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A B S T R A C T

Erosion is a mechanical process that determines the lifetime of many machine components, as well as the quality
of the protective skins of some animals and plants. Here, we assess quantitatively the role of grooves on ductile
erosive surfaces in reducing erosion caused by the impact of particle-laden flow. In particular, we focus on V-
shape grooves that are much larger than the particles. The grooves can induce diversification of impingement
angles, multiple impacts of a single particle, and air swirls. By measuring the erosion rates of smooth and
grooved surfaces at different impingement angles, and imaging the particle motion with a high-speed camera, we
show that the diversified impingement angle on the grooves plays a key role in reducing erosion. Further, we
predict theoretically the optimal groove angle for maximal erosion reduction at different values of impact angle.
Our findings provide a framework for the design of artificial anti-erosive surfaces and advance our under-
standing of the design principles that enable biological skins to display anti-erosive properties when subjected to
particle-laden fluid streams.

1. Introduction

The lifetimes of many machinery components and construction
materials are influenced significantly by their capacity to resist erosion
and corrosion. Corrosion, a chemical/electrochemical reaction that
destroys the material, is enhanced by the erosion of the material surface
[1]. Therefore, understanding and controlling erosion play important
roles in many industries [2–4]. Furthermore, erosion is responsible for
shaping the earth through processes such as rainfall, river streams, sea
waves, glacial motions, and landslides [5]. Among many physical
causes contributing to the erosion of industrial and natural objects, here
we are interested in the erosion caused by the impact of fluid flows
laden with solid particles, e.g., slurry flows and dusty winds. Industrial
examples that suffer from erosion mediated by the impact of particle-
laden flows include slurry and powder transfer pipelines, the blades of
wind power generators and turbomachinery, and outer panels of ve-
hicles.

Previous research has shown that the impact of particles can cut,
plastically deform, or fracture material's surface [6]. The factors af-
fecting the rate of impact-induced erosion have been identified as the
impingement angles [7–12], the impact velocity of the solid particles
[9–15], the substrate properties [9,10,16], total mass of impacted
particles [9,11,12,16], particle size [10,11,17–19], and particle shape
[12,19,20]. A number of technologies have been developed to reduce

such erosion, including a filter system [21,22], anti-erosion materials
[23,24], and surface treatments such as chemical coating [25–27], laser
treatment [28–30], and patterning [31–34].

Recently, there has been a growing interest in the anti-erosion
mechanism of living creatures inhabiting harsh environments. Several
creatures that live in the desert, e.g., a snake [35], sand fish [36], and
scorpion [37], possess certain textures on their surface, which are
known to effectively resist abrasive erosion. In addition, tamarisk trees
that are found in dry environments with frequent sandstorms, are
known to have corrugated barks that are resistant to erosion caused by
the impact of sand particles [38]. Although the biologically-inspired
surface texturing to reduce erosion is highly attractive for practical
applications, the fundamental mechanism that underlies such anti-
erosive performance currently remain elusive.

Numerical computations of flow fields around various groove pat-
terns and consequent flow-induced erosion rates suggested that swirling
airflow inside the grooves acts as an air cushion to weaken the impact
of solid particles [31,32]. However, the proposed mechanism has not
been supported by experimental measurements to date. In addition,
other plausible functions of grooves such as their capacity to change
particle impingement angle and the effect of multiple particle impacts
upon reflection have not been investigated. Therefore, in the present
work, we measured experimentally the erosion rates of smooth and
grooved surfaces to quantify the anti-erosive characteristics of the
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patterned surfaces. The results of the measurements allowed us to
identify the dominant mechanism of anti-erosive activity of the grooved
surfaces over a finite range of impingement angles.

2. Materials and methods

The experimental apparatus used to generate particle-laden flows
and to measure the erosion rates of substrates is schematically shown in
Fig. 1(a). In a transparent acrylic chamber, a tube ejects high-speed
airflow carrying particles onto a substrate at an impingement angle α,
controlled by a rotation stage from 10° to 90°. The particle discharging
tube is connected to a vacuum ejector that draws particles and air from
a particle container and an air compressor, respectively. For the parti-
cles, we used white quartz sand (Sigma Aldrich), as shown in Fig. 1(b),
whose average diameter and density are 230 µm and −2530 kg m 3, re-
spectively. The average diameter of the particles is defined as the dia-
meter of a circle that has the same average area as the cross-sectional
image of the grains. During the experiments, compressed air was in-
jected into the vacuum ejector at a flow rate of 60 Lmin−1, which drew
the particles at a rate of 2.83 g s−1 and mixed them with the air. The
particles were expelled through the discharging tube (6.5 mm inner
diameter) at an exit velocity of 19m s−1 as measured by a high-speed
camera (Photron SA 1.1). The superficial velocity of air, U, was =U 30
m s−1 as measured by an air velocity meter (TSI VelociCalc 8346). We
note that the wind speed in nature is typically below 20m s−1 [39],
which corresponds to a typical driving speed of automobiles.

As the substrate, we used an acrylic plate with a tensile strength and
Young's modulus of 71.3MPa and 3.2 GPa, respectively. We used two
different types of surface morphology—smooth surfaces and V-shape
grooved surfaces reported to be more anti-erosive than many of dif-
ferently shaped grooves including U-, square-, and dome-shapes. [32].
For the smooth surface, we used a pristine surface with a roughness
(defined as the ratio of the actual area to the projected area) of 1.0095
(± 0.0052) as measured by atomic force microscopy (Park Systems XE-
70). The grooved surface possesses equilateral triangular trenches as
carved by a tapping center. The apex of each triangle is rather blunt
because of the limitation in the machining process. We ignored the
effect of this bluntness on the results of our analysis since it represents
only a very small portion of the entire groove size, and represents a spot
where particle impacts is infrequent as a result of the shadowing by
adjacent grooves. The triangles have a side of =a 4 mm long, and are

spaced by =b 2 mm. The cross-sectional images of the substrates are
shown in Fig. 1(c) and (d). The side length of the square substrate

=l 32 mm. The distance from the discharge tube to the center of the
substrate (z in Fig. 1(a)) is 14 cm.

Each erosion test lasted for one hour, after which we measured the
mass loss W of a substrate by comparing its mass to that determined
before the run. We repeated each test under the same conditions three
times and calculated the average values. In addition, to visualize the
particle paths near the substrates and to measure the coefficient of
restitution upon impact, we used the high-speed camera running at

×3 104 frames per second.

3. Results of erosion test

The results of the erosion tests are presented as a function of the
impingement angle for both the smooth and the grooved surfaces. The
erosion rate is defined as =Π W M/ , which measures the mass loss of a
substrate, W, due to the total mass of the impact particle, M. We note
that the amount of particles encountering the substrate varies for dif-
ferent substrate orientations. For instance, only fractions of particles
emitted from the tube impact onto the substrate with a low impinge-
ment angle α. Thus, M is calculated as = ′M L d M( / ) , from the known
quantity, ′M , which represents the total mass of the ejected particles.
Here, the projected length of the substrate =L l αsin , and the diameter
of the particle stream near the substrate ≈d 34 mm, as illustrated in
Fig. 1(a).

Fig. 2 shows the experimentally measured erosion rates of both
smooth and grooved surfaces at different impingement angles. For the
smooth surface, the erosion rate increased for small α until it reached a
maximum at = °α 20 , and then monotonically decreased. The maximum
erosion rate at = °α 20 is 3.4 times higher than the minimum value
determined at = °α 90 . For the grooved surface, the change in the
erosion rate with α was relatively mild, and the rate reached its max-
imum at 10° and minimum at 40°, with the maximum rate being 1.5
times higher than the minimum value. In the following, we first explain
the high sensitivity of the smooth surface to α. We then rationalize the
erosion rates measured for the grooved surface using the quantitative
erosion data for the smooth surface, in order to elucidate the dominant
anti-erosive mechanism of the grooves. Finally, we describe a theore-
tical model to predict the optimal groove angles depending on the
impact direction, and provide a rationale for the grooved surface of

Fig. 1. (a) A schematic diagram of the experimental apparatus used to measure the erosion rates caused by particle-laden flow. The distance from the discharge tube
and the center of the substrate is denoted as z, and d is the actual diameter of the particle stream. The side length of the square substrate is marked as l. α and β
represent the impingement angle and the finite degree of particle dispersion, respectively. (b) SEM (scanning electron microscopy) image of quartz sand particles. (c)
Side view of the smooth substrate. (d) Side view of the grooved surface with five equilateral triangular trenches.
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tamarisk trees.
It is known that the physical mechanism leading to erosion induced

by particle impact varies with the impingement angle, α [6,40]. For low
value of α, the cutting of the surface is mainly responsible for erosion as
illustrated in Fig. 3(a). However, as α increases, the dominant me-
chanism changes to plastic deformation and brittle fracture, as shown in
Fig. 3(b-c), as α increases. The SEM (scanning electron microscopy)
images of the surfaces of the smooth substrate after the erosion test at
different values of α are shown in Fig. 3(d–i). The images reveal ap-
parent elongated cuts at low α (10–30°), and plastically deformed re-
sidue and fragments caused by fracture for high values of α (60° and
90°).

The experimental data collected for the smooth surfaces (Fig. 2)
indicate a strong erosive capability of cutting and the weakest con-
tribution of plastic deformation and fracture to erosion [9,40]. We
speculate that the low erosion rate observed for the smooth surface at
very low impingement angle α of °10 stems from the fact that the
particles tend to slide along the surface without exerting significant
normal force.

We compared the erosion rates measured for the smooth and
grooved surfaces. Fig. 2 shows that the grooved surface exhibited a
lower erosion rate than the smooth surface for α ranging from °20 to

°60 . The relative decrease in the erosion rate, −Π Π Π( )/s g s, where the
subscripts s and g denote the smooth and grooved surface, respectively,
reached a maximum of 40% at 30°. However, the erosion rate of the
grooved surface was higher than that for the smooth surface when

> °α 60 . Πg is almost twice as high as Πs at 90°.

4. Discussion

The behaviors of particles impacting on the grooved surfaces dif-
fered from those on the smooth surfaces in several aspects. Firstly, three
different local impingement angles can be defined for the grooved
surface as shown in Fig. 4(b), with only θ1 being equal to the global
impingement angle α. Secondly, a particle can collide with the grooved
surface multiple times depending on α and the location of impact on the
groove. Thirdly, the swirling airflow inside a groove can alter or
weaken the velocity of a particle by acting as an air cushion. We in-
vestigated quantitatively the effects of these three mechanistic differ-
ences characteristic for grooved surfaces in order to identify the
dominant factor leading to the anti-erosive performance of grooved
surfaces over a finite range of α. Here, we neglect the mutual interac-
tion of particles because of a very low fraction of particles volume V( )p in
air V( )a , + = × −V V V/( ) 1.8 10p a p

3 [41].
Prior to the quantitative estimation, it should be noted that we made

the following modeling assumptions for the erosion process.
Specifically, the particle direction is assumed to be perpendicular to the
plane of = °α 90 before impact. Also, the distribution and velocity of the
particles are assumed to be uniform regardless of their position. These
assumptions are based on the previous works showing that particle-
laden jet flow with a high Stokes number ( >St 50) exhibits small dis-
persion and relatively uniform distribution and velocity of particles
[42–44]. Here, St is defined as the ratio of the response time of a
particle to the characteristic time scale of the fluid, and it is ∼ 100 for
the flow between the discharging tube and the substrate with the
characteristic length of z in Fig. 1. The detailed definition of St appears
in §IV.C. In the actual experiments, a finite degree of particle dispersion
is observed, but the dispersion angle, denoted as β in Fig. 1(a), is as low
as 5.6°, thus allowing us to assume a nearly straight particle path.

4.1. Diversification of impingement angle

Fig. 4(b) illustrates the local impingement angle of each groove side,
such that =θ α1 , = ° −θ α1202 , and = − °θ α 603 . As seen in the data
obtained for the smooth surfaces (Fig. 2), the erosion rate is sensitive to
the impingement angle of the particles. Since each side of the groove
contributes to the total erosion, one may write the total mass loss as:

∑=
=

W w ,
i

i
1

3

(1)

where wi is the mass loss of the surfaces at an impingement angle θi
in the grooved surface. We have =w π mi i i, where πi and mi represent
the erosion rate and impact particle mass of the grooved surface at
impingement angle θi, respectively. The definition of the erosion rate
leads us to write the erosion rates of the grooved surfaces, ′Π , as fol-
lows:

′ =
∑ =Π

w s
M S

/
/

,i i i1
3

(2)

where S is the total surface area of the grooved substrate subject to
erosion. In addition, =s n b1 s , =s n a2 g for ≥ °α 60 and

= + − °s n a α[ {1 3 tan( 30 )}]2
1
2 g for < °α 60 , and =s n a3 g for > °α 60

and =s 03 for ≤ °α 60 , where ns and ng are the number of spaces and
grooves, respectively, and a and b are the lengths indicated in Fig. 4(b).
The surface area of the grooved substrate subject to erosion is calcu-
lated considering the shadow effect, i.e. particles that cannot hit a part
of each groove directly when < °α 90 .

Now we assume that the erosion rate of each surface πi is identical
to the value measured for the smooth surface in Fig. 2. This assumption
would be valid provided that the particle trajectories and velocities
were unaffected by the grooves. We examine such effects in the

Fig. 2. Experimental erosion rates determined for the smooth (black circles)
and grooved surfaces (red triangles) as a function of the global impingement
angle. Each error bar corresponds to a standard deviation obtained from three
measurements. The table shows the experimental data of the thickness of ma-
terial removed from the surfaces for one hour.
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following sections, and here proceed with the proposed assumption. We
substitute the values of erosion rates measured for the smooth surfaces
for πi in Eq. (2) to obtain the total erosion rate of the grooved surface

′Π . We compare the estimated erosion rates with the experimentally
measured values for different values of α in Fig. 4(c). Our estimation
reproduces the trend in the experimental data fairly well. The relative
error between the experimental ′Π( )x and estimated data ′Π( )s ,

= ′ − ′ ′η Π Π Π| |/s x x, is on average 9%, with the exception of = °α 10 , at
which point it reaches 24%. Therefore, the diversification of the im-
pingement angle is considered to be the dominant mechanism of anti-
erosive activity of the grooved surface, provided that the effects arising
from other factors, which are discussed below in more detail, are in-
significant.

4.2. Multiple impacts

When a particle enters a groove, it can hit the surface multiple
times, as shown in Fig. 5(c–d), or it can hit it only once, as shown in
Fig. 5(a–b), depending on the value of α and the impact location. We
assumed the regular reflection, i.e., we assumed that the angles of in-
cidence and reflection are identical, because of the low roughness of
eroded surfaces. Our measurements revealed that the mean depth and
cycle of roughness after 1-h long erosion test at = °α 20 , where the
erosion is the severest, are ±399 186 nm and ±5 1.3 μm, respectively.
The deviation in the reflection angle under such surface conditions was
calculated to be only °2.3 using the particle-wall contact model [45].

A geometric consideration based on the assumption of regular

reflection reveals that a particle can hit the surface up to three times in
our grooves at > °α 60 , twice for ° < ≤ °α30 60 , and once for ≤ °α 30 .
The number of impacts also depends on the impact location as illu-
strated in Fig. 5(e). The surface area where multiple impacts are pos-
sible, ′S , is − °a α3 n tan( 30 )g for ° < < °α30 60 and −S s1 for ≥ °α 60 .

The velocity and momentum of a particle decrease when it hits the
substrate. In order to include this effect in the evaluation of erosion
rates that are caused by multiple impacts, we measured the coefficient
of restitution (ϵ), i.e., the ratio of velocity after impact to that before the
impact. For the quartz sand grains impacting on the acrylic surface with
the velocity 19m s−1, as used in our erosion test, ϵ was measured to be
0.49 (± 0.07) over 50 runs. For erosion caused by the impact of solid
particles, the mass loss W is known to be scaled as ∼W V x where V is
the impact velocity and x depends on the properties of the substrate
[11,13,14]. For brittle polymer substrates, x ranges from 3 to 5 [13,14].

The additional mass loss caused by the second and third impact of
particles is respectively expressed as ′Π MS Sϵ /x

γ and ′Π MS Sϵ /x
δ

2 , where
γ and δ are the local impingement angles of the particles during the
second and third impact, respectively. Based on the estimated erosion
rate, we included the effects of multiple impacts and plotted the results
in Fig. 5(f). Here, we used x=3 and x=5 to determine the upper and
lower bounds of the erosion rates, respectively, and assumed that the
particles impact as many times as possible.

It is immediately apparent that the effect of multiple impacts is
insignificant—the erosion rate is increased compared to the single-im-
pact only erosion rate at most by 7% (at 60°). It can be attributed to the
fact that the erosion rate decreases dramatically after the first impact,

Fig. 3. Cartoon representation of different erosion mechanisms: (a) cutting; (b) plastic deformation; (c) brittle fracture. SEM images of surfaces: (d) smooth surface
before the erosion test; (e–i) the smooth surfaces bombarded for 15 s with particle-laden flow at different impingement angles α (denoted in each image). Scale bars,
10 μm.
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as well as the fact that only relatively small area allows for multiple
impacts after the first collision. Although the decrease in the erosion
rate after the first impact depends greatly on x and ϵ, metal substrates,
as well as the acrylic substrate used in this study, are expected to be
largely unaffected by multiple impacts for the following reason. The
coefficients of restitution (ϵ) of sand particles on metals, such as 2024
aluminum, 6A1-4V titanium, AM 355, and RENE 41, are reported to be
below 0.5 at impingement angles over 15° [46]. This coefficient ranges
from 0.3 to 0.4 at impingement angles in the range of 60–90°, where the
multiple impacts are the most likely to occur. The value of ϵ decreases
with increasing particle impact velocity [47]. For ductile metals such as
aluminum, titanium and copper, the exponent x ranges from 2 to 3.
Owing to the low ϵ, the effect of multiple impacts is thus predicted to be
negligible for metal substrates.

4.3. Swirls inside grooves

When a fluid flows over the grooves, internal recirculation is gen-
erated inside the cavity, whose characteristic flow speed is much
smaller than that of the external flow [31,48,49]. It was previously
suggested that as particle-laden flows approach a grooved surface, the
swirls inside the groove reduce the impact velocities of the particles or
deflect the particle trajectory to prevent particle collision [31,32]. We
assess the effect of swirls occurring inside the grooves on the erosion
rate in the following.

The Stokes number indicates whether the suspended particles will
follow the fluid stream ( <<St 1) or not ( >>St 1). This number is de-
fined as =St ρ d Δu a( )/(18μ )p p

2 , where ρp and dp are respectively the
density and the diameter of the particle, and μ is the dynamic viscosity
of the fluid. The characteristic length a is the width of the mixing layer
where the flow pattern changes the entrance of a groove in our case. uΔ
indicates the velocity difference between the two streams with different
flow patterns. Under the present experimental conditions, where uΔ

∼10m s−1, we obtain ∼St 103, which suggests that the particle velo-
city is hardly affected by the swirls. Because uΔ tends to increase with
the flow velocity, particles impacting with a velocity higher than cur-
rently tested will still be unaffected by the swirling flow [50].

We can further confirm the insignificant effect of swirls by com-
paring the kinetic energy density of the particles (Ep) with the rota-
tional kinetic energy density of the swirls (Es). We write Ep as ∼E ρ Up p

2

Fig. 4. Illustrations showing the local impingement angles on (a) a smooth
surface and (b) a grooved surface. θ1, θ2, and θ3 denote local impingement
angles of faces 1, 2, and 3, respectively. (c) Comparison of the experimental
(red triangles) and estimated (blue squares) erosion rates of the grooved surface
as a function of α. Each error bar corresponds to a standard deviation obtained
from three measurements. The estimated values were calculated using Eq. (2).

Fig. 5. Sequential images of particles impacting on grooved surface obtained at
different values of the global impingement angle α: (a) = °α 20 ; (b) = °α 40 ,
with impact occurring outside of the multiple impact zone; (c) = °α 40 , with
impact occurring inside of the multiple impact zone; (d) = °α 90 , with impact
occurring inside of the multiple impact zone. Scale bars= 1mm. (e) Schematic
representation of the multiple impact zone is shown in red. The solid (broken)
line corresponds to the path of a particle experiencing multiple (single) impacts.
(f) Comparison of the estimated erosion rates with multiple impacts ignored
(blue squares) and considered (red crosses and black circles). The red crosses
and black circles correspond to the estimated values obtained under the as-
sumption that x=3 and 5, respectively, in the mass loss - velocity model.

S. Jung et al. Wear 406–407 (2018) 166–172

170



and ∼E ρ r ωs a
2 2, where ρa is the density of air, ∼ −r 10 3 m is the radius of

a swirl, and ω is the angular velocity of a swirl. Here, we estimate
∼ω v r/s with vs being the tangential velocity of the swirl in the order of

1 m s−1 [31,49]. The energy ratio ∼ −E E/ 10s p
5, so that Ep dominates

over Es.
The negligible impact of air swirls on the particle movement is

therefore confirmed not only by the negligible deflection of the particle
path (see Fig. 5(a–d)) but also by our experiments where the particle
velocity was measured using a high-speed camera. Fig. 6 shows the
ratio of the particle velocity inside the groove to the velocity of the
particle approaching the groove (19m s−1). This figure reveals that the
ratio is nearly at unity, with a minimum of 0.96 at = °α 30 .

4.4. Theory for the optimal groove angle and tamarisk

Having identified the dominant role of the impingement angle di-
versification in the reduction of erosion, we elaborate our theory to
predict the optimal angle of the groove triangles as a function of the
global impingement angle. We calculate the erosion rates for the
grooved surfaces consisting of isosceles triangles with various base
angles ϕ, as illustrated in the inset of Fig. 7. Following the same pro-
cedure as adopted in §IV.A, we use the data collected for the erosion
rates of the smooth surfaces and consider the modification of local
impingement angles caused by the grooves. Fig. 7(a) displays the de-
pendence of the erosion rate of various groove angles on the global
impingement angle. We can see that all grooved surfaces exhibit erosion
rates that are lower than the corresponding rates obtained for the
smooth surfaces when α ranges from 20° to 50°. In addition, one can
find at least one case where the grooved surface has a lower erosion rate
than the smooth surface for α between 10° and 70°. Each global im-
pingement angle α has an optimum groove angle that minimizes the
erosion rate as shown in Fig. 7(b).

Our understanding of the role of grooves in the reduction of erosion
allows us to rationalize the anti-erosive characteristics of botanical
cylindrical surfaces with grooves such as those founded in the tamarisk.
Wood, in general, mainly consists of four polymers of cellulose, hemi-
cellulose, lignin, and pectin, which are eroded in ductile manner [51].
In addition, the mechanical properties of tamarisk such as Young's
modulus (1.2 GPa) and ultimate strength (43.4MPa) are similar to
those of acrylic (3.2 GPa and 64.8MPa, respectively) [38]. We can
calculate the erosion rates of cylindrical acrylic surfaces with and
without grooves along the same line as delineated above. For the cy-
linder with a radius of 400mm, bearing equilateral triangular grooves
of 4mm in width, i.e., sizes that corresponding to a typical 50-year-old
tamarisks [52,53], we find that the erosion rate of the grooved surface

is smaller than or equal to that of the smooth surface over 73% of the
total surface area of the half cylinder facing wind. Therefore, the
grooved cylindrical trunk appears to be the Nature's efficient means of
resisting erosion under dusty winds with no preferred direction.

5. Conclusions

In the present work, we have evaluated quantitatively the erosion
rates of smooth and V-shape grooved solid surfaces under the impact of
particle-laden flows. The grooves on the surface were shown to reduce
the erosion rate at impingement angles ranging from 20° to 60°, while
the smooth surface was more resistant to erosion at impingement angles
outside of this angle range. The anti-erosive range of global impinge-
ment angles of a grooved surface changes according to the ductility of
the target surface. The range obtained in this work is valid for the
surfaces eroded in a ductile manner like polymers including acrylic
plates [54]. Other studies have shown that the grooves on the surfaces
eroded in brittle manner reduce the erosion rate at high impingement
angles (e.g., 90°) [55,56].

The dependence of the grooved surface's erosion rate on the im-
pingement angle was successfully explained by considering the di-
versification of the local impact angle caused by the presence of the

Fig. 6. The ratio of particle velocity inside the groove relative to the velocity of
the particles approaching the groove. Fifty measurements were made for each
global impingement angle. The error bar corresponds to the standard deviation.

Fig. 7. (a) Comparison of the estimated erosion rates of triangular grooved
surfaces with different base angles ϕ. The data for =ϕ 0 corresponds to the
experimental results obtained for the smooth surface. (b) The optimum base
angle of isosceles triangular grooves as a function of the global impingement
angle.
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grooves. By contrast, other factors, including the multiple impacts of
particles and the air swirls within grooves, were shown to exert negli-
gible effects on erosion. The absence of significant impact observed for
both the multiple impact scenario and the air swirls is a natural con-
sequence of high Re associated with the impact of particle-laden flows
because the coefficient of restitution decreases rapidly with the impact
velocity and the rotational velocity of the swirl is not high enough to
influence the particle movement.

Our approach of inducing erosion rate of grooved surfaces based on
the erosion rates measured for flat substrates with varying incident
angles can be applied to differently shaped grooves as well. Our find-
ings that the grooved surface can reduce erosion under certain global
impingement angles suggests both the promise and limitation of this
biologically inspired anti-erosive approach. When the ambient flow
direction is either nearly parallel or perpendicular to the surface, which
is eroded in ductile manner, the grooves aggravate erosion. However,
one can benefit from the grooves if the direction of the surface can be
tuned in such a way that the impingement angles lie in the range of
effective anti-erosion (i.e., − °20 60 ). Meanwhile, cylindrical surfaces
with grooves are shown to be more resistant to erosion when compared
to smooth surfaces, regardless of the wind direction—a phenomenon
that is exploited and manifested in tamarisks.
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