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Abstract. Emission reduction is of global importance and a big challenge in the aviation industry.
In this research project, the emission issue was addressed aerodynamically by improving the
performance of wings in transonic flow. This improvement was achieved by implementing a Raw-
riblet pattern at different locations on the top surface of the wing as this showed higher values of
viscous drag. Viscous drag is a large composition of total drag and reducing them will help to
reduce the fuel consumption of aircraft and effectively reduce the carbon emissions. Two types of
designs named Low-depth (0.305) and Low-depth (0.455) patterns were developed based on the
‘Raw Riblet’. Computational analyses were carried out in the commercial code FLUENT with the
help of the Spalart-Allmaras turbulence model to capture the viscous drag issues on the normal
NACA 0012 wing at different angles of attack and solved them using the biomimetic patterns
implemented. It was evidenced in this research work that the Low-depth (0.455) Raw Riblet
pattern could reduce a significant amount of viscous drag on the NACA wing when compared to
the Low-depth (0.305) pattern. Compatibility tests were done to check the suitability and stability
of the model and mesh, respectively, and compared them to the experimental results. This research
demonstrated the potential of surface texture-based solutions for aerodynamic design improvement
and emission reduction.

Introduction

Commercial aviation has grown every year. Airbus has forecasted 43420 new aircraft deliveries
between 2025 and 2044 [1]. This will increase aviation emissions in near future. Xueli et al.,
mentioned in their work that carbon emissions are a concern in the aviation industry [2]. Carbon
emission from commercial aviation is expected to contribute 25% of overall emissions by 2050
[3]. It is essential that this issue needs to be addressed. Feuvre [4] stated that the aviation industry
is committed to reducing carbon emissions by 50% in the year 2050. To mitigate this issue, a
number of research are still carried out in the areas of propulsion, aerodynamics, structures, aircraft
design and beyond. Capoccitti et al., [5] discussed about three important areas for researchers to
look at in order to reduce the use of fossil fuels. They are structural (weight), propulsion (engine)
and aerodynamic improvements. Out of these three elements, aerodynamic improvement was
selected in this research project and it can be achieved by reducing drag on aircraft [6]. The longest
phase of a commercial aircraft is the cruise and in that flight phase, the amount of skin-friction
drag generation would be as high as 50% of total drag [7]. Skin friction drag, which is also known
as viscous drag, is generated because of the contact (sliding motion, especially) between the
aerodynamic body and air particles. Kumar et al., [8] reviewed five types of viscous drag reduction
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methods and concluded that surface morphology is the most reliable method because it has been
verified both computationally and experimentally. Liu et al., [9] proved in their research work that
the surface structures could reduce the disturbances in the fluid flow. Lloyd et al., [10] mentioned
in their research that shark-skin mimicked structures have evolved as a mechanism to reduce skin
friction. The most common method used to develop a surface structure is biomimetics. In this
method, the solutions are observed and mimicked from nature to solve the issues in engineering
sciences. Our previous research works on shark skin inspired surface patterns had proved that a
significant amount of drag reduction could be achieved in airflow [11-14]. Hence, in this research,
the same ‘Raw Riblet’ pattern was implemented on the chosen wing surface (especially, where the
issues identified) in different ways to reduce the skin friction drag, which is the main aim of this
research.

Computational Design

Using the coordinates from airfoiltools.com [15], the NACA 0012 aerofoil was generated in the
SolidWorks software and it was then extruded into a three-dimensional model, as shown in Fig.
I(a). In previous research work [11], the Raw Riblet (RR) pattern, which is shown in Fig. 1(b),
was developed using the scanning microscopic image of a Requiem shark. This RR pattern was
then implemented on the NACA 0012 wing surface in two different positions based on the issues
observed. Fig. 1(c) depicts the implemented hollow RR pattern near the leading edge with a cut-
depth of 0.455 metres from the top to mid-surface and hence, called a one low depth RR (1-LRR,
0.455) model. Similarly, another design was made by reducing the cut-depth from 0.455 to 0.305
metres for analysing the influence of depth in the performance of the RR pattern and hence, called
the one lower depth RR (1-LRR, 0.305) model, which is shown in Fig. 1(d). All these designs were
then exported to IGES format and imported into ANSY'S.
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Figure 1. (a) NACA 0012, (b) Top view of RR[11], (c) I-LRR (.455), (d) I-LRR (0.305)

Computational Analysis

The three-dimensional NACA 0012 wing was imported into ANSYS Design Modeler and a
computational domain was created. With the use of the Boolean tool, the solid boundary and wing
were defined. This was then read into Mesh, where all the solid surfaces of the wing were named
as top, bottom, trailing edge and riblets. The outer computational domain was considered the
control volume, through which the air flows. Higher order elements and program-controlled
automatic inflation were opted to minimise the errors and not inflate the selected boundaries,
respectively. Most of the settings were set to default and the mesh was generated with 1.9 million
nodes and 1.3 million elements. Quality check was carried out and the meshed design was brought
into Fluent and the polyhedral mesh was selected, which helped reduce the element size, nodes
and computational time. The Spalart-Allmaras viscous model was chosen as it involves the
solution of the kinematic turbulent viscosity transport equation only, and it agrees well with
experimental results [16]. Hence, less effort is required to solve when compared to other models.
As the Eulerian approach was selected, the angle of flow was modified. A coupled solution method
was chosen and discretization variables were defined as second order to reduce the time in solving
the equations and then the iterations were done. These simulations were repeated for different
angles of attack (0°, 3%, 6°, 99, 129), in the 0.8 Mach number flow, which matched the cruise speed
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of commercial flights in general. The same computational simulation procedure was repeated for
1-LRR (0.455) and 1-LRR(0.305) models.

Results and Discussion

Outputs such as lift coefficient and viscous drag values were noted at the end of analyses. Based
on the comparison between the lift coefficient results, which is shown in Fig. 2(a), it was observed
that both 1-LRR(0.455) and 1-LRR(0.305) had generated the same levels of lift at 3°, 6°, 9° and
slightly lesser levels of lift at 0° and 12°, when compared to the NACA 0012. These are acceptable
levels and thus demonstrate potential in biomimetic designs. Similarly, comparing the viscous drag
results against angle of attack, as shown in Fig. 2(b), it was identified that both biomimetic designs
performed very well in reducing the drag when compared to the original wing at all of angles of
attack. When the angle of attack was increased, the rate of viscous drag reduction was observed
largely in both biomimetic designs.
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Figure 2. (a) Lift Coefficient Vs Angle of Attack, (b) Viscous Drag Vs Angle of Attack

1-LRR (0.455) reduced the viscous drag between the range 3.91 and 10.15 % from 0° to 12°
angles of attack. Although 1-LRR(0.305) model has reduced the drag in the range 0f 2.52 to 9.85%,
it is still a bit less than the deeper 1-LRR (0.455) model. For example, at 12° angle of attack,
NACA 0012’s top surface has medium and low values of skin friction drag as shown in Fig. 3(a).
This is higher when compared to both biomimetic designs. Fig. 3(b) and (c) illustrate the skin
friction contours of 1-LRR(0.455) and 1-LRR(0.305), respectively. From these figures, it can be
noted that the skin friction distribution values on 1-LRR(0.455) were much lower compared to
those on 1-LRR(0.305). This is due to the differences in the depths of the hollow raw riblet patterns
applied on the models. The hollow pattern enabled the reversed flow at high angles of attack to
circulate, lift, re-reverse/straighten and join the mainstream flow. This reduced the disturbance in
the flow, which led to a reduction in the skin-friction coefficient.
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Figure 3. Skin Friction Contour at 12°: (a) NACA 0012, (b) I-LRR (0.455), (c) 1-LRR (0.305)
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Validation

Validation tests were carried out to verify the accuracy of the procedure and results. In the model
compatibility test, many viscous models such as K-epsilon, K-omega, Transition K-KI-omega and
Spalart Allmaras were used to analyse the NACA 0012, separately, to find a suitable turbulence
model for this research. Eventually, the Spalart Allmaras was selected as it resulted in closer
agreement with experimental values. In order to find a suitable mesh, a grid compatibility test was
conducted. This was done by meshing the NACA 0012 model with their control volume at different
mesh element sizes, such as 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5 and 2 and solving them in Fluent.
Additionally, a grid independence test was carried out to ensure the stability of the results. Based
on these tests, a 0.5 mesh element size was chosen as it agreed well with the experimental values
and had used them the mesh procedure.

Conclusion

As aimed, the viscous drag reduction was achieved in both models using the biomimetic pattern.
Especially, the 1-LRR(0.455) model achieved a maximum of 10.15% viscous drag reduction at
120 angle of attack in the transonic flow regime. This aerodynamic improvement would help
reduce the fuel consumption requirements and hence, emissions. Overall, this research has proved
the potential in the hollow biomimetic raw riblet pattern in reducing the viscous drag and
improving the wing aerodynamics. Technical elements such as structural strength of the wing,
experimental modelling and tests are to be explored in the future for further enhancement of this
work and bringing this idea into reality.
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