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Abstract: Direct numerical simulation of flow over a triangular airfoil designed for
the Martian atmosphere are performed at Reynolds numbers of Re=3×103 and
1×104. The freestream Mach number is M=0.5, with the angles of attack changing
from α=0° to 18° and α=0° to 11° respectively. The computations are performed
using an in-house solver, ASTR, based on a compact sixth-order central scheme
and tenth-order filter. The nonlinear variation of lift coefficients with angles of
attack is observed at both Reynolds numbers. From the time-averaged flow fields
obtained by three-dimensional simulations, it shows that the linear-to-nonlinear
transition is caused by the transition of three separation forms around the triangular
airfoil. At Re=3×103, there is a recirculation zone that forms behind the apex for
lower angles of attack, α≤6°. With an increase in the angle of attack (α=7°~8°), a
small separation bubble near the leading edge also appears, which we refer to as a
double bubble separation. These two separation bubbles merge into a large leadingedge separation bubble when the angle of attack is increased to α=9°. The effect of
higher Reynolds numbers on flow fields around the airfoil is shifting the transition
angle of attack to be lower. In the case of Re=1×104, when α=5°, two separation
zones can be observed upstream and downstream of the apex, respectively.
Keywords: Direct Numerical Simulation, Low Reynolds Number, Laminar Separation
Bubble, Airfoil.
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Introduction

The unique atmospheric conditions of Mars require the wings and propellers of a Martian aircraft to
operate at relatively low Reynolds numbers (Re=103~105) and moderately high Mach number
(Ma=0.2~0.5). Therefore, an airfoil’s performance has some specific characteristics, such as a
nonlinear lift curve caused by the formation or burst of laminar separation bubbles (LSB) [1]. With the
increasing interest in the design of aircraft for Mars, a precise prediction for the aerodynamic
performance of an airfoil in Martian atmosphere and a clear understanding of the flow mechanism of
LSB is required.
At present, numerical studies with high accuracy of the flow characteristics of airfoils are mostly
focused on higher Reynolds numbers, such as 6×104 and under incompressible conditions. In the
comprehensive study of Uranga et al. [1, 12], a high-order discontinuous Galerkin (DG) method for
implicit large-eddy simulation (ILES) was introduced. More recently, ILES and Direct Numerical
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Simulation (DNS) studies using the DG scheme have been conducted by Carton de Wiart &
Hillewaert[3]. Numerical simulations by Galbraith & Visbal[4, 13, 14] have been conducted using a 6thorder accurate compact finite difference scheme with a high-order low-pass filter. Garmann & Visbal
et al.[5] performed a comparative study of implicit and subgrid-scale models based large-eddy
simulation with use of a 6th-order accurate compact finite difference scheme. Zhou & Wang[6] and
Castonguay et al.[7] investigated the flow around the SD7003 using ILES with a spectral difference
method for spatial discretization.
For flight on Mars, the assumption that the flow is incompressible, due to the relatively low Reynolds
number, is not appropriate because of the low density atmospheric conditions. The objective of the
present research is to perform DNS of flow over a triangular airfoil designed for the Martian
atmosphere to investigate the aerodynamic characteristics of the airfoil at low Reynolds numbers,
especially the laminar-turbulent transition through LSB around the critical angle of attack (AoA). The
Reynolds numbers based on the freestream velocity, density, and the chord length simulated in this
paper are Re=3×103 and 1×104 with a freestream Mach number of M=0.5, and the AoA changing
from α=0° to 18° and α=0° to 11°, respectively. The computations are performed using an in-house
solver, ASTR, based on a compact sixth-order central scheme and tenth-order filter. From the
flowfield obtained from DNS, the mechanism of how the flow structure of the laminar separation
bubble influences the airfoil performance can be studied. Future Martian aircraft configuration design
will benefit from such work.
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2.1

Methodology
CFD Code

The current computations utilize the high-order DNS flow solver ASTR (Advanced flow Simulator
for Turbulence Research). The characteristics of ASTR are as follows:
 High-order FDM on generalized mesh
• High-order dealiasing compact central scheme
• High-order low-dissipative shock-capturing scheme
• 3rd-order Runge-Kutta time scheme
 Modern Fortran 90
 Parallelized by using MPI and hybrid MPI-OpenMP
 Collective HDF5 I/O
 Tested on ARCHER, Tianhe, Hector, Blue Gene…
The program structure of ASTR is shown in Figure 1. Figure 2 and Figure 3 are the scalability of
ASTR and an example of well resolved wall-turbulence, respectively.

Figure 1: Program structure of ASTR.
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Figure 2: Scalability of ASTR.

2.2

Figure 3: Well resolved wall-turbulence.

Airfoil

Based on an extensive aerodynamic characterization in incompressible flow [2], airfoils with sharp
leading edges, flat surfaces, and even corrugation have been observed to exhibit high aerodynamic
performance at low Reynolds numbers in the range of 103 to 104. The selected triangular airfoil here
has a flat triangular cross section with its maximum thickness of 5% at the 30% chord c location, as
shown in Figure 4. This particular airfoil is observed to possess high lift and high lift-to-drag ratio
characteristics (L/D>9), and is one of the possible candidates for airfoils to be used in the design of
propellers for Martian aircraft [3]. It should be noted that this airfoil is asymmetric.

Figure 4: Triangular airfoil.

2.3

Computational Mesh

The baseline O-grid (Medium) was generated about the triangular airfoil with a rounded trailing edge,
which had a radius of curvature of 0.0005 relative to the chord, shown in Figure 5. Grid coordinates
are oriented such that ξ traverses clockwise around the airfoil, η is normal to the surface, and ζ follows
the spanwise direction. The baseline mesh consisted of 371×201×97 points in the ξ, η, ζ directions,
respectively, which contains 7.1 million hexahedral cells. The mesh is evenly spaced in the spanwise
direction with a width of z/c=0.6. A spanwise periodic boundary condition was imposed on all
meshes. The farfield boundary was positioned 30 chords away from the airfoil in order to reduce its
influence on the solution near the airfoil.
Two additional meshes were generated to assess the effect of grid resolution. A coarse and a fine
mesh were generated by altering the normal direction point count from 201 to 101 and 301 points,
respectively. The coarse mesh consisted of 3.6 million while the fine mesh consisted of 10.7 million
cells as shown in Table 1.
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Leading edge
Trailing edge

Figure 5: Baseline computational mesh with grid dimensions of 371×201×97.
Table 1: Computational mesh.

2.4

Grid

ξ

η

ζ

Cells

Coarse

371

101

97

3, 552, 000

Medium

371

201

97

7, 104, 000

Fine

371

301

97

10, 656, 000

Effect of Grid Resolution

Time-averaged flow fields and surface pressure coefficients for α=6° and α=12° at Re=3×103 obtained
using ASTR with different meshes are compared in Figure 6 and Figure 7, respectively. Effects near
the trailing edge motivated selection of the fine mesh.

(a) Coarse
(b) Medium
(c) Fine
Figure 6: Effect of mesh resolution on time-averaged flow fields (Up: α=6°, down: α=12°).
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(a) α=6°
(b) α=12°
Figure 7: Effect of mesh resolution on time-averaged pressure coefficients.
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Results

3.1
3.1.1

Re=3×103
Two-dimensional simulations

Two-dimensional simulations were performed at Re=3×103 from angles of attack of α=0° to 18° (with
increments in AoA given by Δα=3°). The lift and drag coefficients were computed by integrating the
time-averaged pressure and skin friction over the surface of the airfoil. The integrated lift and drag
coefficients are compared in Figure 8 with the computed values and experimental measurements of
Munday et al [3]. It can be observed that for lower angles of attack of α≤9°, the present results match
the DNS of Munday et al. well, but are higher than force measurements from the Mars wind tunnel
(MWT). This may be caused by the difference in the spanwise direction between the computations
(periodicity) and the experiments (walls).

(a) C L ~α
(b) C D ~α
Figure 8: Comparison of mean force coefficients with the results from reference [3] (Re=3×103).
Time-averaged flow fields presented in Figure 9 show that there is a recirculation zone that forms
behind the apex for lower angles of attack of α≤6°. As the angle of attack increases to α=9°, a leadingedge vortex is observed that forms a recirculation region with reattachment upstream of the trailing
edge. The recirculation zone grows and covers the majority of the airfoil for α=12°. The change of
separation coincides with the linear-to-nonlinear lift transition as shown in Figure 8.
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(a) Apex separation

(b) Leading-edge separation
Figure 9: 2D time-averaged flow fields at Re=3×103 (α=0°~18°).
Time-averaged surface pressure coefficients for all the angles of attack computed are shown in Figure
10. Consistent with time-averaged flow fields, as the angle of attack increases, the suction surface
pressure distribution shows two different forms with α=9° as a critical point.

Figure 10: 2D time-averaged pressure coefficients at Re=3×103 (α=0°~18°).
3.1.2

Three-dimensional simulations

From the two-dimensional results, it can be observed that the critical point between apex separation
and leading-edge separation is around α=9°, as shown in Figure 9. Based on this, three-dimensional
DNS studies around α=9° with a spanwise domain size of 0.6c were carried out to find whether the
critical point between the two separation zones is different from the two-dimensional results. Figure
11 shows the three-dimensional time-averaged flow fields at angles of attack of α=6° to 9° (Δα=1°).
For α=6°, an apex separation bubble can be found on the airfoil, which is the same as the twodimensional case. With the increase in angle of attack (α=7°~8°), it is interesting to note that a small
separation bubble near the leading edge also appears but without the apex separation bubble. We refer
to this separation phenomenon as a double bubble separation. These two separation bubbles merge
into a large leading-edge separation bubble when angle of attack increases to α=9°.
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Apex separation

Double bubble separation

Double bubble separation
Leading-edge separation
Figure 11: 3D time-averaged flow fields at Re=3×103 (α=6°~9°).

3.2

Re=1×104

In order to analyze the effect of Reynolds number on the separation regions around the triangular
airfoil, three-dimensional DNS at Re=1×104 from α=0° to 11° (Δα=1°) were conducted. Figure 12
shows the variations of the grid spacing in wall units in the circumferential, normal, and spanwise (i,
j, k) directions along the upper and lower surface of the airfoil at α=9°. The maximum grid spacing in
the i- and z-directions are below 18 and 9, respectively. The grid spacing in the j- direction (that is
Δy+) along the majority of the upper surface is below 1. Figure 13 shows the spatial grid in each
direction around the airfoil. It shows that these grid distributions are sufficient to resolve the flow
fields.

Figure 12: Wall mesh resolution (Re=1×104, α=9°).
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Figure 13: Spatial mesh resolution (Re=1×104, α=9°).
The variation of mean lift and drag coefficients with angles of attack is presented in Figure 14. It
shows that the linear-to-nonlinear lift transition angle at Re=1×104 is reduced from α=9° to around
α=5° compared with Re=3×103.

Figure 14: Time-averaged lift and drag coefficients at Re=1×104 (α=0°~11°)
Instantaneous three-dimensional vortical structures around α=5° are visualized with an iso-surface of
the Q-criterion in Figure 15. It can be observed that at a Reynolds number of 1×104, a spanwise
instability becomes apparent. Large two-dimensional spanwise vortices break down into small threedimensional streamwise vortices. As the time-averaged flow fields and contours of the turbulent
kinetic energy show in Figure 16 and Figure 17, respectively, the turbulence develops gradually with
an increase of angle of attack. At α=4°, the flow upstream the apex is attached but a relatively large
separation zone is developed downstream the apex (as shown in Figure 16) and the separated shearlayer breaks into 3D vortex structures in the wake region. At α=5°, two small separation zones can be
observed upstream and downstream the apex respectively. Compared with the case of α=4°, the
breakup of the shear-layer is delayed and the fluctuation intensity is reduced (as shown in Figure 17),
probably due to the reduction of size of the downstream separation zone.

Figure 15: Instantaneous iso-surfaces of Q=10 at Re=1×104 (α=4°~6°)
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Figure 16: Time-averaged flow fields at Re=1×104 (α=4°~6°)

Figure 17: Contours of the turbulent kinetic energy at Re=1×104 (α=4°~6°)
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Conclusions and Future Work

Direct numerical simulations of a triangular airfoil designed for operating in theMartian atmosphere
have been conducted to study the aerodynamic characteristics of an airfoil at low Reynolds numbers,
especially laminar-turbulent transition around the critical angle of attack. The code ASTR based on a
compact sixth-order central scheme and tenth-order filter is used as the numerical solver. The O-grid
was generated around the triangular airfoil, concentrating towards the upper surface of the airfoil to
capture the laminar separation and subsequent turbulence. Two Reynolds numbers are studied at
Re=3×103 and 1×104 with a Mach number of M=0.5, and angle of attack changing from α=0° to 18°
and α=0° to 11°, respectively.
A nonlinear variation of lift coefficients with AoA is observed at both Reynolds numbers. From the
time-averaged flow fields obtained by three-dimensional DNS, it shows that the linear-to-nonlinear
transition is caused by the transition of three separation forms around the triangular airfoil. At
Re=3×103, there is a recirculation zone that forms behind the apex for lower angles of attack of α≤6°.
With an increase in the angle of attack (α=7°~8°), we note that a small separation bubble near the
leading edge appears but without any apex separation bubble. We refer to this separation phenomenon
as a double bubble separation. These two separation bubbles merge into a large leading-edge
separation bubble when the angle of attack is increased to α=9°. The recirculation zone grows and
covers the majority of the airfoil for higher angles of attack.
The effect of higher Reynolds numbers on flow fields around the airfoil is shifting the transition angle
of attack to be lower. The results for Re=1×104 show that the turbulence develops gradually with the
increase of AoA. At α=4°, the flow upstream the apex is attached but a relatively large separation
zone is developed downstream of the apex and the separated shear-layer breaks into 3D vortex
structures in the wake region. At α=5°, two small separation zones can be observed upstream and
downstream the apex, respectively. Compared with the case of α=4°, the breakup of the shear-layer is
delayed and the fluctuation intensity is reduced, probably due to the reduction of size of the
downstream separation zone. With a further increase of AoA, a fully separated flow is observed and
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turbulence is developed above the airfoil. Further analysis of the flow physics around the airfoil under
different conditions, such as Mach number and specific heat ratio, are on-going.
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