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Abstract. In current research work, the aerodynamics performance of a newly designed large flying V aircraft is
numerically investigated. Three Flying V configurations, with V-angles of 50°, 70° and 90° that represent the
minimum, moderate, and maximum configurations respectively, were designed and modeled to assess their
aerodynamic performance at cruise flight conditions. The unstructured mesh was developed using ICEM CFD and
Ansys-Fluent was used as an aecrodynamic solver. The developed models were numerically simulated at cruise flight
conditions with a Mach number equal to 0.15. K-w SST turbulence model was chosen to account for flow
turbulence. The authors performed steady flow simulations. The results obtained from the experimentation reveal that
the maximum main angle configuration of 90° had the highest Crmax value of 0.46 compared to other configurations.
While the drag coefficient remained the same for all three configurations, the 50° V-angle configuration achieved the
maximum stall angle of35°. With limited stall delay benefits, the flying V possesses no sufficient stability, due to the
flow separation detected at whole elevon and winglet suction side areas at AoA equal and higher than 30°.
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1. Introduction

In the past five decades, tube-and-wing configurations dominated the commercial aviation
sector in general. B-47 aircraft is an excellent example of this type of configuration since it is
loaded with a tubular fuselage, swept wing, rearmost empennage, and propulsion system which are
mounted beneath the wing and attached with the pylons, Martinez-Val (2007). Recently, there is a
revolution happening in the aeronautics and aviation fields, thanks to technological advancements
made in these domains. When compared to the first flown modern jets, the efficiency of the
aircraft has increased by 100% during this period, as declared by Martinez-Val et al. (2010) and
Torenbeek (2007). On the other hand, manufacturers must be open-minded to adapt to the
remarkable development expected in the upcoming decades. There is a 5% increase expected in
total income passenger-kilometers. Further, the manufacturers must also be prepared to overcome
the challenges in terms of environmental effects, noise pollution and meeting population demands,
Martinez-Val et al. (2007). Thus, several pioneering design arrangements has been lately
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recommended along with one goal i.e., reduction of direct operating costs per passenger and the
number of flights. For instance, Bolsunovsky et al. (2001) concluded the possibility of attaining
higher technical and cost-effective characteristics of FW configuration airplane as compared with
conventional airplanes. FW is a tail-less fixed-wing airplane with no specific fuselage whereas the
payload flight crew, fuel, and equipment are held inside the main wing structure. The researchers
declared that the proposed alternative design is advantageous in different aspects since it has
numerous attributes such as generated lift, seating people, and trimming the aircraft which are
achieved by distinctive incorporated components. These outcomes decrease the wetted area for
same payload and reduce the friction drag, one of the major drag elements during cruise flight.
Additionally, Flying Wings can perform better since they are smaller in size compared to
conventional fuselage-wing airplanes. In a nutshell, it is argued that the operational cost/seat per
mile can be decreased to nearly 23%, while the passenger number can be increased to 750 with
high-capability FW, as stated by Bolsunovsky et al. (2001). Additionally, Martinez-Val et al.
(2008) emphasized the potential operation gain of FW with 300 passengers using the range
equation, Torenbeek (2013). It is an established fact that range factor has enhanced the
performance of aircraft by up to 100%. When it is introduced with FW, an additional 15-20%
increase can be achieved. Benad (2015), at Technishe Universitat Berlin, analyzed and modified
the basic FW which was manufactured in cooperation with Future Project Office at Airbus GmbH
(Hamburg, Germany). The new conceptually designed aircraft was called ‘Flying V’ owing to its
clear V-shaped geometry. It features longitudinal and lateral controls by trailing the edge elevens.
Further, the directional stability and control functions are ensured by winglets (or fins) that are
added on wingtips and rudders respectively. Due to the unwanted pitch-down moment, it generates
at low speeds excluding high lift devices. According to Berta (2018), two turbofan engines are
positioned over the trailing edge of the wing near the best location of the aircraft i.e., a plane of
symmetry. Flying V design has a twin cylindrical tube that helps in carrying the pressurization
loads. This concept is different from the standard cabin design of Blended Wing Body (BWB) and
typical FW that are unique compared to conventional cylindrical design, Torenbeek (2013). Based
on the concerns raised and top requirements, the new design is aimed at providing the best
efficiency in aerodynamics with minimal weight to overcome the challenges in existing
conventional commercial aircraft, A350-900. Further, the design also aims at achieving an
equivalent minimal range of 14,350 km, a service ceiling of 13,100 m, a cruise Mach number of
0.85, and a passenger capability of 400-440 passengers. Because A350-900 performance data is
not accessible due to which NASA Common Research Model (CRM), Vassberg (2008) is
considered as a baseline model for comparison.

In the progress of developing a new comfortable and aerodynamically efficient flying-V
aircraft design, Vink et al. (2020), reported that four aircraft interior models were created and a 1:1
scale mock-up was made for the Flying V interior. This was shown at a KLM 100-year event.
1692 guests of the mock-up handed their remarks from likely commuters were gathered on the
chosen models giving feedback for additional improvement. Similarly, Rubio and Vos (2020)
examined forty different engine locations to build an alternate model that estimates the aircraft’s
lift-to-drag ratio based on the location of the engine. Their findings show that mispositioning the
engine results in a considerable lift-to-drag ratio loss of up to 55% when compared with the ideal
integration configuration. Also, Wei et al. (2022) proposed a fast aerodynamic optimization
technique for flying wing aircraft conceptual design. This method is intended to reduce the
induced drag at the design point by adapting the camber and twist angle of the spanwise airfoil.
Their results revealed that the coefficient of induced drag decreased by 10%, the pitching moment
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coefficient decreased by an order of magnitude, and the lift drag ratio improved from 26.3 to 27.3.
Recently the Flying-V aerodynamics and structures consideration were analyzed by Oosterom and
Vos (2022). This research aims at the possibility of generating a family of Flying-V aircraft, which
is a key stage in passenger aircraft progress presenting multiple aircraft alternatives at limited
development and production expense. In the conceptual design phase of ‘flying V’, the weight is
approximated. Further, vortex lattice methods and empirical correlations are used for the drag
calculation. The model appears to be significantly encouraging with a 10% increase in the lift-to-
drag ratio, a satisfactory benefit in terms of weight and drag as declared by Benad (2015).

Flow control over flying wing aircraft was investigated extensively in recent times. He et al.
(2021) examined numerically and experimentally the efficiency of a passive gust alleviation
device (PGAD) installed in a flying-wing aircraft with a 62.3 m wingspan at a large swept-back
angle. The gust response dominated by the first three modes of the flying wing was extremely
significant in the frequency at the first bending mode of the wing. The influence of cross-section
configuration on the stress distribution and aeroelastic behavior of a flying wing aircraft was
investigated by Sayed et al. (2022). The results reveal that various wing cross-section designs
influence stress distribution as well as the aeroelastic stability of the aircraft. Additionally, the
design with a smaller amount of stress strangulation is correlated with a higher flutter speed
structure. A longitudinal aerodynamic control technology based on circulation control (CC) using
trailing-edge synthetic jet actuators was suggested by Zhao et al. (2022). Results show that
synthetic jets can enhance the lift, drag, and nose-down moment, with an ability of flight control at
all angles of attack range. Meng et al. (2020) revised the advancement of static aeroelastic effect
estimation and correction techniques for aircraft, with the damage and protection of aeroelastic.
Likewise, they presented the static aeroelastic prediction and correction method, the widely
practiced K-value method. To delay the position of vortex breakdown and improve the lift
qualities of the flying wing aircraft, the vortex breakdown qualities of a flying wing aircraft under
jet flow control were investigated numerically by Zhu et al. (2022). They concluded that the
periodic energy injection can increase the peak value characteristics of the main frequency,
increase the frequency range of the downstream flow field development, and speed up the rotation
of the flow field next to the vortex breakdown. The ground proximity effect on the aerodynamic
properties of the Flying V was numerically predicted by Ankith (2020). Simulations reveal an 11%
decrease in the drag polar of the Flying V at the ground proximity when compared to unbounded
flow.

Recently, an operational safety criterion has been numerically investigated between Flying V
criteria and Airbus A350-900 via the cellular automata model by Gebauer, Julia, and Justus Benad
(2021). The comparison results reveal that a shorter V-shaped cabin has more advantages than a
longer conventional cabin. On the other hand, when passengers have to evacuate from a V-shaped
cabin to one side of the aircraft, it seems to be disadvantageous for them. These are only initial
predictions whereas further detailed calculations are necessary to evaluate the practicability of
Flying V and verify the preliminary evaluations. Therefore, the current work investigates the
aerodynamics of flying V aircraft and possible performance improvement by changing the main V-
angle. Multiple configurations with different VV-angles are designed and aerodynamic analysis is
conducted to compare the lift and drag, generated by each geometry. This is a pioneering study in
the overall analysis of the newly designed large flying V configuration. It is essential to keep in
mind that the design of tailless aircraft requires compact integration of various parts than the
conventional fuselage-wing design. Although the current research is related to aerodynamic
characteristics, structural concerns, and limitations are studied from the initial phase.
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Table 1 Characteristics of different NACA Airfoil sections

Airfoil section Cimax (Re=3.10°) a®) Cmo  (CilCimax  Cu Camin  (t/C)max
NACA 0009 1.25 13 0 39 0 0.0052 9%
NACA 4410 15 13 -0.09 71 0.4 0.006 10%
NACA 2411 1.4 14 -0.05 86 03  0.0065 11%

2. Physical and numerical setup, mesh generation

This section explains the physical and numerical setups used for aerodynamic analysis and
mesh generation with different parameters.

2.1 Airfoil choice

In airfoil selection, several criteria need to be assessed. According to Sadraey (2012), the
crucial criteria are as follows; design lift coefficient (Cia), maximum lift coefficient (Ci max),
minimum drag coefficient (Camin), lift-to-drag ratio (Ci/Ca) max), lift curve slope, pitching moment
coefficient (Cm), appropriate stall condition and easy cost-effective manufacturability. Further, a
few additional design conditions must also be considered. For example, if a fuel tank is allocated
within the inboard section of the wing, then the airfoil should permit it with an appropriate room.
For high-speed aircraft with low lift requirements (as in the case of high subsonic conventional
aircraft), the typical wing (t/c) max should be between 9% and 12%. In this background, the
current study compares three airfoil candidates to make a reasonable choice, and table 1 shows the
characteristics of each airfoil.

Based on the evaluation of values cited in Table 1, it can be concluded that:

* NACAQ009 has the greatest speed because it has the smallest (Ca min=0.0052).

* NACA2411 has the smallest stall speed since it has the highest stall angle (14°).

* NACA2411 possesses the maximum endurance since it has the highest (Ci/Ca)max.

* NACA2411 delivers a low Cmo Which translates to less control problems during flight.

+ And finally, the (t/c)max of NACA2411 is within the range of typical (t/c)max for high subsonic

passenger aircraft, Sadraey (2012).

Based on the outcomes briefed above, the NACA2411 airfoil is selected for the ‘Flying wing’
design. For this wing design, three airfoil sections are required of variable chord lengths and
thicknesses. For the winglets’ design, a blended winglet type is chosen to reduce the induced drag
component which consequently reduces fuel consumption. This in turn reduces the emission of
CO2 and NOx too and mitigates noise pollution. In addition to the above, both ranges as well as the
payload can be increased.

2.2 Flying V Configuration

Three Flying V configurations are investigated with three different main V-angles such as the
lowest angle possible for flying V (50°), the maximum possible angle (90°), and a moderate angle
value (70°). When all three configurations are critically assessed, it provides a bird’s eye view of
the performances that can be changed with variants of the main V-angle. Fig. 1 (a)-(c) shows an
overview and dimensions of three “flying V’ configurations.
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Fig. 1 Dimensions of the 90°, 70°, and 50° Flying V configurations

3. Grid generation

3.1 Unstructured grid generation

The type of grid and its quality play a relevant role in numerical simulations. In current
research work, the tetrahedral unstructured mesh is produced using ICEM CFD meshing tool. Fig.
2(a) shows the dimensions used for the computational domain and the boundary conditions
assigned to each face whereas the “flying V> meshing view is shown in Fig. 2(b).

3.2 Grid convergence study

A grid independence study is conducted to ensure that the results obtained are final and
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(b) Flying V unstructured grid.
Fig. 2 C-Type domain dimensions (a) and Flying V unstructured grid (b)

independent of mesh so that in case of any further refinement in mesh size, it does not produce
better results. Fig. 3 compares the variations in lift and drag coefficients and the number of mesh
elements in millions. Lift and drag coefficients’ curves reveal that after 3 million mesh elements,
no significant change and further refinement are needed. At high curvature areas, for instance, at
the leading and trailing edges of the wing, grid clustering is needed. Moreover, according to Chan
et al. (2002), it is advised to approximate the element size of the surface grid based on the local
chord. With a 0.1% sized local chord, present near the leading edge, it is sufficient enough to
accurately define the flow changes.

3.3 Validation

Aerodynamic analysis was validated through experimental measurement values obtained for
Onera M6 wing.

3.3.1 Onera M6 wing
Onera M6 Wing is used as a benchmark for numerical setup validation. It represents a good
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Fig. 3 Grid independence study for Cl and Cd convergence

Table 2 Flow conditions of Onera M 6 wing used for validation

Parameter Values
Mach number 0.8395
Angle of attack 3.06°
sideslip 0°
Reynolds number 11.72x108
Mean aerodynamic chord 0.646 m

case for external flow fields due to transonic flow complexities such as shock waves, flow
separation, turbulent boundary layer, and simple geometry, Nambu et al. (2015). Onera M6 is a
semi-span untwisted wing with 30° swept with the application of a symmetric airfoil in the
ONERA D section. The flow conditions used for validation are tabulated in Table 2 and are
sourced from Schmitt et Charpin (1979).

The bullet shape domain is the computational domain used for simulations. The mesh is
composed of 3,37,759 tetrahedral elements with four boundary conditions such as Euler wall on
the wing, pressure far-field on the far side, velocity inlet and pressure outlet, and symmetry near
the wall, where half wing is attached. The pressure distribution, obtained from the simulations at
four different spanwise locations, is compared with experimental results, and the outcomes are
plotted in Fig. 4 (a)-(c). An overall agreement can be observed between the experimental and
numerical results. Additionally, the shock wave is accurately predicted on the suction side of the
wing. Overall, the pressure distribution from the aerodynamic solver, used for this research, agrees
well with the experimental data of Onera M6. It correctly predicts the position and strength of the
shock wave.

4. Results

The simulation results for all three “flying V’ configurations have been discussed in this section
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Fig. 4 Onera M6 wing: cp distribution at different span-wise locations
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Fig. 5 Lift-to-drag ratio versus AoA curves for the three flying V configurations

in terms of flow physics, aerodynamic coefficients’ variations, streamlines, and pressure
coefficients’ distribution. All the results are obtained in the cruise phase with the cruise Mach

number being 0.15.



Numerical analysis of the effect of V-angle on flying wing aerodynamics 149

Drag Polar curves

—4—50 deg
70 deg
—8—90 deg

r
.L 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Cp
Fig. 6 Drag polar curves for the three flying V configurations.

Table 3 Comparison of aerodynamics results for different FW configurations

Aerodynamic parameter V-angle 90° V-angle 50° V-angle 70°

Maximum lift coefficient 0.50 0.46 0.41
Stall angle 22° 35° 20°
The zero-lift angle of attack -7° -6° -6°
Ideal-lift coefficient 0.12 0.04 0.06
The angle of attack corresponding to Cig -1° -5° -2°
Lift coefficient at zero angles of attack 0.18 0.1 0.1

Minimum drag coefficient 0.00766 0.00765 0.00583

4.1 Comparison of results

Drag polar curves and Lift-to-drag ratio versus AoA curves for the three flying V
configurations, 50 deg, 70 deg, and 90 deg are presented in Figs. 5 and 6 respectively.

Lift-to-drag ratio curves reveal that the 50° and 90° configuration has (L/D)max value of 20
obtained at AoA equal to 5° and 0° respectively. While the 70° configuration has (L/D)max value
of 15 obtained at AoA equal to 0°. Among three flying V configurations, 90° geometry had the
maximum lift coefficient (0.55). The value is 25% higher than the maximum lift for 70° geometry
and 8% higher than 50° geometry. The 50° configuration was found to have a stall angle of 35°,
compared to the 90° geometry with a stall angle of 22° and 70° geometry with a stall angle of 20°,
For minimum drag, both 90°and 70° configurations had a similar value i.e., 0.0076, while for
50°geometry, it was 0.0052 with 31.58% less value, which resulted in reduced fuel consumption.
A comparison among the three flying V configurations in terms of different aerodynamic
parameters is tabulated in Table 3. To conclude, 90° geometry was found to be the best geometry
compared to the other two main V- angles, in terms of lift coefficient.

4.2 Angles of attack influence

The overall aerodynamics behavior, at a range of AoA for the main angle at 50° configuration
is discussed. The pressure distribution reveals a conventional wing pressure behavior over the
suction side of the ‘flying V> main wing. The pressure reaches the maximum value at the
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Fig. 7 Surface pressure distributions on the suction side of flying-V for main angle 50° configuration at
AO0A, 0°, 10°, 20°, 30°, and 35°, M=0.15 and Re=4.37x10°

stagnation point after which it gradually decreases and reaches the minimum pressure peak at the
flow expansion zone over the wing leading edge. At «=30° and 35°, a negative pressure is evident
over the whole suction side of the wing as shown in Fig. 7, except for a small region of positive
pressure which indicates the onset of flow separation at the trailing edge, next to the wing root.
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Fig. 8 Continued

This separation region grows in size and reaches 20%c in diameter for a=35° with increasing
angle of attack values. The trailing edge elevons and blended winglets have relatively higher
positive pressure distribution that starts at the trailing edge and quickly spread across the whole
elevon and winglet suction side areas. At o=30° and 35°, the separation region gets extended to
include the leading edge as well as shown in Fig. 8. The above flow behavior is confirmed by the
distribution of streamlines for flying V with a main angle equal to 50° at x/(b/2)=10%, 30%, and
70% spanwise positions at ¢=30° and 35° as shown in Fig. 9. even though the stall is delayed to
a=35°for this configuration, at angles equal to and higher than 30°, the flying V possesses no
sufficient lateral, longitudinal, and directional controls.

Fig. 8 illustrates the streamlines distribution at different AoAs over different span-wise
locations that vary from root to tip. The flow is attached near the main wing root at x/(b/2)=10%
for all the ranges of AoA between 0° to 35°. The flow remains attached to the lower and upper
surfaces of the main wing near the main wing mid-span at x/(b/2)=30%. But at ¢=20°and 30°, the
separation gets initiated as a small separation bubble at the suction side just near the maximum
wing thickness point. At this point, drop inflow velocity is evident as can be observed in Fig. 8. At
a=35°and x/(b/2)=30%, the separation region gets extended over the whole suction side behind the
point of maximum thickness. At trailing edge elevon, streamline distribution occurs at the
spanwise location at x/(b/2)=70% as depicted in Fig. 8. The flow is attached at the relatively low
angles of attack spans between 0° and 10°. The onset of the separation is predicted at a=20°that
gets extended over the entire suction side at «=20° and 35°.

Pressure distribution for the main angle 90° configuration versus the angle of AoA shows the
same distribution of pressure contours trend over suction-side alike 50° configuration. Earlier
separation was observed at a wider-trailing edge area for the main wing with a positive pressure
bubble at the rear part of trailing-edge elevon at 0=15° which can be observed in Fig. 9. Similar
pressure distributions are shown for a=20°which indicates that there is a relatively earlier loss of
lift and onset for a stall at «=22° as shown in Fig. 9.

Streamline distributions, close to the main-wing root, remain attached for the range of a=0° to
20°as shown in Fig. 10 (left). Velocity loss, at the mid-section of the main wing, starts at a=15°as
illustrated in Fig. 10 (middle). In contrast to the trailing edge, elevon separation is evident at a=10°
with increasing in-depth at a=15° and a=20° This flow behavior reemphasizes the fact that the
control issue at angles of attacks is lesser for Flying V than the stall angle value.

However, coefficients negative values of the near-root and mid-span of the main wing pressure
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Fig. 9 Surface pressure distributions on the suction side of flying-V for main angle 90° configuration at AoA
0°, 10°, 15°,and 20°, M=0.15 and Re=4.37x10°.
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Fig. 10 Continued

coefficient increase with an increase in AoA.
4.3 Angle of attack Influence

The distribution of the pressure coefficient follows a conventionally expected trend as the area
enclosed increases with an increase in the angle of attack. Nevertheless, a decrease in peak
negative pressure coefficient values is denoted by the pressure coefficient distributions, at the
trailing edge of elevon when a=40° and 30° for 50° and 90° flying V configurations respectively.
These values are shown in Fig. 11(c) and Fig. 12(c). This phenomenon gets reflected in a smaller
force that got generated at the elevon surface. Further, it also agrees with the stability issue
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Fig. 11 Influence of AoA change on Cp distributions at x/(b/2), (a) =10% (b) =30% and (c) =0% spanwise
positions for flying-V, main angle 50° configuration, M=0.15 and Re=4.37x 108

previously reported at relatively higher angles.

5. Conclusions

Conventional aeronautical transport has grown leaps and bounds in the past few decades.
However, it is also expected to grow in multiple numbers in the near future. This scenario causes a
significant environmental effect and noise emission. The typical fuselage-wing design has highly
evolved and developed from its invention. Consequently, researchers and manufacturers have also
investigated alternative designs such as flying wings and blended wing bodies. The research
conducted on recent geometry has demonstrated to be more efficient than a conventional tube and
wings aircraft. The current research work numerically investigated the effects of main V-angles on
aerodynamic performance. Three configurations were selected with three different main V-angles
such as 50°, 70°, and 90° representing minimum, moderate, and maximum V-angle configurations
respectively. The results obtained reveal that 90° geometry had the maximum lift coefficient of
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Fig. 12 Influence of AoA change on Cp distributions at x/(b/2), (a) =10% (b) =30% and (c) =70% spanwise
positions for flying-V, main angle 90° configuration, M=0.15 and Re=4.37x10°

0.46, and a maximum lift-to-drag ratio of 20 obtained at AoA equal to 0° compared to other
configurations. The ideal lift coefficient was the highest for 90° geometry (0.12). The minimum
drag value showed no noticeable change for the three configurations with the value of 0.0076.
Although flying V possesses significant aerodynamic and structural advantages, its stability
and control issues must be attempted carefully and can be a subject of further research.
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CcC

Nomenclature

CLmax Maximum lift coefficient
Ci Lift coefficient
Cd Drag coefficient

Design lift coefficient, it is chosen such that the flow hits the airfoil exactly parallel to
the start of the camber line.

Cnm Moment coefficient

Thickness to chord ratio

Length scale equal to wingspan
Angle of attack

Distance in x-axis direction
Wingspan length

Mach number

Chord length

Pressure coefficient

turbulent kinetic energy

specific turbulent dissipation rate
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Abbreviations

Ao0A Angle of attack

B-47 Boeing B-47 Stratojet aircraft

Flying V Modified FW, manufactured in cooperation with Future Project Office at Airbus.
FW Flying wing

ICEM Software package which provides advanced geometry/mesh generation

Onera M6 wing Created in the 70s, it serves as a reference to validate CFD methods
SST Shear stress transport





