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Abstract

A nonplanar wing concept significantly improves the aerodynamic performance of an aircraft. Hence, adopt-
ing nonplanar flow control concepts is essential to achieve an enhanced lift performance and controllability.
Likewise, the blended wing body (BWB) concept uses a combined wing and fuselage to create a single lifting
surface throughout the entire wingspan. The BWB concept offers various advantages such as reduced oper-
ating cost, reduced noise emission, and improved aerodynamic efficiency. It was expected that a combination
of both nonplanar and BWB model would exhibit better aerodynamic performance. This study investigated the
aerodynamic performance of a combined nonplanar and BWB concept model using experimental and com-
putational methods at various angles of attack. The experimental tests were conducted at the de Havilland
low-speed wind tunnel facility at the University of Glasgow, while the numerical simulations were carried out
using OpenFOAM 8.0. Additionally, optimization of the nonplanar wingtip shape was performed to improve the
aerodynamic performance further. The aerodynamic characteristics and flowfield analyses of the wing model
were presented and explained using the post-processed figures.
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1. Introduction
The BWB configuration is an airfoil-shaped centerbody that combines propulsion, control surfaces,
and payload. The BWB configuration is, in essence, a flying wing that must operate steadily across
its entire flight envelope, carrying a payload with low structural weight drawback and producing lift
with low drag drawback [1]. A significant amount of the total lift is produced by the centerbody, which
lowers the wing loading. The low wing loading also guarantees good low-speed flight characteristics,
negating the need for bulky high-lift systems like double-slotted flaps [2]. Investing in nonplanar flow
control concepts is essential to achieve tailless flying BWB configurations with high lift performance
and improved controllability. Nonplanar wing configurations are classified according to their aerody-
namic properties or configuration features, and they are categorized, such as nonlinear aerodynamic
concepts, closed lifting systems, multiple-wing designs, and tip devices [3]. Devices to disperse and
interact with the vorticity in the vicinity of the wingtip region, taking advantage of the spiraling airflow
in this region to create additional traction and reduce the induced drag have been investigated, such
as winglets [4, 5, 6, 7], tip sails [8, 9, 10, 11], vortex diffusers [12], and multi-winglets [13, 14, 15]. A
valuable review of the possibility of overall air vehicle efficiency enhancement by employing nonplanar
wing concepts was provided [16, 17].
For wings of the same span and lift, the nonplanar wings provide a significantly better reduction in
drag than planar wings [3]. However, implemented surface extensions to primary wings to get non-
planar wing geometry such as wing-winglets, C-wings, or box wings increase profile drag and higher
bending moments due to increased wetted area and weight, respectively. Hence, the integration and
assessment of nonplanar wing concepts represents a challenge, and the evaluation of nonplanar
configurations must not only be done for a vortex drag decrease viewpoint. Furthermore, the design
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factors should be considered, such as reducing the structural weight to enhance the aircraft’s overall
performance and the potential to increase high-lift and good stability and control features.
Whitcomb [4] used high aspect ratio winglets instead of low aspect ratio endplates to generate a
significant variation in the vortex drag without a high increase in the wetted area. Heyson et al.
[5] reported that winglets were preferable over span extensions by comparing two concepts with
limited root bending moment. Verstraeten and Slingerland [18] studied the drag characteristics of
optimally span-loaded planar, Winglet, and C-wings. They concluded that the wing with a winglet
has an aerodynamic performance advantage over the C-wing and offers a drag decrease compared
to a planar wing for wings with span and aspect ratio restrictions. Computational and experimental
investigations of the behavior of different devices include Winglet, C-wing, fence, and gurney flap
coupled with a swept back flying BWB model [19, 20]. They found that the c-wing displayed a reduced
drag coefficient, whereas the Winglet demonstrated higher aerodynamic efficiency [19]. The growth
of the use of winglets is justified by an increase in the wing’s aerodynamic efficiency. Studies in this
field have demonstrated the effectiveness of winglets.
An in-depth understanding of flow separation and its effects is required to improve the aerodynamic
performance, such as stability and high-lift of the swept back flying BWB configurations. Generally,
there are various types of flow separation, such as mixed, leading, and trailing edge separation. The
type of flow separation depends on the wing geometry design and Reynolds number [21]. The swept
back BWB models experience wingtip stalls during take-off and landing, which is detrimental to their
stability and control. The stall inception occurs at the outboard wing section and then expands to
the inboard wing section. This flow behavior causes the lift center to move forward, leading to the
pitch-up of the swept back flying BWB configurations. The wingtip separation can be delayed by
modifying the wing design or applying flow control devices. One such approach is implementing
winglets to suppress the wingtip separation, improving the lift-to-drag ratio (CL/CD) with no more
structural loads, resulting in better fuel efficiency, a more extended range, and a bigger payload.
In the present study, the aerodynamic characteristics of a combined nonplanar and BWB concept
model were assessed by employing experimental and numerical simulation approaches at different
angles of attack (AOA). Additionally, optimization of the wingtip geometry was carried out to improve
the aerodynamic characteristics further. The aerodynamic characteristics and vortex formation were
analyzed using simulation results, including post-processed figures.

2. Nonplanar Tip-Section Optimized Model
A numerical optimum design approach is used to develop a nonplanar wingtip extension to enhance
the aerodynamic efficiency of the swept back flying BWB model in [22, 23, 24]. The baseline wing
model consists of three sections: the fuselage, the mid-section, and the tip-section. The nonplanar
wingtip section of the model has been aerodynamically optimized to improve lift and control power,
as well as the longitudinal stability margin. This modification can improve wing loading, structural
stiffness, and shielding of the aileron outboard tip. Both high-fidelity and low-fidelity numerical aero-
dynamic solvers are used to evaluate aerodynamic performance. A surrogate-based optimization
study is performed to improve the aerodynamic characteristics of the model. The developed surro-
gate models reflect the objective functions, and the design space is explored using uniform sampling.
A derivative-free generic method is used to tackle the constrained optimization problem. Flow condi-
tions are given in Table 1.

Table 1 – Flow conditions

Mach 0.0874
Altitude 0 [m]
Dynamic Pressure 1488.68 [ kg

ms2 ]
Reynolds Number 1.5E06

In the present optimization problem, the design variables, such as tip blending strength, tip sweep,
and dihedral angle, are optimized to maximize the CL/CD. Incremental Latin hypercube sampling
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(ILHS) is used to obtain the design points in the design space. Table 2 shows the bounds of the
design variables.

Table 2 – Design Variables

Parameter Initial bound
Tip Sweep Angle 40 [30,60]
Tip Dihedral Angle 0 [-30,30]
Tip Blending Strength 1 [0.5,1.5]

Incremental Latin hypercube sampling is used during optimization to explore the design space more
thoroughly. LHS incremental sampling preserves segmentation and correlation structure while gen-
erating new set samples. For a more accurate approximation model, the number of samples steadily
increases during model creation. A total of 50 samples were created using the Latin Hypercube
sampling method. A Kriging surrogate model is generated using 45 samples, and the model is cross-
validated with the remaining 10% of the total samples. The formulation of the constrained optimization
problem is as follows:

min
s∈S

− CL(s)
CD(s)

subject to h1(s) =
b

bre f
−1 = 0,

h2(s) =
l f

l fre f

−1 = 0

(1)

The swept back flying BWB model aerodynamic characteristics are analyzed using OpenFOAM 8.0
solver [32] within a flow domain developed identically to the wind tunnel test section. The inbuilt
OpenFOAM grid generators, blockMesh + snappyHexMesh, discretize the flow domain. The k-ω
SST model was chosen for the turbulence closure.
Surrogate models estimate the relation between the objective function and design variables in a
given design space. The low-fidelity surrogate models can be used as an alternative to high-fidelity
CFD simulations to reduce the total computational power required for the optimization process. The
reduction in computational power increases with the number of design variables used for optimization.
The workflow of the surrogate model generation is provided in Figure 1. Initially, the sampling of
design space is done, and the data is obtained from the design points using the vortex lattice method
(VLM). The vortex lattice method is computationally less expensive than the CFD simulations, making
it more suitable for optimization processes that require lots of runs. The data received from the sample
set is grouped into training and test data. The training data is used to create a model that optimizes
the hyperparameters. Later, cross-validation is performed to access the models performance. It uses
a set of data that was not analyzed early, and if the error magnitude is less than the given criteria,
it validates the model. Conversely, if the error magnitude is higher than the given criteria, a new
sample set with more design points is generated during the refinement step. The iterative process
was repeated until the required convergence was achieved.

Design of 
experiments

Kriging model 
generation

Hyperparameters 
optimization

Cross-
validation 

Validated 
model

Refinement  

Converged

No converged 

Figure 1 – Surrogate model generation process

The geometry was parameterized using three design variables, and a constrained optimization prob-
lem was solved using a genetic algorithm. The wingtip that was acquired is an extension of the wing
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classified as a winglet, which enhances the aerodynamic efficiency of the wing by 11%. The wing
tip extension that has been optimized effectively mitigates the pressure gradient at the wing tip in
comparison to the planar wing configuration.

Table 3 – Best parameters

Parameter Initial Interval Best
Tip Sweep Angle 40 [30,60] 56.4
Tip Dihedral 0 [-30,30] 30
Tip Blending Strength 1 [0.5,1.5] 0.62

One possible formulation of a generic approximation model is as follows:

f̂ = wT
ψ (2)

The vectors w and ψ denote weight and basis functions, respectively. if the orthogonal basis functions
are selected as follows:

ψ
i = exp(−

k

∑
j=1

θ j|xi
j − x j|

p j) (3)

The estimated function is the Kriging model. The basis function in Equation 3 indicates the correlation
of random variables with Y (xi) evaluations in a sample set xi. The basis function is mathematically
stated as:

cor[Y (xi),Y (xk)] = exp(−
k

∑
j=1

θ j|xi
j − xk

j|
p j
) (4)

Covariance matrices can be expressed as:

Cov[Y,Y] = σ
2
Ψ (5)

Table 4 – Optimization Results

L/D
Baseline 6
Optimized wingtip 6.76
Improvement 11%

Eventually, the wingtips design that have been improved regarding aerodynamics are presented. The
CAD model and the geometrical specifications of the nonplanar tip-section optimized BWB model are
provided in Table 5 and Figure 2.

Table 5 – Geometrical specifications

Parameter Value
Aspect ratio, AR 3.879
LE inboard sweep angle, ΛLEI

o 58
LE outboard sweep angle, ΛLEO

o 40
Tapered wingtip sweep angles, ΛLE,T E

o 56.4
TE sweep angle, ΛT E

o 30
Airfoil profile NACA 641212
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Side view

Top view

Front view

Planar model Nonplanar tip-section optimized model

Figure 2 – Different views for planar BWB model (left) and nonplanar BWB Model (right)

The effect of the nonplanar wingtip section on the aerodynamic characteristics of the swept back
flying BWB model was analyzed using the CL/CD ratio. The CL/CD comparison for the baseline planar
tip-section and nonplanar tip-section optimized model is shown in (Figure 3). The nonplanar tip-
section optimized model enhances the CL/CD by 11 and 7% at 0 and 5o, respectively, compared to
the planar tip-section model. Moreover, the nonplanar tip-section optimized model shows an overall
average improvement in CL/CD by 2.8%, compared to the planar tip-section model.
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Figure 3 – Comparison of CL/CD curves of planar model and nonplanar tip-section models

3. Model Manufacturing and Wind Tunnel Testing
The aerodynamic performance of the optimized wingtip section design was tested in the wind tunnel
at subsonic conditions. The rapid prototyping based on the fused deposition 3D printing technique
with a white polylactide thermoplastic material was used to produce the model for testing (Figure 4).
The model fabrication is elaborately discussed in [24] and not repeated here for brevity. Moreover,
the present model has metallic inserts to improve the structural rigidity similar to the earlier fabri-
cated wind tunnel model discussed in [24]. After the additive manufacturing process is completed,
post-processing is carried out. Then, the wing model is assembled before being mounted on the
sting system in the wind tunnel test section. The geometrical specifications of a 1:20 scaled-down
nonplanar swept back flying BWB model are provided in Table 6.
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Table 6 – Geometrical specifications.

Parameter Value
Wing Area, S m2 0.145
Wing Span, b m 0.75
Aspect ratio, AR 3.879
LE inboard sweep angle, ΛLEI

o 58
LE outboard sweep angle, ΛLEO

o 40
Tapered wingtip sweep angles, ΛLE,T E

o 55, 30
TE sweep angle, ΛT E

o 40
Airfoil profile NACA 641212

Slicer software 3D printing machine

Figure 4 – PrusaSlicer [25] (left) and 3D printing (right).

This experimental study aimed to predict the aerodynamic performance of swept back flying BWB
models. The aerodynamic forces and moments measurements on the models were performed in
the de Havilland low-speed subsonic wind tunnel at the University of Glasgow [26]. The detailed
specifications of the de Havilland wind tunnel test and conditions are presented in Tables 7 and 8,
respectively. The installation of the present models in the wind tunnel for testing is shown in Figure
5. Airspeed and AOA were manually entered during testing. Afterward, the models in the tunnel,
airspeed, and AOA were observed while the data was gathered from LabView program windows.

Table 7 – de Havilland wind tunnel specifications.

Location Glasgow
Type of tunnel a closed -return atmospheric low-speed
Test section 2.65 m × 2.1 m × 5.4 m
Test section shape Octagonal cross-section
Maximum air speed 70 m/s
Maximum Mach number 0.2
Maximum Reynolds number 4×106

Contraction ratio 5:1
The inlet turbulence intensity < 1%
Total pressure 1 bar
Pressure Up to 2.94 kN/m2

Temperature Ambient to 300K

Equipment
6-component balance, sting and positioning system,
and data acquisition system

Model support
Platform load cell beneath working section, and various
capacity load cells

Outputs for the present test Forces and moments
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Table 8 – Wind tunnel test conditions.

Flow range 0–40o AOA with step of 5o

Test speed 30 m/s
Average air temperature 20oC
Average atmospheric pressure 1.125×106kN/m2

Nonplanar BWB modelPlanar BWB model

Figure 5 – Installation of planar and nonplanar BWB models in the wind tunnel test section

4. Computational Methodology
The flow domain was created similarly to the wind tunnel test section to investigate the aerodynamic
performance of swept back flying BWB models (Figure 6). Table 9 provides the various steps involved
in the CFD modelling used in the present work. Table 10 provides the specifications of the present
numerical study, including the applied boundary conditions. Readers are suggested to refer to the
authors’ earlier works [22, 23, 24, 27, 28, 29] for a detailed explanation of CFD modeling.

Table 9 – Computational work stages.

Geometry modeling

• 3D CAD models generated with SolidWorks [30] and exported as
STEP files.
• Pre-processing done in Salome [31] to split and group the surfaces,
and then exported in STL format for meshing.

Grid generation [32]
• Hexahedral background mesh produced from blockMesh.
• snappyHexMesh used to create flow domain mesh
from background mesh and STL files.

Flow simulation [32]
• The simpleFOAM solver available in Open-FOAM 8.0 is used
for simulations.

CFD validation The CFD results were validated against the experimental test data.
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Flow domain

BWB model

Velocity inlet

Pressure outlet

Figure 6 – 3D view of meshed domain

Table 10 – Specifications of numerical study.

Working fluid Air
Type of analysis Steady state
Nature of flow Incompressible
Computational domain Full span model
Turbulence model k -ω SST model
Inlet turbulence intensity 0.5%
Intlet Velocity inlet (30 m/s)
Outlet Pressure outlet
Wing model No-slip wall
Top, bottom, and side faces Slip wall
Residual convergence 10−6

Under-relaxation factors
Pressure (p) and Omega (ω) = 0.3
Velocity (U) and Turbulent kinetic energy (k) = 0.7

5. Results and discussion
5.1 Aerodynamic Coefficients
Figure 7 shows the aerodynamic characteristics comparison between the planar and nonplanar swept
back flying BWB models, such as the lift coefficients (CL), drag (CD), pitching moment (CPM), yawing
moment (CY M) and rolling moment (CRM). The CL curves shown in Figure 7a demonstrate similar lift
values for both cases when the AOA ≤ 10o. For AOA > 10o, the nonplanar tip-section model exhibits
enhanced lift due to the reduction in induced drag, and a maximum increment of 4.2% is obtained at
25o AOA. For both models, the overall lift nonlinearly increases as AOA increases, and a stall occurs
at a critical AOA (=35o). Figure 7b shows the CD curves comparison, which reveals a similar trend
for both models. The CD increases with an increase in AOA and rapidly increases for AOA ≥ 10o

due to the increased flow separation. Notably, the nonplanar tip-section model shows significant drag
reduction (≈8.5%) for 0 and 5o AOA. Figure 7c compares CL against CD for planar and nonplanar
models. The figure shows no significant difference between the lift values for a CD value ≤ 0.2 for
both models. In contrast, the nonplanar tip-section model exhibits enhanced lift for the same drag
value. The variation of CPM with AOA for both configurations is illustrated in Figure 7d. As shown in
the figure, the CPM curve of the planar wing model exhibits a nonlinear trend with the onset of pitch-up
(nose-up moment) at 5o AOA due to the tip stall, and it increases with AOA up to 15o AOA. Beyond
15o AOA, the pitching moment reduces as AOA increases. In contrast, the nonplanar configuration
demonstrates smoother pitching moment characteristics without pitch-up or pitch-break compared to

8



LOW-SUBSONIC AERODYNAMIC ANALYSES OF A NONPLANAR BWB MODEL

the planar model. Figure 7e shows the behavior of CY M against various AOA for planar and nonplanar
configurations. The CY M plots for both configurations show similar and insignificant yawing moments
for AOA 0 and 15o. However, the planar configuration shows an increase in the CY M values between
15 and 20o AOA. Beyond 20o AOA, there is no notable change in the CY M with AOA. On the other
hand, the nonplanar tip-section model CY M fluctuates mildly at AOA ≥ 15o. Lastly, the behavior of CRM

plots against various AOA for both configurations is shown in Figure 7f. For the planar configuration,
the CY M is flat for the AOA 0-10o and ≥ 25o. However, the plot oscillates mildly with the AOA between
10 and 25o AOA. Conversely, the nonplanar wing model demonstrates no change in the CY M curve at
AOA ≤ 15o. The CY M plot exhibits an oscillatory behavior between 15 and 25o AOA and it decreases
with AOA increase at further than 25o AOA.
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Figure 7 – Aerodynamic characteristics of planar and nonplanar BWB models from wind tunnel test.
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5.2 Validation
The aerodynamic performance of the tip-section optimized model obtained from the CFD analysis
is compared against the experimental data to ensure the accuracy of the CFD prediction. Figure 8
provides the CL and CD versus AOA plots for both experiment and CFD approach. As shown in figure,
the trend and value of the lift (Figure 8)a and drag (Figure 8)b show satisfactory agreement with the
experimental values. The CFD simulation accurately predicted the stall point value (=35o) which is
crucial for the present investigation. Moreover, it can be concluded that the present CFD model is
accurate enough to investigate the aerodynamic performance of the optimized tip section model.
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Figure 8 – Validation of CFD with Experimental data for the nonplanar tip-section optimized model.

5.3 Flowfield Comparison: Baseline vs Optimized Design
Figure 9 displays the Cp distribution with wall shear streamlines for various AOA values. At AOA =10o,
the nonplanar tip-section optimized model exhibits reduced suction near the tip region owing to the
non-planarity of the tip-section. The reduced suction aids in suppressing the tip vortex strength. For
AOA=15o, we can see an expanded vortex for the nonplanar tip-section optimized model compared
to the baseline case, indicating reduced vortex strength. As AOA increases (=20o), the nonplanar
tip-section optimized wing model shows reduced pressure suction in the inboard and outboard vortex
interaction compared to the baseline planar model.

Optimized nonplanar BWB model

AOA = 10o 15o 20o

Baseline planar BWB model

Attached flow

Separated flow

Figure 9 – Cp distribution with wall shear streamlines at various AOA.
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To further understand the vortical flow structures, the suction surface vortex structures are visualized
using the Q criterion (=35000 s−2) (Figures 10). As evident in the figure, the tip vortex is suppressed in
the optimized model at AOA = 10o. As the AOA increases, the optimized model shows reduced vortex
interaction between the inboard and outboard vortex which results in delayed stall and improved lift.

AOA = 10o 15o                                                                             20o

Baseline planar BWB model

Optimized nonplanar BWB model

Outboard vortex

Inboard vortex

Figure 10 – The iso-surface of Q criterion (=35000 s−2) coloured by Cp distribution at various AOA.

6. Conclusion
A mixture of low-speed wind tunnel testing and computational investigations were carried out to
study the aerodynamic characteristics of planar and nonplanar swept back flying BWB models at
different angles of attack. The advantage of high lift-to-drag ratio aerodynamic features in the swept
back flying blended wing body type is due to their leading-edge vortex’s aerodynamic features. The
movement of the vortex causes the nonlinear behavior of the pitching moments. The nonplanar
tip-section wing model exhibited an enhanced aerodynamic lift-to-drag ratio compared to the planar
tip-section wing model. The planar tip-section wing model experienced the onset pitch-up at 5o

due to tip stall. In contrast, the nonplanar tip-section optimized wing model exhibited an improved
pitching moment. Compared to the baseline planar model, the nonplanar tip-section optimized wing
model shows reduced pressure suction in the inboard and outboard vortex interaction which leads to
delayed stall and enhanced lift. Additionally, the present study serves as a foundation for additional
optimization investigations, followed by computational and experimental investigations to develop the
nonplanar mid-section flying BWB concept.
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