greater than the
electric mission.

Conventional metrics to size the aircraft are not fully applicable for this vehi-
cle. In the past, minimum fuel or minimum ramp weight metrics were used as the
objective for sizing the aircraft. These objectives served as a proxy for minimum
operational or acquisition cost. However, hybrid-electric aircraft also rely on electric
energy. This poses challenges in selecting the appropriate metric for sizing.

The mission analysis methodology used [14] computes the optimum conditions
for di�erent weight and energy levels. This approach can compute the minimum
rate of energy consumption required to 
y at a given instant but it does not have
the capability to look at the entire trajectory. This is of particular interest because
a trajectory based on minimizing the rate of energy consumption required at each
given instant will emphasize the use of electric propulsors since they are more e�-
cient (electric systems have e�ciencies of about� 90% while gas turbines have an
e�ciency of about � 40%); however, the overuse of electric propulsors could result
in a large battery and vehicle weight that can ultimately lead to a trajectory that
uses excessive amounts of energy or vehicles that are too heavy to complete their
desired mission.

3 Analysis Methodology

Mission analysis requires numerous modeling components. These components
could include propulsion, weight estimation, aerodynamics, and atmospheric analy-
sis modules. These modeling components often need to share data among themselves
and it is possible to have complex interactions and feedback loops. The LEAPS
version used for this study contains weights, aerodynamics, and atmospheric com-
ponents that were connected via OpenMDAO [15]. This OpenMDAO model is
coupled with a mission analysis methodology based on the energy method [14]. The
resulting analysis approach provides new capabilities and allows interactions (e.g.,
aerodynamics and propulsion) that are often ignored by conventional analysis tools.

3.1 Aircraft De�nition

The mission analysis methodology requires weight, propulsion, and aerodynamic
data at di�erent 
ight conditions. The current early version of LEAPS was used to
provide empty weight and aerodynamic information. LEAPS variables are initial-
ized with an input text �le containing vehicle information. After initialization, all
input and output variables are accessible in memory. The aerodynamic module is
created by using the LEAPS aerodynamic information. The propulsion information
is also gathered and wrapped into a module. These modules are used to create an
OpenMDAO model that provides aircraft performance parameters at di�erent 
ight
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conditions to the mission analysis methodology. Figure 3 shows how information

ows among the di�erent components.

Figure 3: Generation of aircraft data for mission analysis.

The wingtip propulsors are based on the PW 127E turboprop. This PW 127E-
like engine was modeled in the Numerical Propulsion System Simulation (NPSS)
[16]. The engine components were adjusted to predict the performance of a PW
127E-like engine in the year 2030. More details regarding the PW 127E analysis can
be found in Refs. 1 and 2. The engine was scaled to match the desired power during

ight. Sizing of the propellers (wingtip, inboard, and aft) was done using XROTOR.
The data generated serves as an input to the mission analysis module. Future
versions of LEAPS will have mission analysis capabilities built-in; thus, reducing
the amount of work required by the analyst.

3.2 Mission Analysis

The mission analysis methodology is based on work presented in Ref. 14. This
methodology was derived from FLOPS and contains some of the same features, but
it was extended to handle hybrid-electric and electric aircraft. The mission analysis
methodology is also able to handle multiple propulsors independently; thus, allow-
ing the analyst to identify which propulsor setting would satisfy a given objective
function. The mission is divided into independent segments each with their own ob-
jective function. The objective functions for the climb segment can include minimum
time-to-climb, minimum fuel-to-climb, or minimum energy-to-climb. Similarly, for
the cruise segment it is possible to specify maximum range or maximum endurance
missions based on fuel or energy used by varying the altitude, velocity, and thrust
for each propulsor class. The use of energy in the objective functions allows the user
to include di�erent energy sources. Also, the user can specify the desired balance
between electric and fuel energy as an objective function.

The mission analysis methodology uses the OpenMDAO model that includes
propulsion, aerodynamics, and atmospheric modules to evaluate the desired met-
rics of interest. This information is passed to an optimization process to generate
the necessary optimization tables to determine the mission trajectory [14]. The
schematic shown in Fig. 4 shows the potential interactions between components
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that can be included in the model. The inputs into this model include altitude,
velocity, and throttle parameters for each propulsor class.

Figure 4: Schematic of the analysis model used in the mission analysis methodology
and its potential component interaction.

As previously discussed, the PEGASUS concept is designed to 
y two missions:
a 400 nmi hybrid mission and a 200 nmi all-electric mission. The 400 nmi mission
includes a minimum time-to-climb segment and a minimum energy (electric and
fuel) cruise segment. The 200 nmi all-electric mission includes a minimum time-to-
climb segment and a minimum electric energy cruise segment. Also in both missions,
the inboard propellers are folded during cruise and descent. The methodology �nds
the best velocity and propulsor power settings during the cruise segments. For this
study, the 
ight altitude for the 200 nmi and 400 nmi missions was e�ectively held
constant during cruise.

4 Results

Two of the challenges faced when sizing this aircraft are the large design space
and the lack of a well-de�ned objective function. The design space of the PEGASUS
concept is larger than what is typical in the design of a conceptual conventional
aircraft. Some of the design variables that can be considered include: wing area,
geometry and design conditions for each propeller class, amount of hybridization,
and the power split among propulsors during 
ight. As discussed in Section 2.3,
choosing an appropriate metric to size the vehicle is not trivial. The selection
of a proper metric is beyond the scope of this paper; however, a baseline vehicle
was selected by examining ramp weight, battery weight, and energy required. The
battery was sized to ensure that the hybrid (400 nmi), all-electric (200 nmi), and
reserve missions can be 
own. It is important to note that the electric energy
required to complete the 400 nmi hybrid mission is not necessarily greater than
or equal to that required for the 200 nmi all-electric mission because of the use of
fuel. For this reason, both missions were modeled to ensure that the battery is sized
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