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Abstract: The current study presents a low-fidelity, quasi-3D aerodynamic analysis method for
Blended-Wing-Body (BWB) Unmanned Aerial Vehicle (UAV) configurations. A tactical BWB UAV
experimental prototype is used as a reference platform. The method utilizes 2D panel method
analyses and theoretical aerodynamic calculations to rapidly compute lift and pitching moment
coefficients. The philosophy and the underlying theoretical and semi-empirical equations of the
proposed method are extensively described. Corrections related to control surfaces deflection and
ground effect are also suggested, so that the BWB pitching stability and trimming calculations can
be supported. The method is validated against low-fidelity 3D aerodynamic analysis methods and
high-fidelity, Computational Fluid Dynamics (CFD) results for various BWB configurations. The
validation procedures show that the proposed method is considerably more accurate than existing
low-fidelity ones, can provide predictions for both lift and pitching moment coefficients and requires
far less computational resources and time when compared to CFD modeling. Hence, it can serve as a
valuable aerodynamics and stability analysis tool for BWB UAV configurations.
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1. Introduction

Following the research advances in aviation during the 21st century, various tech-
nologies have been developed for commercial airliner jets, in an attempt to enhance the
aerodynamic efficiency and performance specifications of the well-established, tube-and-
wing configuration [1]. This design philosophy, which is almost a century old, guarantees a
reliable combination of performance, stability and compliance with the aviation regulations
and, as such, is ideal for commercial airliner platforms [2]. However, its shape has some
inherent limitations in terms of aerodynamics and performance [3], therefore, to keep up
with the targets for enhanced performance specifications and reduced fuel burn set in
the last decades [4], novel technologies constantly emerge, including configurations, flow
control techniques and propulsion architectures.

Those technologies can also be applied to other applications as well, such as fixed-
wing Unmanned Aerial Vehicles (UAVs), possibly unlocking a new aerodynamic efficiency
and performance enhancement potential. The figures of the booming, multi-billion, UAV
market [5], can arguably support the effort of investing towards this potential, since a more
efficient UAV is more likely to have an advantage in the market, for example, in terms
of flight time and payload capacity [6]. On top of that, the absence of humans on board
means that the strict regulations do not apply, meaning that more innovative layouts can
be considered for investigation and the impact of novel technologies can be fully exploited.

Taking those technologies and investigating their effect on an unconventional fixed-
wing UAV platform is the primary goal of the EURRICA (Enhanced Unmanned aeRial
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vehicle platfoRm using integrated Innovative layout Configurations And propulsion tech-
nologies) project. More specifically, EURRICA is a research project supported by the
Hellenic Foundation for Research and Innovation (H.F.R.I.) under the “2nd Call for H.F.R.I.
Research Projects to support Post-Doctoral Researchers” in Greece. Novel configuration
layouts, flow control techniques and propulsion architectures are considered for evaluation
in terms of aerodynamic efficiency and performance enhancement potential for fixed-wing
UAV applications. The reference platform is based on the innovative Blended-Wing-Body
(BWB) layout, as it is arguably one of the most promising alternatives to the tube-and-
wing configuration layout, offering a 30% increase in terms of aerodynamic efficiency
(Lift-to-drag, L/D) and a corresponding enhancement in terms of performance and fuel
burn [7,8]. Its unique streamlined shape also leads in a considerable increase in internal
volume, which means that various payload components can be installed, not to mention
the potential for larger fuel tanks or Hybrid-Electric Propulsion Systems (HEPS) [9]. At the
same time, the large internal volume increases the versatility of the platform, by allowing
the installation of various combinations of payload components, depending on the mission
profile of the UAV.

The investigation of novel technologies is conducted at the initial stages of the design
and, more specifically, during the conceptual design phase [3]. Therefore, rapid and
accurate methods are required for the prediction of aerodynamic and stability coefficients,
as well as for the facilitation of performance calculations. Concerning the latter, an in-house
tool has been developed, which is based on well-established textbook methods [3,10,11]. It
can be used to quickly evaluate layout changes and assess their impact on the performance
and is fully compliant with the corresponding airworthiness regulations [1,8,12]. However,
when it comes to the rapid prediction of aerodynamic and stability coefficients for a BWB
UAV, the available literature is considerably more limited and commercial-airliner-oriented.

Existing analysis methods and codes [3,10,13] can provide accurate and reliable results
for conventional configurations. Investigating a BWB configuration, though, is considerably
more challenging, due to its inherently complex design. References [14,15] utilize a low-
fidelity panel method for the inverse design of a BWB aircraft wing twist, towards the
optimization of spanwise loading distribution. Reference [16] utilizes a mean surface panel
method (WINGBODY) and an actual surface panel method (PANAIR) to investigate the
low Mach load cases of a transonic BWB aircraft. Reference [17] integrates a Vortex Lattice
Method (VLM) and a first order panel method into a tool calculating a BWB aircraft’s
controllability. Reference [18] combines a VLM code for lift, induced drag and moment
calculations, a friction code for friction and form drag calculations and the Korn equation
for wave drag, while employing CFD for optimization and inverse design procedures. A
particularly thorough investigation on low-fidelity, “quasi-3D” aircraft design methods
applied on the design of BWB aircraft, has materialized through the Silent Aircraft initiative,
as documented throughout its course in References [19–21]. These studies employ the
vortex lattice code AVL for airfoil twist design and the MSES v3.02 code for the design
and analysis of airfoils at the compressible and viscous regime, as well as the estimation of
wave drag. One common characteristic of the aforementioned studies is that the proposed
low-fidelity employed methods are aimed at specialized applications and not at a general
treatment of the conceptual design as a whole. References [14,15,17] present the application
of their method on some specific tasks, such as inverse twist design and do not describe
a complete aerodynamic and stability analysis, let alone the underlying methodology.
On the other hand, references [16,18–21] mainly deal with commercial airliner platforms
where the Reynolds numbers are relatively high (between 1 × 107 and 5 × 107 [1,3]) when
compared to smaller-scale aircraft and UAVs (ranging from 1 × 105 to 2 × 106 [8,22,23]).
Most importantly, though, the flow examined in those articles is compressible. This in
turn allows the use of specific methods and assumptions [24], which are not suitable
when a BWB UAV configuration is considered. Another common issue of these studies
is the deviation between the proposed methods and the CFD modeling results. What is
more, the pitching moment prediction is either inaccurate or not conducted at all. In a
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configuration such as the BWB, though, investigating the aerodynamic features cannot
be conducted independently of the pitching stability. The aerodynamic efficiency and
performance specifications of a BWB UAV are derived using both lift and pitching moment
data, since they both affect critical parameters such as operating angle of attack and control
surfaces trimming. The aforementioned comments lead into the conclusion that no rapid,
low-fidelity, aerodynamic analysis method exists for BWB UAV configurations, whereas
the existing methods fail to accurately predict the pitching moment coefficients for BWB
configuration in general, be it commercial airliner or UAV. For example, existing low-
fidelity methods cannot be used to conduct a trimming analysis, which is arguably one of
the most important tasks during the conceptual design phase [3].

The current paper proposes a low-fidelity method that predicts the lift and pitching
moment coefficients of a BWB UAV, while demanding far less computational time and
resources when compared to CFD modeling. At the same time, it is far more accurate
when compared to existing low-fidelity tools. The general philosophy of the method is
presented in Figure 1. It is based on a spanwise (i.e., along the Y axis) division of the
BWB configuration into several XZ-plane cross-sections (airfoils). The 2D behavior of
each airfoil is calculated using the XFOIL code [13] and, following a series of theoretical
(textbook) aerodynamics relations, the 3D lift, drag and moment coefficients are derived.
The effect of the control surfaces is also taken into account using dedicated relations,
whereas ground effect corrections are proposed to allow the evaluation of takeoff and
landing flight segments. A step-by-step presentation of the underlying philosophy and
the governing equations is made, followed by a comparison with existing high- and low-
fidelity tools. It should be noted at this point that the aim of this study is to develop
a method capable of investigating BWB UAV configurations in general and not just the
EURRICA one, which serves as a reference configuration. Hence, apart from the main
reference platform, a set of published data for BWB UAV configurations is also used for
validation purposes, to display the versatility and the limitations of the proposed method.

Aerospace 2021, 8, x FOR PEER REVIEW 3 of 19 
 

 

suitable when a BWB UAV configuration is considered. Another common issue of these 
studies is the deviation between the proposed methods and the CFD modeling results. 
What is more, the pitching moment prediction is either inaccurate or not conducted at all. 
In a configuration such as the BWB, though, investigating the aerodynamic features can-
not be conducted independently of the pitching stability. The aerodynamic efficiency and 
performance specifications of a BWB UAV are derived using both lift and pitching mo-
ment data, since they both affect critical parameters such as operating angle of attack and 
control surfaces trimming. The aforementioned comments lead into the conclusion that 
no rapid, low-fidelity, aerodynamic analysis method exists for BWB UAV configurations, 
whereas the existing methods fail to accurately predict the pitching moment coefficients 
for BWB configuration in general, be it commercial airliner or UAV. For example, existing 
low-fidelity methods cannot be used to conduct a trimming analysis, which is arguably 
one of the most important tasks during the conceptual design phase [3]. 

The current paper proposes a low-fidelity method that predicts the lift and pitching 
moment coefficients of a BWB UAV, while demanding far less computational time and 
resources when compared to CFD modeling. At the same time, it is far more accurate 
when compared to existing low-fidelity tools. The general philosophy of the method is 
presented in Figure 1. It is based on a spanwise (i.e., along the Y axis) division of the BWB 
configuration into several XZ-plane cross-sections (airfoils). The 2D behavior of each air-
foil is calculated using the XFOIL code [13] and, following a series of theoretical (textbook) 
aerodynamics relations, the 3D lift, drag and moment coefficients are derived. The effect 
of the control surfaces is also taken into account using dedicated relations, whereas 
ground effect corrections are proposed to allow the evaluation of takeoff and landing 
flight segments. A step-by-step presentation of the underlying philosophy and the gov-
erning equations is made, followed by a comparison with existing high- and low-fidelity 
tools. It should be noted at this point that the aim of this study is to develop a method 
capable of investigating BWB UAV configurations in general and not just the EURRICA 
one, which serves as a reference configuration. Hence, apart from the main reference plat-
form, a set of published data for BWB UAV configurations is also used for validation pur-
poses, to display the versatility and the limitations of the proposed method. 

 
Figure 1. Quasi-3D method roadmap. 

2. Reference Platform 
The reference platform for the current study is a fixed-wing, tactical BWB UAV con-

figuration. The configuration resembles the DELAER RX-3 prototype, which has been de-
veloped following a dedicated conceptual and preliminary design study [8,25], backed by 
applied aerodynamics investigations and parametric studies [26] conducted at the Labor-
atory of Fluid Mechanics and Turbomachinery (LFMT), at the Faculty of Mechanical En-

Figure 1. Quasi-3D method roadmap.

2. Reference Platform

The reference platform for the current study is a fixed-wing, tactical BWB UAV con-
figuration. The configuration resembles the DELAER RX-3 prototype, which has been
developed following a dedicated conceptual and preliminary design study [8,25], backed
by applied aerodynamics investigations and parametric studies [26] conducted at the
Laboratory of Fluid Mechanics and Turbomachinery (LFMT), at the Faculty of Mechanical
Engineering, at the Aristotle University of Thessaloniki (AUTH), in Greece. The layout
design and sizing, as well as the aerodynamic, stability and performance analyses have
been conducted according to well-established design methods, using dedicated in-house
tools, whereas the entire development procedure is compliant with the corresponding
airworthiness regulations. The RX-3 is equipped with a 53hp Wankel-cycle, water-cooled,
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engine in a pusher configuration and has the vertical stabilizers located at the winglets.
The external layout is presented in Figure 2, whereas more details about the configuration,
such as airfoil profiles, can be found in References [8,25]. The operating specifications of
the reference platform resemble those of tactical UAVs (Table 1), as the latter are described
in References [8,27–29].
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Table 1. Reference BWB UAV platform specifications.

MTOW 200–600 (kg)
Cruise speed 160 (km/h)
Takeoff speed 108 (km/h)
Service ceiling 15,000–20,000 (ft)

Payload capacity Depends on the scenario
- Scenario 1 100 (kg)
- Scenario 2 50 (kg)
Endurance Depends on the scenario
- Scenario 1 <10 (h)
- Scenario 2 >10 (h)

Note that, based on the work presented in Reference [28] two different scenarios
are defined, that is, a short- and a long-endurance. Scenario I corresponds to the short-
endurance one and features a large payload capacity, fit for search and rescue missions.
On the other hand, Scenario II covers Intelligence, Surveillance and Reconnaissance (ISR)
related missions, where a part of the useful payload is replaced with extra fuel for long-
endurance flights.

3. Proposed Quasi-3D Method

In the current section a step-by-step presentation of the proposed method is made.
More specifically, the steps can be listed as follows:

1. Definition of the inputs related to geometric and flight conditions
2. 2D rapid solver
3. 3D analytical corrections
4. Additional corrections related to control surfaces deflection and ground effect

3.1. Geometric and Flight Conditions Inputs

As shown in Figure 3, the basic inputs of the proposed quasi-3D method are divided
into two categories: geometric data and flight conditions. The most critical geometric
data are the 2D sections topology (airfoil types) constituting the wing and their spanwise
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positions, followed by the span, twist, sweep and reference area of the wing. These data can
accurately be extracted from the 3D CAD model of the UAV. Some of the airfoil sections are
selected during the design of the reference platform and their geometry is a-priori known.
In the present study, this is the case with the root (y/b = 0), kink (y/b = 0.32), tip (y/b = 1)
and winglet airfoils [25].
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predefined ones, sections marked in blue and green to correspond the ones generated by lofting. Green is also used to
define control surfaces area and frames.

The rest of the sections are generated through lofting, therefore their topology is taken
from the 3D CAD model and translated into custom “point clouds,” one for each airfoil
section. The flight conditions refer to air density and viscosity, flight velocity and angle of
attack. Note that, for each 2D section, both the UAV angle of attack and the local incidence
angle of each section due to wing twist, are accounted for.

After all the corresponding inputs have been defined, the BWB configuration is
divided into a number of 2D sections (Figure 3). As expected, the accuracy of the results
increases with the number of sections. More specifically, a dedicated parametric study
(Figure 4) showed that a number of 14 sections is the optimal choice for the reference BWB
UAV configuration, as the percentage deviation when comparing the proposed method and
the corresponding CFD results is 0.5% and 7.3% for lift and moment coefficient, respectively.
Indicatively, dividing the BWB in 16 sections leads in an increase in prediction accuracy
of less than 1% (when comparing lift coefficient prediction accuracy between 14 and 16
sections).

3.2. 2D Low-Fidelity Solver

For the 2D analyses, the XFOIL code is employed. It is a well-established, 2D, low-
fidelity aerodynamic analysis tool and its results have been validated against experimental
results [13]. The airfoil geometry is generated using a cloud of points and, more specifically,
their Cartesian (x,y) coordinates, as shown in Figure 5. The coordinates are normalized
using the local airfoil chord. Control surfaces can in turn be defined at every desired airfoil
frame, by specifying a deflection angle and a chord length, as a percentage of the frame
(Figure 5).
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XFOIL code uses a panel method analysis, based on the assumption that a two-
dimensional airfoil can be generated by combining a freestream flow, a vortex sheet of
strength γ on the airfoil surface and a source sheet of strength σ on the airfoil surface and
wake (Figure 6). The airfoil contour and wake trajectory are discretized into flat panels,
with N panel nodes on the airfoil and Nw nodes on the wake. Depending on the type of
the trailing edge (finite or smooth), a slightly different approach is applied for the source
strength σTE and vortex strength γTE [30]. The stream-function is in turn set equal to
some constant value Ψ0 at each node on the airfoil, whereas the Kutta condition is also
employed [31].

Ψ(x, y) = q∞cosα· y− q∞cosα ·x +
1

2π

∫
γ(s)lnr(s; x, y)ds +

1
2v

∫
σ(s)θ(s; x, y)ds (1)
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The corresponding airfoil stream function is shown in Equation (1), where s is the
coordinate along the vortex and source sheets, r is the magnitude of the vector between
the point at s and the field point x, y, θ is the vector’s angle and q∞cosα, q∞sinα are the
freestream velocity components [13,31]. For the N node values γi and the airfoil surface
stream-function a linear (N + 1) × (N + 1) system is defined. The above methodology is
slightly adjusted for viscous flows, including the boundary layer equations.

The most significant parameters of the analysis are the Reynolds number and the Mach
number, which are defined for each airfoil depending on the freestream conditions and
local chord length. Then, the airfoil is analyzed to calculate the corresponding aerodynamic
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coefficients at various angles of attack, that is, lift (Cl), drag (Cd) and pitching moment (Cm)
coefficients (Figure 7). Finally, a 6th order polynomial fitting is applied on the results, so
that the value of every coefficient can be extracted for any angle of attack. The procedure is
repeated for each one of the airfoil sections described in the previous section.
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3.3. 3D Aerodynamic Corrections and Integration (Clean Configuration)

In the present study, the term clean is used to describe a configuration that has all of
its control surfaces at a deflection angle of 0 degrees [32]. The 3D corrections refer to span
corrections (induced flow phenomena) and sweep corrections. As a start, the angle of attack
induced from 3D flow phenomena (aind) is calculated using the textbook relations shown in
Reference [31] (Equation (2)). The effective angle of attack (aeff) is in turn calculated using
Equation (3).

aind =
Cl

π·AR
(2)

ae f f = a− aind (3)

In Equations (2) and (3), Cl and a are the 2D lift coefficient and angle of attack of each
section, respectively, whereas AR stands for the aspect ratio. Note that Equation (2) assumes
an elliptical spanwise distribution of lift, a condition met by-design for the reference
platform [8]. The effective angle of attack is then used to retrieve the corresponding lift and
moment coefficients from the polynomial expressions of Section 3.2, for every airfoil section.

Subsequently, Equation (4) is applied to account for sweep (Λ) and, finally, the total lift
coefficient is calculated by integrating the corrected values across the wingspan (Equation
(5)). Note that b describes the wingspan, c the chord length of each airfoil and S the
reference area of the BWB UAV.

C′l = Cl ·cos(Λc/4) (4)

CL = 2·
∫ b/2

0

c·C′l
S

dy (5)
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As far as pitching moment is concerned, the total moment coefficient in regard to
the center of gravity of the UAV is broken down into two distinct components. The first
component (CMCG,1 ) is the result of the spanwise integration of all Cm values calculated for
the 2D airfoil sections, following the corresponding 3D corrections, in similar manner to
the ones applied for the lift coefficient calculations. That is, the integration is performed
according to Equation (6).

CMCG,1 = 2·
∫ b/2

0

c·Cm

S
dy (6)

The second pitching moment component (CMCG,2) is “lift-derived.” That is, the lift
force produced by every airfoil also generates a moment in regard to the CG, which
is proportional to the longitudinal distance between its point of action and the CG. This
component is taken into account using Equation (7), where, xNP and xCG are the longitudinal
locations of the neutral point and center of gravity respectively and cmean is the mean
aerodynamic chord of the BWB UAV.

CMCG,2 =
CL·(xNP − xCG)

cmean
(7)

The total pitching moment coefficient (CMCG ) is calculated by simply summing up the
two components (Equation (8)).

CMCG = CMCG,1 + CMCG,2 (8)

3.4. Additional Corrections
3.4.1. The Effect of the Control Surfaces Deflection

The sections that are placed on the corresponding control surface region are analyzed
in order to acquire the 2D aerodynamic coefficients for the deflected airfoils. As far as
the lift coefficient is concerned, the same steps with the clean configuration are applied
(Equations (2)–(5)), only that this time the new aerodynamic data are employed for the
control surfaces sections. Regarding moment coefficient, it is now broken down into three
distinct components. Equation (6) is applied to integrate the 2D Cm values across the span.
Additionally, the value (CMCG,3) is added, to take into account the lift-derived pitching
moment coefficient. The new term emerges from the difference in lift due to control surface
deflection and is calculated using Equation (9). The term is eventually added to CMCG,1

and CMCG,2 to calculate the total pitching moment coefficient, including the effect of control
surfaces deflection.

CMCG,3 =
η·(CLde f lected− CL)·

(
xACel − xCG

)
cmeanel

·Sel
S

+
η·(CLde f lected− CL)·(xACrv − xCG)

cmeanrv

·Srv

S
(9)

In Equation (9) CLde f lected is the lift coefficient of the configuration with the control
surfaces deflected, CL is the lift coefficient of the clean configuration, as calculated from
Equation (5), xAC stands for the longitudinal position of the aerodynamic center of the
corresponding control surface (el for elevon and rv for ruddervator) and Sel and Srv is
the reference area of the part of the wing that contains the elevon and the ruddervator
respectively (Figure 3), as the latter defined in Reference [10]. Additionally, Cmeanel and
Cmeanrv describe the mean aerodynamic chord of the part of the wing that contains the
elevon and the ruddervator respectively and finally η is a correction factor for nonlinear
lift behavior of plain flaps and is described in Reference [33].

3.4.2. Ground Effect

The calculation of ground effect on lift and moment coefficients, while not crucial
during the overall performance assessment of a BWB UAV, provides useful data for the
flight phases of takeoff and landing. The corrections described in this section for calculating
the impact of ground effect on the lift and pitching moment coefficients of the BWB UAV
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are based on the method prescribed in Reference [10]. This method does not directly
calculate the increase in lift coefficient, instead predicting the decrease in angle of attack
(∆αg) required to produce the same lift coefficient (Equation (10)).

∆αg = −Ftv

(
9.12
AR

+
7.16cr

b

)
CL −

(
AR

2CLα

)
cr

b

(
L
L0
− 1
)

CLr−

(
δ f
50

)2

CLα

∆(∆CL) f (10)

Note that in Equation (10), cr is the root chord of the wing, δf is the flap (elevon or
ruddervator) deflection, CL is the lift coefficient away from ground calculated according to
Equation (5), CLa is the corresponding lift slope, ∆(∆CL) f is the rate of change in CL as a
result of flap (elevon or ruddervator) deflection, calculated according to Section 3.4.1 and
Ftv,

(
L
L0
− 1
)

, r are correction factors extracted from empirical/experimental charts found
in Reference [10], according to the height of the wing from the ground.

The new lift and moment coefficients can now be calculated. As with the moment
coefficient calculations of the quasi-3D Method, the moment coefficient in ground effect
consists of a lift-derived component, calculated by Equation (11):

∆CMw fg
=

∆CLg(xCG − xNP)

cmean
(11)

And a control surface-derived component, calculated by Equation (12):

∆CMCSg
=

∆CLCSg
η(xAC − xCG)

cmean
(12)

∆CLCSg
is calculated by Equation (13):

∆CLCSg
= −CLα

(
SCS

S

)
∆εg (13)

And the horizontal tail downwash change ∆εg is calculated by Equation (14):

∆εg = α

(
dε

dα

)
[
b2

e f f + 4(HCS − Hw)
2

b2
e f f + 4(HCS + Hw)

2 ] (14)

In Equation (14)
(

dε
dα

)
is the downwash slope of the aircraft, calculated with equations

found in Reference [10], HCS and Hw are the heights of the aerodynamic center of the
control surface section and the mean chord of the wing from the ground, respectively and
be f f is the effective wingspan calculated by Equation (15), where b′w and b′f are taken from
empirical/experimental charts found in Reference [10].

be f f =
CL + ∆CL(

CL
b′w

)
+

(
∆CL
b′f

) (15)

4. Alternative Aerodynamic and Stability Analysis Methods

The current section presents the existing, well-established, low- and high-fidelity
modeling methods and software that are used to validate the proposed quasi-3D BWB
UAV analysis method.

4.1. 3D Low-Fidelity Analysis Methodology

The 3D low-fidelity analysis is conducted on a simplified representation of the
wing/body configuration being investigated, using an inviscid approach (Figure 8). That
is, the 3D configuration is modeled using a finite number of panels and a vortex or a
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doublet and source is associated to each panel [31,34]. Depending on the configuration,
the analysis may be of the Vortex Lattice Method (VLM) type, that is, performed on the
mean camber line or of the 3D-panel type, in the case where the wing is modeled as a thin
or a thick surface respectively [30]. More specifically, the classic Lifting Line Theory (LLT),
a VLM and a 3D Panel Method and their variants are supported, whereas the boundary
conditions may be either of the Neumann or Dirichlet type. A detailed presentation of their
characteristics, their advantages and their possible application is made in Reference [30].
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Each of these methods has its advantages and limitations, therefore the selection of
the appropriate method to solve a problem depends on the geometrical and aerodynamic
properties of the problem in discussion. The LLT assumes one horseshoe vortex throughout
the wing and its functionality is limited to wings without a sweep or dihedral angle and
with a high aspect ratio. VLM [31] divides the wing into panel elements and assumes a
horseshoe or ring vortex for each of them. It is applicable to all wing geometries including
wings with high sweep, low aspect ratio and high dihedral (winglets) but it does not
estimate the behavior at near stall conditions as accurately as the LLT method. The 3D
Panel method [34] divides the wing into panel elements where a doublet and a source sheet
are superpositioned. This method takes into consideration full 3D characteristics as for
example the wing thickness and the fuselage. It is employed mainly when the pressure
distribution must be acquired, on both the top and bottom surfaces or when the influence
of fuselage has to be taken into consideration.

Taking into account the shape of the BWB configuration, with the aft-swept wings and
the absence of fuselage the VLM method is eventually employed. The analysis is facilitated
using the XFLRv5 routine, which employs the 2D XFOIL analyses as a base [13] and yields
the lift, drag and pitching moment coefficients.

4.2. High-Fidelity Analysis Methodology

The high-fidelity analysis essentially corresponds to CFD modeling. The Reynolds-
Averaged-Navier-Stokes (RANS) equations are solved and the Spalart-Allmaras [35] model
is adopted for the modeling of turbulence. It is a robust and well-established, 1-equation
turbulence model that can accurately predict the development of external flows around
airfoils and wings and the corresponding boundary layer phenomena due to adverse
pressure gradients. The CFD analysis is conducted using the BETA CAE ANSA (meshing)
and ANSYS CFX (solver, post-processing) software [36,37]. A second order upwind scheme
is used for both the discretized momentum transport and turbulence modeling equations.
Note that Spalart-Allmaras is a low-Reynolds turbulence model, therefore the values of y+
at the wall are kept below 5, so that the boundary layer phenomena in the wall region can be
accurately modelled. As a general comment, it should also be noted at this point that many
researchers tend to use the k-omega SST turbulence model [38] for the modeling of flows
around fixed-wing UAVs. However, in a recent study published by Lili Chen et al. [39],
where CFD modeling results are validated against experimental data, the Spalart-Allmaras
turbulence model is suggested for similar applications, as a combination of highly reliable
and robust turbulence model.

Following a grid dependency study, a mesh of approximately 8 million nodes is
generated, to make sure that the lift and moment coefficients are accurately predicted
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(Figure 9). In Figure 10 the surface and volume mesh around the BWB UAV reference
configuration are shown. An unstructured mesh is used to discretize the control volume
whereas, for the boundary layer region around the UAV surface a structured mesh is used.
More details about the CFD methodology can be found in Reference [8]. Table 2 sums
up the various cases that were examined in the framework of the present work, whereas
Figure 11 indicatively presents the flow development around the reference configuration,
as a result of the CFD modeling.
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Table 2. Computational Fluid Dynamics (CFD) cases modelled for the present study.

Flight Segment Angles of Attack (deg) Freestream
Velocities (m/s)

Elevon
Deflections (deg)

Ruddervator
Deflections (deg) Altitude (m)

Cruise −4, 0, 4, 8, 12 50 0 0 2000
Cruise 0 50 −10, −5, 5, 10 0 2000
Cruise 0 50 0 −5, 5 2000
Takeoff −4, 0, 4, 8 30 −35 −35 0
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5. Results and Discussion
5.1. Proposed Method Validation and Parametric Studies
5.1.1. Clean Configuration

The results of the implementation of the method on the clean configuration are pre-
sented in this section as a comparison to the results of the 3D XFLR and CFD modeling.
Each of the three methods are employed to examine the reference BWB UAV aerodynamic
behavior at five different angles of attack (−4◦, 0◦, 4◦, 8◦, 12◦), as shown in Figure 12 and
in Tables 3 and 4. Note that the velocity equals to 180 Km/h and the flight altitude equals
to 2000 m leading to a Reynolds number of 2,932,000, based on the mean aerodynamic
chord. At angles of attack from −4 to 8 degrees, the proposed method is in close agreement
to CFD results, both in net and in percentage values. Most notably, though, the proposed
method is far more accurate than the existing 3D low-fidelity one, both in terms of lift and
moment coefficient prediction.
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Table 3. Lift coefficient prediction comparison between the three methods.

AOA CFD XFLR5 3D Proposed Method
XFLR5 3D

vs.
CFD

Proposed Method
vs.

CFD

−4 −0.2669 −0.1659 −0.2392 37.8% 10.4%
0 0.1476 0.0920 0.1483 37.7% 0.5%
4 0.5647 0.3489 0.5462 38.2% 3.3%
8 0.9583 0.6022 0.9376 37.2% 2.2%

12 1.2259 0.8497 1.2425 30.7% 1.4%

Table 4. Pitching coefficient prediction comparison between the three methods.

AOA CFD XFLR5 3D Proposed Method
XFLR5 3D

vs.
CFD

Proposed Method
vs.

CFD

−4 65.0% 8.7%
0

Data restrictions apply
59.1% 19.3%

4 137.7% 10.6%
8 114.8% 7.3%

12 113.5% 88.7%

From an angle of attack of 8 degrees onwards, the results of the proposed method
deviate from the CFD results when it comes to moment coefficient prediction. The reason
behind this behavior is the development of complex 3D flow phenomena that eventually
lead to an unstable pitch-break [40,41]. That is, the proposed method cannot predict the
pitch-break that occurs at high angles of attack. This phenomenon has been encountered
over BWB configurations [26,40] and is likely linked to leading-edge separation over the
main body, caused at high angles of attack. The main wings stalls before the main body,
causing the BWB to pitch-up. The data available in the literature are rather limited, so that
the authors can provide a corresponding correction at this point. However, investigating
high angles of attack is beyond the scope of the proposed method, which is developed for
conceptual design purposes. Utilizing a high-fidelity method or wind tunnel experiments
is advised, in any case, for the prediction of near-stall behavior.

5.1.2. Control Surfaces Deflection and Trim Diagram Calculation

Figures 13 and 14 sum up the investigations conducted at cruise conditions for various
deflection angles of the control surfaces of the reference platform. Due to the large deviation
between the XFLR and CFD results for the clean configuration, the former method is not
included at the present section. Again, the velocity equals to 180 km/h and the flight
altitude equals to 2000 m leading to a Reynolds number of 2,932,000, based on the mean
aerodynamic chord. More specifically, Figure 13 presents the comparison between the
proposed quasi-3D method and CFD modeling at an angle of attack of 0 degrees. A wide
range of deflection angles is examined, that is, −10 to 10 degrees for the elevon and −5 to
5 degrees for the ruddervator. The results are in very good agreement in terms of both lift
and moment coefficient prediction.



Aerospace 2021, 8, 13 14 of 19

Aerospace 2021, 8, x FOR PEER REVIEW 14 of 19 
 

 

degrees. Consequently, this section highlights the ability of the proposed, rapid, low-fi-
delity method to match the predictions of the high-fidelity CFD predictions, in terms of 
trimming analysis, without any significant penalties in accuracy. This result is one of the 
most important points of this work, as it allows for the much-needed conceptual design 
trade studies to be conducted in a cost-effective (in terms of time and resources) way, 
which was not possible with the existing low-fidelity methods.  

5.1.3. Takeoff Conditions and Ground Effect Impact 
Figure 15 presents the investigations conducted at takeoff conditions. A comparison 

between CFD and the proposed method is made at a velocity of 108 km/h, corresponding 
at a Reynolds number of 1,759,000. The elevon and ruddervator control surfaces are de-
flected at an angle of −35 degrees (negative deflection angle stands for nose-up pitching 
moment [11]). The ground effect corrections are also employed in this case, assuming that 
the UAV is located 0.5 m above the takeoff runway, corresponding to a typical landing 
gear height [23]. 

 
Figure 13. Lift and moment coefficients versus elevon (a,b) and ruddervator (c,d) deflection angle 
for 0 degrees of angle of attack. 

Figure 13. Lift and moment coefficients versus elevon (a,b) and ruddervator (c,d) deflection angle
for 0 degrees of angle of attack.

Aerospace 2021, 8, x FOR PEER REVIEW 15 of 19 
 

 

 
Figure 14. Trim diagram at reference mid-cruise conditions. The CFD and proposed method re-
sults are shown in square markers and dashed lines, respectively. Blue color is used to denote the 
trimmed state. 

 
Figure 15. Lift and moment coefficient prediction for takeoff conditions, with- (c,d) and without (a,b) ground effect cor-
rections. 

In terms of lift coefficient prediction, the results are again in very close agreement 
between the two methods. On the contrary, when it comes to the moment coefficient pre-

Figure 14. Trim diagram at reference mid-cruise conditions. The CFD and proposed method results
are shown in square markers and dashed lines, respectively. Blue color is used to denote the
trimmed state.

Based on those results, a trimming diagram at cruise conditions is also made (Figure 14).
Although a weight analysis is clearly beyond the scope of this paper, a mid-cruise lift coefficient
of 0.4 is used for reference purposes. The weight of the UAV in this reference condition
is 246 kg, while the longitudinal position of the center of gravity, normalized using the
root chord (xcg/croot), is at 63%. The proposed method analysis indicates that 3.5 degrees
deflection is required, while the corresponding value for the CFD analysis is 3 degrees.
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Consequently, this section highlights the ability of the proposed, rapid, low-fidelity method
to match the predictions of the high-fidelity CFD predictions, in terms of trimming analysis,
without any significant penalties in accuracy. This result is one of the most important
points of this work, as it allows for the much-needed conceptual design trade studies to be
conducted in a cost-effective (in terms of time and resources) way, which was not possible
with the existing low-fidelity methods.

5.1.3. Takeoff Conditions and Ground Effect Impact

Figure 15 presents the investigations conducted at takeoff conditions. A comparison
between CFD and the proposed method is made at a velocity of 108 km/h, corresponding
at a Reynolds number of 1,759,000. The elevon and ruddervator control surfaces are
deflected at an angle of −35 degrees (negative deflection angle stands for nose-up pitching
moment [11]). The ground effect corrections are also employed in this case, assuming that
the UAV is located 0.5 m above the takeoff runway, corresponding to a typical landing gear
height [23].
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In terms of lift coefficient prediction, the results are again in very close agreement
between the two methods. On the contrary, when it comes to the moment coefficient
prediction, the proposed method deviates significantly from the CFD results, with an
indicative percentage deviation of 27% at an angle of attack of 4 degrees. This deviation
can be seen both with- and without ground effect corrections. Therefore, the error is mainly
attributed to the extreme control surface deflection, possibly indicating that the airfoil
profiles cannot be accurately modeled using the 2D XFOIL code.
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5.1.4. Aspect Ratio and Sweep Angle Parametric Studies

To further examine the reliability of the method and examine its reliability beyond
the reference platform, a comparison is made against the CFD modeling data that have
been published in Reference [26], concerning the lift coefficient of BWB configurations of
various geometric characteristics. More specifically, four configurations are used, each of
which features a different combination of sweep and AR (Table 5). More details about the
layout of each configuration can be found in Reference [26].

Table 5. Features of the four examined BWB configurations.

Configuration Sweep Angle (Degrees) AR

(a) 0 24
(b) 40 8
(c) 20 8
(d) −10 8

In this section, the velocity equals to 144 Km/h and the flight altitude equals to 2000 m
leading to a Reynolds number of 1,970,000, based on the mean aerodynamic chord. The
comparison between the two methods in terms of lift coefficient prediction is shown in
Figure 16. It is apparent that the proposed quasi-3D method is in good agreement with the
CFD results, for a typical operational range of angles of attack.
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6. Conclusions

A quasi-3D analysis method is proposed in this work, allowing for a rapid estimation
of the key coefficients of a BWB UAV configuration. Existing low-fidelity and quasi-3D
methods yield inaccurate predictions, since they employ specific assumptions and methods
related to conventional configurations and commercial airliner-related, compressible flow
conditions. Moreover, existing methods do not predict pitching moment coefficient, a
feature that is of very high importance for the design and analysis of a BWB UAV.
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As a start, a reference platform is defined, corresponding to a tactical, fixed-wing
BWB UAV configuration. A step-by-step presentation of the proposed methodology is
consequently made, including the underlying 2D analysis and the corresponding 3D
corrections. The modifications that allow the control surfaces modeling, as well as the
ground effect corrections are also shown. The proposed method is in turn validated against
well-established, 3D low-fidelity and CFD methods, to investigate its accuracy, its ability to
adopt to different layouts and its limitations.

The results of the proposed method are proven to be very accurate when compared to
computational modeling predictions. The lift and pitching moment coefficient estimations
are in very good agreement with the CFD results for the reference platform, both in
terms of net values and in terms of percentage error, whereas the achieved accuracy is
much higher than that of the established low-fidelity method. The proposed quasi-3D
method can also rapidly predict the effect of control surfaces deflection, thus allowing
for trimming diagrams to be drawn, which is a very important step when it comes to
conceptual design trade studies. Furthermore, a set of published data for BWB UAV
platforms is also used to validate the proposed method and investigate its versatility,
beyond the reference configuration.

As a general observation, the proposed method can accurately predict the lift and
pitching moment coefficients for a BWB UAV and helps to drastically reduce analysis
costs, both resources- and time-wise. The ability to rapidly perform trimming analyses
is of outmost importance for a BWB configuration, since the absence of a conventional
horizontal stabilizer means that any changes made at the layout are a multidisciplinary
problem, where both aerodynamics and longitudinal stability must be evaluated.

Given the fact that a low-fidelity approach is used, though, the proposed method also
has some limitations, related to the inability to predict the complex 3D flow phenomena
at high angles of attack, as well as to the fact that it cannot support the extremely high
deflection angles. Those limitations are the authors’ the primary concerns when it comes to
future work. Furthermore, the method can potentially incorporate textbook relations that
allow for drag coefficient prediction and compressibility corrections.
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