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Abstract: This paper proposes a feasibility study concerning a large turboprop aircraft to be used
as a lower environmental impact solution to current regional jets operated on short/medium hauls.
An overview of this market scenario highlights that this segment is evenly shared between regional
turboprop and jet aircraft. Although regional jets ensure a large operative flexibility, they are usually
not optimized for short missions with a negative effect on block fuel and environmental impact.
Conversely, turboprops represent a greener solution but with reduced passenger capacity and speed.
Those aspects highlight a slot for a new turboprop platform coupling higher seat capacity, cruise
speed and design range with a reduced fuel consumption. This platform should operate on those
ranges where neither jet aircraft nor existing turboprops are optimized. This work compares three
different solutions: a high-wing layout with under-wing engines installation and both two- and
three-lifting-surface configurations with low-wing and tail tips-mounted engines. For each concept,
a multi-disciplinary optimization was performed targeting the minimum block fuel on a 1600 NM
mission. Optimum solutions were compared with both a regional jet such as the Airbus A220-300
operated on 1600 NM and with a jet aircraft specifically designed for this range.

Keywords: aerospace; aviation; aeronautics; aircraft; design; open access; special issue; MDPI;
turboprop; regional market; MDAO; innovative; green aviation

1. Introduction

From a preliminary overview, nowadays, the regional aircraft market segment is
mainly influenced by a combination of three factors. A first key parameter to be considered
is the environmental impact reduction, as can be seen by ever-more ambitious targets
envisaged by international associations such as the Air Transport Action Group (ATAG)
and the International Air Transport Association (IATA) or the Clean Sky 2 consortium. In
2008, the ATAG board developed a set of environmental goals for the short, medium, and
long term which were supported and reiterated by the IATA Board and the association’s
Annual General Meeting [1]. Those goals can be summarized in the followings: an average
improvement in fuel efficiency of 1.5% per year from 2009 to 2020; a cap on net aviation
CO2 emissions from 2020 (carbon-neutral growth); and a reduction in net aviation CO2
emissions of 50% by 2050, relative to 2005 levels. However, as pointed out in [2], most
of the targets forecasted by IATA and ATAG for 2020 have not been achieved, and the
expected carbon-neutral growth appears to be quite far. This highlights the need to stress
even more the reduction of the civil aviation environmental impact as the main driving
parameter in the design of new and greener aircraft models.

In terms of innovation aiming at reducing civil aviation environmental impact, the
Clean Sky 2 Program of Horizon 2020 has accelerated by now the development and
introduction of new technologies designed for entry into service in the 2025–2035 timeframe.
According to the Clean Sky 2 development plan, by 2050, 75% of the world’s fleet now in
service (or on order) will be replaced by aircraft that can deploy Clean Sky 2 technologies [3].
High level objectives defined by Clean Sky 2 expects a reduction in CO2, NOX, and
environmental noise from −20% to −30% in the 2014–2024 timeframe. Furthermore,

Aerospace 2021, 8, 132. https://doi.org/10.3390/aerospace8050132 https://www.mdpi.com/journal/aerospace

https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0003-4908-6194
https://orcid.org/0000-0003-1442-0084
https://orcid.org/0000-0002-7930-4503
https://orcid.org/0000-0001-5985-9950
https://doi.org/10.3390/aerospace8050132
https://doi.org/10.3390/aerospace8050132
https://doi.org/10.3390/aerospace8050132
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/aerospace8050132
https://www.mdpi.com/journal/aerospace
http://www.mdpi.com/2226-4310/8/5/132?type=check_update&version=3


Aerospace 2021, 8, 132 2 of 26

reductions of −75% in CO2, −90% in NOX, and −60% in environmental noise have been
forecast by 2050.

In addition to the environmental impact topic, a second main factor currently influ-
encing almost all market segments is represented by the recent COVID-19 outbreak, which
has caused severe damage to the worldwide aviation industry.

Market forecasts made by the most important aircraft manufacturers at the beginning
of 2020 have been completely changed by this unexpected event resulting in an overall
reduction of air passengers (both international and domestic) of 50% in 2020 compared to
2019 [4]. In addition, the latest estimates made by the International Civil Aviation Orga-
nization (ICAO) [4] have highlighted a passenger demand drop from the 2020 originally
planned forecasts by 2690 million (−60%), which has been related to a 370 billion US$ loss
of gross passenger operating revenues. A partial recovery has been forecast by ICAO [4] for
the first half of 2021 reducing the passenger revenue loss faced in 2020, equal to −369,768
million US$, to a value between −178,373 and −148,719 million US$.

However, when a full recovery from COVID-19 damages will be reached, most ma-
jor airlines will still have to face the third main factor influencing the regional market
scenario, which is represented by the need to replace several hundred heritage aircraft,
especially in the segment from 20 to 150 seats, which are now close to the end of their
useful commercial life.

The combination of all these factors will deeply influence the current aviation industry
shaping the new generation of aircraft. On the one side, ever more mutable and demanding
requirements will be asked by the market, resulting in a very challenging design process to
come up with new aircraft solutions. On the other side, in the near future, new ways and
possibilities will be accessible to the aerospace research sector with innovative technologies
and disruptive new aircraft concepts probably making their appearance on the upcoming
market scenario.

To have an idea of which could be possible future market needs in the post-pandemic
scenario, especially in the regional market segment, some interesting information can be
obtained from recent market analyses made by the major aircraft manufacturers concerning
the small single-aisle aircraft segment up to 150 seats.

Dealing with possible future aircraft requirements, Airbus Global Market Forecast
(Airbus S.A.S., Blagnac, France) [5] provides a useful statistical trend which highlights a
continuous increment in average seats capacity and mission ranges for the single-aisle jet
fleet. Figure 1 shows that up to 2017 aircraft seats average has increased from 140 to 169,
while average mission ranges have experienced an increment from 422 NM to 586 NM.
Figure 1 also highlights that there is a significant variation around the mean which can be
attributed to different aircraft sizes. In addition to showing the wide spectrum of operations
for which the airlines use these aircraft, Figure 1 demonstrates why the range capability of
aircraft products is an important consideration for airlines and manufacturers, a capability
which also equates to flexibility.

Figure 1. Cont.
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Figure 1. Distribution of single-aisle aircraft seats and ranges over the years. Reprinted from ref. [5].

As shown in Figure 2, up to 2016, both turboprop and regional jet aircraft were
sharing the regional market evenly with a slightly increasing advantage of regional jets
due to a higher seat capacity and longer mission distances than conventional regional
turboprops. However, despite the regional jets success, turboprop engines are 10–30% more
efficient than jet engines in terms of Specific Fuel Consumption (SFC), leading to a potential
reduction of the amount of fuel used per mission as well as pollutant emissions. In fact,
according to ATR forecasts [6], assuming all short haul flights operated by regional jets
today are replaced by modern turboprops, 11% of overall regional aviation CO2 emissions
could be saved.

To design an advanced turboprop aircraft that could be competitive with respect to
regional jets on short and medium haul, several key aspects must be assessed if compared
to conventional turboprop designs. There is the need to increase the seats capacity, the
aircraft must be designed for longer missions, and cabin noise and passenger comfort must
be improved, as well as both the aerodynamic efficiency and the maximum cruise speed.

The authors have already faced the design of an advanced turboprop coupling higher
seat capacity, improved cruise speed, and longer design range with a reduced fuel consump-
tion within the framework of the European funded project named Innovative turbopROp
configuratioN (IRON) [7–12]. The project deals with the design of an innovative large
turboprop aircraft with rear engine installation.

Figure 2. In-service fleet share of turboprops and regional jets. Reprinted from ref. [13].

Such a configuration shows several design issues dealing with the rear engine in-
stallation. The most comprehensive reference dealing with all key design aspects for a
high-capacity propeller driven aircraft, including the rear engines installation, is the study
performed by Goldsmith in [14], where a feasibility studies related to a possible conversion
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of the McDonnell Douglas (Saint Louis, MO, USA) DC-9 from turbofan to turbo/prop-fan
power plant is discussed.

Goldsmith’s work shows useful evaluations dealing with the aircraft configuration
feasibility, aerodynamics, weights, balance, and performance identifying three promis-
ing configurations with respect to the reference aircraft platform assumed as the DC-9
Super 80. The configurations proposed by Goldsmith exploited the results of the research
programs carried out by NASA to develop technologies needed to implement potential
fuel savings by adopting advanced turboprop engine architectures. These works high-
lighted 15–30% savings in aircraft block fuel compared to the state-of-the-art turbofan at
the time by adopting advanced turboprop engines characterized by multi-bladed and high
efficiently propellers that could be used at higher Mach numbers [15,16].

The selection of the most suitable configurations was made after a first qualitative
comparison between many different possible layouts, followed by a multi-disciplinary
quantitative analysis of three possible solutions. The first layout was an upper-wing-
mounted propfan, indicated as Configuration 1 in Figure 3; the second one was a T-tail
configuration with aft fuselage-mounted propfan, named Configuration 2 in Figure 3;
and the last aircraft concept provided for a horizontal tail-mounted propfan, indicated
as Configuration 3 in Figure 3. All modifications to the baseline platform were made by
keeping constant both wing area and Maximum Take-Off Weight (MTOW) of the aircraft.

Figure 3. Configuration selected by the NASA feasibility study. Reprinted from ref. [14].

As shown in [14], the first and third layouts were identified as promising solutions
providing for a block fuel reduction of about 14% and a mean Direct Operating Cost (DOC)
reduction ranging from 6% to 8% with respect to the reference aircraft. The rear-mounted
engines installation provided a much larger center of gravity excursion, a higher hori-
zontal tail weight, and higher values of the equivalent parasite area. However, while
the T-tail configuration led to lower performance and DOC improvements than the wing-
mounted engines installation, the horizontal tail-mounted engines layout mitigated the
above-mentioned negative effects, allowing to reach similar, or even better, performance
and DOC improvements, if compared with the conventional wing-mounted engine config-
uration. Moreover, in the case of turboprop or open rotors, rear engine installation reduces
the cabin noise providing for a better passenger’s comfort.

The high propulsive efficiency of propellers nowadays still makes them quite an attrac-
tive solution for regional aircraft flying up to high subsonic speeds. Different concepts for a
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large turboprop aircraft can be found in the literature. A novel concept for highly efficient
and ecological propeller driven aircraft is proposed in [17]. This aircraft, characterized by a
high wing, T-tail, and four turboprop engines with large propeller diameters, has shown
a potential Direct Operating Cost (DOC) reduction of about 11% while reducing trip fuel
mass and therefore CO2 emissions by about 14.9% compared to the reference aircraft Airbus
A320 (Airbus S.A.S., Blagnac, France). A modified architecture of the concept proposed
in [17] is shown in [18]. This solution, featured by a strut-braced wing with natural laminar
flow, could potentially reduce fuel consumption and CO2 emissions by about 36% with
respect to a reference jet aircraft (A320). In addition, DOC could be potentially reduced by
about 17% on a mission range of 755 NM. The improvements mainly come from the lower
fuel consumption of turboprop engines compared to turbofan engines. Drawbacks are the
21% increase in block time due to the lower cruise speed compared to a jet aircraft and the
additional mass due to the higher landing gear lengths caused by high propeller diameters.

Recent studies concerning innovative turboprop aircraft designs are shown in [19],
where two configurations featuring tail-mounted propeller and fuselage-mounted ducted
propellers have been assessed in terms of their key performance indicators assuming they
are designed for a harmonic mission of 1530 km and 68 passengers and compared with
a conventional aircraft with wing-mounted propellers similar to ATR-72-600 in terms of
geometry and weight.

Although previous research works have already dealt with the comparison between
existing turbofan aircraft and future turboprop models to highlight possible improvements
in environmental impact and DOC, none of them starts from the design of a modern
turboprop aircraft based on a set of Top-Level Aircraft Requirements (TLARs) related to
a short/medium haul (e.g., 1600 NM) coupled with a seat capacity in line with market
analysis trends (e.g., 130–150 seats). Conversely, they start from an existing turbofan
platform trying to make a conversion to a different propulsive system. In addition, most of
the studies are focused or on aircraft designed for longer missions with a slightly higher
passenger number, or they focus the attention on smaller aircraft with similar design ranges
but with a lower passenger capacity.

This work aims to investigate the combination of the selected mission range and seats
capacity to design and optimize a possible modern turboprop platform suitable for an
entry into service expected by 2035 and targeting the minimum environmental impact.
Since there are no existing regional turbofans specifically designed for such a design range
and seats capacity, this work does not limit its application in comparing the provided
turboprop solutions with the current state of the art regional jet but also faces the design
and optimization of a completely brand-new jet platform to perform fair comparison
between a turboprop and jet driven aircraft both optimized for the same set of TLARs.

Such a comparison could represent useful information for aircraft designers who want
to develop new aircraft suitable for regional applications by providing a good starting
point in the decision process related to the preliminary design phase.

2. Aircraft Requirements and Critical Issues

The feasibility study starts from the definition of a specific set of TLARs, suitable for
modern regional transport applications and in line with the main aircraft manufacturer
market forecast, which is better illustrated in the Introduction. The TLARs driving the
design of a large capacity turboprop are summarized in Table 1. As can be appreciated
by looking at Table 1, to design a turboprop that could be competitive with respect to
regional jets, there is the need to increase the seats capacity, as well as reduce the specific
fuel consumption and the associated emissions. The cabin comfort must be improved by
reducing the perceived noise and maximum aerodynamic cruise efficiency, the cruise speed
value must be higher than the currently flying turboprop, and maximum lift coefficients
at take-off and landing must be increased to be attractive with respect to regional jets in
terms of ground performance.
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Table 1. Topic Level Aircraft Requirements (TLARs).

Performance Requirements

Passenger Capacity 130 pax at 32”

Range
1600 NM at Max payload

(108 kg per pax), usual reserve (alternate + holding +
reserves)

Cruise Speed At FL300 ISA at 97% MTOW Mach (0.64–0.68)
Time to Climb At MTOW-ISA-from 1500 ft to FL250 ≤ 16 min

Take off Field Length (TOFL) ISA-SL at MTOW, TOFL ≤ 4600 ft (1400 m)
Landing Field Length (LFL) ISA-SL at MLW, LFL ≤ 4600 ft (1400 m)

Starting from the work shown by Goldsmith [14] and exploiting the lesson learned
within the frame of the European project IRON [7–12], the authors made several considera-
tions about different aircraft configurations that can be drafted in facing the design of a
large turboprop aircraft.

The increase of the number of passengers from 70 to 130–150 leads to heavier aircraft,
which means having a larger wing area and increased wingspan, affecting both the size and
weight of the landing gears, as well as their positions to keep similar ground performance.
According to the ICAO/Federal Aviation Administration (FAA) [20] span category, for
aircraft in this class, the wingspan is limited to 36.0 m. Moreover, to ensure ground stability
requirements due to a heavier aircraft with a larger wingspan, a larger wheel track is
required as well.

A conventional high-wing configuration can accommodate large propellers and could
be a possible solution for a high-capacity turboprop. However, for the high-wing configura-
tion, two landing gear installations are suitable, as shown in Figure 4: nacelle-mounted or
fuselage-mounted within fuselage pods. These two solutions may lead to several issues if
used for high-capacity turboprops. The nacelle-mounted landing gears would require very
long and heavy legs, which may be difficult to retract inside the nacelles, while fuselage-
mounted landing gear might require quite large and heavy pods to ensure an adequate
wheel track. Moreover, for both these layouts, the length of the landing gear legs must be
increased to achieve a sufficient value of the upsweep angle due to a longer fuselage.

Figure 4. Landing gear installation solution for a large propeller driven aircraft.

A low-wing configuration could solve this issue. However, as shown by the example
in Figure 5, a high-capacity turboprop will need a large propeller diameter to comply with
an increased thrust requirement due to a higher weight (about 12–14 ft according to the
estimations made within the EU CS2 IRON project). Thus, it would be impossible to ensure
the required engine clearance from the ground.

For these reasons, a new turboprop aircraft configuration should be characterized
by a rear-mounted engine installation. This can lead to a more efficient wing, thanks to
the possibility to extend the laminar flow region and reduce the cabin noise by installing
engines far from the cabin. Conversely, such an engine installation would lead to a
wing weight increment (no mass relief on the wing loading due to the weight of the
engines). Furthermore, this configuration can provide for a very large center of gravity
(CG) excursion, which can also affect aircraft performance. A wide range of the CG
excursion could imply a very large horizontal tail to trim the aircraft in the most rearward
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CG positions, resulting in a reduction of maximum lift capabilities, while, at the most
forward CG position, the longitudinal Static Stability Margin (S.S.M.) could be very high,
requiring for a large download on the horizontal tail to trim the aircraft. This would reduce
the aerodynamic cruise efficiency, affecting the fuel consumption and the aircraft DOC.
One possible solution to mitigate this aspect consists in a reasonable cut of the overall CG
excursion (by limiting the aircraft operability with low passenger number), complying
with typical aircraft missions.

Figure 5. Large propeller installation issues for a low wing aircraft configuration.

Given all the above considerations, by looking at the feasibility study performed by
NASA [14], and thanks to the experience matured within the IRON project, the authors
identified in the rear-engine installation the most promising layout.

Following the work of NASA, the authors also investigated a conventional config-
uration with engines installed on the wing, with the difference that, in this research, the
configuration with the upper wing engine installation was discarded because of both
propeller and nacelle sizes. This layout was replaced by a conventional high-wing configu-
ration with engines installed under the wing, assuming that the main landing gear could
be installed in fuselage pods. Another difference with the feasibility study performed by
NASA is that the T-tail configuration with the rear engine installation was replaced by a
three-lifting-surface layout.

The T-tail layout could ensure an adequate longitudinal static stability, as well as
cruise aerodynamic efficiency, while probably providing for poor high-lift capabilities and
balance issues due to a very afterward mass concentration. Moreover, the installation of a
large propeller (12–14 ft of diameter) would require a pylon with a non-negligible span,
making the latter comparable to a tailplane.

This configuration was discarded from the first stage of design and replaced by a three-
lifting-surface layout which could ensure the required longitudinal stability potentially
increasing as well as both aerodynamic efficiency and high-lift capabilities.

The introduction of a third lifting surface could help reduce the tail download required
to trim the aircraft. Thus, the trimmed maximum lift coefficient (CLmax) could be increased
while the trim drag contribution could be reduced, resulting in a higher value of the cruise
aerodynamic efficiency. The potential increment of the CLmax could also lead to a reduced
wing area providing for additional benefits on cruise aerodynamic efficiency as well as a
reduction in aircraft weight (unless the third lifting surface would be heavier than the wing
weight reduction).

Furthermore, the third lifting surface could allow to shift forward the aircraft neutral
point position, as well as giving the possibility to optimize both the center of gravity
excursion and the neutral point position, at fixed static stability margin, by changing wing,
horizontal tail, and canard sizes together and their relative positioning. In short, the three
lifting surfaces would extend the design space, allowing to cope with both aerodynamic
cruise efficiency and maximum lift capabilities of the aircraft. In designing a three-lifting-
surface aircraft, particular attention must be paid to evaluating the negative effects in terms
of downwash introduced by the canard that acts on both the main wing and the horizontal
tail, as shown in [9,11,12].
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3. Investigation Workflow and Methods

Starting from the TLARs described in Table 1, for each of the considered aircraft config-
urations, a sensitivity analysis was carried out by changing the following design parameters:

• Wing planform (span, aspect ratio, sweep angle, and longitudinal wing position)
• Horizontal tail plane planform (span, aspect ratio, and sweep angle)
• Canard planform if present (span, aspect ratio, and longitudinal position)

The complete picture of the design space is shown in Table 2, where, for each of the
previous design variables, the considered range of variation is indicated. A specific combi-
nation of the design parameters shown in Table 2 generates an aircraft that underwent to a
Multi-Disciplinary Analysis process (MDA). The MDA involves all major disciplines of the
preliminary aircraft design (i.e., weight, balance, aerodynamics, performance, and DOC).
The single MDA cycle shown in Figure 6 and the full factorial Design of Experiments (DOE)
represented in Table 2 were performed by means of JPAD (Java tool chain of Programs
for Aircraft Design), software developed at the Industrial Engineering Department of the
University of Naples Federico II [21–23].

JPAD includes several interconnectable analysis modules which can be used both
in standalone mode and in a complete MDA cycle. One of the most important analysis
modules is the one dedicated to the evaluation of the most important aircraft performance,
which implements a smart simulation-based approach to analyze the complete mission
profile including on-ground phases such as take-off and landing [24].

The analysis starts with a first estimation of the amount of fuel needed for the specified
mission. Then, a balance analysis is carried out to determine the center of gravity excursion.
For each center of gravity, the aerodynamic and stability module estimates the trimmed
aircraft lift curve and the trimmed drag polar curve according to the following flight
conditions: take off, climb, cruise, and landing. Finally, the performance module uses these
data to make a detailed simulation of the initial mission profile estimating a new amount
of fuel required to fulfill the mission. Thus, an iterative process is carried out until the first
estimated fuel mass is equal to the one calculated by the mission profile analysis. Within
the fuel mass iterative loop shown in Figure 6, a second nested iteration is carried out to
make the take-off field length and cruise Mach number comply with the assigned TLARs.
This is obtained by scaling the reference static thrust of all engines with a step of ±2.5%.
Together with this thrust scaling, engine weight is updated as well so that an intermediate
weight convergence loop must be carried out as well. Both fuel mass and performance
iterative loops have a maximum number of iterations fixed to 50. All configurations that
do not converge within this limitation are supposed to be unfeasible so that a penalty will
be added to those response surface points during the optimization process.

At the end of the convergence loop, other checks are performed on the analyzed
configuration. These concern the operative maximum aft center of gravity position, which
must be at least 5% of the wing Mean Aerodynamic Chord (MAC) more forward than the
main landing gear position due to rotation issues, and the maximum fuel tank capacity,
which must be greater than the estimated total mission fuel mass plus reserves.

The multidisciplinary optimization was carried out by imposing the following constraints:

• The minimum static stability margin (with the max aft. center of gravity position)
must be greater than zero.

• Take-off and landing field lengths must be at most 1400 m.
• The time to climb from 1500 to 25,000 ft must be at most 16 min.
• The maximum cruise Mach number should be higher than 0.64 and should not exceed

0.68 to consider for propeller operative limitation in terms of compressibility issues.
• The distance between the main landing gear position (XLG) and the maximum aft cen-

ter of gravity position (XCG,max,aft) must be greater than 5% of the mean aerodynamic
chord to avoid ground stability issues.

• The estimated total mission fuel mass must be lower than wing fuel tank
maximum capacity.
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Table 2. Variables design space for each aircraft configuration.

Parameters Wing Mounted
Engines Configuration

Rear Mounted
Engines Configuration

Three Lifting
Surfaces

Wing Design Parameters

Span bw (m) 32.0–35.5 32.0–35.5 32.0–35.5
Longitudinal position XLE,W (m) 13.0–16.0 18.0–22.0 19.0–22.0

Aspect Ratio ARw 9.8–13.3 10.2–13.8 10.2–13.6
Sweep at leading edge ΛLE,W (◦) 2.5–10.0 2.5–10.0 2.5–10.0

Horizontal Tailplane Design Parameters

Span bH (m) 9.14–11.17 11.7–14.3 11.7–14.3
Longitudinal position XLE,H (m) 37.15 fixed value 30.0–32.0 30.0–32.0

Aspect Ratio ARH 4.96 fixed value 4.40 fixed value 4.40 fixed value
Sweep at leading edge ΛLE,H (◦) ΛLE,W + 5.0 ΛLE,W + 5.0 ΛLE,W +5.0

Canard Design Parameters

Span bC (m) n.a n.a 7.2–8.8
Longitudinal position XLE,C (m) n.a n.a 5.0–8.0

Aspect Ratio ARC n.a n.a 5.57 fixed value
Sweep at leading edge ΛLE,C (◦) n.a n.a 10.0 fixed value

Total number of analyzed aircraft 972 6075 34,020

Figure 6. JPAD MDA workflow including thrust update inner loop.

All analyses were performed under several assumptions concerning masses and
positions of main components, on-board systems, the center of gravity position to be
used for each mission phase, fuel tank systems, laminar flow, and downwash effects
(especially in the case of three-lifting-surface configuration). Fuselage length and maximum
diameter were kept constant for all analyzed aircraft. Horizontal tailplane sweep angles
at leading edge were assumed to be 5◦ greater than the related wing sweep angle at
leading edge. Components and on-board systems masses were calculated using equations
provided by Torenbeek [25], which indicate several corrections to be made according
to the specific aircraft configuration. Center of gravity positions of the main aircraft
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components were assumed according to Torenbeek [25] as well. Some assumptions were
made concerning major on-board systems longitudinal position, as shown in Table 3. An
example of aircraft components and on-board systems center of gravity position is shown
in Figure 7 considering the case of a three-lifting-surface configuration.

Table 3. On-board systems assumptions for the MDA cycle of each aircraft configuration.

Assumption Concerning Systems and Equipment Positions

Auxiliary Power Unit (APU) 87% fuselage length
Air Conditioning and Anti-Icing System 30% MAC ahead the wing root leading edge

Electrical System 42% fuselage length (half cabin)
Furnishings and Equipment 37% fuselage length

Control Surface Actuators Using lifting surfaces positions weighted average
with components masses

Instruments and Navigation System 8% fuselage length (cockpit)
Operating Items 21% fuselage length (close to the front galley)

Figure 7. Example of aircraft main components and systems center of gravity positions for a three-lifting-surface configuration.

To take into account the aircraft weight reduction due to fuel consumption during the
design mission, a variable center of gravity position must be considered for each phase,
affecting in this way the aircraft stability and providing for a variable trim drag value.
This effect was simulated by considering different center of gravity positions from the
boarding diagram. For take-off and climb conditions, the maximum take-off weight center
of gravity was considered. The cruise phase was evaluated assuming a center of gravity
position related to an average fuel weight condition (starting from the maximum take-off
weight). The landing condition was investigated assuming a center of gravity position
related to the maximum landing weight (about 90% of the maximum take-off weight).
Finally, the longitudinal static stability margin was estimated considering the most aft
center of gravity position.

For each of the selected aircraft configurations, some assumptions and some technolo-
gies were envisaged, as shown in Figure 8 where their effects related to both aerodynamics
(in terms of drag, maximum lift capabilities, and downwash on the horizontal tail plane)
and weight estimation are summarized.
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Figure 8. Technological assumptions for each considered aircraft configuration.

Wing-mounted engines configuration. This is the state-of-the-art of conventional
turboprop configuration with a high-wing and T-tail layout. Thus, the horizontal tail-plane
position was fixed according to vertical tail tip chord position with a fixed incidence angle
equal to 0.0◦. Furthermore, the horizontal tailplane aspect ratio was fixed to about 5.0 with
the possibility to scale the span and the planform area. Engines positions were linked to
the starting section of the wing outer panel, assuming laminar flow effects to be active
only on the outer wing panel. Landing gears were assumed to be mounted in fuselage
pods. Their positions were linked to the wing position assuming that wing and landing
gears attachments are applied to the same fuselage frame. Furthermore, landing gear
pods provide for a higher parasite drag, which was modeled considering an increment
of about 15 drag counts. According to Torenbeek [25], wing mass were reduced by 5%
due to wing-mounted engines. To account for landing gear fuselage pod installation, a
further reduction of 5% of the wing mass was considered. Spoilers’ installation effect on
wing weight was modeled assuming an increment of the component mass of 2% while,
for the fuselage, Torenbeek [25] suggested increasing the estimated mass by 8% due to
pressurization effects and by 7% due to landing gears pods.

Rear-mounted engines configuration. This innovative configuration provides for
a low-wing configuration with engines installed at the horizontal tailplane tips. This
solution would avoid a large engine pylon needed to install a large turboprop engine with
a propeller diameter of about 12 ft on the fuselage.

A similar solution is also investigated in [26], where the main configuration criticalities
dealing with aircraft weight and balance are highlighted.

From preliminary calculations made by the authors, this configuration will require for
a large engine pylon affecting the aircraft aerodynamics and interfering with the horizontal
tail plane. A solution could be the adoption of a T-tail configuration. However, a large
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pylon would provide an additional lift contribution at high aircraft attitudes leading to a
larger longitudinal static stability margin with a detrimental effect on maximum trimmed
lift coefficients. Moreover, a T-tail configuration would provide for a heavier vertical
tail plane (due to the horizontal tail installation), heavy pylons to hold engines, and a
heavier fuselage due to additional structural frames required to hold all the rear aircraft
components. Thus, the authors selected a simplified configuration merging the horizontal
tail with the pylon. This solution, already investigated within the frame of the European
funded project named IRON, could yield to a reduced overall mass increment as well as to
provide for a reasonable value of the aircraft longitudinal stability. The horizontal tail is
fuselage mounted, and it was assumed to have a variable pitch angle (iH). The horizontal
tailplane Aspect Ratio (ARH) was fixed at 4.40 for structural considerations regarding
the engine installation. Being the considered layout a low-wing configuration, landing
gears were assumed to be wing-mounted. This will help to limit the required fuselage
pods size to accommodate landing gear legs since only wheels and a small legs portion
should be retracted inside them. Thus, the detrimental impact that large fuselage pods
could have on fuselage weight and aerodynamic drag will be reduced. According to the
selected main landing gear installation, its position was linked to the wing at 60% of the
MAC. According to Torenbeek [25], wing mass was increased by 2% to consider for wing
spoilers. Concerning the fuselage, Torenbeek [25] suggested increasing the estimated mass
by 8% due to pressurization effects and by 4% due to rear engine installation. Moreover,
the horizontal tailplane mass was increased by 65% on the base of preliminary evaluations
of combined aerodynamic loading and engine inertial contributions. Unlike the wing, the
horizontal tailplane usually works with negative aerodynamic loads, thus the engine mass
does not provide for load relief effects. Thanks to the rear engine installation, the whole
wing was supposed to work in laminar flow conditions, reducing the wing parasite drag of
about 20 drag counts.

Three-lifting-surface configuration. This configuration, as well as the rear-mounted
engine aircraft, provides for a rear engine installation at the horizontal tailplane tips.
As for the previous layout, the horizontal tail was supposed to have a variable pitch
angle according to the specific flight phase (same values assumed for the rear-mounted
configuration) and the tail aspect ratio was kept constant at 4.40 due to structural reasons
linked to the engine installation. The same horizontal tailplane mass increment of 65% was
assumed due to the same structural considerations made for the rear-mounted engines
solution. The same assumptions also applied for the main landing gear position, horizontal
tail mass increment, and laminar flow effects on the wing. The amount of storable fuel
is linked to the estimated tank capacity calculated assuming standard spar positions and
using the volume equation proposed by Torenbeek [25].

4. Results

Once the MDA analysis cycle for each aircraft model investigated with the DOE
was completed, results dealing with some of the most important design objectives were
gathered. Figure 9a illustrates the complete cloud of points analyzed by the MDA process
for the three-lifting-surface configuration in terms of block fuel versus maximum take-off
weight and maximum aerodynamic cruise efficiency. In addition, Figure 9b,c show how
the constraint on the static stability margin (S.S.M. ≥ 0.0) reduces the number of possible
candidate solutions in two different planes: block fuel versus maximum take-off weight
and block fuel versus maximum aerodynamic cruise efficiency. Blue circles represent all
solutions that are compliant with the imposed constraint on the S.S.M. The same applies
for each additional constraint included in the optimization problem.
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Figure 9. Results of design of experiments for the three-lifting-surface: (a) complete cloud of points;
(b) effect of the S.S.M constraint on possible candidate solutions in the plane block fuel versus MTOW;
and (c) effect of the S.S.M constraint on possible candidate solutions in the plane block fuel versus
cruise maximum efficiency.
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The optimization problem defined in Equation (1) was mainly focused on the mini-
mization of the environmental impact provided by each configuration. Thus, the block fuel
was considered as the only objective function.

Minimize the Block fuel on a mission range of 1600 NM
with respect to lifting surfaces planform design variables and relative positioning
subject to :
S.S.M ≥ 0.0
Take − off field lenght & Landing field length ≤ 1400 m
Climb time from 1500 ft to 25, 000 ft ≤ 16 min
Cruise Mach number 0.64 ≤ Mcr ≤ 0.68∥∥∥XLG − XCG,max,a f t

∥∥∥ ≥ 5%MAC
Estimated mission fuel ≤ Max storable fuel mass

(1)

Although aircraft are typically designed aiming at minimizing the DOC, this quantity
was not considered inside the objectives set. Main contributions to DOC are due to aircraft
weight, cruise Mach number, and mission block fuel. However, concerning the aircraft
weight for a fixed configuration, its variation inside the obtained response surface is mainly
due to the mission block fuel. Thus, the effect of the aircraft maximum take-off weight on
the DOC is strictly based on the block fuel variation. In addition, following the lessons
learned from the EU project IRON, the response surface cruise Mach number variation
was limited to a narrow range from 0.64 to 0.68. Those limits were driven by market
requirements for the lower bound and by propeller tip compressibility issues for the upper
bound. In this range, the effect of the cruise Mach number on the aircraft DOC resulted
to be of second order with respect to the mission block fuel. For all these reasons and
considering the additional limitations brought by the imposed set of constraints to the
DOC value, the latter was not considered as an objective function. However, its value,
in terms of both total and cash DOC, was monitored to make a comparison between the
optimized configurations.

To demonstrate the above, Figures 10–12 show the variation of the estimated total
DOC with respect to the block fuel for each analyzed configuration, highlighting all feasible
solutions compliant with the imposed set of constraints. It must be noted that the minimum
feasible block fuel almost corresponds to the minimum DOC solution. In addition, the
range of variation of the total DOC value for each aircraft configuration resulted to be
very limited.

Figure 10. Total DOC versus block fuel for the wing-mounted engines configuration. Blue circles
represent the solutions compliant with the imposed set of constraints.
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Figure 11. Total DOC versus block fuel for the rear-mounted engines configuration. Blue circles
represent the solutions compliant with the imposed set of constraints.

Figure 12. Total DOC versus block fuel for the three-lifting-surface rear-mounted engines configura-
tion. Blue circles represent the solutions compliant with the imposed set of constraints.

Selected optima aircraft models are compared in Figure 13 including a visual represen-
tation of their center of gravity excursion, while their main characteristics are summarized
in Table 4.

Both the wing- and rear-mounted engine aircraft are characterized by a wing area of
about 105 m2 and wing aspect ratio of about 12, while the three-lifting-surface aircraft has
a reduced wing area (about 100 m2) thanks to the additional lift contribution provided by
the canard.

The two configurations with rear-mounted engines present a very large horizontal tail
area (about 44% of the wing area) due to the need to balance a very large center of gravity
excursion, as illustrated in the boarding diagrams from Figure 13.

Nevertheless, the three-lifting-surface configuration presents a higher aerodynamic
cruise efficiency thanks to the positive effect of the forward lifting surface (the canard)
on the global trim drag contribution. It is worth noticing that the total aircraft wetted
area (which is linked to the parasite drag) is slightly higher for the three-lifting-surface
compared with the rear-mounted engine configuration.

All three optimal configurations are stable with respect to the most aft center of gravity
position with a reduced Static Stability Margin (S.S.M.), as shown in Table 4. In the authors’
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opinion, the obtained S.S.M. value is acceptable and compliant with an improved flight
control system, which is forecasted for entry into service 2035.

Using the main performance and DOC as rules of comparison of the three optimal
large capacity turboprop configurations, the three-lifting-surface configurations was proven
to be the best solution among the considered layouts. In fact, although with very similar
values of ground performance, the three-lifting-surface aircraft provides for the lowest
value of the block fuel, thanks to the improved cruise aerodynamic efficiency, as well as for
the lowest maximum take-off weight.

Despite the additional component, the main reason behind the three-lifting-surface
configuration reduced max take-off weight is related to the different engine weight coupled
with a lower amount of block fuel. Focusing on the engine mass, this value was linked to the
value of the static thrust inside the workflow in Figure 6, where, to match both the required
take-off field length and cruise Mach number, the static thrust was adjusted iteratively.

Figure 13. Selected optima solutions for each aircraft configuration: (a) optimized high wing with under wing-mounted
engines configuration and its boarding diagram; (b) optimized low wing with rear-mounted engines configuration
and its boarding diagram; and (c) optimized three-lifting-surface with rear-mounted engines configuration and its
boarding diagram.
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Table 4. Comparison between optima large capacity turboprop configurations.

Parameters Wing Mounted
Engines

Rear Mounted
Engines

Three-Lifting-
Surface

Wing area, Sw (m2) 104.4 104.6 101.2
Horizontal tail area, SH (m2) 16.83 46.5 44.82
Vertical tail area, SV (m2) 25.0 25.0 25.0
Canard area, SC (m2) - - 9.37
Wing aspect ratio, ARw 12.07 12.04 12.02
Horizontal tail aspect ratio, ARH 5.00 4.40 4.40
Vertical tail aspect ratio, ARV 1.37 1.37 1.37
Canard aspect ratio, ARC - - 5.57
Fuselage length, lf (m) 38.04 38.04 38.04
Fuselage diameter, df (m) 3.535 3.535 3.535

Single engine static thrust, T0 (lbf) 23,603 26,054 23,027
Single Engine Mass (kg) 3367 4122 3297

Max Take-Off Weight (kg) 57,419 58,794 56,640
Operating Empty Weight (kg) 35,665 36,820 34,593
Design Payload (kg) 14,040 14,040 14,040

Max forward CG (% MAC) 22.7% 8.5% 1.2%
Max afterward CG (% MAC) 50.6% 53.9% 23.3%

Aerodynamic cruise efficiency (at 97% MTOW) 16.7 16.6 17.6
Maximum aerodynamic cruise efficiency 18.4 17.8 18.8
Static Stability Margin (%) 3.64 1.16 1.95
CLmax 1.63 1.57 1.79
CLmax, TO 2.39 2.30 2.52
CLmax, LND 2.97 2.86 3.10

Take-Off Field Length (m) 1396 1380 1380
Landing Field Length (m) 1339 1384 1336
Climb Time (1500 ft–25,000 ft at 190 kt) (min) 15.0 13.0 15.7
Max Cruise Mach Number 0.64 0.67 0.66
Block time—1600 NM (min) 239 234 237
Block fuel—1600 NM (kg) 6259 6479 5958

Total DOC—1600 NM (¢/seat NM) 13.02 12.95 12.83
Cash DOC—1600 NM (¢/seat NM) 7.68 7.70 7.54

By comparing the three-lifting-surface configuration with the rear-mounted engines
configuration, the single engine mass is reduced by about 1000 kg (2000 kg for both en-
gines), which justifies the difference in the maximum take-off weight and the lower value
of the three-lifting-surface configuration block fuel. On the other hand, the comparison
between the three-lifting-surface model and the high wing with wing-mounted engines
configuration highlights similar static thrust and engine weight values. However, the re-
duced aerodynamic efficiency of the wing-mounted engines configuration, due to the set of
assumptions shown in Figure 8, coupled with a heavier fuselage led to higher values of both
maximum take-off weight and block fuel with respect to the three-lifting-surface model.

A reduced block fuel mass is also linked to a lower amount of pollutant emissions
(at fixed engine database); thus, the three-lifting-surface configuration resulted to be the
greenest among the investigated configurations. Moreover, thanks to a lighter structure
(lowest Operating Empty Weight (OEW)) and the reduced amount of fuel needed for the
design mission of 1600 NM, this aircraft also provided the lowest total DOC and cash
DOC. Those are mainly influenced by the block fuel mass, the block time, and the aircraft
utilization, expressed in terms of block hours per year and calculated as proposed in the
book by Kundu [27].

The reference regional jet aircraft was modeled using the JPAD software considering a
set of TLARs related to the Airbus A220-300. The main information concerning this aircraft
was retrieved from several public sources, including the aircraft manual, the European
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Aviation Safety Agency (EASA) type-certificate data sheets, public aircraft data archives,
and the Base of Aircraft Data (BADA) database considering aircraft models similar to
the A220-300 [28–32]. A data summary of the most important aircraft characteristics is
provided in Table 5.

Table 5. Main data concerning the A220-300.

TLAR

Accommodation (Typical-Full Economy) 135
Design range (typical) 3100 NM
Take-Off Field Length (Max Take-Off Weight, ISA conditions, Sea Level) 1890 m
Landing Field Length (Max Take-Off Weight, ISA conditions, Sea Level) 1509 m
Cruise Mach number (typical) 0.78
Cruise altitude (typical) 37,000 ft
Max cruise Mach number at 37,000 ft 0.82
Max operating altitude 41,000 ft
Alternate cruise range (assumed by authors) 200 NM
Alternate cruise altitude (assumed by authors) 20,000 ft
Holding duration (assumed by authors) 30 min
Holding altitude (assumed by authors) 1500 ft/min
Residual fuel reserve (assumed by authors) 5%

Geometrical and Operational Data

Wing area 112.3 m2

Wingspan 35.1 m
Wing aspect ratio 10.97
Fuselage length 38.71 m
Fuselage diameter 3.7 m
Single engine static thrust 24,400 lbf
Engine by-pass ratio 12:1
Max Take-Off Weight 67,585 kg
Max Landing Weight 58,740 kg
Max Zero-Fuel Weight 55,792 kg
Operating Empty Weight 37,081 kg
Max Payload 18,711 kg
Max Fuel Mass 17,726 kg
BADA averaged climb speed (CAS) 271 kt
BADA averaged rate of climb 1642 ft/min
BADA maximum rate of climb 2862 ft/min
BADA averaged descent speed (CAS) 218 kt
BADA averaged rate of descent 2186 ft/min
BADA maximum rate of descent 3700 ft/min

A complete case study concerning this aircraft model and its implementation inside
the JPAD software was carried out by authors and reported in [33]. Here, starting from
publicly available data concerning the aircraft geometry and using the aircraft 3-views for
the geometry digitization process, a parametric model was generated. The latter was used
to perform a complete multi-disciplinary analysis cycle, as described in Figure 6, neglecting
the static thrust update loop but including the mission fuel feedback loop.

It must be noted that, in terms of DOC, the fuel price value needed to perform the
analysis was assumed according to IATA fuel price monitor [34], while aircraft price was
assumed considering reference data reported in [35]. Engine unit costs were deducted
from [36] as well.

The main output of the JPAD multi-disciplinary analysis was compared with aircraft
data reported in Table 5 to validate the calculation case. A summary of this comparison is
reported in Table 6, while a comparison in terms of payload–range diagram is provided
in Figure 14, where the main differences between the two charts can be addressed to the
gap between the values of the Max Zero-Fuel Weight (MZFW), the OEW, and the max fuel
mass of the A220-300 with respect to the values calculated by JPAD.
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Table 6. Comparison between JPAD output and A220-330 data in Table 5.

Parameters JPAD A220-300 (Table 5) Difference (%)

Max Take-Off weight (kg) 66,911 67,585 −1.00%
Max Landing weight (kg) 56,875 58,740 −3.18%

Max fuel mass (kg) 17,233 17,726 −2.78%
Max Zero-Fuel Weight (kg) 55,017 55,792 −1.39%

Operating Empty Weight (kg) 36,306 37,081 −2.09%
Take-Off Field Length (m) 1814 1890 −4.02%
Landing Field Length (m) 1575 1509 +4.37%

Figure 14. Payload–range chart calculated with JPAD compared with the A220-300 Payload-Range
chart. Adapted from ref. [28].

Once the A220-300 JPAD model was validated, it was used to perform an additional
simulation considering the design range from the set of TLARs in Table 1. In addition, to
compare this reference regional jet with all three optimal turboprop aircraft layouts, its
payload mass was modified to comply with the design payload of 14,040 kg used for each
high-capacity turboprop configuration.

Finally, a comparison between the three optimal configurations and a reference re-
gional jet platform, assumed as the Airbus A220-300, is presented in Table 7 considering a
mission of 1600 NM.

As shown in Table 7, all high-capacity turboprop configurations provide a beneficial
effect on the amount of block fuel related to the design mission of 1600 NM. However, it
must be noted that the considered reference regional jet is designed for a mission range of
3300 NM, thus the aerodynamic efficiency and the take-off weight are not optimized for a
1600 NM mission range. Although this seems to be an unfair comparison, it must be high-
lighted that this study aims to compare the benefit in terms of fuel consumption that a new
large capacity turboprop, specifically designed for short/medium haul, would have with
respect to the existing state-of-the-art RJ also currently operated on this kind of missions.

In addition to this comparison, the authors also designed a possible new regional
jet aircraft using the same set of TLARs of the turboprop aircraft. Only the cruise Mach
number was shifted from 0.64 to 0.78 since this is a jet-driven aircraft. This comparison,
shown in Table 7, was added to demonstrate that, even if a regional jet specifically designed
on such a mission range existed, the proposed large turboprop aircraft would still provide
benefits in terms of environmental impact. The major drawback of the turboprop solution
is represented by a higher total DOC value mainly due to the reduced block speed.



Aerospace 2021, 8, 132 20 of 26

Table 7. Comparison with the reference regional jet in terms of block time, block fuel, and DOC (percent differences, in
brackets, with respect to the regional jet).

Design Mission:
1600 NM

Wing Mounted
Engines

Rear Mounted
Engines

Three-Lifting-
Surface

RJ Designed
at 1600 NM Ref. RJ

Take-off weight (kg) 57,419 (−3.11%) 58,794 (−0.79%) 56,640 (−4.42%) 54,378 (−8.24%) 59,260
Cruise Mach number 0.64 (−17.95%) 0.67 (−14.10%) 0.66 (−15.38%) 0.78 (+0.0%) 0.78

Aerodynamic Cruise efficiency 16.7 (0.0%) 16.6 (−0.60%) 17.6 (+5.38%) 17.2 (+2.99%) 16.7
Relative cruise SFC (w.r.t. RJ) −19.22% −17.02% −18.56% - -

Utilization (h/year) 3353 (+0.60%) 3346 (+0.39%) 3350 (+0.51%) 3329 (−0.12%) 3333

Block Time (min) 239 (+6.22%) 234 (+4.00%) 237 (+5.33%) 222 (−1.33%) 225
Block Fuel (kg) 6259 (−10.40%) 6479 (−7.24%) 5958 (−17.24%) 6569 (−5.96%) 6985

Total DOC (¢/seat*NM) 13.02 (−13.37%) 12.95 (−13.84%) 12.83 (−14.63%) 12.03 (−19.96%) 15.03
Cash DOC (¢/seat*NM) 7.68 (−7.69%) 7.70 (−7.45%) 7.54 (−9.37%) 8.32 (+0.00%) 8.32

The design of this new regional jet was accomplished using the same multi-disciplinary
analysis and optimization workflow adopted for all proposed turboprop configurations.
Starting from the TLARs shown in Table 1 and considering as baseline the JPAD paramet-
ric model of the A220-300, the set and ranges of design parameters reported in Table 8
were considered.

Table 8. Variables design space for the regional jet model designed on a 1600 NM mission profile.

Parameters Wing Design Parameters

Span bw (m) 32.0–35.1
Longitudinal position XLE,W (m) 10.0–13.0

Aspect Ratio ARw 9.10–12.19
Sweep at leading edge ΛLE,W (◦) 25.0–35.0

Horizontal Tailplane Design Parameters

Span bH (m) 10.75–13.14
Longitudinal position XLE,H (m) 31.6 fixed value

Aspect Ratio ARH 5.12 fixed value
Sweep at leading edge ΛLE,H (◦) ΛLE,W + 5.0

The optimization problem carried out for this aircraft is represented in Equation (2)
where the block fuel was assumed as the only objective function. It must be noted that the
optimization problem is the same as the one considered for all turboprop aircraft, except for
the time to climb condition and the cruise Mach number, which was considered to change
in the range from 0.78 to 0.82 corresponding to the typical and maximum Mach numbers of
the A220-300, respectively. The previous climb time condition was not included in the set
of constraints since this aircraft is supposed to operate at a higher cruise altitude (37,000 ft
instead of 30,000 ft).

Minimize the Block fuel on a mission range of 1600 NM
with respect to lifting surfaces planform design variables and relative positioning
subject to :
S.S.M ≥ 0.0
Take − off field lenght & Landing field length ≤ 1400 m
Cruise Mach number 0.78 ≤ Mcr ≤ 0.82∥∥∥XLG − XCG,max,a f t

∥∥∥ ≥ 5%MAC
Estimated mission fuel ≤ Max storable fuel mass

(2)

The MDA workflow adopted for the analysis of each regional jet models included in
the design space was the same as the one shown in Figure 6, where the engine static thrusts
were modified iteratively to match the requirements in terms of cruise Mach number and
take-off field length. However, the rubberized engine database used for the performance
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simulation was the same used to analyze the A220-300 parametric model, thus the same
SFC was considered at fixed altitude and cruise Mach number.

To make a fair comparison with the optima turboprop solutions, the selection of the
optimum regional jet aircraft was driven by the minimization of the block fuel targeting
the lowest environmental impact. The DOC was estimated only for comparison purposes.

A geometrical comparison between the baseline regional jet model and the selected
optimum jet aircraft is shown in Figure 15.

Figure 15. Comparison between top views of the baseline regional jet model (red) and the selected
optimum regional jet aircraft (black).

Starting from the results shown in Table 7, a first comparison that can be made is
between the proposed turboprop solutions and the existing state of the art regional jet (the
last column of Table 7) typically operated on short/medium haul with a seats capacity
similar to the required value of 130.

Focusing on each turboprop platform, the high-wing configuration with wing-mounted
engines has the greatest advantage in terms of mean cruise SFC with a reduction of −19.22%
and provides for the second best reduction in take-off weight (−3.11%). However, the
cruise aerodynamic efficiency shows no improvements, with respect to the reference re-
gional jet, and the cruise Mach number is the lowest among all analyzed turboprop aircraft
models. Thus, this configuration is the worst in terms of block time providing for an
additional little negative effect on the block fuel.

From the combination of all these effects, this aircraft may be a good candidate to
challenge a regional jet on this kind of missions with an overall block fuel reduction of
0.40% and only 15 min of additional block time. In term of DOC, good results were reached
as well, with a reduction of −13.37% in total DOC and −7.68% in cash DOC. However,
despite the beneficial effect provided by the smaller block fuel mass, this aircraft is the
worst in terms of both utilization and block time, leading to the lowest reduction in total
DOC. On the other hand, being the effect of the block fuel much more effective on the cash
DOC rather than on the total DOC, this configuration provides for a slightly lower cash
DOC value with respect to the one with low-wing and rear-engine installation.

The second high-capacity turboprop configuration showed the lowest reduction in
term of block fuel (−7.24%), with respect to the reference regional jet, since the beneficial
effect provided by the smaller value of the mean cruise SFC (−17.02%) is mitigated by
a very little reduction in MTOW (−0.79%) and a lower value of the cruise aerodynamic
efficiency (−0.60%). On the other hand, the cruise Mach number was the greatest among
all analyzed turboprop configurations, leading to the lowest increment in block time with
respect to the reference regional jet. However, being this effect very limited, the related
effect on the block fuel is also very limited. In terms of DOC, comparing this configuration
with all other turboprop platforms, the lower block time provides for a better value of the
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utilization parameter which positively affects all costs contributions. Major drawbacks are
provided by the increased amount of block fuel (and so of the fuel price) and by the take-off
weight (the highest among all turboprop configurations) which influences maintenance
costs. However, those effects are smaller than the one provided by the utilization, making
this aircraft the second best solution in terms of total DOC reduction with respect to the
reference regional jet. As for the previous case, the effect of the block fuel on the cash
DOC is much more effective than on the total DOC, providing for the worst reduction of
this value.

As stated above, the three-lifting-surface configuration resulted to be the best tur-
boprop configuration. This was further confirmed by the comparison with the reference
regional jet, from which this innovative high-capacity turboprop aircraft has highlighted
the greatest reduction both in term of block fuel and DOC. In particular, this aircraft pro-
vided a mean cruise SFC reduction similar to the first configuration (−18.56% instead of
−19.22%) together with the lowest value of the take-off weight and the highest value of
the cruise aerodynamic efficiency (−4.42% and +5.38%, respectively, if compared to the
reference regional jet). A cruise Mach number slightly lower than the second configuration
led to intermediate values of both block time and utilization between the first two analyzed
aircraft models.

A second comparison that can be made is between the proposed turboprop solutions
with the regional turboprop designed according to the same set of TLARs.

Considering that this aircraft was optimized on the same set of TLARs adopted for
each turboprop aircraft, the amount of block fuel needed to operate the 1600 NM design
mission is obviously reduced with respect to the one related to the A220-300 parametric
model. Although with block fuel values in line with some of the analyzed optima turboprop
models, the three-lifting-surface configuration still provide for a beneficial effect in terms
of environmental impact with respect to this possible regional jet model achieving a fuel
saving of about 611 kg (−9.30%).

Conversely, the new regional jet represents the best solution in terms of total DOC
having both an improved block time with respect to the optima turboprop aircraft and the
lowest take-off weight. In particular, by comparing the three-lifting-surface configuration
with this newly designed regional jet, there is a total DOC increment of about +6.65%.
However, dealing with the cash DOC, which is not influenced by the beneficial effect pro-
vided by a reduced take-off weight, the three-lifting-surface configuration allows achieving
the same cost saving shown with respect to the A220-300 model of about −9.37%. Thus,
the proposed three-lifting-surface configuration represents the best solution in terms of
both environmental impact and cash DOC.

5. Conclusions

This paper considers the possible design of a modern high-capacity turboprop aircraft
that could potentially reduce the environmental impact of regional aircraft with respect to
the current state-of-the-art regional jet widely adopted on short/medium hauls. The study
investigated three possible architectural solutions for a large capacity turboprop aircraft.
A multi-disciplinary analysis and optimization process was carried out to assess the best
solution complying with the imposed design space boundaries and operative constraints.

By comparing the results obtained for each optimum turboprop aircraft with respect
to a reference regional jet model, represented by the Airbus A220-300 operated on a range
of 1600 NM, this study highlighted a maximum potential fuel saving of about −17.24%
considering a three-lifting-surface configuration.

In addition, to make a fair comparison between the analyzed turboprop aircraft
platforms and a regional jet, a brand-new turbofan aircraft was designed using the same set
of TLARs used for the turboprop configurations. It must be noted that such a regional jet
aircraft, coupling a design range of 1600 NM with a seat capacity of 130 passengers, does
not exist in the current regional market scenario. By comparing the best analyzed turboprop
configuration with this regional jet model, the initial block fuel saving of 7.24% reaches a
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lower value of −5.96%, still proving that a modern optimized turboprop platform could
provide for a beneficial effect in terms of environmental impact.

For the sake of completeness, a comparison between all optimal turboprop configu-
rations and both the analyzed regional jet models was carried out also in terms of DOC.
Starting with the existing reference regional jet model, being the latter not optimized on
a 1600 NM mission range, all turboprop models provide for a cost reduction in terms
of both total and cash DOC (max reduction of about −14.63%). However, considering a
regional jet specifically designed for such a mission range, it can be highlighted that the jet
aircraft represents the best solution in terms of total DOC (−6.65% with respect to the best
analyzed turboprop configuration) but not in terms of cash DOC due to the higher block
fuel (+9.37% with respect to the best analyzed turboprop configuration).

Since this work is not focused on the investigation of the best possible turboprop
aircraft architecture, implementing future technologies or layouts, the performed investiga-
tion only considered three possible configurations of a large capacity turboprop assumed
to be compliant with an entry into service by the year 2035. A wider study, extended to a
larger portfolio of innovative, or even disruptive, configurations should be performed to
find a better solution with respect to the one proposed in this paper.
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BADA Base of Aircraft Data (www.eurocontrol.int/model/bada)
CAS Calibrated Air Speed
CG Center of Gravity
CS2 Clean Sky 2 (www.cleansky.eu)
DOC Direct Operating Cost
DOE Design of Experiments
EASA European Aviation Safety Agency (www.easa.europa.eu)
EU European Union
FAA United States Federal Aviation Administration (www.faa.gov)
FL Flight Level

www.atag.org
www.atr-aircraft.com
www.eurocontrol.int/model/bada
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www.easa.europa.eu
www.faa.gov
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IATA International Air Transport Association (www.iata.org)
ICAO International Civil Aviation Organization (www.icao.int/Pages/default.aspx9)
IRON Innovative turbopROp configuration
ISA International Standard Atmosphere
JPAD Java tool chain of Programs for Aircraft Design
LFL Landing Field Length
LG Landing Gear
MAC Mean Aerodynamic Chord
MDA Multi-Disciplinary Analysis
MDAO Multi-Disciplinary Analysis and Optimization
MLW Maximum Landing Weight
MTOW Maximum Take-Off Weight
MZFW Max Zero-Fuel Weight
NASA United States National Aeronautics and Space Administration (www.nasa.gov)
NLF Natural Laminar Flow
OEW Operating Empty Weight
RJ Regional Jet
S.S.M. Static Stability Margin
SFC Specific Fuel Consumption
TLARs Top-Level Aircraft Requirements
TOFL Take-Off Field Length

Symbols
The following symbols are used in this manuscript.

¢ United States dollar cent
ARC canard aspect ratio
ARH horizontal tailplane aspect ratio
ARV vertical tail aspect ratio
ARW wing aspect ratio
bC canard span
bH horizontal tailplane span
bW wingspan
CLα,H horizontal tail lift curve slope
CLmax maximum lift coefficient
CLmax,LND maximum lift coefficient at landing
CLmax,TO maximum lift coefficient at take-off
CO2 carbon dioxide
dcs drag counts
df fuselage diameter
iH horizontal tailplane root incidence angle
lf fuselage length
M Mach number
Mcr cruise Mach number
NM nautical mile
NOX nitrogen dioxide
SC canard area
SH horizontal tailplane area
SV vertical tailplane area
SW wing area
T0 single engine static thrust
US$ United States dollar
ΛLE,C canard sweep angle at the leading edge
ΛLE,H horizontal tailplane sweep angle at the leading edge
ΛLE,W wing sweep angle at the leading edge
Xcg center of gravity longitudinal position
XCG,max,aft max aft center of gravity longitudinal position
XLE,C canard root leading edge longitudinal position
XLE,H horizontal tail root leading edge longitudinal position
XLE,W wing root leading edge longitudinal position
XLG main landing gear longitudinal position
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www.icao.int/Pages/default.aspx9
www.nasa.gov
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