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Sustainable and fuel-efficient next-generation air transportation demands a step change in aircraft 
performance. The ultra-high aspect ratio wings (UHARW) configuration is one key enabling strategy for 
improving aircraft aerodynamic efficiency and reducing fuel consumption and emissions. Unconventional 
aircraft configurations and advanced airframe technologies are required to address the large bending 
moment and shear stresses in the UHARW structure. This paper considers two promising unconventional 
configurations for adopting UHARW design, including strut-braced-wing (SBW) and twin-fuselage (TF), 
with advanced airframe technologies, i.e., active flow control, active load alleviation, and advanced 
airframe structures and materials. Three typical missions, including short-range (SR), medium-range 
(MR), and long-range (LR), are considered for aircraft design. A conceptual design and performance 
analysis framework for SBW and TF configurations is developed in this paper. According to the mission 
profile and top-level requirements proposed for each mission, an SBW and a TF configuration are 
designed, respectively. A comparative study is carried out to determine the best-in-class configuration 
of the corresponding mission to evaluate the potential of SBW and TF configurations for next-generation 
sustainable aviation applications. The results showed that the TF configuration has a better wing weight 
reduction effect than the SBW configuration, and the MR-TF and LR-TF aircraft have lower takeoff weight 
and fuel weight than those of the SBW aircraft for the same mission. However, due to the adjustment of 
the cabin dimensions for the SR-TF aircraft, the SBW configuration outperforms the TF configuration in 
this mission.

© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Stringent sustainability goals for the next generation of com-
mercial transport aircraft have been put forward by NASA [1]
and European Commission [2] in recent years, including signifi-
cant CO2, NOx, and noise reductions. In particular, in recovering 
the aerospace industry, which has been hit seriously by the un-
expected COVID-19 pandemic, regaining its competitiveness, and 
addressing future climate goals, an unprecedented revolution in air 
transportation is required. Therefore, a step-change in aircraft per-
formance is needed, for which the advancement in ultra-high as-
pect ratio wings (UHARW) configuration becomes one of the keys. 

✩ This paper has been modified from Y. Ma, S. Karpuk, and A. Elham, Concep-
tual design and comparative study of strut-braced wing and twin-fuselage aircraft 
configurations with ultra-high aspect ratio wings, AIAA AVIATION 2021 FORUM, 2-6 
August 2021, VIRTUAL EVENT, AIAA Paper No. 2021-2425.
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In recent years, some efforts have been put forward to explore the 
benefits and potentials of UHARW, such as wingtip coupling, strut-
braced wing (SBW), multi-fuselage, folding wings, etc. [3–5].

The wing bending moment of the UHARW is drastically larger 
than that of the conventional wings. Therefore, the wing structural 
weight penalty will be huge if there are no additional designs or 
structures to assist the UHARW. The strut of the SBW aircraft could 
reduce the maximum bending moment in the wing structure by 
significant amounts, typically up to 50%, which will significantly 
reduce the wing weight, thereby increasing the wingspan and re-
ducing the wing thickness and sweep [6]. For this reason, many 
recent studies on UHARW have focused on the SBW configura-
tion [6,7]. For example, the Subsonic Ultra Green Aircraft Research 
(SUGAR) team, consisted of NASA, Boeing, and the Georgia Institute 
of Technology, has comprehensively studied the SBW technology 
for the next-generation mid-range (MR) commercial transport air-
craft [8].

Another promising concept for the UHARW is the twin/multi-
fuselage configuration [5]. This aircraft configuration targets reduc-
ess article under the CC BY-NC-ND license 
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ing aircraft weight by two effects. The fuselages with their pay-
loads are located away from the aircraft centerline, reducing the 
wing bending moment significantly. Moreover, twin-fuselage (TF) 
aircraft use the fuselage volume better than the single wide-body 
configuration for integrating passengers on large aircraft, thereby 
reducing fuselage weight by up to 40% [9]. The TF concept has 
already been realized in large aircraft and unmanned aerial vehi-
cles (UAVs), such as a TF UAV [10], a general aircraft HY4 [11], 
WhiteKnightTwo [12], etc. However, this concept still has not been 
investigated in detail for transport passenger aircraft, probably due 
to airport infrastructure constraints (e.g., runway width and termi-
nal access).

There have been numerous projects and research on UHARW 
aircraft, including the SBW configuration, the TF configuration, etc. 
However, current research on UHARW aircraft configurations and 
missions is not comprehensive enough. For example, the SUGAR 
project did a comprehensive study on the MR-SBW passenger air-
craft, but it focused only on the SBW concept and did not consider 
short-range (SR) and long-range (LR) missions. Virginia Polytechnic 
and State University [13] conducted the conceptual design and op-
timization research for a long-range SBW passenger aircraft in the 
same manner. Besides, there is few comprehensive research on TF 
passenger aircraft that has been published. Therefore, a conceptual 
design and comparative study of SBW and TF configurations for 
typical SR, MR, and LR missions are necessary to comprehensively 
explore the possibility of adopting SBW and TF configurations in 
next-generation air transportation.

Numerous studies on advanced airframe technologies are being 
conducted for the next-generation transport aircraft in aerodynam-
ics, structure, materials, etc., which are expected to reach a high 
technology readiness level (TRL) and be widely used in the next-
generation transport aircraft in the not-too-distant future [14]. The 
advanced airframe technologies considered in this work include 
hybrid laminar flow control (HLFC), load alleviation, and advanced 
materials and structure.

Natural laminar flow (NLF) can reduce viscous wing drag for 
SR and MR aircraft significantly [15]. However, maintaining a large 
NLF range on the large aircraft wings is difficult due to their 
high wing sweep angles. For this reason, HLFC can be integrated 
into wings and tails to delay flow transition [16], i.e., the lami-
nar boundary of wings and tails is also extended by the boundary 
layer flow control technology, which allows a much higher per-
centage of the laminar flow range and has the potential to re-
duce the overall aircraft drag by up to 50% [15]. Aircraft structures 
need to be sized according to the maximum load factors. Aircraft 
design calculations indicate that the wing weight savings are in 
the order of 45% if the maximum load factors can be reduced to 
+1.5 g and -0.5 g by advanced load alleviation systems [17]. Load 
alleviation introduces various techniques to reduce the loads ex-
perienced by aircraft and allows for a lighter wing design, which 
consists of passive load alleviation and active load alleviation tech-
niques [14,17]. Over the past decades, composites have gradually 
replaced traditional metallic material in aircraft structures. For the 
next-generation transport aircraft, tow steering [18] and thin ply 
materials [19] are promising technologies that are expected to re-
duce composite fiber reinforced polymers (CFRP) structures’ weight 
by 15% and 10%, respectively, compared to conventional composite 
structures. These advanced technologies need to be considered and 
assumed at the aircraft initial sizing stage to study the potential 
impact of introducing these technologies on the flight performance 
of the researched unconventional aircraft configurations.

Robust- and sustainable-by-design ultra-higH aspEct ratio wing 
and Airframe (RHEA) is a European Union-funded project within 
the Clean Sky 2 Joint Undertaking (rhea -cleansky2 .org/). The RHEA 
team consists of Technische Universität Braunschweig (DE), Univer-
sity of Strathclyde (UK), Imperial College (UK), DNW Wind Tunnels 
2

Table 1
RHEA project goals.

Aerodynamics (L/D) +50 %
Research and development costs -5 to -10 %
Fuel weight / Emissions (CO2, NOx) -40 %
Noise -2 to -4 dB

Fig. 1. SBW and TF configurations of RHEA mid-range mission.

(NL), and IRT-Saint Exupery (FR), aiming at conceiving innovative 
next-generation aircraft configurations capable of accelerating the 
readiness of UHARW by integrating advanced technologies under 
the paradigm of robustness- and sustainability-by-design [20]. The 
RHEA project’s top-level goals are listed in Table 1. A rendering 
of the mid-range SBW configuration and TF configuration with 
UHARW designed by the authors in the RHEA project is shown 
in Fig. 1.

This paper presents the conceptual design and comparative 
study of the SBW and TF aircraft configurations with UHARW 
design for three different classes of aircraft, including short-
range, mid-range, and long-range. A conceptual design and anal-
ysis framework for the SBW configuration and TF configuration 
with advanced airframe technologies is developed by integrating 
and improving several methods and tools. Corresponding to the 
proposed mission profile and top-level requirements, an SBW con-
figuration and a TF configuration are designed for each mission, 
and a comparative study is conducted between the two configu-
rations. Finally, the best-in-class aircraft configuration for each of 
the three proposed missions is determined so that the potential 
of SBW and TF configurations for next-generation air transporta-
tion applications is evaluated through comparative studies at the 
conceptual design phase.

2. Methodology for conceptual design and analysis

2.1. Conceptual design environment

PyInit [14], an in-house aircraft initial sizing tool developed by 
the authors, is used for the initial sizing and performance evalua-
tion of the RHEA aircraft. PyInit contains numerous semi-empirical 
formulas and physics-based analysis methods for the constraint di-
agram sizing, components sizing, aerodynamic analysis, static sta-
bility, control analysis, propulsion sizing, flight performance eval-
uation, etc. Several modules and functions in PyInit, such as fric-
tional drag estimation and component sizing, are modified in this 
paper, accounting for the SBW and TF aircraft configurations. Initial 
sizing in PyInit starts from analyzing constraints according to the 
top-level requirements. Then wing loading and thrust-to-weight 
ratio can be determined corresponding to the constraint diagrams, 
and the components, including the wing, fuselage, and tails of the 
aircraft, can be sized. Finally, various analyses, such as aerody-
namics, stability, control, and performance characteristics, can be 
performed.

https://rhea-cleansky2.org/
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Fig. 2. RHEA aircraft sizing and analysis procedure.
Then, the initially sized aircraft is imported into the open-
source aircraft assessment tool Stanford University Aerospace Ve-
hicle Environment (SUAVE) [21] for the multi-fidelity analysis on 
the weight breakdown, aerodynamics, flight performance, and mis-
sions through convergent iterations. SUAVE contains the analysis 
modules for several unconventional aircraft configurations, such 
as solar-powered UAVs, electric vertical takeoff and landing (eV-
TOL) aircraft, etc. However, so far, SUAVE does not include analysis 
modules for SBW and TF concepts. Therefore, SUAVE is modified 
and improved in this research by adding modules on the impact of 
introducing the above-mentioned advanced technologies and ana-
lyzing SBW and TF aircraft configurations, including weight break-
down and parasitic drag estimation methods. In particular, the 
wing weight estimation methods for SBW and TF aircraft config-
urations are the most concerned. A class II wing weight estimation 
method for SBW aircraft developed by Chiozzotto [22], which con-
siders CFPR materials and aeroelastic effects, is used in this paper 
for the SBW aircraft sizing. A physics-based wing weight estima-
tion method for TF aircraft developed by Udin [23] is improved and 
used for TF aircraft sizing. These two unconventional wing weight 
estimation methods are integrated into the weight analysis module 
of SUAVE for RHEA aircraft performance analysis.

UHARW aircraft has a problem regarding compliance with the 
airport dimensional restrictions. For example, corresponding to the 
International Civil Aviation Organization (ICAO) Class C restriction, 
the wingspan of the mid-range passenger aircraft cannot exceed 
36 meters, and the main landing gear span cannot exceed 9 me-
ters. Therefore, making the wing foldable is essential, and the wing 
weight penalty due to the wing folding should be taken into ac-
count. The estimation method of wing mass penalty due to the 
3

folding-wing mechanisms represented in Ref. [24] is used in this 
work.

OpenVSP [25] and CATIA are used for aircraft geometric model-
ing and visualization.

The sizing and analysis process for RHEA aircraft established in 
this research is shown in Fig. 2. The procedure starts with the ini-
tial sizing module using PyInit, which performs constraint analysis 
using several semi-empirical formulas and physics-based analysis 
methods to determine the aircraft’s wing loading, thrust-to-weight 
ratio, and component geometry by estimating aerodynamic perfor-
mance for high/low-speed configurations, point performance anal-
ysis, etc. As introduced, PyInit is an initial sizing tool for obtaining 
initial aircraft configurations and geometric components, such as 
wing platform and tail volume ratios, but not aircraft weight and 
mission segments convergent iterations. Therefore, after this, the 
initially sized aircraft is transferred to the mission analysis module 
for iterative calculations, where the aircraft geometry and weights 
are modified by SUAVE to meet the mission segment requirements, 
i.e., the analysis in SUAVE, such as aerodynamic estimation, is per-
formed for the aircraft’s different configurations according to each 
mission segment (e.g., climb, cruise, descent, etc.) and for the up-
dated aircraft geometry after each iteration.

2.2. Initial sizing method for SBW aircraft

2.2.1. Weight estimation
In general, aircraft maximum take-off weight (MTOW) can be 

written as

mTO = mcrew + mpay + mf + me (1)
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where mTO is the MTOW, mcrew is the crew mass, mpay is the pay-
load mass, mf is the fuel mass, and me is the empty mass.

In Eq. (1), mcrew and mpay are obtained from the top-level 
aircraft requirements (TLAR). mf can be estimated by using the 
Breguet range equation or physics-based method with respect to 
the TLAR. The main difference between SBW aircraft weight es-
timation and that of conventional aircraft is me. For the struc-
tural weight estimation of SBW aircraft components except for 
wings, i.e., fuselage, tailplanes, engines, landing gears, etc., tradi-
tional weight estimation methods such as FLOPS [26] can be used. 
For estimating the wing weight, a semi-empirical method devel-
oped specifically for the conceptual design of SBW aircraft pre-
sented in Ref. [22] is used. This method was developed based on a 
physics-based wing weight estimation tool. Aileron efficiency and 
aeroelastic divergence effects on the wing weight are considered. 
The wing mass in this method is given by:

mw = kail
(
mcovers + mwebs+ribs

) + msec + mstrut (2)

where mw is the total mass of the wing and strut, mcovers is the 
wing box covers mass, including skins, stringers, and non-optimal 
mass penalties, mwebs+ribs is the wing box spar webs and ribs 
mass, msec is the secondary wing structures mass, mstrut is the 
strut and juries mass, and kail is the wing box mass penalty fac-
tor due to aileron efficiency constraints. All masses in Eq. (2) are 
in kg. mcovers, mwebs+ribs, and mstrut can be calculated by

mcovers =
ke · C · mEe

T O (W /S)Ews AR EA (cos �)E�(t/c)Et V EV (1 + λ)EλnEnz
z (1 − η)Eη

(3)

mwebs+ribs =
ke · C · mEe

T O (W /S)Ews AR EA (cos �)E�(t/c)Et V EV (1 + λ)EλnEnz
z (1 − η)Eη

(4)

mstrut =
ke · C · mEe

T O (W /S)Ews AR EA (cos�)E�(t/c)Et V EV (1 + λ)EλnEnz
z (1 − η)Eη P

Epst
st
(5)

where ke is the engine relief factor, W /S is the wing loading at 
takeoff, AR is the wing aspect ratio, � is the wing sweep angle 
(c/2), t/c is the airfoil thickness ratio, V is the maximum operat-
ing speed (equivalent speed, m/s), λ is the wing taper ratio, nZ is 
the design maximum positive load factor, η is the normalized strut 
attachment position, Pst is the strut parameter, and different con-
stant C and exponents E are used for each equation. The values 
of these parameters for different materials (aluminum and com-
posites) and different configurations, including backward swept 
SBW and forward-swept SBW, are given and described in detail 
in Ref. [22].

2.2.2. Wing sizing
The main advantage of the SBW configuration is that it can be 

designed with a high (or even ultra-high) aspect ratio wing and 
therefore the induced drag can be reduced significantly. Besides, 
due to the strut’s support, the thickness-to-chord ratio of wing air-
foils can be reduced, and thus the compressive drag and pressure 
drag can be reduced.

As mentioned above, since there is a lot of research on natu-
ral laminar flow and hybrid laminar flow control techniques and 
some of them have yielded promising results, the influences of 
such techniques on the wing and airfoil design need to be con-
sidered. For example, the wing leading edge sweep angle should 
not exceed 18 degrees to limit4 the transversal instabilities of the 
airflow on the wing [27]. If the SBW aircraft will operate in the 
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sonic region, supercritical airfoils shall be used. Otherwise, nat-
l laminar airfoils can be selected. And according to the SBW 
racteristics, the maximum thickness-to-chord ratio can be ini-
ly chosen to be around 10-12% [8,27]. Moreover, in terms of 
odynamics, structures, mass properties, etc., the wing thickness 
 be held constant from the wing root to the strut attachment 
ition, the maximum thickness-to-chord ratio can be held con-
t between the strut attachment position and the wing folding 

ition (if applicable), and conventional wing thickness-to-chord 
o distributions can be applied to the outboard wing segment 

3. Strut sizing
In general, the strut is considered as a structural element with-
 any lift contribution to the aircraft at cruise because any signif-
t amount of lift produced on the strut would have an adverse 
act on the wing structure. From a structural point of view, the 
t can be designed in a spindle shape, since the chord is sized 

buckling, which is not critical at the attachment position. The 
t is designed to be attached to the wing front spar and the 

er end is attached to the main landing gear attachment struc-
e of the fuselage. The strut uses a symmetric airfoil and the 
oil thickness-to-chord ratio can be calculated as the wing t/c
s 0.05/ cos (�), but not greater than 20% [22].
Recently, the SUGAR team studied the potential of considering 
 strut as a primary lifting surface rather than a purely structural 

ent by staggering the wing and strut (root) thereby creating 
 potential for the strut to contribute more significantly to the 
odynamic performance of the aircraft [28]. The design space 
ifferent strut airfoils (NLF and conventional airfoils) combined 

h different strut loading was explored in Ref. [29] and results 
wed that an aircraft with a higher Mach number (Ma = 0.80
Ma = 0.73) may benefit from loading the strut due to com-

ssibility effects on the wing, i.e., lowering the sectional wing 
coefficient can help reduce shock formation and the compres-
 drag coursed by it. Otherwise, the strut is better to serve as a 
ely structural member to limit drag contribution. It should be 
ed that for the strut loading design, the load distribution on the 
t needs to be carefully designed, i.e., the strut twist tailoring is 

y important.
Zhang et al. [30] developed a wing aero-structural analysis 
thod for SBW aircraft and investigated the effect of strut attach-
nt position on the structural weight, and results showed that 
 optimal strut attachment position is between 60% and 70% of 
 wingspan.

4. Validation
The SUGAR aircraft with a high aspect ratio wing was selected 
the SBW aircraft analysis module validation. The SUGAR air-

ft, featuring an SBW configuration, was designed for the mid-
ge mission with 154 passengers (2 class) and a range of 3500 
, which has been studied in detail by high-fidelity aerody-

ic and structural analysis and wind tunnel experiments [28]. 
 SUGAR aircraft data required for the analysis were extracted 
 Ref. [8]. The payload, range, and geometric parameters of 

AR aircraft were input into the modified SUAVE, and the cal-
ations were iterated until the weight and mission segments are 
verged. The comparison of the SUGAR aircraft and the resulted 
raft by SUAVE are tabulated in Table 2. It can be seen that 
 presented modified SUAVE has a good accuracy of weight esti-
tion for this SBW aircraft, with relative errors below 2%, while 
 aerodynamic data show relatively high errors, mainly due to: 
 drag bookkeeping method incorporating the wing-body com-

ational fluid dynamics (CFD) solutions are used in the SUGAR 
raft aerodynamic analysis [8], while a relatively low fidelity 

thod Fidelity Zero [21] is used in SUAVE tool for the concep-
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Table 2
Validation of the SBW analysis module in the modified SUAVE.

Group SUAVE result SUGAR [8] Relative error/%

MTOW, kg 66998 68039 -1.53
Fuel weight, kg 15599 15365 1.52
Empty weight, kg 36799 36328 1.30
CL 0.685 0.750 -8.67
C D 0.0290 0.0298 -2.58
C D0 0.0218 0.0200 8.99
C D i 0.0107 0.0098 8.77
L/D 23.5882 25.159 -6.24

The aerodynamic data listed here are for the midpoint of cruise corresponding to 
50% fuel.

Fig. 3. Spanwise distribution of relative wing mass for TF aircraft [23].

tual design phase aerodynamic estimation; 2) the SUGAR aircraft 
uses supercritical airfoils specially designed by Boeing using its 
in-house tools [8], and the airfoils’ geometric details are not pub-
licly available. So the similar supercritical airfoils with the same 
thickness-to-chord ratio as the SUGAR aircraft are selected for the 
wing root, kink, and tip, and the same wing laminar flow area as 
SUGAR is assumed. Therefore, a relative difference of about 8% in 
some aerodynamic data is considered acceptable at the conceptual 
design stage.

2.3. Initial sizing method for TF aircraft

2.3.1. Weight estimation
The most significant difference between TF aircraft and con-

ventional aircraft in sizing is the wing mass estimation, since the 
loads’ spanwise distribution on the wing is significantly different, 
as shown in Fig. 3. While traditional semi-empirical weight esti-
mation methods, such as FLOPS [26], can be used for other com-
ponents’ weight estimation, including fuselages, tailplanes, engines, 
etc.

Although the finite element method (FEM) is highly adaptable 
and accurate for wing mass estimation, especially for unconven-
tional aircraft wings, it requires more information and is time-
consuming, outweighing its benefits at the conceptual design stage. 
A semi-analytical wing mass estimation method for TF aircraft de-
veloped by Udin [23] is used in this study, and the wing structural 
mass is calculated through integrating the wing spanwise mass 
distribution, including wing structural mass, fuel mass, and con-
centrated mass, with the aerodynamic load. In this method, each 
fuselage is assumed as a concentrated load, including all weights 
not located on the wing. The relative wing structural mass can be 
expressed as

ms = kslktwkman
(
mM + mQ

) + mrib + msec (6)

where the service life factor ksl , the twist moment factor ktw, and 
the manufacturing factor kman can be determined by referring to 
Ref. [23]. mrib is the relative mass of wing ribs, msec is the rela-
tive mass of wing secondary components, and mM and mQ are the 
estimated relative structural mass counteracting the wing bending 
moment and shear force, which can be given by
5

mM = ρnz g

δuTr

b2

2
ET

1∫

0

Mosum

P (y) cos�
dy (7)

mQ = ρnz g

δus

b

2

1∫

0

Q sum

cos�
dy (8)

where Mosum and Q sum are the total reduced wing bending mo-
ment and total reduced shear force caused by the loads on the 
wing. The detailed calculation and derivation process can be found 
in Ref. [23].

It should be noted that the presented TF aircraft wing mass 
estimation method was developed in the last century and only 
metallic materials were considered. Since this project targets the 
next-generation passenger aircraft, and CFRP materials will be the 
main material for the next-generation aircraft wings, this wing 
mass estimation method needs to be improved for CFRP materi-
als. In the preliminary design, the cut-off strain method can be 
used for the composite wing structural sizing, which is determined 
corresponding to the worst of all situations [31]. This method com-
bined with the 10% rule [32] is used to calculate the allowable 
for composite materials. The calculation method for the laminate 
properties of composite materials developed by the authors pre-
sented in Ref. [31] is used to estimate the maximum allowable 
stresses in the wing box upper and lower panels and the max-
imum buckling stresses and shear stresses in the front and rear 
spars.

2.3.2. Wing sizing
The wing of a TF aircraft is divided into two segments by the 

off-centerline located fuselages. Since the landing gears of TF air-
craft can be stowed underneath the fuselage cabin floor and exter-
nal fairings are not necessary for the main landing gears, the wing 
root section does not need to be modified in terms of the landing 
gear fairings.

In designing a wing, it is important to find the balance between 
aerodynamic and structural considerations, especially for the cen-
ter wing segment of TF aircraft. From the structural point of view, a 
non-swept center wing segment is preferred, which also facilitates 
the achievement of laminar flow control. In contrast, a swept cen-
ter wing segment will introduce the transversal instabilities of the 
airflow, which will aggravate the adverse aerodynamic interaction 
of the wing with two fuselages. Therefore, for TF aircraft operating 
at not very high Mach numbers, a non-swept center wing segment 
is recommended and advanced supercritical airfoils (if operating at 
transonic region) should be utilized to limit the compressive drag 
of the center wing segment. Subsequently, after the aerodynamic 
analysis, the compressive drag of the center wing segment should 
be evaluated to check if the amount is acceptable, and if not, the 
center wing segment needs to be modified to a swept design.

2.3.3. Fuselage sizing
The fuselage sizing process of TF aircraft consists of three steps: 

initial geometric sizing, cabin interior arrangement, and cargo ca-
pacity check [33].

In the initial sizing stage, the reference aircraft’s fuselage can be 
used as the reference for the TF aircraft fuselage sizing. The same 
total floor area as the reference conventional aircraft can be taken 
as the sizing criterion for TF passenger aircraft to ensure the same 
number of passenger seats, while the same total fuselage volume 
can be used as the sizing criterion for TF cargo aircraft design. As 
shown in Fig. 4, in order to have the same floor area, the length 
and equivalent diameter of each fuselage of TF aircraft should be 
divided by 

√
2, respectively.

Corresponding to the scaling method illustrated in Fig. 4, the 
fuselage fitness ratio does not change. The number of seats per 
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Fig. 4. The TF concept has the same floor area as the single-fuselage concept [9].

Fig. 5. Alternative tailplane configurations [33].

row of TF aircraft should also be initially determined by dividing 
the value of the reference fuselage by 

√
2. And then the cabin pa-

rameters, including aisle height, aisle width, seat pitch, seat width 
between the armrests, etc., need to be checked in detail according 
to the Certification Specification 25 (CS 25) [34] and recommenda-
tions in Refs. [9,35]. If any of the parameters do not meet the re-
quirements, the fuselage geometry will need to be adjusted within 
reasonable limits.

The next step is to check the cargo capacity. Since the same 
total floor area is used as the sizing criterion, the cargo capac-
ity of TF aircraft is lower than that of the single-fuselage aircraft 
(
√

2 times smaller), as shown in Fig. 4. Therefore, it is necessary 
to check if the cargo hold capacity meets the design requirements. 
For example, the cargo capacity needs to be no less than 23 kg 
per passenger. Otherwise, the fuselage needs to be modified to in-
crease the cargo hold capacity.

2.3.4. Tailplane configuration
There are several alternative tailplane configurations for TF air-

craft [33], as shown in Fig. 5. And these four configurations can be 
divided into the high-horizontal tail layout and low-horizontal tail 
layout. Due to the short fuselage length of TF aircraft, larger hori-
zontal and vertical tails are required. Therefore, the high-horizontal 
concept is more recommended since it increases the tail moment 
arm so as to reduce the tailplane’s weight. Besides, the high-
horizontal tail configuration allows the horizontal tail to avoid the 
downwash flow from the high wing.

Due to the endplate effect of vertical tails or fuselages and 
the higher aspect ratio allowed, the horizontal slab tails have bet-
ter aerodynamic efficiency, resulting in a smaller horizontal tail 
area and lighter structure. However, this concept imposes addi-
tional asymmetric loads on vertical tails during maneuvering flight. 
Therefore, if a horizontal slab tail configuration is used, a high-
6

Table 3
Validation of the TF analysis module in the modified SUAVE.

Parameter SUAVE Reference value [36] Error, %

MTOW, kg 863885 891128 -3.06
OEW, kg 314174 335250 -6.29
Fuel Weight, kg 199732 205900 -2.99
CL 0.485 0.509 -4.72
C D 0.0226 0.0220 2.64
L/D 21.48 23.14 -7.17

The aerodynamic data listed here are for the midpoint of cruise corresponding to 
50% fuel.

fidelity finite element method is required to evaluate the weight 
penalty of vertical tails in the subsequent preliminary design stage.

2.3.5. Validation
A large cargo TF aircraft designed by Lockheed and NASA to re-

place the Lockheed C-5A and the Boeing 747 transport aircraft was 
chosen to validate the TF aircraft analysis module in the modified 
SUAVE. The technology assumptions and required data were ex-
tracted from Ref. [36], and a comparison of the reference aircraft 
and the resulted aircraft are listed in Table 3, which shows an ac-
ceptable accuracy.

3. Conceptual design and comparative study

In this section, an SBW configuration and a TF configuration are 
designed for each mission, i.e., a total of 6 aircraft are designed 
in the following subsections. Comparative studies are carried out 
to determine the best-case and worst-case configurations for each 
mission.

3.1. Overview of design requirements and assumptions

RHEA aircraft is designed to comply with CS-25 certificate reg-
ulations [34]. ATR 72-600, A320neo, and B777-300ER are selected 
as the baseline reference aircraft for short-, mid-, and long-range 
missions, respectively. The EIS of RHEA aircraft is taken as the year 
2040.

As introduced in Section 1, RHEA aircraft will be designed with 
a UHARW configuration. Referring to some future aircraft designs 
[8,18,37], the RHEA aircraft’s wing aspect ratio is initially taken as 
25 in the initial conceptual design stage, which will be optimized 
in the later optimization study phase.

As described in Section 1, several advanced airframe technolo-
gies of the next-generation passenger aircraft need to be consid-
ered in this research. The assumptions of the above-mentioned 
advanced airframe technologies for each mission and each config-
uration are tabulated in Table 4.

The mission profile of RHEA aircraft is shown in Fig. 6. The en-
tire mission is divided into several segments, including the main 
mission and a reserve phase. For the reserve flight, the current re-
quirements for mid-range passenger aircraft are 5% of trip fuel, a 
200 nm divert segment, and a 30 min hold [38]. However, consid-
ering the aircraft studied in this research will operate in the future 
environment, these requirements are expected to be reduced based 
on the assumption that the air traffic control technology will be 
improved by then, and the assumed values for each mission will 
be shown in the following subsections.

3.2. Medium-range mission

As medium-range mission is currently the most concentrated 
research field for the next-generation passenger aircraft, this re-
search starts with this mission because there are abundant refer-
ence aircraft.
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Table 4
Assumptions of advanced airframe technologies used in the conceptual design.

Configuration HLFC (Percentage of 
laminar flow area on 
the wing and tailplane)

Load alleviation 
(max. load factors)

Advanced materials & 
structures

Short-range SBW 65% +1.5 g and -0.5 g 20% structural weight 
reduction

TF 70%

Mid-range SBW 50% +1.5 g and -0.5 g 20% structural weight 
reduction

TF 55%

Long-range SBW 50% +1.5 g and -0.5 g 20% structural weight 
reduction

TF 55%

Fig. 6. RHEA aircraft mission profile.

Table 5
Top-level requirements of the mid-range mission.

Parameter Unit RHEA References

SUGAR [8] SE2A [14] D8.5 [37] SD8.5 [1]

Reference aircraft — A320neo B737NG A320 B737-800 B737-800
Cruise Mach number — 0.78 0.71 0.78 0.74 0.74
Max. Mach number — 0.82 0.82
Passengers (1 class) — 186 186 180 180
Passengers (2 class) — 150 154 150
Range nm 3400 3500 2490 3000 3000
Reserves Contingency fuel — 3% 3% 5% 5% 5%

Divert segment nm 200 200 200
Hold (at 1500 ft) min 10 10 30

Cruise altitude ft 33000 Vary 35000 44653 to 46415 44653 to 46415
Service ceiling ft 38500 43000 37000
Takeoff field length ft <6400 <8190 <6000 5000 4850
Landing distance ft <4500 <4500 3555
Approach speed kt 136 135 140
Airport (ICAO C) Wingspan m 36 36 36

Main landing gear span m 9
Certification regulation — CS 25 FAR 25 CS 25 FAR 25 FAR 25
3.2.1. Initial aircraft sizing
Several high aspect ratio wing aircraft, including SUGAR aircraft 

[8], SE2A mid-range aircraft [14], D8.5 aircraft [37], and SD8.5 air-
craft [1], were chosen as the reference for the RHEA mid-range 
aircraft design and comparison. A320neo aircraft was selected as 
the baseline aircraft for the RHEA mid-range mission, and the 
top-level requirements of RHEA mid-range aircraft were mainly re-
ferred to that of A320neo. The top-level requirements of the RHEA 
mid-range mission and that of the selected reference aircraft are 
listed in Table 5.

Reducing the cruise Mach number can bring benefits for aircraft 
fuel efficiency [8]. Therefore, several next-generation passenger 
aircraft research slightly decreased the design cruise Mach num-
7

ber, such as SUGAR and D8 aircraft, as given in Table 5. However, 
since the RHEA project focuses on the advantages/differences of 
introducing ultra-high aspect ratio wing and advanced airframe 
technologies for the next-generation passenger aircraft, the cruise 
and maximum Mach number are the same as those of the base-
line aircraft A320neo, for comparison purposes. The fuel efficiency 
improvement effect of reducing cruise Mach number will be in-
vestigated at a later stage. As RHEA aircraft is designed with 
UHARW, it should be noted that there are regulations for the air-
craft wingspan due to the airport facilities constraints [8]. For the 
mid-range aircraft operating at ICAO Class C airports, the wingspan 
constraint is 36 m, and the outer main gear wheel span should not 
exceed 9 m which is an important constraint for the TF configura-
tion sizing.
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Fig. 7. RHEA-MR aircraft constraint diagrams. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
The advanced airframe technology assumptions are given in Ta-
ble 4, which were applied to PyInit and SUAVE during the MR 
aircraft conceptual design and performance assessment.

As described in Section 3, the aircraft initial sizing tool PyInit, 
modified for SBW and TF concepts in this research, was used for 
the initial sizing of the MR-SBW and MR-TF aircraft. Correspond-
ing to the top-level design requirements and advanced technology 
assumptions given in Table 4 and Table 5, the wing loading and 
thrust-to-weight ratio of the MR-SBW and MR-TF aircraft were 
sized, and the design points are shown in Fig. 7. Besides, the de-
sign points of the selected reference aircraft are also shown in 
Fig. 7 for comparison.

OpenVSP was used for the visualization of the initially sized 
aircraft configurations. The three-view dimensions of the aircraft 
are shown in Fig. 8. Considering the UHARW concept, both the 
MR-SBW and MR-TF aircraft feature a high-wing configuration 
with two wing-mounted high bypass ratio turbofan engines. The 
wings are designed to be foldable with the folding position be-
ing 36/2 m of the half-wingspan. The supercritical airfoils NASA 
SC(2)-0412 and NASA SC(2)-0410 were adopted for the wing root 
and wingtip airfoil, respectively, and NASA SC(2)-0010 was used 
for the tailplane airfoil. Besides, the wing sweep angle (0.25c) was 
taken as 12.5 deg, which is a trade-off between laminar flow main-
tenance and compressive drag.

A T-tail was chosen for the MR-SBW aircraft due to the high-
wing configuration. The strut was designed to be attached at 
49.79% of the half-wingspan position. The chord of the strut is 
sized by buckling, resulting in the strut being shaped like a spindle 
[8].

The high-slab configuration was used for the MR-TF aircraft 
tailplanes. The horizontal tail was designed with a forward-swept 
configuration, which can increase the horizontal tail moment arm 
to reduce the horizontal tail area and reduce the wave drag of the 
horizontal tail (compared to a zero-swept horizontal tail).

To facilitate comparison and simplification, the fuselage of 
A320neo was used for the MR-SBW aircraft and taken as the ref-
erence for the MR-TF aircraft fuselage sizing. A320neo features a 
6-abreast seating arrangement for the economy class. Due to the 
TF aircraft’s fuselage size is scaled down, the seating arrangement 
for the economy class of the MR-TF aircraft is taken as 4-abreast to 
ensure the sized cabin meets the cabin design requirements [35]. 
The two-class cabin layout of the MR-TF aircraft is shown in Fig. 9, 
with a total of 150 seats, similar to that of A320neo and MR-
SBW aircraft. It is worth noting that the nose of the non-cockpit 
fuselage is arranged with two super-first-class seats with the best 
8

Table 6
Weight breakdown comparison of RHEA-MR aircraft.

Group MR-SBW MR-TF A320neo [39]

Max. takeoff weight, kg 67929 57777 79000
Fuel weight, kg 16127 13328 20980
Empty weight, kg 37582 30229 44300

Empty weight breakdown
Wing, kg 9393 4631
Fuselages, kg 7066 5241
Propulsion, kg 4493 3710
Nacelles, kg 527 490
Landing gear, kg 2292 1976
Horizontal tail, kg 414 772
Vertical tail, kg 902 844
Paint, kg 447 415
Systems, kg 12049 12151

view, making full use of the space in the fuselage, providing more 
choices for passengers, and bring more profits for airlines.

3.2.2. Aircraft assessment and comparison
As described in Fig. 2, the modified SUAVE, improved for the 

advanced airframe technologies and SBW and TF aircraft configu-
rations, was used to converge the aircraft weights while satisfying 
the required flight missions, as shown in Fig. 6 and Table 5. The 
flight conditions and aircraft configurations of the MR-SBW and 
MR-TF aircraft obtained during the initial sizing process by PyInit 
were input into SUAVE for iterative calculations, respectively. The 
SUAVE analysis results of the RHEA-MR aircraft are listed in Ta-
ble 6. Besides, the key weight data of the baseline aircraft A320neo 
[39] is also tabulated in Table 6 for reference and comparison.

As shown in Table 6 and Fig. 10, both SBW and TF configura-
tions with the advanced airframe technologies have significant ad-
vantages over the A320neo for the proposed mid-range mission. It 
is interesting to note that the MR-TF aircraft has significantly bet-
ter fuel efficiency than that of MR-SBW aircraft, mainly due to the 
lighter operating empty weight. The load distribution on the MR-
TF aircraft wings is more ideal than that of the MR-SBW aircraft 
because the large centrally positioned fuselage weight is replaced 
by two outboard positioned weights. Since the pressure cabin skin 
thickness of a passenger aircraft is proportional to its volume, the 
total fuselage skin weight of the MR-TF aircraft is lighter than that 
of the MR-SBW aircraft with the same total fuselage skin area [9], 
resulting in a lighter total fuselage weight for the MR-TF aircraft. 
As given in Table 6, on the one hand, the large difference between 
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Fig. 8. Three-view dimensions of RHEA mid-range aircraft.

Fig. 9. MR-TF aircraft interior arrangement.
the wing and fuselage weights of the SBW and TF aircraft is due 
to the explained reasons. On the other hand, it is also due to the 
smaller TF aircraft MTOW, resulting in a smaller weight per com-
ponent. Besides, it should be mentioned that the MR-TF aircraft 
features a heavier horizontal tail because of its shorter fuselage 
length and shorter tail moment arm, indicating that the forward-
9

swept horizontal tail design is necessary. Otherwise, the horizontal 
tail would be much heavier.

Then the geometric dimensions of MR-SBW, MR-TF, and several 
reference aircraft are compared. As shown in Fig. 11, the RHEA-MR 
aircraft has a larger wingspan than the presented reference air-
craft due to the UHARW design. The wingspan of MR-TF aircraft is 
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Fig. 10. Mission performance of RHEA-MR aircraft.

Table 7
Top-level requirements of the long-range mission.

Parameter Unit RHEA References

VT-SBW [13] H3.2 [1] Centerline [40] DisPURSAL [41]

Reference aircraft — B777-300ER B777-200ER B777-200LR A330-300 A330-300
Cruise Mach number — 0.84 0.85 0.83 0.82 0.8
Max. Mach number — 0.89
Passengers (2-class) — 350 340 340
Passengers (3-class) — 305 354
Range nm 7500 7730 7600 6500 4800
Reserves Contingency fuel — 3% 5%

Divert segment nm 200 350
Hold (at 1500 ft) min 10 60 240

Cruise altitude ft 35000 48000 34921 35000 35000
Service ceiling ft 40000 40850 41000
Take-off field length ft 9000 11000 9000 9514 7546
Landing distance ft 9000 11000 4966 7874 6562
Approach speed kt 140 135 156 145 140
Airport (ICAO E) Wing span m 65 80 (F) 65 65

Main landing gear span m 14
Certification requirements — CS 25 FAR 25 FAR 25 CS 25
Fig. 11. Geometry comparison of RHEA-MR aircraft.

shorter than that of MR-SBW aircraft because of its lighter MTOW. 
Due to the TF design, the MR-TF aircraft’s fuselage length is signifi-
10
cantly less than other aircraft, and its smaller size facilitates airport 
operations.

Since the MR-TF aircraft’s fuselages were sized to have the same 
total cabin floor area as the reference fuselage, the total volume of 
the MR-TF aircraft is equal to that of the reference fuselage divided 
by 

√
2, meaning that the MR-TF aircraft’s total cargo compartment 

volume is smaller than that of the reference aircraft, i.e., its cargo 
capacity is lower. During the TF aircraft sizing process, a constraint 
was applied to ensure that the luggage weight for each passenger 
is larger than 23 kg, and the value for the MR-TF aircraft is 23.30 
kg.

Therefore, the MR-TF aircraft outperforms the MR-SBW aircraft 
due to its significant performance advantages and its smaller size. 
However, it should be noted that this is only the performance re-
sults of the initial design configurations based on the reference 
data and the designer’s experience, from which preliminary com-
parative results can be obtained. Still, it is not enough to com-
prehensively and accurately reflect the gap between SBW and TF 
configurations. More precise comparisons and research based on 
MDO study results are needed in future research.
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Fig. 12. The number of seats and range of the RHEA-LR aircraft compared to existing aircraft.

Fig. 13. RHEA-LR aircraft constraint diagrams.
3.3. Long-range mission

3.3.1. Initial aircraft sizing
Similar to the MR mission, several reference passenger aircraft 

designed for the next-generation LR mission was selected for refer-
ence and comparison, including VT-SBW aircraft [13], H3.2 aircraft 
[1], Centerline aircraft [40], and DisPURSAL aircraft [41]. B777-
300ER was selected as the baseline aircraft for the LR mission. The 
top-level requirements of the RHEA long-range mission and that 
of the selected reference aircraft are listed in Table 7. A design re-
quirements comparison between the RHEA-LR aircraft (orange dot), 
the selected reference aircraft (green dots), and numerous existing 
aircraft (blue dots) are shown in Fig. 12. Besides, the advanced air-
frame technology assumptions tabulated in Table 4 were applied 
to PyInit and SUAVE during the LR aircraft conceptual design and 
performance assessment.

Corresponding to the advanced airframe technology assump-
tions and the top-level aircraft requirements, the wing loading and 
thrust-to-weight ratio of the LR-SBW and LR-TF aircraft were sized 
by PyInit. The design points are shown in Fig. 13. Besides, the de-
sign points of the selected reference aircraft are also shown in 
Fig. 13 for comparison.

Similar to the MR mission considerations, the high-wing con-
figuration with two wing-mounted high bypass ratio turbofan en-
gines was chosen for the LR aircraft, and the wing was designed 
foldable with the folding position at 65/2 m of the half-wingspan. 
11
The same wing and tail airfoils as MR aircraft were initially used 
for the LR aircraft. A wing sweep angle (0.25c) of 23 deg was cho-
sen as a trade-off between the compressive drag and the laminar 
flow on the wing surface.

The LR-SBW aircraft features a similar configuration to the MR-
SBW aircraft, as shown in Fig. 14. The strut is attached at 58.44% 
of the half-wingspan position.

The forward-swept high-slab tailplane configuration was ini-
tially chosen for the LR-TF aircraft (see “E” in Fig. 15). However, 
due to the main landing gears’ span limitation (i.e., fuselage spac-
ing) and the short fuselage length, the aspect ratio of the hori-
zontal tail is too small, which will cause poor aerodynamic perfor-
mance for the horizontal tail. Then, several different horizontal tail 
configurations were proposed that have more desirable aspect ra-
tios, as shown in Fig. 15. When making trade-offs between these 
configurations, the main considerations are the aeroelastic and 
drag (especially compressive drag) of the horizontal tail, and fi-
nally, the configuration “F” won out. The three-view dimensions of 
the final selected LR-TF aircraft configuration are shown in Fig. 16.

The fuselage of the baseline aircraft B777-300ER was used for 
the LR-SBW aircraft and taken as the reference for the LR-TF air-
craft fuselage sizing. The same fuselage sizing method as MR-TF 
aircraft was used for the LR-TF aircraft fuselage sizing. According to 
the design requirements in Fig. 12, the LR-SBW and LR-TF aircraft 
were designed to have the same number of first- and economy-
class seats, as shown in Table 8. The reference aircraft B777-300ER 
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Fig. 14. Three-view dimensions of LR-SBW aircraft.

Fig. 15. LR-TF aircraft with different horizontal tail configurations.

Fig. 16. Three-view dimensions of LR-TF aircraft.
and the LR-SBW aircraft feature a 6-abreast and 9-abreast seating 
arrangement for the first- and economy-class, respectively, while 
the LR-TF aircraft has a 4-abreast and 6-abreast seating arrange-
ment for the first- and economy-class, respectively, as shown in 
12
Fig. 17. Similar to the MR-TF aircraft’s design, the nose of the non-
cockpit fuselage is arranged with two super-first-class seats.

The fuselage of the LR-TF aircraft is a circular cross-section, 
obtained by scaling the fuselage of the B777-300ER, which is a 
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Fig. 17. LR-TF aircraft interior arrangement.
Table 8
Cabin seats number comparison.

Cabin class LR-SBW LR-TF

First 42 2+40
Economy 308 308
Total 350 350

Fig. 18. Fuselage cross-section of LR-TF aircraft.

bit wide for the LR-TF aircraft’s 6-abreast economy-class fuselage. 
Therefore, the width of the LR-TF aircraft fuselage was reduced 
appropriately to obtain an elliptical cross-section fuselage. The LR-
TF aircraft’s fuselage cross-section and its cabin parameters are 
shown in Fig. 18. It is worth noting that the LR-TF aircraft has 
the same cabin interior arrangement and similar fuselage cross-
sectional size as that of A320neo, but the fuselage length is slightly 
longer. Therefore, the LD3-45W cargo container is selected for the 
LR-TF aircraft. The cargo capacity per passenger of the LR-TF air-
craft is slightly better than that of A320neo and significantly better 
than that of the MR-TF aircraft.

3.3.2. Aircraft assessment and comparison
The flight conditions and aircraft configurations of the LR-SBW 

and LR-TF aircraft obtained during the initial sizing by PyInit were 
input into the modified SUAVE for iterative calculations. The SUAVE 
analysis results of the LR aircraft and the key weight data of the 
baseline aircraft B777-300ER [42] are tabulated in Table 9.

As given in Table 9, both SBW and TF configurations with the 
advanced airframe technologies have significant advantages over 
13
Table 9
Weight breakdown comparison of RHEA-LR aircraft.

Group LR-SBW LR-TF B777-300ER [42]

Max. takeoff weight, kg 262962 210955 351535
Fuel weight, kg 89716 80037 145538
Empty weight, kg 140066 97737 167829

Empty weight breakdown
Wing, kg 47401 16630
Fuselages, kg 25757 20596
Propulsion, kg 18650 15038
Nacelles, kg 2460 2270
Landing gear, kg 7023 5735
Horizontal tail, kg 1483 1478
Vertical tail, kg 2923 2392
Paint, kg 1237 1153
Systems, kg 33133 32446

the B777-300ER for the proposed long-range mission shown in 
Fig. 19. The results are similar to the MR mission in that the TF air-
craft has a better fuel efficiency due to its lighter operating empty 
weight than the SBW configuration. It is worth noting that the dif-
ference in wing weight between the LR-SBW and LR-TF aircraft is 
greater than that of the MR aircraft, which is due to the better un-
loading effect on the wing due to the heavier outboard positioned 
fuselages. Besides, due to the smaller fuselage equivalent diameter, 
the LR-TF aircraft fuselage is also lighter than that of the LR-SBW 
aircraft.

As shown in Fig. 20, the geometric dimensions of LR-SBW, LR-
TF, and B777-300ER are compared. Due to the UHARW design, 
the RHEA-LR aircraft’s wings need to be designed as foldable, as 
marked in the figure. It should be noted that both the wingspan 
and the fuselage length of the LR-TF aircraft are smaller than those 
of the LR-SBW aircraft because of its smaller MTOW and the TF 
concept characteristics.

Therefore, the LR-TF aircraft outperforms the LR-SBW aircraft 
due to its obvious performance advantages and smaller size. It 
should be noted that this comparison result was only based on 
the initial conceptual design results, which may not be enough to 
reflect the differences between these two unconventional configu-
rations, and the further MDO study needs to be carried out in the 
following research stage.

3.4. Short-range mission

3.4.1. Initial aircraft sizing
Several reference passenger aircraft designed for the next-

generation Short-Range mission, including Saeed-007.1 [6], PEGA-
SUS [43], TU Delft [44], and TPR70neo+ [45], were chosen for 
reference and comparison. ATR72-600 was selected as the baseline 
aircraft for the SR mission. The top-lever requirements of the RHEA 
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Fig. 19. Mission performance of RHEA-LR aircraft.

Table 10
Top-level requirements of the short-range mission.

Parameter Unit RHEA References

Saeed-007.1 [6] PEGASUS [43] TU-Delft [44] TPR70neo+ [45]

Reference aircraft — ATR 72-600 ATR 42/72 ATR72-500 ATR 72-600 ATR 72 & Dash 8
Propulsion concept — Turboprop Turbofan Hybrid Hybrid Turboprop
Cruise Mach number — 0.42 0.457 0.45 0.415 0.41
Max. Mach number — 0.457 0.5 0.457 0.55
Passengers — 72 72 48 70 70
Range nm 825 1242 400 825 826
Reserves Contingency fuel — 3% 0

Divert segment nm 87 270 87
Hold (at 1500 ft) min 10 0 45

Cruise altitude ft 20000 20000 20000 25000 23000
Service ceiling ft 25000 25000 25000
Take-off field length ft 4373 4265 4429
Landing distance ft 3002 2917
Approach speed kt 113 120 118
Airport category (ICAO C) Wingspan m 36 36

Main landing gear span m 9 9
Certification requirements — CS 25 Part 25 CS 25 CS 25
Fig. 20. Geometry comparison of RHEA-LR aircraft.

short-range mission and those of the selected reference aircraft are 
tabulated in Table 10. Besides, the advanced airframe technologies 
assumed in Table 4 were applied to PyInit and SUAVE for the SR 
aircraft conceptual design and performance analysis.
14
It should be noted that turboprop engines were used for the 
RHEA-SR aircraft, so the PyInit was extended to take into account 
the power-to-weight ratio (P /W ) for this kind of aircraft. Corre-
sponding to the advanced airframe technology assumptions and 
the top-level aircraft requirements, the wing loading and power-
to-weight ratio of the SR-SBW and SR-TF aircraft were sized by the 
improved PyInit, and the design points are shown in Fig. 21. Be-
sides, the design points of the chosen reference aircraft are also 
shown in Fig. 21 for comparison.

Because of the UHARW design, the high-wing configuration 
with two turboprop engines was chosen for the SR aircraft, and 
the wing is designed foldable with the folding position at 36/2 
m of the half-wingspan. Since the SR aircraft will operate in the 
subsonic region, NACA 65-618 and NACA 65-613 were selected for 
the wing roots and tips to maximize laminar flow, and NACA 0010 
airfoil was chosen for tailplanes. A straight wing was designed to 
maximize the wing’s aerodynamic performance according to the 
subsonic operating condition.

Most short-range aircraft use the wing-mounted engine config-
uration or aft-mounted engine configuration, as shown in Fig. 22. 
From the aerodynamic point of view, the aft-mounted turboprop 



Y. Ma, S. Karpuk and A. Elham Aerospace Science and Technology 121 (2022) 107395

Fig. 21. RHEA-SR aircraft constraint diagrams.

Fig. 22. Three-view dimensions of SR-SBW aircraft with aft-mounted engines (left) and wing-mounted engines (right).
engine configuration is preferable because a completely clean wing 
enables a substantially laminar flow percentage. In contrast, it 
is challenging to maintain laminar flow in the wing region af-
fected by the propeller downwash of the configuration with wing-
mounted engines. However, since SBW aircraft usually have a high-
wing configuration, the aft-mounted propellers’ incoming flow is 
not uniform (i.e., contains both free stream and wing wake flow). 
The propeller’s fatigue life and its overall vibrations introduced 
into the pylon and nacelle will be obvious issues. Besides, this con-
cept may also have problems with control at low speeds, which 
is possible due to the unsteady flow into the propeller. While for 
the wing-mounted engine configuration, engines and propellers 
will operate in an ideal working condition and the wing-mounted 
engines are conducive to unloading the wing. Therefore, after com-
parative analysis, the wing-mounted engine configuration was se-
lected for the SR-SBW aircraft (the right one in Fig. 22), which is 
not as good as the aft-mounted engine configuration in terms of 
laminar flow maintenance but has no serious problems. Besides, 
the strut is attached at 60% of the half-wingspan position.

The wing-mounted engines and forward-swept high-slab tail-
plane configuration were initially selected for the SR-TF aircraft 
(see “A” in Fig. 23). Due to the wide fuselage spacing, the hori-
zontal tail aspect ratio is too large. Thus some structural aspect 
problems may arise, and the wing laminar flow proportion is not 
maximized. When separating the horizontal tail to each fuselage 
and moving the engines to the fuselage tail, the configuration “E” 
is obtained. However, the asymmetric engine concept will produce 
unexpected torque to the fuselage structure. When the engine py-
lons are attached by a low-slab tailplane (see “B” in Fig. 23), the 
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unexpected torque can be significantly reduced. Still, the horizon-
tal tail area will increase, resulting in increased takeoff weight. A 
good solution is to mount the engines at the joint of the vertical 
and horizontal tails of the twin tee-tail configuration “D” or canted 
slab-tail configuration “F”. However, such engine positions will 
introduce additional pitch-down moments to the aircraft. There-
fore, the wing-mounted engines and twin tee-tail configuration 
were selected for the initial conceptual design and configuration 
comparative study. Other configurations will be further investi-
gated and compared in future studies, if necessary. The three-view 
dimensions of the final selected SR-TF aircraft configuration are 
shown in Fig. 24.

The fuselage of the reference aircraft ATR 72-600 was used 
for the SR-SBW aircraft and taken as the reference for the SR-
TF aircraft fuselage sizing. The same fuselage sizing methodology 
as MR-TF aircraft was used. According to the top-level require-
ments, the SR-SBW and SR-TF aircraft were designed to have the 
same number of total seats as the ATR 72-600, i.e., 72 seats 
[46]. The reference aircraft ATR 72-600 and the SR-SBW air-
craft feature a 4-abreast and 29-in pitch seating arrangement (see 
Fig. 25). After scaling down from the reference fuselage, the width 
of the TF aircraft fuselage could accommodate 3-abreast seats, 
but the cabin aisle height cannot meet the requirements. There-
fore, the fuselage width was manually reduced to include a 2-
abreast seating arrangement. The fuselage cross-section’s height 
was slightly increased to the same height as the reference fuse-
lage. The sized fuselage cross-section and its cabin parameters are 
shown in Fig. 26 and Table 11, which feature an elliptical cross-
section.
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Fig. 23. Different SR-TF aircraft configurations.

Fig. 24. Three-view dimensions of SR-TF aircraft.
Fig. 25. SR-TF aircraft interior arrangement.
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Fig. 26. Fuselage cross-section of SR-TF aircraft.
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Fig. 27. Mission performance of RHEA-SR aircraft.
Fig. 28. Geometry comparison of RHEA-SR aircraft.

Table 11
Cabin parameters of SR-TF aircraft.

Parameter SR-TF ATR 72-600 [46]

Pitch, in 29 29
Seat width, in 18.6 18.6
Aisle width, in 18.4 18.4
Aisle height, in 75.2 75.2
Cabin floor width, in 51.6 89
Floor thickness, in 4 4

3.4.2. Aircraft assessment and comparison
The flight conditions and aircraft configurations of the SR-SBW 

and SR-TF aircraft obtained during the initial sizing by PyInit were 
input into the modified SUAVE for performance analysis through 
iterative calculations. The SUAVE analysis results of the SR aircraft 
and the key weight data of the reference aircraft ATR 72-600 [46]
are given in Table 12.
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Table 12
Weight breakdown comparison of RHEA-SR aircraft.

Group SR-SBW SR-TF ATR 72-600 [46]

Max. takeoff weight, kg 22229 22945 22800
Fuel weight, kg 1432 1523 2000
Empty weight, kg 12821 13447 13500

Empty weight breakdown
Wing, kg 2103 1482
Fuselages, kg 2497 3052
Propulsion, kg 1019 1047
Nacelles, kg 269 275
Landing gear, kg 643 661
Horizontal tail, kg 201 214
Vertical tail, kg 312 326
Paint, kg 199 240
Systems, kg 5579 6150

As listed in Table 12, both the SR-SBW and SR-TF configura-
tions with the advanced airframe technologies have a significant 
advantage in fuel efficiency over the reference ATR 72-600 for the 
proposed short-range mission shown in Fig. 27 (both reduce fuel 
consumption by more than 20%). However, it is interesting to note 
that the MTOW, fuel weight, and operating empty weight of the 
SR-TF aircraft are larger than those of the SR-SBW aircraft, contrary 
to the MR and LR missions’ results. The empty weight breakdown 
in Table 12 shows that the wing weight of the SR-TF aircraft con-
figuration is still lighter than that of the SR-SBW aircraft, but the 
weight of the fuselage and the fuselage-related items, including 
paint and systems, is greater than that of the SR-SBW aircraft, due 
to the larger fuselage size of the manually modified SR-TF aircraft, 
which offsets the wing weight savings.

As shown in Fig. 28, the geometric dimensions of SR-SBW, SR-
TF, and ATR 72-600 are compared. Due to the UHARW design, 
the RHEA-SR aircraft’s wings need to be designed as foldable, as 
marked in the figure. The SR-TF aircraft fuselage is shorter than 
that of the SR-SBW aircraft, but it has a slightly larger wingspan 
due to its higher takeoff weight.
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Fig. 29. RHEA aircraft configuration selection process.
Therefore, for the SR mission, the SBW configuration performs 
better than the TF configuration due to the better fuel efficiency, 
lighter takeoff weight, smaller wingspan, etc. In future studies, the 
other TF configurations in Fig. 23 will be compared with the SBW 
configuration to investigate whether the SBW configuration still 
has better performance for the SR mission.

In summary, the SBW configuration and TF configuration ini-
tially proposed for each mission in this section and the final se-
lected one are shown in Fig. 29.

4. Conclusion

This paper addressed the conceptual design and comparative 
study of two unconventional aircraft configurations that facilitate 
the UHARW design, including the SBW configuration and the TF 
configuration. Several tools were used in this work for the aircraft 
conceptual design and performance analysis, which were modified 
and improved for the SBW and TF configurations and the advanced 
airframe technologies assumed to be available at the EIS frame-
work of the researched aircraft. According to the proposed mission 
profile and top-level requirements, an SBW and a TF configuration 
were designed for each mission, respectively, and a comparative 
study was carried out to determine the best-case configuration for 
the corresponding mission.

For all three missions researched in this paper (i.e., SR, MR, and 
LR missions), the TF configuration has a more significant weight 
reduction effect on the wing weight than that of the SBW config-
uration, making the MR-TF and LR-TF aircraft perform better than 
the SBW configuration. However, for the SR mission, considering 
the specific arrangement of the passenger cabin, the fuselage size 
had to be adjusted, increased the total fuselage wetted area and re-
sulting in a higher weight increase of the fuselage and associated 
systems, thus resulting in the SR-TF aircraft performance inferior 
to that of the SR-SBW aircraft.

The smaller individual fuselage size of the TF aircraft results in 
a weaker cargo capacity than that of the SBW configuration. The 
MR-TF aircraft can barely meet the minimum passenger luggage 
requirements. While the LR-TF aircraft’s situation is slightly better, 
it is still far inferior to the conventional and SBW configurations.

There are constraints on the aircraft wingspan and main landing 
gear span when the aircraft operates at ICAO airports. Due to the 
TF aircraft characteristics, its fuselage spacing is constrained by the 
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main landing gear span, which brings both new possibilities and 
restrictions to the TF aircraft’s horizontal tail configuration design. 
The TF aircraft horizontal tail design requires trade-offs in terms 
of aerodynamic efficiency, aeroelastic performance, weight, etc. In 
this paper, three completely different horizontal tail configurations 
were used for the three TF aircraft due to their different operating 
conditions and fuselage spacing.

This work preliminarily researched the potential of the SBW 
configuration and the TF configuration for the next-generation pas-
senger aircraft with UHARW design. The wing weight estimation 
methods used in this paper for SBW and TF configurations were 
Class II and Class II & 1/2, respectively, which have been vali-
dated in this paper, and the accuracy is acceptable and feasible 
for the conceptual design stage. In future work, more accurate 
wing weight estimation methods will be developed for SBW and 
TF configurations, and aeroelasticity and flutter analysis will be in-
troduced for UHARW for a detailed comparative study of these two 
unconventional configurations. Besides, the configuration compar-
ative research results obtained in this paper were based on the 
initial conceptual design results. Multidisciplinary design optimiza-
tion research will be conducted for each concept in the next stage, 
and then the optimum SBW configuration and TF configuration will 
be compared again for each mission to observe whether the best-
case and worst-case configuration will change.
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