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Article History:  Abstract. Authors investigated the aerodynamic characteristics of backward swept (BSCW) and forward swept 
(FSCW) C-wing configurations at transonic speed using Design of Experiments (DoE) and Computational Fluid 
Dynamics (CFD), aiming to enhance aircraft performance. Five geometric parameters for C-winglet design 
were identified from the literature. A quarter fractional factorial approach for the DoE was employed to ana-
lyse the effect of these parameters on aerodynamic characteristics at a constant Mach number and angle of 
attack of 0.8395 and 3.06°, respectively. Numerical results confirm the accuracy of the regression model in 
predicting aerodynamic coefficients, while normal plot highlight influential geometric parameters. Retrofitting 
C-winglets at the wingtips increases the aerodynamic performance by approximately 9.38% and 9.74% for 
BSCW and FSCW configurations respectively, compared to wings without C-winglets. The study demonstrates 
that utilizing a large cant angle and sweep angle of 60°, along with a low taper ratio of 0.562 for both the ver-
tical and horizontal winglets, as well as a low cant angle of 90° for the horizontal winglet, reduces shockwave 
interactions on the C-winglet surface, consequently leading to a reduction in drag. It was concluded that the 
geometric parameters of the C-winglet play an integral role in designing new aircraft aimed at reducing drag.
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1. Introduction

After facing the challenges brought about by the COVID-19 
pandemic, the long-term outlook for passenger traffic 
growth appears resilient. The International Air Transport 
Association (IATA) predicts that the demand for air trav-
el will double by 2040, maintaining a consistent expan-
sion at an average annual rate of 3.4% (International Air 
Transport Association, 2023). This forecast demonstrates 
an optimistic trajectory, considering the recovery efforts 
and the changing travel patterns expected post-pandemic. 
However, an increase in air travel demand will result in a 
rise in CO2 emissions, with the aviation sector account-
ing for 2.5% of global CO2 emissions, as reported by IATA 
(International Air Transport Association, 2023). In addition, 
previous study reported that by 2050, air travel will in-
crease due to growth in the socio-economic sector, neces-
sitating larger aircraft to accommodate the rising number 
of passengers (Grimme et al., 2021). Air transport remains 
the most important means of traveling from one destina-
tion to another in a shorter time, whether for leisure or 
cargo, compared to other existing modes of transporta-

tion. Therefore, the aviation industry is actively looking 
to develop new aircraft that offer high performance while 
minimizing environmental impact.

To meet the increasing demand for air travel, the avia-
tion industry is actively pursuing the development of new 
aircraft capable of providing swift transportation without 
compromising performance or environmental sustain-
ability. Most of these new aircraft must have the ability 
to travel at transonic speed, without affecting the aero-
dynamic efficiency of the aircraft. However, at transonic 
speed, aircraft experienced a rise in induced drag which is 
accounted for 40% of the total drag at cruising, and up to 
80% to 90% of the total drag during take-off conditions 
(Coelho Barbosa, 2023; Guerrero et al., 2020; Hrúz et al., 
2022; Kroo, 2005; Suresh et al., 2015). This resulted in more 
fuel consumption and causing an increase in CO2 emission 
which was estimated to grow by 2.8% annually (Le Quéré 
et al., 2020). Therefore, non-planar wing configuration 
has been introduced onto the aircraft wing to reduce the 
drag by increasing the span efficiency factor also known as 
Oswald’s factor (Kroo, 2005; Suresh et al., 2015).
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The aerodynamic characteristics of winglets (Guerrero 
et al., 2020; Kazim et al., 2022; Whitcomb, 1976), C-wing 
(Gobpinaath et al., 2016; Suresh et al., 2015; Yahyaoui, 
2019), and box wing (Gagnon & Zingg, 2016; Jemitola & 
Okonkwo, 2023; Sutthison et al., 2022; Yahyaoui, 2019) 
configurations were amongst the most studied non-planar 
wing configurations. Up to date, only winglets have been 
implemented in operational aircraft. Studies on winglets 
were conducted either in a wind tunnel experiment, ana-
lytical analysis or numerical analysis. The studies showed 
that winglet configurations have the ability to reduce the 
induced drag by 20% to 50% (Kehayas, 2021; Krishnan 
et al., 2020; Whitcomb, 1976). Nevertheless, wings with 
winglet configurations generally experienced shockwave 
interaction on the upper surface and this resulted in an 
increase in wave drag. Previous studies found that varying 
different geometrical parameters of a winglet can further 
improve the aerodynamic performance of an aircraft by re-
ducing both induced drag and wave drag (Guerrero et al., 
2020; Kazim et al., 2022). Moreover, Yahyaoui stated that 
vortex drag reduction was more important than increas-
ing the lift to drag ratio (CL/CD) of the wing configuration 
because vortex drag constituted a significantly larger por-
tion of the total drag of an aircraft compared to the profile 
drag solely caused by the wings (Yahyaoui, 2019). Addi-
tionally, this study demonstrated that incorporating both 
stagger and moderate sweep provide a slight advantage 
to the C-wing and wing with winglet configurations com-
pared to the box wing configuration in terms of the span 
efficiency factor (Yahyaoui, 2019). Furthermore, the C-wing 
configurations have almost the same drag reduction ef-
fect on large-wetted areas as the box wing and winglet 
configurations at subsonic speed. Hence, retrofitting the 
C-wing configuration onto the existing wing will be easier
to implement compared to the box wing configuration.

Moreover, the C-wing configuration has the ability 
to increase aerodynamic performance, usually measured 
in terms of CL/CD. Suresh et al. investigated the CL/CD 
between a C-wing configuration and straight wing con-
figuration on a commercial aircraft at a Mach number of 
0.85 while varying the angle of attack (AoA) from 0º to 
4º (Suresh et al., 2015). The study found that the C-wing 
configuration has a higher CL/CD than the straight wing 
configuration, and the same goes for the drag coefficient 
(CD). The reason for the C-wing configuration having a 
high CD was due to the additional surfaces which caused 

an increase in parasite drag. Nevertheless, the C-wing con-
figuration increased the lift coefficient (CL). Furthermore, 
as mentioned earlier, wave drag is another factor that can 
affect the aerodynamic performance of the C-wing config-
uration, especially at transonic speed, due to its similarity 
to the winglet configuration, leading to shockwave inter-
action. Shockwave interaction is typically caused by the 
collision or convergence of multiple shockwaves, often oc-
curring at the junction of two or more bodies. For instance, 
Guerrero et al. (2020) described this phenomenon in the 
context of a wing with winglets, and the same can be ob-
served in the case of the C-wing configuration (Guerrero 
et al., 2020). However, previous studies have investigated 
the effect of aerodynamic characteristics, such as aerody-
namic performance and shockwave interaction, but have 
not considered simultaneously varying multiple geometry 
parameters of C-wing configurations at transonic speed. 
Therefore, designing a C-wing configuration at transonic 
speed will require a comprehensive study to understand 
the aerodynamic characteristics while considering the ge-
ometry of the wing.

The aim of study was to employ both Design of Experi-
ments (DoE) and Computational Fluid Dynamics (CFD) to 
investigate the aerodynamic characteristics of swept con-
figurations with varying the geometry of the C-winglet at 
transonic speed. Section 2 explains the methodology for 
this paper. Section 3 provides the numerical results as well 
as the discussion of the results obtained. Lastly, the paper 
concludes with a summary of findings and offers insights 
for future recommendations.

2. Problem description

2.1. Description of the wing geometry
The main wing surface was an ONERA M6 swept wing con-
structed based on the geometric parameters described by 
Schmitt (Schmitt, 1979) with a sweep angle of 30˚ and –30˚ 
for the backward swept wing (BSW) and forward swept 
wing (FSW), respectively. The geometric parameters cho-
sen for constructing the C-winglet configuration are listed 
in Table 1, drawing from previous research that focused on 
either theoretical or experimental approaches. Figure 1 il-
lustrates the geometric parameters of the backward swept 
C-wing (BSCW) and forward swept C-wing (FSCW). How-
ever, both the span of the vertical and horizontal winglet
was kept at 20% of the semi-wingspan (b/2).

Table 1. Description of geometric parameters for the C-winglet

Factor Geometric parameter Low bound High bound Reference

A Cant angle (fc) 45° 60° (Guerrero et al., 2020)
B Sweep angle of vertical winglet (Lvw) 45° 60° (Guerrero et al., 2018)
C Angle between the vertical winglet and horizontal winglet (γ) 90° 100° (Gobpinaath et al., 2016)
D Sweep angle of horizontal winglet (bhw) 45° 60° (Bikkannavar & Scholz, 2016)
E Taper ratio of C-winglet (lCWt) 0.562  1.0 (Yahyaoui, 2019)
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2.2. Computational domain and boundary 
conditions
The computational domain was constructed by having a 
semi hemisphere of diameter 24 m drawn at the center 
of the leading edge of the airfoil at the wing root chord. 
In addition, a body of influence was constructed and ex-
truded around the wing model. The benefit of having a 
body of influence around the model is it helped to ease 
the mesh transition. Figure 2 depicts the computational 
domain and boundary conditions, and Table 2 summariz-
es the boundary type and operating conditions that were 
employed in the study. The wing surface was a boundary 
wall type, modelled as a stationary adiabatic wall with a 
no-slip condition. The Riemann boundary condition was 
implemented for the far-field (Balan et al., 2020).

Figure 2. Computational domain and boundary conditions 
(not to scale)

Table 2. Summary of the boundary conditions

Parameters Boundary type Operating conditions

Far-field Pressure Far-field Mach Number (Ma) = 0.8395
Pressure (P) = 0 Pa
Angle of attack (AoA) = 3.06°
Temperature (T) = 300 K

Symmetry Symmetry Symmetry boundary

Wing 
surface

Wall Stationary wall
No slip condition

2.3. Description of numerical settings
The numerical simulations were carried out using ANSYS 
2022R2. An unstructured poly-hexcore was used to dis-
cretize the computational domain of all four wing con-
figurations. The Spalart-Allmaras turbulence model was 
employed to model the turbulent flow at steady state 
(Rumsey & Vatsa, 1995).The air was modelled as ideal gas 
with density of 1.177 kg/m3 at operating pressure (P) and 
temperature (T) of 0 Pa and 300 K, respectively (Guerrero 
et al., 2018). The dynamics viscosity (μ) followed the three-
coefficient Sutherland equation as given by Equation (1):
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,  (1)

where the reference viscosity, μ0 = 1.716×10−5 kg/m⋅s, 
reference temperature, T0 = 273.11 K, and Sutherland 
constant, 𝑆  = 110.56 K. The reference area value used 
was 0.7532 m2 (Schmitt, 1979). A SIMPLE algorithm was 
chosen for the Pressure-Velocity Coupling. Least Squares 
Cell Based (LSCB) was used for the gradient reconstruction 
method with a combination of second order pressure inter-
polation and second order upwind discretization schemes 
applied to the viscous terms of the governing equation. 
The convergence study was accelerated by enabling the 
Pseudo-transient implicit, Warped- Face Gradient Correc-
tion (WFGC), High Order Term Relaxation (HOTR) under-
relaxation method. A hybrid initialization was adopted. 
The convergence criterion for the residual attained a level 
of 1×10−6 for continuity,1×10−9 for x, y, and z velocities, 
1×10−9 for energy, 1×10–8 for nut.

2.4. Mesh convergence study
The mesh convergence study was performed on the BSW 
configuration at 3.06˚ AoA to accurately predict the aer-
odynamic coefficients. During the study, four different 
meshes were created on the wing surface with different 
surface mesh, average y+, growth rate and prismatic layer, 
as listed in Table 3. The meshes 1 to 4 were categorized as 
coarse, medium, fine, and very fine, respectively.

Figure 1. Geometric parameters: (a) BSCW configuration; (b) FSCW configuration

a) b)
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Table 3. Surface mesh used in this study

Type of Mesh Surface 
mesh y+ average Growth 

rate
Prismatic 

layer

Mesh 1: Coarse 1439040 ≈ 29 1.2 10
Mesh 2: Medium 3829438 ≈ 2.3 1.175 20
Mesh 3: Fine 4654765 ≈ 2.4 1.15 22
Mesh 4: Very fine 18111261 ≈ 2.1 1.125 34

Figure 3 shows the CL and CD of the four meshes and 
their Richardson extrapolation values. The Richardson ex-
trapolation values were computed using the finer meshes 
(mesh 3 and mesh 4). To compute these values, Equa-
tion (2) was used with a mesh refinement ratio r equal to 
1.6 and an order of convergence p equal to 2 as presented 
in (Guerrero et al., 2020). In Equation (2), f1 represents the 
finer mesh which is mesh 4 while f2 represents the coarser 
mesh which is mesh 3 for this study. The results appear 
to be approaching nearly the same results as the mesh 
was refined. 
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f f

r=
−

≅ +
−
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Table 4 lists the outcome of the quality of interest (QOI) 
of mesh 4 and the Richardson extrapolation value. The 
Richardson extrapolation was computed using mesh 3 and 
mesh 4. The deviation between the outcome of mesh 4 
and Richardson extrapolation was approximately 0.32% 
and 0.04% for CL and CD, respectively.

In Table 5, the percentage changes between meshes 
1–4 and the Richardson extrapolation, as well as between 
meshes 1–3 and mesh 4 were listed as PC1 and PC2, respec-
tively. The values of PC1 for both aerodynamic coefficients 
were computed using Equation (3), where fh=0 represents 
the value obtained for the Richardson extrapolation and 
fm represents the outcome of meshes 1–4 for both CL and 
CD. The values of PC2 for CL and CD were calculated by 
subtracting the values of the finer mesh (mesh 4) from 
those of the coarse meshes (mesh 1–3). The results re-
vealed that increasing the mesh refinement, the discrepan-
cies between the findings of this study and the Richardson 
extrapolation, become smaller. This indicates an improve-
ment in the accuracy of the simulations as the mesh was 
refined. Therefore, based on the result presented in Ta-
ble 5, the fine mesh (mesh 3) was retained for subsequent 
simulations due to low computational time and, the devia-
tion between the mesh 4 and mesh 3 was approximately 
0.504% and 0.058% for CL and CD, respectively.
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2.5. Model validation
A model validation was conducted for the BSW configura-
tion, comparing the pressure coefficient (Cp) distribution 
of the CFD result with experimental data from the previ-
ous study (Schmitt, 1979). This comparison was plotted 
across seven stations of wingspan at z/(b/2) = 0.2, 0.44, 
0.65, 0.80, 0.90, 0.95, and 0.99 as illustrated in Figure 4. 
The experimental conditions used for comparison with the 
CFD results were obtained from Test Case 2308, which had 
a Mach number, AoA, and Reynolds number of 0.8395, 
3.06º, and 11.72×106, respectively (Schmitt, 1979). Addi-
tionally, the Relative Root Mean Square Error (RRMSE) was 
employed to validate the model. It assessed the accuracy 
between the obtained CFD result and the experiment data 
of the Cp plot data. The RRMSE is obtained using Equa-
tion (4) (Zhou et al., 2016). 

Table 5. Difference of the CL and CD between the type of meshes

Type of Mesh CL CD CL PC1 CD PC1 CL PC2 CD PC2

Mesh 1: Coarse 0.26305 0.01750 2.56029 –1.01832 –2.23735 0.98132
Mesh 2: Medium 0.26612 0.01734 1.42309 –0.09473 –1.10016 0.05772
Mesh 3: Fine 0.26773 0.01734 0.82671 –0.09473 –0.50377 0.05772
Mesh 4: Very fine 0.26909 0.01733 0.32293 –0.03700 – –

Note: PC1 represents the percentage change computed between the mesh outcome for meshes 1–4 and the Richardson extrapolation value.
PC2 represents the percentage change calculated between the outcomes of meshes 1–3 and mesh 4.
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Figure 3. Mesh convergence study for CD and CL is 
represented by the red and blue solid lines, respectively. The 
Richardson extrapolation for the CD and CL is depicted by 
the dashed line and dashed dotted line, respectively

Table 4. Difference of the CL and CD between the meshes

QOI CL CD

Outcome of mesh 4 0.26909 0.01733
Richardson extrapolation, fh=0 0.26996 0.01732
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where CpCFD represents the pressure coefficient ob-
tained from the CFD results using the Spalart-Allmaras 
(one equation) turbulence model, meanwhile CpExperimental 
represents the pressure coefficient obtained from wind 
tunnel experiment published by Schmitt (Schmitt, 1979). 
The RRMSE values obtained with mesh 3 are as follows: 
1.69%, 0.75%, 2.81%, 3.39%, 2.61%, 1.91%, and 2.52% for 
z/(b/2) = 0.2, 0.44, 0.65, 0.8, 0.9, 0.95, and 0.99, respec-
tively. The obtained RRMSE values, indicate a closer agree-
ment between the CFD simulation and experimental data, 
suggesting smaller discrepancies. Additionally, the average 

RRMSE value across the seven stations is 2.24%. This indi-
cates excellent model accuracy, as it is below the threshold 
of 10% (Li et al., 2013). Based on the result obtained from 
the RRMSE, it confirms that the Cp distribution plot of both 
CFD result and experimental data exhibit a similar trend. 
Moreover, the expected double lambda shock on the suc-
tion side of the wing is effectively captured, as depicted in 
Figure 5. Moving from the inboard section to the outboard 
section, the double lambda shock (refer to Figures 5a to 
5c) transitions into a single shock (refer to Figures 5d to 
5e) positioned closer to the leading edge. Minor discrep-
ancies observed between the CFD and experimental re-
sults might be attributed to the wing models utilized: the 
experiment employed a wing model with a sharp trailing 
edge, while the CFD study employed a wing model featur-
ing a blunt trailing edge.
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Figure 4. Comparison of CFD result (Red dotted line) and Experimental data (Schmitt, 1979) (Blue solid line) in terms of Cp 
along the wingspan located at: (a) 20%; (b) 44%; (c) 65%; (d) 80%; (e) 90%; (f) 95%; (g) 99%
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2.6. Design of experiment method
A ¼ fractional factorial of a resolution III design was uti-
lized for the Design of Experiment (DoE) method (Antony, 
2023; Das & Dewanjee, 2018) to analyse the influence of 
each factor and their interactions on the response vari-
ables: lift coefficient (CL), drag coefficient (CD), and lift to 
drag (CL/CD) for the C-wing design. The ¼ fractional fac-
torial design belonged to the broader category of frac-
tional factorial designs within experimental statistics. It 
is employed to investigate the impact of k independent 
factors, each varying at 2 levels, on the response variable. 
The ¼ designation indicates that this design utilized just 
one-quarter of the total experimental runs needed for a 
complete factorial experiment. For instance, in a full facto-
rial design with 5 factors, each at 2 levels, 32 runs were 
conducted, whereas a ¼ fractional design would require 
only 8 experiments. Fractional factorial designs offered 
significant advantages in managing high-factor scenarios 
and resource constraints while retaining critical interac-
tion information. They played a crucial role in preliminary 

studies, identifying influential factors for focused analysis. 
However, limitations arise concerning confounding effects 
in higher-order interactions, making factor distinction 
challenging. Resolution, which helps understand how fac-
tors interact, shows that higher resolution designs can fig-
ure out complex interactions but need more experiments. 
For this study, a resolution III design was employed to 
the fractional factorial their balance between studying in-
dividual factors independently and the limitations of avail-
able resources like time, cost, or experimental capacity. 
A resolution III design is where the main effects (individual 
factors) are not confounded with each other but are con-
founded with two-factor interactions (Antony, 2023).

In this study, MINITAB 20 is used to generate the facto-
rial points and perform the DoE analysis. From ¼ fractional 
factorial, eight distinctive configurations have been gener-
ated with a variation of low and high bounds of each factor 
for both the BSCW and FSCW configurations as tabulated 
in Table 6. Subsequently, each of the eight configurations 
of the respective C-wing configurations were numerically 
analysed and the response variables were collected. The 
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Figure 5. Mach number contours of the back swept wing configuration along the wingspan located at: (a) 20%;  
(b) 44%; (c) 65%; (d) 80%; (e) 90%; (f) 95%; (g) 99%
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collected data of the response variables were subjected 
to the regression modelling where a stepwise regression 
method was employed. The implementation of a stepwise 
regression aimed to improve the model fit by systemati-
cally adding or removing factors based on their statistical 
significance. In addition, a default criterion of 0.15 alpha 
was adopted for significance level. The stepwise regression 
equation is given as:

0 1 1 2 2 3 1 2 k kY X X X X X= b + b + b + b +…+b +  . (5)

In Equation (5), the relationship between the geometric 
factors and the response variables: CL, CD, and CL/CD are 
represented by the response model, Y. The intercept term 
is denoted by b0, which is the baseline level of the re-
sponse when all factor X1, X2, …, Xk are zero. The terms b1, 
b2, …,bk are the model coefficients for the main effects of 
factors X1, X2, …, Xk, respectively. The term X1 X2 represents 
the interaction effects between the factors X1 and X2. Fi-
nally, ϵ represents the random error term, describing the 
uncertainty or unexplained variability in the model.

3. Result and discussion

3.1. Design of Experiment (DoE) results
Table 7 presents the correlation of coefficient (R2) and re-
gression equations for CL, CD, and CL/CD responses model 
in uncoded unit for both BSCW and FSCW configurations 

at Ma = 0.8395 and 3.06˚ AoA. The results demonstrate 
that that the CLr and CDr of both BSCW and FSCW configu-
rations yield R2 values ranging from 99.1% to 99.6%. Ad-
ditionally, the CLr/CDr indicates that FSCW configurations 
exhibit an R2 value of 11.4% higher than that of the BSCW 
configurations Therefore, it can be concluded that the re-
sponses can be effectively represented by the regression 
equations for both BSCW and FSCW configurations. Fur-
thermore, to validate the accuracy and reliability of the 
regression equations in predicting the chosen response 
outcomes a comparison between the simulation result and 
regression result is carried out as detailed in Table 8 and 
Table 9 for both BSCW and FSCW configurations, respec-
tively. The observed small percentage difference of around 
1% between the simulation and regression results high-
lights the significance of geometric parameters in the re-
gression model for optimizing aerodynamic features of the 
C-winglet. This suggests that the inclusion of geometric 
parameters in the regression model can be instrumental 
in further optimizing the CL, CD, and CL/CD characteristics 
of a given C-winglet.

Figure 6a and 6b display the normal plot of the stand-
ardized effects of the CL response model for both BSCW 
and FSCW configurations. The normal plot of the stand-
ardized effects confirms that three main factors are signifi-
cant for the BSCW configurations, while four main factors 
are significant for the FSCW configurations. The normal 
plot results show that factor B exhibits the most influence 
on CL, while factor A is ranked second, followed by factor 
E in both configurations. However, the FSCW configuration 
involves an additional interaction factor, BE, which has the 
least influence on CL. Additionally, factors B, A, E, and the 
BE interaction are inversely correlated with CL, suggesting 
that an increase in the factor level will result in a decrease 
in CL. 

Figure 7a and 7b display the normal plot of the stand-
ardized effects of the CD response model for both BSCW 
and FSCW configurations. The normal plot of the stand-
ardized effects confirms that three main factors are sig-
nificant for the BSCW configurations, while four main fac-
tors are significant for the FSCW configurations. From the 
normal plot, factor B exhibits the most influence on CD in 

Table 6. Description of BSCW and FSCW configurations for 
DoE

Config 
No.

Factor A, 
[°]

Factor 
B, [°]

Factor C, 
[°]

Factor D, 
[°] Factor E

1 45 45 90 60 1.0
2 60 45 90 45 0.562
3 45 60 90 45 1.0
4 60 60 90 60 0.562
5 45 45 100 60 0.562
6 60 45 100 45 1.0
7 45 60 100 45 0.562
8 60 60 100 60 1.0

Table 7. Regression model analysis for the BSCW and FSCW configurations at Ma = 0.8395 and 3.06˚ AoA

Configuration Response
Regression model analysis

R2 Regression equation

BSCW CLr 99.6% 0.53816 – 0.001362φc – 0.001915Lvw – 0.02001lcwt

CDr 99.3% 0.029672 – 0.000077φc – 0.000120Lvw + 0.000017γ

CLr/CDr 82.1% 17.337 – 0.733lcwt

FSCW CLr 99.1% 0.3226 – 0.000905φc – 0.000424Lvw + 0.0515lcwt – 0.001234Lvw*lcwt

CDr 99.2% 0.039123 – 0.000035φc – 0.000164Lvw – 0.000048bhw + 0.000912lcwt

CLr/CDr 93.5% 10.058 – 0.02131φc + 0.01355bhw – 0.809lcwt

Note: Cant angle (fc), Sweep angle of vertical winglet (Lvw), Angle between the vertical winglet and horizontal winglet (γ), Sweep angle of horizontal winglet 
(bhw), Taper ratio of C-winglet (lcwt).
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Table 8. Percentage difference between the simulation and regression results for the BSCW configurations in terms of CD, CL, 
and CL/CD at Ma = 0.8395 and 3.06˚ AoA

Config 
No.

Simulation result Regression result % Difference

CL CD CL/CD CLr CDr CLr/CDr CL CD CL/CD

1 0.3706 0.0222 16.7128 0.3707 0.0223 16.6040 0.0229 0.6171 0.6510
2 0.3580 0.0212 16.8903 0.3590 0.0212 16.9251 0.2847 0.0849 0.2053
3 0.3407 0.0205 16.6158 0.3420 0.0205 16.6040 0.3698 0.1805 0.0710
4 0.3300 0.0194 16.9907 0.3303 0.0194 16.9251 0.0891 0.0928 0.3864
5 0.3811 0.0226 16.8284 0.3794 0.0225 16.9251 0.4454 0.4115 0.5744
6 0.3497 0.0212 16.4867 0.3503 0.0214 16.6040 0.1584 0.7170 0.7115
7 0.3505 0.0206 16.9900 0.3507 0.0207 16.9251 0.0640 0.5194 0.3823
8 0.3235 0.0195 16.6005 0.3215 0.0196 16.6040 0.6090 0.2667 0.0211

Note: All values were round off to 4 decimal places.

Table 9. Percentage difference between the simulation and regression results for the FSCW configurations in terms of CL, CD 
and CL/CD at Ma = 0.8395 and 3.06˚ AoA

Config 
No.

Simulation result Regression result % Difference

CL CD CL/CD CLr CDr CLr/CDr CL CD CL/CD

1 0.2580 0.0282 9.1497 0.2579 0.0282 9.0996 0.0368 0.0355 0.5476
2 0.2471 0.0279 8.8641 0.2463 0.0280 8.9314 0.3271 0.3509 0.7592
3 0.2326 0.0264 8.8237 0.2329 0.0265 8.8955 0.1161 0.3030 0.8137
4 0.2280 0.0248 9.1802 0.2289 0.0248 9.1356 0.4139 0.0722 0.4858
5 0.2612 0.0279 9.3789 0.2622 0.0278 9.4566 0.3758 0.4018 0.8285
6 0.2461 0.0286 8.6060 0.2465 0.0284 8.5745 0.1605 0.6993 0.3660
7 0.2457 0.0263 9.3528 0.2448 0.0261 9.2524 0.3526 0.8445 1.0735
8 0.2216 0.0253 8.7627 0.2215 0.0252 8.7786 0.0632 0.3162 0.1815

Note: All values were round off to 4 decimal places.

Figure 6. Normal plot of the standardized effects for the response CL at Ma = 0.8395 and 3.06˚ AoA: (a) BSCW configuration; 
(b) FSCW configuration

both configurations. Factor A is ranked as the second most 
influential for CD in the BSCW configurations, while it is 
ranked third for the FSCW configurations. For the FSCW 
configurations, factor D is the second most influential for 
CD. Factor C is the least influential for the BSCW configu-
ration, and factor E is the least influential for the FSCW 
configuration. Moreover, factors B, A, and D are inversely 

correlated with CD, suggesting that an increase in their lev-
els will result in a decrease in CD. However, factors C and 
E have a positive effect on CD, indicating that an increase 
in their levels will lead to an increase in CD.

Figure 8a and 8b display the normal plot of the stand-
ardized effects of the CL/ CD response model for both 
BSCW and FSCW configurations. The normal plot of the 

a) b)
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standardized effects confirms that only one main factor is 
significant for the BSCW configurations, while three main 
factors are significant for the FSCW configurations. From 
the normal plot, factor E exhibits the most influence on 
CL/ CD in both configurations. Factor A is ranked as the 
second most influential on CL/ CD, followed by factor D 
for the FSCW configurations. In the normal plot for both 
C-wing configurations, factors E and A are inversely corre-
lated with CL/ CD suggesting that an increase in their levels 
will result in a decrease in CL/ CD. In contrast, an increase 
in the level of factor D will lead to an increase in CL/ CD.

3.2. Aerodynamic performance at 3.06° angle 
of attack
The aerodynamic performance is measured in terms of CL 
/CD at a constant 0.8395 Mach number and 3.06° AoA. A 
comparison was conducted between backward swept and 
forward swept configurations, both with and without the 
C-winglet as illustrated in Figure 9. The eight configura-
tions of the BSCW and FSCW show an average increase 
of approximately 9.38% and 9.74% in the CL /CD, respec-
tively compared to BSW and FSW configurations. The CL /
CD values recorded for the BSW and FSW configurations 
were 15.1901 and 8.1291, respectively. Table 10 presents 
the lowest and highest aerodynamic performance record-

Figure 7. Normal plot of the standardized effects for the response CD at Ma = 0.8395 and 3.06˚ AoA: (a) BSCW configuration; 
(b) FSCW configuration

a) b)

a) b)

Figure 8. Normal plot of the standardized effects for the response CL/CD at Ma = 0.8395 and 3.06˚ AoA: (a) BSCW 
configuration; (b) FSCW configuration
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Figure 9. Comparison of CL /CD for the BSW, FSW, BSCW 
and FSCW configurations at Ma = 0.8395 and 3.06˚ AoA

ed among the eight configurations of each swept C-wing 
configurations. The result shows that Configuration 4 ex-
hibits the highest aerodynamic performance for the BSCW 
configuration with a CL /CD of 16.9907, while Configuration 
5 shows the highest performance for the FSCW configura-
tion with a CL /CD of 9.3789. On the other hand, Configu-
ration 6 displays the lowest aerodynamic performance in 
both BSCW and FSCW configurations, with CL /CD values 
of 16.4867 and 8.6060, respectively. Therefore, retrofit-
ting a C-winglet at the wingtip enhances the aerodynamic 
performance of the aircraft, regardless of the swept wing 
configuration used.
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3.3. Shockwave interaction on C-wing 
configurations at 3.06° angle of attack
Figure 10 shows the geometric parameters used for both 
BSCW and FSCW configurations. The interaction of shock-
waves occurs when the shockwave generated by the main 
wing interacts with the surface of the C-winglet, resulting 
in an increase in drag. In this study, the system investigat-
ing shockwave interaction developed for BSCW and FSCW 
configurations at a 3.06° AoA is termed the Wing with 
C-winglet Shockwave Interaction (WCSWI). The WCSWI is 
divided into two sections known as the Main Wing with 
Vertical Winglet Shockwave Interaction (MWVWSWI) and 
the Vertical and Horizontal Winglet Shockwave Interaction 
(VWHWSWI). The WCSWI can be computed by employing 
either the pressure coefficient contour plot or the Q-crite-
rion method. In the pressure coefficient contour plot, the 
dark blue region on the wing surface indicates a low-pres-

sure area, suggesting shockwave formation or increased 
drag, which, in turn, may imply the presence of high stress 
gradients. The Q-criterion method used to investigate the 
shockwave interaction is measured in term of Mach num-
ber at a level of 0.001. Table 11 presents the geometric 
parameters for the considered BSCW and FSCW configu-
rations used in the study of shockwave interaction. Table 
12 tabulates the lowest and highest CD values recorded 
among the eight configurations for both BSCW and FSCW.

Figures 11 and 12 present the shockwave interaction 
through pressure coefficient contour plots and Q-criterion 
for configurations 4, 5, and 6. We observe that in both 
BSCW and FSCW configurations the intensity of shockwave 
interaction is reduced when the C-winglet has a large cant 
angle of 60˚, large sweep angle of 60˚ and low taper ratio 
of 0.562 as illustrated in Figure 11a and Figure 12a com-
pared to Figure 11b and Figure 12b where the intensity 
of the shockwave interaction is larger. This observation 
is consistent with the findings from the previous study 
(Guerrero et al., 2020). Although their study focused on a 
winglet configuration, it still provides valuable insights into 
shockwave interactions, particularly concerning the vertical 
section of the C-winglet configuration. In the case of the 
horizontal section of the C-winglet configuration, it offers 
similar advantages in terms of cant angle, sweep angle, 
and taper ratio, but to minimize shockwave interactions, 
the angle between the vertical and horizontal winglet sec-
tions should be 90˚ instead of 100˚. Even though a low 
taper ratio of 0.562 for the C-winglet proves effective in 
reducing the size of the shockwave compared to a taper 
ratio of 1, Figure 11b demonstrates that other geometric 
parameters of the C-winglet can also impact the benefits 
of a smaller taper ratio. The benefit of having a large cant 
angle of 60˚ for the C-winglet, it helps to reduce the pres-
sure differential between the upper and lower surface of 
the C-wing configurations. This reduction of the pressure 
differential has a positively influence by reducing the wave 
drag or shockwave intensity and wingtip vortices of the 
C-wing configurations.

Table 10. Aerodynamic performance between the C-wing 
configurations at Ma = 0.8395 and 3.06˚ AoA

Configuration Low performance High performance

BSCW Configuration 6 Configuration 4
CL = 0.3497
CD = 0.0212

CL /CD = 16.4867

CL = 0.3300
CD = 0.0194

CL /CD = 16.9907
FSCW Configuration 6 Configuration 5

CL = 0.2461
CD = 0.0286

CL /CD = 8.6060

CL = 0.2612
CD = 0.0279

CL /CD = 9.3789

Figure 10. Illustration of the geometric parameters for a 
C-wing configuration (with reference to configuration 4 of 
the BSCW configurations)

Table 11. Geometric parameters used for the C-wing of 
backward and forward swept wing configurations

Config 
No.

Factor A, 
[°]

Factor 
B, [°]

Factor C, 
[°]

Factor D, 
[°] Factor E

4 60 60 90 60 0.562
5 45 45 100 60 0.562
6 60 45 100 45 1.0

Table 12. Lowest and highest CD for BSCW and FSCW 
configurations

Configuration Lowest CD Highest CD

BSCW Configuration 4
CD = 0.0194

Configuration 5
CD = 0.0226

FSCW Configuration 4
CD = 0.0248

Configuration 6
CD = 0.0286
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a)

b)

Figure 11. Shockwave interaction on BCSW configuration at Ma = 0.8395 and 3.06˚ AoA in terms of Cp (Above) and 
Q-criterion (Below): (a) Configuration 4; (b) Configuration 5. The Q-criterion illustrates the location and size of the shockwave 
interaction formed on the C-wing surface

Figure 12. Shockwave interaction on FCSW configuration at Ma = 0.8395 and 3.06˚ AoA in terms of Cp (Above) and 
Q-criterion (Below): (a) Configuration 4; (b) Configuration 6. The Q-criterion illustrates the location and size of the shockwave 
interaction formed on the C-wing surface

a)

b)
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4. Conclusions 

The aerodynamic characteristics of backward and forward-
swept wings with and without C-wing at 3.06° AoA and 
Ma = 0.8395 were investigated using both DoE and CFD. 
The ONERA M6 wing, a well-documented benchmark, and 
its computational domain were employed to evaluate the 
aerodynamic performance following best practices in the 
literature. Mesh 3 was selected based on the mesh conver-
gence study. The Cp distribution graph along seven stations 
on the wingspan of a BSW (Backward-Swept Wing) con-
figuration exhibits a similar trend between CFD data and 
experimental data. A ¼ fractional factorial DoE analysis was 
conducted to study CL, CD, and CL/CD for each of the eight 
BSCW and FSCW configurations, and significant factors were 
identified through normal plots. Additionally, the reduction 
models effectively retained essential factors without com-
promising the accuracy and offering insights for optimizing 
the C-winglet configurations in terms of CL, CD, and CL/CD. 
The aerodynamic performance and effect of shockwave in-
teraction of the C-wing configurations were obtained from 
the CFD analysis. The numerical results show that by ret-
rofitting the wing with C-winglet, the aerodynamic perfor-
mance is significantly improved by approximately 9.38% and 
9.74% for the BSCW and FSCW configurations, respectively, 
compared to wings without C-winglets. Among the eight 
configurations, configuration 4 of the BScCW and configura-
tion 5 of the FSCW exhibited better aerodynamic efficiency 
than the other seven configurations. Another crucial aerody-
namic characteristic was the shockwave interactions on the 
C-wing configurations, which negatively affect drag. These 
phenomena can be mitigated by modifying the geometry 
of the C-winglet for the respective wing configurations. 
Based on the results, configuration 4 for both the BSCW 
and FSCW configurations show a reduction in the drag co-
efficient and lower shockwave interaction, as indicated by 
the low-pressure region observed on the C-winglet in the 
pressure contour plot. Additionally, the Q-criterion was used 
to visualize the location and size of the shockwave interac-
tion on the C-wing surface. To minimize shockwave interac-
tion, these geometric factors were considered. First, a high 
fc combined with a low γ helped to reduce the pressure 
differential between the upper and lower surfaces of the 
C-winglet, resulting in a decrease of the shockwave intensity. 
Second, increasing the sweep angle contributes to a reduc-
tion in both skin friction drag, and interference drag on the 
surfaces of the C-winglet. Lastly, utilizing a low taper ratio of 
0.562 effectively reduced the parasite drag on the C-winglet 
surface. However, a low taper ratio still can increase the size 
of the shockwave interaction due to influence of the other 
geometric parameters. In conclusion, this study highlights 
the significant influence of C-winglet geometry on the 
aerodynamic characteristics of both backward and forward-
swept wing configurations. Through a combination of DoE 
and CFD, valuable insights for optimizing C-winglet configu-
rations, enhancing aerodynamic performance, and mitigat-
ing the effect of shockwave interactions are provided, and 
ultimately advancing the field of aircraft design.

Future recommendation

This study highlights the importance of optimizing C-wing 
configurations at transonic speed. However, there are sev-
eral aspects that can be considered in future work, includ-
ing incorporating additional geometric parameters for the 
C-winglet, exploring the effect of subsonic and supersonic 
speeds, considering a wider range of angles of attack, con-
ducting structural analysis on the C-wing configuration by 
focusing on the effect of shockwave interaction, examining 
the impact of different turbulence models on boundary 
layer separation and shockwave interaction predictions, 
utilizing supercritical aerofoils for C-wing design. By ad-
dressing these aspects in future research, a deeper under-
standing of C-wing configurations and their optimization 
potential can be achieved, leading to improved aerody-
namic performance in different flight regimes.
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Notations

AoA – Angle of attack;
b/2 – Semi-span;
BSCW – Backward swept C-wing;
BSW – Backward swept wing;
CD – Drag coefficient;
CD_r – Regression equation for Drag coefficient;
CL – Lift coefficient;
CL/CD – Lift to drag ratio;
CL_r – Regression equation for Lift coefficient;
CL_r/CD_r – Regression equation for Lift to drag ratio;
Cp – Pressure coefficient;
DoE – Design of Experiment;
FSCW – Forward swept C-wing;
FSW – Forward swept wing;
Ma – Mach Number;
P – Pressure;
RRMSE – Relative Root Mean Square Error;
S – Sutherland constant;
T – Temperature;
T0 – Reference temperature;
ϕc – Cant angle;
Lvw – Sweep angle of vertical winglet;
bhw – Sweep angle of horizontal winglet;
γ – Angle between the vertical winglet and horizontal 
winglet; 
lCWt – Taper ratio of C-winglet;
μ0 – Reference viscosity.
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