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Abstract A three dimensional direct numerical simulation has been performed to study the flow around the asymmetric NACA-4412
wing at a moderate chord Reynolds number (Rec = 400, 000) with an angle of attack of 5◦. The flow case under investigation poses
numerous challenges for a numerical method due to the wide range of scales and complicated flow physics induced by the geometry.
The mesh is optimized and well resolved to account for such varying scales in the flow. An unsteady volume force is used to trip the
flow to turbulence on both sides of the wing at 10% chord. Full turbulent statistics are computed on the fly to further investigate the
complicated flow features around the wing. The present simulation shows the potential of high-order methods in simulating complex
external flows at moderately high Reynolds numbers.

INTRODUCTION

A clear evolutionary path could be observed looking back at the aircrafts from early days and comparing them to the state
of the art modern civil aircrafts. This by large is owed to deeper knowledge of different flow phenomena around such
bodies, i.e., laminar-turbulent transition, wall-bounded turbulence under pressure gradients, flow separation, turbulent
wake flow, etc. Despite the conspicuous advances there still remains major challenges in terms of understanding the
complex flow phenomena and a design procedure that can efficiently exploit the interacting features on an airplane.
Traditionally such procedures relied heavily on experimental findings. Recent advances in supercomputers and massive
parallelization has resulted in more and more parameters in aircraft design to be determined via computational resources
in the early stages of the design effectively minimizing costs.
Lately NASA issued a report [8] laying out a number of findings and recommendations regarding the role of CFD (Compu-
tational Fluid Dynamics) in aircraft design. The main revelations points to the necessity of accurate prediction of turbulent
flows with significantly separated flow regions, more robust, fast and reliable mesh generation tools and development of
more multidisciplinary simulations for both analysis and design optimization procedures. Johnson et al. [4] also point to
the changing role of CFD from a mere curiosity to a significant role in efficient designs. For instance, low order methods
have been used to investigate the flow at low Reynolds numbers around an airfoil in the studies by Rodríguez et al. [6] and
Calafell et al. [1]. In this study however we aim to study such complex flow phenomena at a moderate Reynolds number
along with using higher order methods.

SIMULATION

In the current work we study the turbulent flow around a NACA-4412 wing at a chord Reynolds number (Rec = 400, 000),
and an angle of attack of AoA = 5◦. The mesh is optimized such that it can account for all the varying scales in the flow
field. The resolution criteria are chosen to meet the plus units criteria, ∆x+ = 10,∆y+w = 0.2 (at the wall), and ∆z+ = 5,
where x, y, and z are the streamwise, wall-normal and spanwise coordinates, respectively. The Kolmogorov length scale
is also used to determine the required spacing away from the wall and along the wake. A spanwise width of 10% chord
length has been chosen. The total number of grid points in this case amounts to around 3.2 billion grid points. The flow
is tripped using the a random volume forcing following the parameters in Ref. [7] at 10% chord on both the lower and
the upper side. Initially a RANS computation is used to estimate the velocity distribution around the airfoil in order to
be later fed in as the boundary condition for direct numerical simulation. The state of the art Nek5000 code [2] is used
for incompressible direct numerical simulation. It combines the ability of finite elements methods to handle complex
geometries with the spectral accuracy provided by spectral elements. It has previously been used to study turbulent flow
in a pipe [5] and flow around a wall mounted square cylinder [9] at moderately high Reynolds numbers. The code is
highly scalable up to more than a million cores. The present large-scale simulation is run on 16384 processors, and is
estimated to consume up to 40 million core hours.
Figure 1 shows the instantaneous λ2 criterion [3] colored with streamwise velocity. The emergence of hairpin vortices
could be seen where the flow transitions to turbulence. A small separated region along with the von Kármán type of vortex
street in the wake is visible from the figure. The final contribution will include full turbulent statistics to better characterize
and understand the underlying interacting flow features. In addition, the boundary layer statistics are compared to their
canonical counterpart, i.e. zero, adverse and favourable pressure gradient cases.



Figure 1. Instantaneous λ2 criterion colored with streamwise velocity. The flow is tripped at at 10% chord on both sides. The angle of
attack is AoA = 5◦ and chord Reynolds number is Rec = 400, 000. The black lines represent the spectral element mesh.
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