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Abstract: Aerodynamic drag reduction is a key element for the design of aircrafts, and it is also
considered to be affected by the flow velocity. Herein, the influence of high flow velocity on the drag
reduction induced by the surface microstructure inspired by a cross-section of barchan dune was
investigated by the computational fluid dynamics method in this work. Overall, the drag reduction
ratio was decreased while the pressure drag and viscous resistance enhanced simultaneously with
the augmentation of flow velocity. Otherwise, drag analysis revealed that the total drag was a power
function of flow velocity, which meant that the effect of flow velocity on drag was extremely fierce.
Additionally, the microstructure improved the thickness of the boundary layer with a growth rate of
14.2%, and then reduced the viscosity resistance with limits during the development process of flow
velocity. Furthermore, the micro-vortex caused by the surface microstructure provided the reverse
wall shear stress, with the maximum value ranging from −4.77 Pa to −51.27 Pa, and then reduced
the velocity gradient above the microstructure, thereby improving the drag reduction. However, both
Reynolds-averaged Navier-Stokes (RANS) and large eddy simulation (LES) calculations showed that
the excessive velocity could lead to the dissipation of micro-vortex, which augmented the contact area
between the fluid and the surface, resulting in the enlargement of viscous resistance. Finally, it was
confirmed that the variation of surface microstructure height had a significant influence on drag reduc-
tion at high flow velocity. The underlying mechanism of drag reduction could also provide theoretical
guidance for the design and optimization of drag reduction coatings in aeronautical applications.

Keywords: drag reduction; surface microstructure; high-speed flow; barchan dunes; micro-vortex

1. Introduction

With the rapid growth in the aviation industry, higher requirements for economic
efficiency are raised in the aircraft manufacturing process. The windage is an important
factor that affects flight energy consumption and further restricts the flight capacity. Hence,
it is important to reduce windage for decreasing the fuel consumption during flight process.
Previous studies have revealed that nearly half of windage is due to the viscous drag,
which dominated the entire windage of the aircraft [1]. Notably, viscous drag can be further
reduced by 40% with flow-control technologies, which is equal to approximately 15% of the
windage [2]. With the development of drag reduction technologies, several viscous drag
reduction methods have been proposed, such as the plasma method [3], periodic pertur-
bation method [4], push-pull airflow method, [5] and separation suppression method [6].
These methods are classified as active drag reduction methods due to the requirements
extra applying extra control devices and additional energy consumption, which severely
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limit their application in aviation industry. In contrast, passive drag reduction methods can
effectually decrease viscous drag by adjusting aerodynamic layout or constructing surface
texture without extra energy consumption, such as surface coatings [7,8], flexible wall
methods [9], and bionic non-smooth surface [10]. In recent years, passive drag reduction
technologies have attracted extensive attention due to their low energy consumption in the
field of aerospace manufacturing.

In the early 1970s, bionic non-smooth surface methods were proposed and proved
to be an extremely effective method for drag reduction [11]. Drag reduction experiments
reveal that a non-smooth surface with a certain structure has better drag reduction ability
than traditional smooth surfaces. Drag reduction ratio (RD) is usually used to evaluate
drag reduction performance of non-smooth surfaces. The drag reduction rate is calculated
using the following equation:

RD =
Fsmooth − Fnon−smooth

Fsmooth
(1)

where Fnon-smooth is the drag value of a non-smooth region acquired from force report in
Fluent, and Fsmooth is the drag obtained from a smooth area at the same position.

Subsequently, a turbulent drag reduction of 8% was achieved on an aluminum test
plate with riblet structures inspired by the shapes of shark skin at the National Aeronautics
and Space Administration (NASA) Langley Research Center [12,13]. It is worth noting
that the drag-reductive ability of riblets is significantly affected by flow velocity. Relevant
hydrodynamic research showed that the decreasing drag reduction effectiveness for a fixed
riblet inspired by shark skin was correlated to the increasing flow velocity. As the flow
velocity was fortified, the boundary layer thickness was reduced, resulting in an unexpected
contact between riblet tips and high-velocity fluid, and diminishing the effectiveness of the
riblet to control the turbulent structures in the turbulent boundary layer. Analogously, the
riblet tip protrusion in the turbulent area was decreased when the flow velocity decreased
synchronously, leading to the increased viscous drag from the enlarged surface region
within the turbulent boundary layer [14,15]. Moreover, the pressure drop as a function of
flow rate in the channel with various surfaces was studied in both water and air flow. It
was suggested that the riblet surface was more beneficial in producing a drag reduction
in turbulent flow than in laminar flow with the growth of water flow rate. Diversely, as
the flow velocity enhanced, the pressure drop became larger, resulting in a higher pressure
drag under air flow conditions, which was caused by the formation of air vortices [16].
Similar studies have indicated that the air tests achieved slightly higher pressure drops,
perhaps due to lower viscosity and the tendency for the vortices to translate more easily [17].
Additionally, aerodynamic drag reduction research showed that the drag reduction ratio
was independent of the average flow velocity within the band of variations. The larger the
change in flow velocity, the worse the drag reduction effect for a riblet structure inspired
by shark skin [18]. Furthermore, a super-hydrophobic surface with rectangular groove was
simulated to study the influence of the flow velocity on the drag reduction characteristics.
Calculated results demonstrated that the drag reduction rate decreased as the Mach number
increased from 0.1 to 0.2 [19].

Recently, unlike the traditional riblet structures, the structures inspired by the cross-
section of barchan dunes has been considered to be more appropriate for aerodynamic
drag reduction [20,21]. The relationship between drag reduction and flow velocity for the
structures inspired by barchan dunes was obtained by simulation. When the speed rose
from 10 m/s to 30 m/s, the turbulent boundary layer thickness continued to decrease for
both smooth and non-smooth surfaces, and the turbulent boundary layer thickness of the
non-smooth surface was greater than that of the smooth surface at all stages [20]. Although
structures inspired by the cross-section of barchan dunes exhibit excellent drag reduction
in the aerodynamic field, previous studies have focused more on the drag reduction
ability of large-size structures (millimeter-scale) under low-speed conditions. Obviously,
uncertainties still exist in extending the results obtained under the conditions of low speed



Coatings 2022, 12, 563 3 of 14

and low Reynolds number to the conditions of high speed and high Reynolds number.
Moreover, the interactions between inner and outer wall mechanisms and the role of flow
velocity played in the drag reduction have not yet been reported in detail.

In this work, the action mechanism of flow velocity on the drag was studied using
computational fluid dynamics (CFD) methods. The distribution of pressure and velocity
was mainly discussed to reveal the variation of flow field. Moreover, transient analysis
was employed to characterize the evolution process of flow field near the surface. On this
basis, the drag reduction mechanism was also analyzed in detail to provide theoretical
guidance for the design and optimization of drag-reduction coatings under high-velocity
flow condition.

2. Numerical Simulation Approach

The microstructural unit of the barchan dune was inspired by the regularly arranged
natural barchan dune, which consisted of unique windward and slip surfaces, indicating a
strong ability to maintain shapes [21–26]. In this work, a symmetrical geometric shape was
extracted from the cross-section of barchan dune in order to construct the microstructure
unit, as proposed in our previous work and shown in Figure S1 [27].

The computational domain used in this work is the same as that used in the previous
work [27]. Considering the aeronautical applications, the flow velocity (U∞) was broadly
defined as 69.4, 83.3, 97.2, 111.1, 138.9, and 250 m/s, respectively. The Reynolds number of
a plate was defined as follows:

ReL =
U∞L

ν
(2)

where L is the distance from the calculation position to the inlet of flow field, U∞ is the free
flow velocity, and ν is the kinematic viscosity coefficient.

The kinematic viscosity coefficient of air is 1.4607 × 10−5 m2/s. The corresponding
Reynolds number (ReL) ranges from 9.50 × 105 to 3.42 × 106, which means a turbulent
state in the flow field.

Reducing the burst in the turbulent boundary layer is an effective way to reduce drag.
Therefore, the height of the microstructure should be smaller than the boundary layer
thickness (δL) in order to regulate the drag by disturbing the boundary layer. Meanwhile,
the depth of the microstructure unit should also be greater than allowable roughness
values (kadm) to ensure that the surface is beyond the scope of dynamic smoothness in
hydromechanics. To determine whether the microstructure can affect the turbulent bound-
ary layer, the δL and the kadm with different velocity can be determined by the following
formulas [20]:

δL = 0.37L × Re−0.2
L (3)

kadm ≤ 100L
ReL

(4)

Notably, the height of the microstructure unit should be less than 1.80 mm, which is
the minimum value of the thickness of the turbulent boundary layer. According to the
flow velocity applied in this work, the allowable roughness value ranged from 21.65 µm to
6.84 µm. Thus, the microstructure with a certain height of 50 µm was selected to explore
the drag reduction performance caused by the flow velocity. Meanwhile, because the angle
(α) processed a typical value of around 30◦ in nature, the α was defined as 30◦.

Previous research indicated that the realizable k-ε model was suitable to describe
the boundary layer thickness with high precision [28,29]. Additionally, this model could
minimize the error between simulation and experiment [30]. The comparison between
the theoretical values and the calculated values under different turbulence models also
verified the suitability of the realizable k-ε model, as shown in Figure S2. Therefore, the
underlying physical mechanism of drag reduction induced by microstructure was studied
by the realizable k-ε model in this work. More governing equations could be referred to
previous studies [29,31]. Furthermore, the reliability of the calculation model is also verified
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in the previous work [27]. In addition, the large eddy simulation (LES) method is adopted
for simulation in order to acquire the subtle flow characteristics and variation in the flow
field. The detailed calculation mathematical model is described in Supplementary Files.

The numerical simulation was implemented by Fluent 19.2 in a 2D model. The
computational domain is a rectangle with a length of 400 mm and a width of 250 mm, as
depicted in Figure 1. For incompressible fluid with velocity below 0.3 Ma, a pressure-based
solver was used in this work, while the density-based solver was adopted for a higher
velocity above 0.3 Ma. Both the top (400 mm) and bottom (100 mm) regions were set as
symmetry boundaries in order to prevent the interference from side walls, as marked in
blue. In addition, the plate (60 mm) and structure (80 mm) regions marked with gray were
defined as stationary walls with no slip. Moreover, the grids of structure region tagged
with yellow were enlarged in the center of this figure. The inlet and outlet regions were
set as velocity inlet boundary (marked with red arrows) and pressure outlet boundary,
respectively, under incompressible flow conditions. In contrast, the pressure far field
boundary was adopted to inlet and outlet under compressible flow conditions.
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Figure 1. Numerical simulation domain of microstructure surface.

The previous solver parameters and grid construction methods were followed in this
work [27]. Moreover, the independence of the computational grid was also verified to
ensure the accuracy of the calculation, as shown in Figure S3. Several velocities were
chosen to verify the dependability of the calculation model, and the theoretical skin friction
coefficient was compared with the simulation result. The theoretical value of skin friction
coefficient (Cf) was expressed as Cf = 0.074 × Re−0.2

L . As listed in Table 1, the theoretical
skin friction coefficient value is decreased from 4.713 × 10−3 to 4.106 × 10−3 with the
increase of flow velocity under the above boundary conditions. Otherwise, simulation
results demonstrate the same tendency with theoretical values. The maximum relative error
between the simulation and theoretical results is only 6.99%, indicating the reliability of the
calculation model used in the high-speed flow condition. Moreover, additional simulations
with a top boundary of wall with a velocity gradient of 0 and a bottom boundary of no slip
were implemented to further check the numerical accuracy of the results. The difference
between the theoretical value and the simulation value can also be controlled within 7%,
which is similar to the data obtained under symmetry boundary conditions. It can be
verified that the above model still has decent reliability even under the wall boundary
condition, revealing a better applicability in simulation work.
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Table 1. Comparison between calculated values and theoretical values.

Flow Velocity
(m/s)

Cf of Simulation
Value (Symmetry

Boundary)

Cf of Theoretical
Value (Symmetry

Boundary)

Relative
Error (%)

Cf of
Simulation
Value (Wall
Boundary)

Cf of
Theoretical
Value (Wall
Boundary)

Relative Error
(%)

69.4 0.004763 0.004713 1.06 0.004066 0.004106 0.97
83.3 0.004318 0.004548 5.06 0.003765 0.003959 4.90
97.2 0.004172 0.004410 5.40 0.003639 0.003839 5.20
111.1 0.004060 0.004293 5.43 0.003525 0.003738 5.71
125.0 0.003945 0.004193 5.91 0.003427 0.003650 6.11
138.9 0.003819 0.004106 6.99 0.003332 0.003575 6.80

3. Results and Discussion
3.1. Drag Reduction Analysis

The relationship between flow velocity and drag reduction ratio is shown in Figure 2.
It is clear that the microstructure processes a higher drag reduction effect with 4.23% at the
flow velocity of 69.4 m/s. Therewith, as the flow velocity augments, the drag reduction ratio
falls below zero. It is obvious that the drag reduction ratio decreases to different degrees
with the growth of flow velocity. Although the drag reduction effect of the microstructure
picks up at the velocity of 97.2 m/s, the tendency of drag reduction decreases with the
development of velocity in general. Notably, at the flow velocity of 250 m/s, the drag
reduction ratio even drops to −110.27%, which is equivalent to twice the total drag.
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Drag analysis indicates that as the velocity augments, both viscous resistance and
pressure drag improve continuously, leading to an enlargement of total drag in the non-
smooth model, as presented in Figure 3. Meanwhile, viscous resistance is usually higher
than pressure drag under high flow velocity. As illustrated in Figure 3, the relationship
between flow velocity and drag of non-smooth model is verified to be

y = 0.00109 × x1.85534 (5)
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As described by the formula, drag is a power function of flow velocity. This means that
the effect of flow velocity on drag is extremely fierce. In contrast, the drag variation of the
smooth model is gentler than that of the non-smooth model. It reveals that the existence of
the microstructures exacerbates the increase in drag under high-speed conditions. However,
the growth rate of drag of the smooth model is higher than that of the non-smooth model
in a certain velocity interval, resulting in an un-strict improvement of the drag reduction
ratio of microstructure, as shown in the enlarged area in Figure 3.

3.2. Variation Distribution of Pressure and Velocity

Figure 4 shows the variation of pressure around the microstructure unit with different
flow velocity. The pressure contour map illustrates that the high-pressure area situated
in the windward surface enlarges with the gradually increasing pressure value when the
flow velocity rises from 69.4 m/s to 83.3 m/s. Although the negative pressure area has
decreased, the average pressure in the negative pressure area shows a downtrend, resulting
in an enlargement in pressure drag. Afterward, when the flow velocity augments from
83.3 m/s to 111.1 m/s, the high-pressure area on the windward surface amplifies gradually.
Meanwhile, the average pressure in these areas reveals the same tendency. In addition,
the negative pressure area on the slip face remains substantially stable, while the pressure
value decreases gradually, leading to a continuous enlargement in pressure drag. The
high-pressure area extends to the entire windward surface with a pressure value of up
to 84.04 Pa when the flow velocity increases to 125 m/s. The negative pressure area on
the slip face is also amplified at the same time, and the pressure value is further reduced
to −223 Pa, causing a further improvement of pressure drag. The high-pressure area is
reduced as the flow velocity is up to 138.9 m/s. However, the average pressure value of the
high-pressure area extends to 167.58 Pa sharply, in contrast to the negative pressure value,
which decreases slightly, resulting in a persistent drop in pressure drag. It is worth noting
that the pressure value of the high-pressure area in the windward surface is as high as
344.44 Pa when the flow velocity is increased to 250 m/s. Moreover, an ultra-high-pressure
area with a pressure value of 1050.2 Pa is generated in the local area of the windward
surface. Simultaneously, in addition to the negative pressure area augmenting significantly,
the pressure value drops to −1067.09 Pa, which reflects a greater pressure drag.
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As an important hydrodynamic parameter, the thickness of the boundary layer greatly
affects the drag. The microstructures located in the middle of the computational domain
are selected to study the effect of microstructure on the boundary layer thickness under
different flow velocity conditions, as shown in Figure 5. The thickness of the boundary
layer above the microstructures are compared under different velocity conditions, and the
corresponding velocity contours are displayed in the azury box in Figure 5. For comparison,
the boundary layer thickness of the same position in the smooth model is also measured.
It is obvious that both the smooth model and the non-smooth model reflect a reduction
in boundary layer thickness with the growth of flow velocity. Even if the flow velocity is
raised to 250, the boundary layer thickness obtained by non-smooth model is reduced from
3.13 mm to 2.55 mm, which is still higher than the boundary layer thickness measured in
the smooth model. This means that as the flow velocity rises, the microstructure enlarges
the thickness of the boundary layer continuously, and then reduces the viscosity resistance.
However, based on the boundary layer thickness achieved by the smooth model, the growth
rate of the boundary layer thickness has been maintained below 14.2% in non-smooth model
as the flow velocity augments, which reveals that the ability of microstructure is extremely
limited for improving the boundary layer thickness.
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Velocity streamlines of microstructure extracted from middle of the computational
domain are presented under different flow velocity conditions in order to explore the
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reasons for the variation of viscous resistance with flow velocity, as shown in Figure 6.
It is obvious that the micro-vortexes appear within microstructures at each flow velocity.
The size of micro-vortex gradually magnifies when the flow velocity rises from 69.4 m/s
to 111.1 m/s. A larger micro-vortex can effectively reduce the contact area between the
fluid and the surface to a certain extent, thereby decreasing the viscous resistance. It can
be inferred that the drag reduction effect can be achieved when the influence of the micro-
vortex is enlarged to almost compensate for the augment of viscous resistance and pressure
drag caused by the growth of flow velocity. This can be explained by the fact that the drag
reduction rate is fortified when the flow velocity augments from 83.3 m/s to 97.2 m/s.
Additionally, the micro-vortex gradually shrinks when the flow velocity increases from
111 m/s to 250 m/s, resulting in a sudden expansion of the contact area between fluid
and surface. The variation of contact type between fluid and surface should be one of the
feasible reasons why the viscous resistance enlarges sharply, causing the drag reduction
rate to decrease dramatically.

Coatings 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

 

 
Figure 5. Variation in turbulent boundary layer thickness with flow velocity. 

Velocity streamlines of microstructure extracted from middle of the computational 
domain are presented under different flow velocity conditions in order to explore the rea-
sons for the variation of viscous resistance with flow velocity, as shown in Figure 6. It is 
obvious that the micro-vortexes appear within microstructures at each flow velocity. The 
size of micro-vortex gradually magnifies when the flow velocity rises from 69.4 m/s to 
111.1 m/s. A larger micro-vortex can effectively reduce the contact area between the fluid 
and the surface to a certain extent, thereby decreasing the viscous resistance. It can be 
inferred that the drag reduction effect can be achieved when the influence of the micro-
vortex is enlarged to almost compensate for the augment of viscous resistance and pres-
sure drag caused by the growth of flow velocity. This can be explained by the fact that the 
drag reduction rate is fortified when the flow velocity augments from 83.3 m/s to 97.2 m/s. 
Additionally, the micro-vortex gradually shrinks when the flow velocity increases from 
111 m/s to 250 m/s, resulting in a sudden expansion of the contact area between fluid and 
surface. The variation of contact type between fluid and surface should be one of the fea-
sible reasons why the viscous resistance enlarges sharply, causing the drag reduction rate 
to decrease dramatically. 

 
Figure 6. Velocity streamline diagram of structures under different flow velocity conditions, (a) 69.4 
m/s, (b) 83.3 m/s, (c) 97.2 m/s, (d) 111.1 m/s, (e) 125 m/s, (f) 138.9 m/s, and (g) 250 m/s. 

3.3. Analysis of Wall Shear Stress with Various Flow Velocity 
The wall shear stress units extracted from the middle of the structure region are se-

lected to further analyze the effect of flow velocity on viscous resistance under different 
velocity conditions, as shown in Figure 7. Figure 6a shows that both the positive and the 

Figure 6. Velocity streamline diagram of structures under different flow velocity conditions,
(a) 69.4 m/s, (b) 83.3 m/s, (c) 97.2 m/s, (d) 111.1 m/s, (e) 125 m/s, (f) 138.9 m/s, and (g) 250 m/s.

3.3. Analysis of Wall Shear Stress with Various Flow Velocity

The wall shear stress units extracted from the middle of the structure region are
selected to further analyze the effect of flow velocity on viscous resistance under different
velocity conditions, as shown in Figure 7. Figure 6a shows that both the positive and the
negative wall shear stress enlarge as the flow velocity arises. In particular, the negative wall
shear stress indicates a relatively gentle enlargement, while the increase of positive wall
shear stress is more dramatic. The accurate values of the maximum wall positive shear stress
and the maximum negative wall shear stress are illustrated in Figure 7b. It can be obtained
that the maximum negative wall shear stress rises from −4.77 Pa to −51.27 Pa when the
flow velocity is fortified from 69.4 m/s to 250 m/s. Meanwhile, the maximum positive wall
shear stress aggrandizes from 20.14 Pa to 185.09 Pa dramatically. It is worth noting that
the maximum positive wall shear stress remains almost 2.6 to 4.2 times the value of the
maximum negative wall shear stress during the increment of flow velocity. According to
the results of viscous resistance analysis, the total wall shear stress continuously augments
with the increasing flow velocity. This means that the positive wall shear stress dominates
the variation of viscous resistance. In addition, the velocity streamline analysis shows
that the size of the micro-vortex continues to decrease when the flow velocity exceeds
111.1 m/s. This can be inferred that more fluid can directly contact with the surface,
resulting in a greater increment of positive wall shear stress, which also confirms the above
speculation from Figure 6. Otherwise, the reduced micro-vortex leads to a drop of the
growth of negative wall shear stress due to the weakening of its influence on the bottom of
the microstructure. Although, the velocity of the micro-vortex still augments as the flow
velocity magnifies, resulting in an enlargement of negative wall shear stress. However, the
increment of negative wall shear stress is gradually difficult to make up for the growth of
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the positive wall shear stress when the flow velocity is greater than 111.1 m/s, resulting in
an enlargement of total viscous resistance.
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The velocity gradient data of a single microstructure in the direction perpendicular
to the bottom surface is extracted in order to verify the analysis of the wall shear stress,
as shown in Figure 8. The microstructure adopted in this section is selected in the same
position as that selected in the wall shear stress analysis. Figure 8a shows the velocity
gradient between the bottom and the top of the microstructure. It is indicated that reverse
speeds usually exist at different flow velocity conditions, which is caused by the rotation of
the micro-vortex. In addition, the maximum reverse speeds under different flow velocity
conditions both appear near the height of 3.3 × 10−5 m. The curve of reverse velocity
gradient gradually shifts to the left as the flow velocity increases, while the curve of positive
speed gradient shifts to the right. This proves the increment of velocity gradient, which is
induced by the augment of flow velocity. Since the velocity gradient is positively related to
the shear stress, this result confirms the enlargement of negative wall shear stress again.

Figure 8b illustrates the velocity gradient curve between the top of the microstructure
and the top of the calculation domain. It is clear that the curve of the velocity gradient
gradually shifts toward the high-speed direction as the flow velocity increases. The fluid
above the microstructure usually reaches the extreme value of velocity at a height of
2.5 × 10−3 m under different velocity conditions. However, compared with the velocity
gradient of the smooth model (marked by the dotted line in Figure 8b), the velocity gradient
extracted from the non-smooth model is always less than that obtained from the smooth
model with the increasing of flow velocity. It can be inferred that the existence of the
micro-vortex provides a co-directional push to the fluid above the microstructure, thereby
reducing the velocity gradient between the fluids.

3.4. Evolution of Micro-Vortex with Various Flow Velocity

Based on the previous analysis, it is worth noting that the drag reduction ability of the
micro-vortex is also greatly affected by the high-speed fluid. Therefore, it is important to
analyze the variation of micro-vortex with increasing flow velocity. Turbulence intensity is
an important index for evaluating the energy dissipation. Three different flow velocities
were selected to explore the influence of the flow velocity on the micro-vortex as shown in
Figure 9. Figure 9a shows the turbulence intensity of the horizontal direction within the
microstructure under the velocity of 69.4, 111.1, and 250 m/s. The position of data collection
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is displayed by the blue dashed line in this figure. It can be seen that the turbulence intensity
augments significantly with the development of flow velocity. Similarly, the turbulence
intensity of vertical direction in this structure also rises simultaneously as the flow velocity
aggrandizes, as displayed in Figure 9b. Hence, it can be speculated that both the intensity
of turbulence and the energy dissipation increase sharply with the increase of flow velocity.
Meanwhile, the kinetic energy exchange also magnifies near the wall, resulting in an
enlargement of viscous resistance. Furthermore, the enlargement of energy dissipation
can make it difficult to maintain the micro-vortex. Therefore, if the micro-vortex is hard to
maintain, the contact area between the fluid and the microstructure is amplified, giving
rise to an aggrandizement in drag reduction.

Coatings 2022, 12, x FOR PEER REVIEW 10 of 15 
 

 

related to the shear stress, this result confirms the enlargement of negative wall shear 
stress again. 

Figure 8b illustrates the velocity gradient curve between the top of the microstructure 
and the top of the calculation domain. It is clear that the curve of the velocity gradient 
gradually shifts toward the high-speed direction as the flow velocity increases. The fluid 
above the microstructure usually reaches the extreme value of velocity at a height of 2.5 × 
10−3 m under different velocity conditions. However, compared with the velocity gradient 
of the smooth model (marked by the dotted line in Figure 8b), the velocity gradient ex-
tracted from the non-smooth model is always less than that obtained from the smooth 
model with the increasing of flow velocity. It can be inferred that the existence of the mi-
cro-vortex provides a co-directional push to the fluid above the microstructure, thereby 
reducing the velocity gradient between the fluids. 

  
Figure 8. Velocity gradient curves under different flow velocity conditions, (a) velocity gradient 
curves between the bottom and the top of the microstructure, (b) velocity gradient curves between 
the top of the microstructure and the top of the calculation domain. 

3.4. Evolution of Micro-Vortex with Various Flow Velocity 
Based on the previous analysis, it is worth noting that the drag reduction ability of 

the micro-vortex is also greatly affected by the high-speed fluid. Therefore, it is important 
to analyze the variation of micro-vortex with increasing flow velocity. Turbulence inten-
sity is an important index for evaluating the energy dissipation. Three different flow ve-
locities were selected to explore the influence of the flow velocity on the micro-vortex as 
shown in Figure 9. Figure 9a shows the turbulence intensity of the horizontal direction 
within the microstructure under the velocity of 69.4, 111.1, and 250 m/s. The position of 
data collection is displayed by the blue dashed line in this figure. It can be seen that the 
turbulence intensity augments significantly with the development of flow velocity. Simi-
larly, the turbulence intensity of vertical direction in this structure also rises simultane-
ously as the flow velocity aggrandizes, as displayed in Figure 9b. Hence, it can be specu-
lated that both the intensity of turbulence and the energy dissipation increase sharply with 
the increase of flow velocity. Meanwhile, the kinetic energy exchange also magnifies near 
the wall, resulting in an enlargement of viscous resistance. Furthermore, the enlargement 
of energy dissipation can make it difficult to maintain the micro-vortex. Therefore, if the 
micro-vortex is hard to maintain, the contact area between the fluid and the microstruc-
ture is amplified, giving rise to an aggrandizement in drag reduction. 

  

Figure 8. Velocity gradient curves under different flow velocity conditions, (a) velocity gradient
curves between the bottom and the top of the microstructure, (b) velocity gradient curves between
the top of the microstructure and the top of the calculation domain.

Coatings 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

  
Figure 9. Turbulence intensity of different flow velocities on various directions: (a) along the struc-
tural surface, (b) perpendicular to the structural surface. 

The Reynolds-averaged Navier-Stokes (RANS) method used in the preceding work 
has an excellent ability for calculation in a steady flow field. However, the large eddy 
simulation (LES) method is required for simulation in order to acquire the subtle flow 
characteristics and variation in the flow field. Therefore, the LES method is used for tran-
sient simulation with the time step (Δt) of 1 × 10−9 s, 9 × 10−10 s, and 4 × 10−10 s at three 
different speeds, respectively. The variation of micro-vortexes in the microstructure under 
different velocity conditions is illustrated in Figure 10. It is obvious that the micro-vortex 
is induced in the microstructure with the development of the flow field. The evolution of 
the micro-vortex at different speeds usually achieves stability at 3000 Δt. Under the flow 
velocity of 111.1 m/s, the development of micro-vortex is significantly faster than that un-
der the flow velocity of 69.4 m/s in the flow field. Meanwhile, the size of micro-vortex at 
a higher speed is obviously larger than that under a lower speed in the steady state, which 
is consistent with the results in Figure 6. Moreover, the micro-vortex is developed com-
pletely at 1000 Δt under the flow velocity of 111.1 m/s, while the micro-vortex is fully 
developed at 2000 Δt under the flow velocity of 69.4 m/s. 

It is worth noting that the micro-vortex becomes stronger but smaller at the velocity 
of 250 m/s than that at the velocity of 111.1 m/s. When the micro-vortex fully evolves at 
the same time step of 2000 Δt, the micro-vortex gradually constricts over time and even 
shows a tendency to disappear under the flow velocity of 250 m/s. This proves again that 
the micro-vortex becomes difficult to maintain gradually with the growth of flow velocity. 
Hence, this is supposed to be one of the reasons for the increase in drag under the condi-
tion of high-speed flow field, which verifies the above speculation. 

Figure 9. Turbulence intensity of different flow velocities on various directions: (a) along the structural
surface, (b) perpendicular to the structural surface.

The Reynolds-averaged Navier-Stokes (RANS) method used in the preceding work has
an excellent ability for calculation in a steady flow field. However, the large eddy simulation
(LES) method is required for simulation in order to acquire the subtle flow characteristics
and variation in the flow field. Therefore, the LES method is used for transient simulation
with the time step (∆t) of 1 × 10−9 s, 9 × 10−10 s, and 4 × 10−10 s at three different speeds,
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respectively. The variation of micro-vortexes in the microstructure under different velocity
conditions is illustrated in Figure 10. It is obvious that the micro-vortex is induced in the
microstructure with the development of the flow field. The evolution of the micro-vortex at
different speeds usually achieves stability at 3000 ∆t. Under the flow velocity of 111.1 m/s,
the development of micro-vortex is significantly faster than that under the flow velocity
of 69.4 m/s in the flow field. Meanwhile, the size of micro-vortex at a higher speed is
obviously larger than that under a lower speed in the steady state, which is consistent with
the results in Figure 6. Moreover, the micro-vortex is developed completely at 1000 ∆t
under the flow velocity of 111.1 m/s, while the micro-vortex is fully developed at 2000 ∆t
under the flow velocity of 69.4 m/s.
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It is worth noting that the micro-vortex becomes stronger but smaller at the velocity
of 250 m/s than that at the velocity of 111.1 m/s. When the micro-vortex fully evolves at
the same time step of 2000 ∆t, the micro-vortex gradually constricts over time and even
shows a tendency to disappear under the flow velocity of 250 m/s. This proves again that
the micro-vortex becomes difficult to maintain gradually with the growth of flow velocity.
Hence, this is supposed to be one of the reasons for the increase in drag under the condition
of high-speed flow field, which verifies the above speculation.

3.5. Sensitivity Analysis of Structure Height on Flow Velocity

Two microstructures with different height were selected to study the influence of the
drag reduction ratio on velocity at different height, as shown in Figure 11a. It can be seen
that the drag reduction ratio of the two microstructures with the heights of 40 µm and
50 µm decreases with the augment of velocity. Otherwise, the downward trend of different
microstructures is extremely similar. In addition, there is an increase in the drag reduction
ratio, while the height of the microstructure decreases. However, the difference in drag
reduction ratio between different the heights of 40 µm and 50 µm is expanded with the
growing flow velocity.
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flow velocities.

The variation trend of the drag reduction ratio with flow velocity is presented in
Figure 11b. It can be seen that the difference of drag reduction ratio (∆-drag reduction)
caused by the altitude intercept has a power function relationship with the flow velocity.
The relationship between ∆-drag reduction and flow velocity is verified to be

y = 0.000250068 × x1.89196 (6)

This means that the variation of microstructure height is extraordinarily sensitive to
flow velocity in drag reduction field. Although the barchan dune structure with a certain
height can effectively reduce the drag under incompressible conditions, the decrease of
height is different to fundamentally reverse the tendency of increasing drag with the aug-
ment of flow velocity. Higher height of microstructure will cause more dramatic changes
in drag-reduction with the increase of flow velocity. Therefore, the height of surface mi-
crostructure should be controlled reasonably under high-speed fluid environment in order
to avoid the unexpected drag resistance augment. The optimum matching relationship
between structure height and flow velocity should be sufficiently considered in order to
satisfy the requirement of practical application with high-speed flow.

4. Conclusions

This work revealed that the drag reduction performance induced by the microstructure
inspired by the cross-section of barchan dune was affected by the flow velocity significantly.
Overall, the drag reduction ratio was decreased while the pressure drag and viscous
resistance was enhanced simultaneously with the augment of flow velocity. Otherwise,
drag analysis revealed that the total drag was a power function of flow velocity, which
meant that the effect of flow velocity on drag was extremely fierce. Additionally, the
microstructure improved the thickness of the boundary layer with a growth rate below
14.2%, and then reduced the viscosity resistance with limits during the growth of flow
velocity. Moreover, the micro-vortex caused by microstructure provided the reverse wall
shear stress with the maximum value ranged from −4.77 Pa to −51.27 Pa, and then reduced
the velocity gradient above the microstructure, thereby improving the of drag reduction
effect. However, both RANS and LES model analyses showed that the excessive velocity
could lead to the dissipation of micro-vortex, which augmented the contact area between
the fluid and the surface, resulting in the enlargement of viscous resistance. Furthermore,
the velocity sensitivity analysis revealed that the variation of microstructure height had
a significant influence on drag reduction at high flow velocity. The negative influence of
surface structure height on drag should be fully considered when designing aircraft surface
structure under high-speed fluid environments.
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