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SUMMARY

Erosion has been shown to affect an aerofoil’s
performance at Reynolds numbers 0~10%-108,
however, there is a lack of literature covering low-
Reynolds-number aerofoils 0~103-10%. Therefore,
we captured the effects of erosion on a triangular
aerofoil’s performance at a Re of 10,000 to assess
erosion’s impact on low-Re aerofoil robustness in
harsh conditions, such as those experienced on Mars.
We hypothesized that aerofoil performance, measured
through lift and drag coefficients, would be sensitive
to erosion location and form. We found that the leading
and top edge were the most sensitive to changes,
causing an augmentation of the suction surface’s
pressure gradient that affected performance more
than trailing edge erosion. We further hypothesized
that increasing erosion severity would amplify
any trends observed. A two-dimensional steady
computational fluid dynamics (CFD) simulation was
created using a k-w Shear-Stress-Transport (SST)
model and a structured mesh with 55,460 cells.
Results showed that erosion affects aerodynamic
performance, with -35.2% to +23.2% change in lift
and -16.0% to +28.8% change in drag across an angle
of attack range of -3° to +6°. We found improved lift-
to-drag ratios for angles of attack of more than +2°
for top-edge erosion. Furthermore, data showed that
top edge erosion provided the largest performance
enhancement and trailing edge erosion the most
performance lost. Aerofoil performance was highly
sensitive to erosion location, causing independent
trends that were typically amplified by erosion
severity. This study showed that aerodynamicists
must thoroughly assess the effects of erosion and
damage on low-Re aerofoil performance to optimize
aerofoil design.

INTRODUCTION

An aerofoil is the 2D cross-section of a structure intended
to harness a lifting force owing to the flow of a fluid (either a
liquid or a gas) over it. A fluid exerts a force on a structure
through pressure differences and viscous forces, commonly
vectorized into ‘lift’ and ‘drag’. Aerodynamicists design lifting
structures to maximize the lift-to-drag ratio to reach the
highest efficiency possible. Aerofoils have different designs
for different applications, from aircraft wings to wind turbine
blades.

The flow physics around an aerofoil is largely dominated

by Reynolds number (Re); a dimensionless value used to
describe the ratio of viscous to inertial forces on a fluid flow,
scaled by an object’s size, the fluid velocity, and a fluid’s
parameters (density and viscosity). A fluid’s force on a body
is formed of frictional and pressure forces, therefore it follows
that a changing Re will have a key influence on how fluids
interact with structures. The effect of reducing Re below
~100,000 causes a significant decline in the ratio of lift to drag,
owing to a complex change in the behavior of flow around
the aerofoil. While this phenomenon provides no impact on
the aerofoils of passenger aircraft and wind turbines, it does
impact aerofoils that operate in low-density atmospheres (e.g.
Mars), high viscosity fluids (e.g. water), and on small scales
(e.g. insect wings). Low-Re aerofoils are gaining more interest
owing to their development in new applications, such as
micro-unmanned aerial vehicles (UAVs) on Earth, in sectors
such as agriculture, to rotor aerofoils for Ingenuity, the first
Martian helicopter (1, 2). Optimizing aerofoils improves overall
efficiency, meaning the machines themselves can operate for
longer or travel further, which reduces operating costs.

With the benefit of longevity comes the risk of performance
deterioration due to unavoidable elements of their application;
aerofoils have been shown to be affected by erosion across
different applications, such as wind turbines. Previous studies
have shown that erosion to the leading edge of wind turbine
aerofoils caused performance degradation at 1-2 million Re
(3) (Figure 1). The erosion led to a dramatic decrease in
lift coefficient (Cl) as a function of the drag coefficient (Cd),
highlighting a decrease in efficiency (3). Furthermore, wind
turbines in sandy environments require regular maintenance
to mitigate damage to the aerofoil leading edge due to
erosion and bird strike (4). However, maintenance is not
always possible, and, in these cases, aerofoils are designed
to be robust to changes in geometry as seen in jet engines
against the threat of foreign object debris (5). Assessment
of the changes to aerofoil performance caused by erosion is
therefore important for many applications.

The sandy Martian environment has already shown to
be damaging to machinery sent in recent decades. Martian
helicopter blades experience erosion from striking sand,
especially during takeoff and landing (6). The sandstorms
on Mars pose an additional level of erosion, which further
changes the performance of aerofoils as sand particles
change the surface and structure through erosion, abrasion,
and impact damage (7). The low atmospheric density on Mars
causes a decrease in flow Re which reduces the maximum lift-
to-drag ratio achievable from an aerofoil and, therefore, peak
performance. The aerofoil also needs to withstand unforeseen
circumstances since sending vehicles to Mars is expensive.
Ingenuity, the first Martian helicopter, cost $80 million to
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Figure 1: Nomenclature and visualization of erosion edits to the top-edge of the aerofoil used in the study. (A) Visualization of
the three different erosion modes at the top edge: AY3, BY1, CY5 (170°), and the baseline aerofoil. AY3 represents impact damage, BY1
represents erosion damage, and CY5 represents impact damage. Note that edits have varying mass loss for clarity. (B) Visualization of the
nomenclature used for the study and a representative green hatched box showing the location of the zoomed figure 1A on the larger aerofoil.

build, and Perseverance, the carrier of the Ingenuity, cost an
additional $243 million (8). Furthermore, the journey to Mars
can take from 9 to 21 months depending on the location of
Mars relative to Earth. This means valuable time, money, and
potential data are lost if the aerofoil is not built for withstanding
erosion. With an additional emerging low-Re aerofoil
application being an autonomous micro-UAVs in disaster
recovery, the importance of assessing the impact of erosion
on aerofoil performance is also of Earth-based importance.
With anincreasing interestin low-Re applications, an emerging
interest in planetary missions such as the Martian helicopter,
and a clear threat from erosion on aerofoil performance
highlighted within high-Re literature, we focused on assessing
the impact of erosion on an aerofoil’s performance. We focused
on the linear region of the lift curve, where the C, increases
linearly with angle of attack. We also collected an associated
C, to assess the ‘cost’ of lift generation. Drag in this region
is non-linear, consisting of viscous drag and pressure drag.
We avoided high angles of attack as this would increase the
complexity of our numerical solver. Nonetheless, a focus on
the linear region of the lift curve will encompass most design
angles of attack used within industry, and our results can be
extended to areas of high current academic interest such
as bio-inspired corrugated aerofoils owing to the triangular
aerofoil’s geometric similarity.

The purpose of this investigation was to determine the
effects of erosion and impact damage on the aerodynamic
performance of a low-Re aerofoil such as those seen in
Martian conditions. We hypothesized that erosion to the
aerofoil's geometry would cause different performance
augmentation based on location and severity of erosion as
assessed through lift and drag coefficients, with location
ultimately predicted to be the most sensitive parameter and
erosion severity increasing observed changes. The boundary
layer is more susceptible to separation at lower Re, thus a
relocation and potential strengthening or depowering of
suction surface pressure gradients owing to erosion location

would have potentially more severe effects on the overall
performance (9). Additionally, a changing erosion mode was
tested as we further hypothesized that performance would be
sensitive to the style of geometry change, although ultimately
being less sensitive than erosion location. Our results largely
support these hypotheses. In particular, we showed that
performance was more sensitive to erosion location than
mode, although most cases presented different effects as
predicted. The results from this study can be transferred to
other areas within the low-Re aerofoil literature, such as bio-
inspired corrugated aerofoils.

RESULTS

A computational fluid dynamics (CFD) simulation was
created to mimic Martian conditions at Re = 10,000. We used
a triangular aerofoil to directly test the accuracy of this solver
with experimental data. Multiple simulations were then run at
different angles of attack to collect a lift curve and drag polar.
These could then be compared for eroded aerofoils to show
the effect of erosion on the aerofoil’s performance.

The leading edge is highly susceptible to erosion due to
its alignment to the particle-laden airflow. At this condition,
changing the angle of attack made little difference compared
to baseline except for AX5, which experienced a 23.2%
increase in C, compared to baseline at a = 3° (Figure 2). AX5
also experienced a 28.8% increase in C, ata = 6°. The other cuts
remained close to the baseline except for at a = 6°, where there
was a 18.9%, 17.7%, 20.4% or 34.2% decrease in C, for AX1,
AX3, AX5 or BX1 respectively. BX3 and BX5 did not converge
at a = 6°; however, BX2 and BX5 achieved convergence at a
= 5° and a similar decrease in C. The C/C, ratio saw overall
decrease except for BX5 at a = 3°. The change in leading edge
profile had the effect of slightly reducing the gradient of the
linear portion of the lift curve slope, which combined with the
lower C/C,, ratio, indicated a drop in performance.

The top corner is susceptible to erosion from the sand that
is carried in the boundary layer as the blade moves through the
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Figure 2: Different damage types on the leading edge and their
effects on aerodynamic performance. The effect of leading edge
erosion cases (denoted by X), on the (A) lift and (B) drag coefficients
(Cl and Cd, respectively) at varying angles of attack.
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Figure 3: Different damage types on the top edge and their
effects on aerodynamic performance. The effect of top edge
erosion cases (denoted by Y) on the (A) lift and (B) drag coefficients
(Cl and Cd, respectively) at varying angles of attack. AY3 and BY3
were omitted for clarity due to similarity with 1% and 5% variants.
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air. The gradient of the lift curve slope became shallower for all
cases except AY1, which maintained a similar trend but shifted
to the right (Figure 3). AY1 was, however, an exception with the
lift being 13.6%, 31.8%, 13.0% or 8.8% lower for a = -3°, a =
0°, a=3° or a = 6°, respectively. The C/C, ratio saw an overall
increase for most of the cuts at all a and an increase for all edits
after a = 2°. The corrugated cut producing the highest C/C, ata
= 0°r a = 3°, but performed similarly to the other top edge cuts
at other angles of attack. AY1 is a significant outlier since its lift
was on average 16.8% lower than baseline. The improvement
for C/C, was a result of the decrease in drag, likely caused by
the thinning of the aerofoil which leads to less area for drag to
act on and a narrower wake leading to reduced pressure drag.
The lower cuts typically gave a slightly higher C, and the curve
cuts were slightly better for C, against a and C, as a function
of C,. The surface pressure comparison for top edge erosion
showed an altered location of suction peak on the suction
surface, causing a forward shift in adverse pressure gradient
location (Figure 4). An implication of this, albeit directly not
recorded, would be an earlier stall point as the angle of attack
further increases.

The final stage of testing looked at erosion to the trailing
edge, which saw the gradient of the lift curve slope diminished
compared to the baseline aerofoil. The trailing edge edits
reduced the gradient of the lift curve slope compared to the
baseline (Figure 5). BZ1 and BZ3 at a = 3° were exceptions
with the C, being 13.4% and 4.4% higher than baseline.
There was the same trend of a larger cut leading to lower lift
at a decelerating rate, with the 1% cut seeing an initially large
performance drop which then diminished for 3% and 5% cases.
The curved cuts led to a better C/C, ratio to the baseline for
a > 0°. The straight-line cuts led to similar or lower C/C, ratio
compared to the baseline, likely due to the increased pressure
drag through a wider wake.

DISCUSSION

The main observation was that all mass edits, even at 1%
mass loss, caused notable shifts in aerofoil performance.
Mass loss on each corner of the triangle aerofoil caused a
performance change, although with different ramifications on
the eroded aerofoil’s relative performance. These differences
are to be expected based on the unique flow physics at each
location on the aerofoil, such as suction peaks in the vicinity
of the leading edge and the adverse pressure gradient near
the top edge. Individually, there were some patterns, such as
an increase in mass loss, consistently leading to more drag at
the leading edge. In contrast, drag consistently decreased as
the top edge was eroded. Typically, changes were amplified as
mass loss increased; however, this did not occur linearly, and
anomalies exist, such as AY1, which did not obey this trend.
Therefore, we have shown that erosion and impact damage
affect aerodynamic performance, with unique trends for each
erosion location as hypothesized. Contrary to the hypothesis,
it is noted that performance changes with increasing erosion
can be non-linear and, therefore, highlight greater complexity
within the flow physics that should be explored further. A key
possibility is shifting pressure gradients on the suction surface
of the aerofoil, which could lead to non-linearities forming.

C, is only notably affected by erosion at the leading and
trailing edge. This is potentially from the eroded aerofoils having
less chord length for the pressure force to act over, confirmed
by results at the top edge where C, was largely unchanged, and
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Figure 4: Contours of pressure coefficient over the suction
surface of AY5, BY5, and baseline. The region of adverse pressure
gradient is labelled. AY5 shows a forward shift in suction peak of
roughly 0.07 c, denoted by vertical dotted lines. The magnitude of the
suction peak decreases by ~24% for BY5.

the chord length is not changed by erosion. However, this is
potentially more complex as shown by significant changes in
the gradient of the lift curve slope at AX5 at a = 3° or AZ3 at a
= 3° The lack of change to C, during top edge erosion may be
caused by the triangle aerofoil being eroded into a flat plate,
which is corroborated by the drop in drag.

All geometries saw a rapid drag increase at high angles
of attack, independent of whether lower angle of attack
performance showed an improvement or not compared to the
baseline aerofoil. This was especially apparent at a = 6°, where
almost all edited aerofoils had or trended towards having a worse
C/C, than the baseline. Erosion at the leading edge causes
larger suction peaks on the aerofoil which increases the severity
of the adverse pressure gradient, making the boundary layer
more prone to earlier separation. This was seen in the reduction
of gradient in the drag polar for these cases. The overall result
follows the theory that at low-Re, a larger leading-edge radius
makes the aerofoil more prone to flow separation (10). Results
indicated that stalling behaviour may be significantly affected
by erosion and should be investigated further to assess the
impacts on aerodynamic stability.

Sensitivity to erosion style from the hypothesis was
confirmed; however, with the added complexity that opposite
trends are observed depending on location. For example,
a curved edit produces less lift and more drag at the leading
edge, and this reversed at the trailing edge. At the top edge,
there was a minimal effect on lift, but a significant decrease
in drag. The results indicated that aerofoil performance
has some sensitivity to erosion mode, as predicted in the
hypothesis; however, trends are not consistent in location.
The top edge was also the only edit with consistent increase
for C/C,. At the leading and top edge, a larger cut meant more
drag. This was the opposite for the trailing edge. The results
indicate that the form of erosion has a notable effect and
therefore should be considered in an aerodynamic design.
CFD simulations will always have limitations stemming from
the solver, the model, and the mesh. The solver did not always
converge, for example at a = 6° in the case of BX3 and BXS5.
This inability to converge means that we cannot discuss higher
angles of attack and therefore stall behavior. While errors
compared to experimental data were acceptable, caution
should always be taken with the interpretation of computational
data, especially as minor changes to the mesh were required
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Figure 5: Different damage types on the trailing edge and their
effects on aerodynamic performance. The effect of top edge
erosion cases (denoted by Z) on the (A) lift and (B) drag coefficients
(Cl and Cd, respectively) at varying angles of attack.

through different edits.

The results of our investigation have shown that erosion
has a notable effect on aerofoil performance at three key
locations on a triangular aerofoil. Based on these results, an
aerodynamicist should take caution when designing a low-Re
aerofoil for extreme conditions where erosion is a high risk,
especially in areas that cause large performance shifts such
as the leading edge. Additionally, erosion to the sharp corners
will cause significant shifts in the pressure gradient on the
suction surface. This result shows that a shift in stall behaviour
is highly likely and should therefore be examined to outline
safe operational margins to prevent sudden performance loss.
This study should highlight to industry the need for testing of
an aerodynamic surface’s susceptibility to erosion early in the
design process as even 1% mass loss shows significant shifts in
the lifting efficiency of the tested aerofoil. A recommendation to
industry from this study is that the potential erosion of a low-Re
aerofoil should be explored as early as possible in the design
stage in line with frameworks of Systems Engineering, to avoid
unwanted performance augmentation. Engineering design
should test the expected erosion in their environment early in
the design process and then perform equivalent analysis to
ensure either sufficient performance and safety margins are
made or that material strengthening is applied to an aerofoil to
reduce erosion.

Future works on this study in the field should seek to both
develop understanding in the 2D setup and extend into further
research questions. A steady Reynolds-averaged-Navier-
Stokes simulation provides a brief exploration into the effects
of turbulence on aerofoil performance, however, extension to a
more direct turbulence solver such as Large Eddy Simulation
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or even directly solving every turbulence scale using Direct
Numerical Simulation, would enable turbulence at decreasing
length scales to be resolved rather than modelled to enable
a greater understanding of the underlying flow physics. An
extension of this work to a 3D model would allow the investigation
of spanwise stall behaviour. Additionally, heterogeneous
erosion modes, such as erosion only at a one end of a wing,
can be studied to further develop an idea of erosion’s impact on
aircraft performance. Results from this study can be extended
to bio-inspired aerofoil research, such as corrugated aerofoils,
which rely on sharp corners to improve performance, therefore
benefiting from the geometric similarity within this study. Wing
additives such as tubercles inspired by whale fins could also be
assessed (16).

MATERIALS AND METHODS
Development of CFD Solver

ANSYS Fluent, a commercial CFD software, was used in
this study (17). The experiment was created under Martian
conditions, using an atmospheric density of 0.019 kg/m® and a
dynamic viscosity of 9.8e-6 Ns/m3 (13). We used a freestream
velocity of Mach 0.15 and a Re of 10,000 to validate our data
against Suwa et al. who tested the performance of the triangle
aerofoil in a Martian wind tunnel (14, 15). This then resulted in a
chord length of 0.143 m, which was fixed throughout for the C,
and C, calculations at the design value. The freestream velocity
was also held constant at 36 m/s. We simulated angles of attack
(denoted as a) from -3° to 6° in order to capture the linear region
for the aerofoil. We used a k-w SST turbulence model as this
model combines the advantages of both k-w and k-¢ models,
providing better accuracy for boundary layers with separation
without the increased computational costs of higher fidelity
turbulence models such as the Reynolds stress model or the
shear stress transport model. This was done to find a balance of
accuracy with the limited computational costs. We changed the
domain physics of the fluid domain in order to make the solver
as realistic as possible. In the configuration, from the default k-w
SST, we turned on a low-Re correction. We used the gamma
algebraic transition model, as this is required at a Re of 10,000
to improve accuracy with respect to boundary layer transition.
We doubled B*, a coefficient within the turbulence model, from
the 0.09 default to 0.18, as tuning B* has been shown to reduce
error in other studies and showed an improvement in accuracy
during initial testing of the solver (18).

We determined the damage by percentage of area removed,
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Figure 6: Computer Fluid Dynamics study setup diagram. Blue
walls represent velocity outlets and yellow walls velocity inlets; the
aerofoil is shown in red with C representing its chord length.
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Figure 7: Data from the two validation studies performed on the
CFD solver. (A) Lift curve slope from the validation study comparing
CFD data to experimental data (15). (B) Lift force plots based on
mesh cell count from the mesh convergence study.

at 1%, 3%, and 5% for the straight line and curved edits, and
by the greatest angle of the isosceles triangle at 176°, 170°,
and 160° for the notched edit. Different damage run cases are
denoted as A, B or C for straight, curved or notched erosion, and
X, Y or Z for leading, top or trailing edge. For the straight-line
edits, we made a perpendicular cut to the base of the triangle
for the leading edge and trailing edge and for the top edit, we
made a cut parallel to the base of the triangle. The curved edits
were made using the straight lines and adding a curved arc to it,
adjusting for mass loss. The notched edits were made by using
angle constraints on the top edge and moving the top edge down
to resemble an M shape (Figure 1). Different geometry cuts
were used to assess sensitivity to different erosion and damage
type, with the curved edits mimicking erosion over time, and
with straight and notched edits simulating sharp breaks from
impact damage.

We used a structured mesh to improve solver accuracy. This
was possible as the tested geometries were not too complex.
The mesh was always visually checked for issues in cell aspect
ratio to ensure discretisation errors were minimized. Additionally,
the first cell size at the aerofoil surface was set to appropriately
capture flow physics within the boundary layer. The domain was
a rectangle with velocity inlets on the upstream and side walls
(5 chord lengths tall), and a velocity outlet 10 chord lengths
downstream (Figure 6). When aerofoil edits required, a curved
wall was used instead to preserve a structured mesh. The
downstream section of the domain was set to 10 chord lengths
and the vertical distance from the aerofoil and the side walls
were set as 5 chord lengths each side. We used 55,460 cells for
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the baseline aerofoil, concluded from our mesh convergence
study (Figure 7). If convergence was an issue at a specific
aerofoil geometry, we doubled the cell count and rechecked the
mesh quality while ensuring the solution converged. A solution
was only accepted if residuals had finished decreasing and
were all below a value of 10 for continuity residual and below
10-8 for all other residual values.

Assessing Solver Accuracy

A validation study was performed to assess the accuracy
of the 2D CFD solver compared to experimental data from
Suwa et al. (15). It was shown that mean error for the range
of -4 to +8° was 20.1%, however, for positive angles of attack
the percentage error was 7.7%, especially for 3° and above, the
percentage error was 4.1% (Figure 7A). The solution diverged
at angles of attack near where separation occurs; therefore,
this study was limited to angles of attack between -3 and +6
degrees to ensure collected data was accurate. While errors
exist when comparing to experimental data, it is worth noting
differences exist on the computational side (in meshing quality
and turbulence modelling) and the experimental side (in model
surface roughness and background turbulence intensity) that
will never lead to a perfect agreement. Owing to this, results
from the solver should be looked at comparatively rather than
as absolute values, reflected in our analysis.

To minimize the discretization error while minimizing solver
time, a mesh convergence study was performed. This featured
the gradual increase of the number of cells in the domain to
note when the values of lift and drag outputted by the solver
no longer changed. At the point where this plateaued, further
refinement of the mesh was seen to increase computational
time for negligible improvement in accuracy. In the mesh
convergence study, the lift and drag values stabilized at around
35,000 cells so we made the simulations with at least 50,000
cells to give some room for error (Figure 7B).
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