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ABSTRACT

A new type of microstructure inspired by the cross section of barchan dunes was proposed to reduce windage,
which was considered as a passive drag reduction technology in aerospace manufacturing field. Computational
fluid dynamics method was carried out to discuss the effect of the microstructure on the skin friction reduction
under high velocity flow condition. Different microstructure heights were employed to survey the reduction of
drag. The results illustrated that the appearance of microstructure led to a generation of pressure drag in non-
smooth model (with microstructures inspired by cross section of barchan dune) in contrast to smooth model.
However, the microstructure significantly increased the thickness of the low-speed fluid by 11.4% in the near-wall
flow field, causing the low-speed fluid to rise and decreasing the velocity gradient near the wall, thereby reducing
viscous resistance. In addition, high-speed fluid flowed above the microstructure units instead of along the inner
side of the units due to the influence of micro-vortex, resulting in a reduction of friction near the surface. Further-
more, micro-vortex was considered to be the significant internal factor to achieve turbulent drag reduction since it
could not only reduce the viscous resistance by promoting the fluid flow above the microstructure but also pro-
vide a reverse thrust force. The understanding of the mechanism of drag reduction provides theoretical guidance
for further fabrication of drag reduction coatings using renewable materials.
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1 Introduction

In recent years, the proportion of air transport in the transportation industry is becoming larger with the
development of economy. Due to the severe challenges posed by climate change, modern aviation
technology developments are driven by the requirement of energy conservation and environmental
protection. The need for greatly reduced greenhouse gases such as carbon dioxide and nitrogen oxides,
will establish a new criterion in aeronautical material design. It is worth noting that emissions can be
significantly reduced by curtailing fuel consumption, which can be achieved by reducing the drag
generated during flight. Therefore, it is important to reduce skin friction, a major element of the overall
drag, for the purpose of fuel consumption during flight. It has been reported that almost half of total drag
is due to the viscous drag, which is directly related to the friction drag of the aircraft [1]. Meanwhile,
viscous drag can be further reduced more than 40% through flow-control technologies, which is
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equivalent to about 15% of the total drag [2]. With the exploration of drag reduction technologies, a variety of
viscous drag reduction methods have been proposed and developed, such as plasma method [3], periodic
perturbation method [4], push-pull airflow method [5], and separation suppression method [6], which can
be roughly ranged to active drag reduction methods. However, extra applying control devices and
additional energy consumption are required to implement these methods for drag reduction, leading to the
limitations in industrial applications. In contrast, passive drag reduction methods, such as surface coating
methods [7], flexible wall methods [8], and bionic non-smooth surface methods [9], can effectively
reduce viscous drag by adjusting configuration or constructing surface texture without extra energy
consumption, attracting extensive attentions in aerospace manufacturing field.

As a typical type of passive drag reduction methods, bionic non-smooth surface methods have been
raised in early 1970s [10]. Significantly drag resistance phenomenon reveals that non-smooth surface
achieves higher drag reduction than traditional smooth surface. Subsequently, riblet structures inspired by
the shapes of shark skin were fabricated on an aluminum test plate at National Aeronautics and Space
Administration (NASA) Lang-ley Research Centre, yielding a turbulent drag reduction of 8% [11,12].
Moreover, a maximum drag reduction of 26% was achieved at 4900 Re (Reynolds number) by
constructing continuous blades structures in closed channel air flow test [13]. Further researches indicated
that the riblets exhibited greater drag reduction effectiveness in the turbulent boundary layer region than
in the laminar sublayer [14]. Additionally, similar work suggested that riblets could weaken turbulence
intensity and reduce Reynolds shear stresses in the near-wall region [15]. Mechanism analysis showed
that drag reduction was attributed to the function of riblets to lift and pin streamwise vortices in the
turbulent sublayer [14]. Lifting reduces shear stresses by decreasing contact area between surfaces and
riblets tips while reducing the flow velocity between riblets [16]. Likewise, pinning of streamwise
vortices can reduce momentum transfer dissipates from vortex interaction in the turbulent sublayer
significantly [16,17]. Through evolution, secondary vortex theory [18] and protrusion height theory [19]
have been proposed and widely accepted under streamwise condition. Furthermore, 2% reduction in the
total drag force was estimated on Airbus 320 during flight tests, with riblet structures covering over 70%
of surface [20]. This indicated that bionic riblet structures have been successfully applied to drag
reduction not only in the laboratory but also in aviation industrial applications.

However, traditional riblet structures inspired by shark skin are more suitable for hydrodynamic drag
reduction than aerodynamic drag reduction, owing to the limitations of shark’s living environment
[21,22]. Attention also needs to be focused on special non-smooth structures inspired of objects which
are affected by airflow environment. Notably, the barchan dunes provide a new method to reduce the air
resistance based on their characteristics of maintaining morphological stability in the wind field [23].
Since barchan dunes are composed of a large number of individual movable grit, the stable geometry
shape should withstand minimal aerodynamic resistance. Unlike the conventional passive drag reduction
method, the flow direction is parallel to the arrangement of barchan dunes instead of perpendicular to the
arrangement of riblets inspired by shark skin. Recent research indicated that the secondary vortex
structure is the key factor to drag reduction on such surface [24]. Simulations were carried out to obtain
drag reduction characteristics for the structures inspired by barchan dunes, which proved a significant
skin friction reduction effect, with a certain cross-section parameter and a maximum drag reduction of
33.63% at a fluid speed of 30 m/s [25].

Although structures inspired by cross section of barchan dunes exhibit excellent drag reduction in the
aerodynamic field, nevertheless, previous researches are mainly limited to the drag variations caused by
large-size (millimeter range) structure under the condition of low-speed air flow. Obviously, uncertainties
still exist in extrapolating outcomes from low speed to high speed, High-Reynolds-number flows.
Moreover, the interactions between inner and outer wall mechanisms and the role of the structural
scale in the increasing speed have not yet been reported in detail. In this work, the effectiveness of
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micro-structure inspired by cross section of barchan dune on drag reduction performance was studied using
computational fluid dynamics (CFD) methods under high-speed flow condition. Pressure distribution and
velocity analysis were mainly used to characterize the variation of flow field. Furthermore, the drag
reduction mechanism was also analyzed to provide theoretical guidance for the design and optimization
of microstructures in aeronautical applications, thereby providing technical support for further fabrication
of drag reduction coatings using renewable materials.

2 Numerical Simulation Approach

2.1 The Establishment of Physical Model

The microstructure units are based on the nature barchan dunes, which are shaped by blowing in the same
direction [26], as shown in Fig. 1. A stable geometric structure is produced by the distinctive windward side and
slip face of barchan dunes, leading to a strong ability to maintain geometric shapes [27-29].

Figure 1: Barchan dune topography, (a) Barchan cluster, (b) A single barchan dune

A typical model of the barchan dune is constructed as a simple geometric shape consisting of the
symmetrical windward side and slip face, as presented in Fig. 2a. The typical cross-sections were
extracted from the model in order to simplify the calculation process. Subsequently, microstructure unit
inspired by typical cross-sections is constructed to right triangle configuration, as observed in Fig. 2b.

(a) (b)

Typical cross-section
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Figure 2: Typical model and cross-section parameters of a structural unit, (a) A single model of barchan
dune, (b) Typical cross-section of the model

To investigate the drag reduction effect by the geometrical parameters of microstructure, the height of
microstructure (H) and the angle of repose (o) were introduced, which represented the main parameters of the
microstructure unit.

2.2 Calculation Domain Selection

A rectangle field was adopted as the computational domain with a length of 400 mm. To avoid the
interaction between the top and bottom wall of the calculation model, the height of the rectangle field
was defined to be 250 mm. In addition, microstructure with total length of 80 mm was arranged at the
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middle of the underside of the computational domain. Furthermore, two flat regions were placed in the front
and back of the microstructure region with identical length of 60 mm. These regions were created to ensure a
steady flow field when the fluid flowed through the microstructure. In view of the compressible flow
condition, extra 100 mm lengths were reserved at the inlet and outlet boundary respectively, increasing
the precision of the calculation results as shown in Fig. 3. The calculation model was constructed using
the software WorkBench 19.2.
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Figure 3: Numerical simulation domain of microstructure surface

For the same geometric structure, the physical model can be changed when the geometric parameter of
structure transforms significantly. Thus, it is essential to reconsider the continuity of the physical model due
to the fact that the size of structure unit reaches the micron scale. The mean molecular free path of air is 69 nm
[30]. Considering the Knudsen’s requirement, it can be assumed that the flow is identified in a continuous
region when the size of microstructure is large than 0.69 pum.

Considering applications in aviation field, the flow velocity (U,) was defined as 250 km/h. The
calculation equation of the Reynolds number of a plate is shown below:

UsoL
Rep= —— (1
14

where L is the distance from the calculation location to the front of flow field, U, is the fluid flowing velocity,
and v is the coefficient of kinematic viscosity.

The coefficient of kinematic viscosity of air is 1.4607 x 10~> m?/s. The corresponding Re;_ is 9.50 x 10°,
revealing a turbulent state in flow field. The velocity distribution of the inlet part and the front of structure
area is inset in Fig. 3. In the direction of altitude, the velocity at the inlet part is always 69.4 m/s. For the
velocity distribution in front of the structure region, a low-speed region appears near the wall due to the
fluid flows through the wall. The dimensionless height of this region is only 4.85, so it can be considered
that this region completely exists in the viscous layer. It can be considered that the plate region has little
influence on the velocity distribution of the flow field. In order to ensure that the microstructure can
affect the turbulent boundary layer, the turbulent boundary layer thickness (0;) and the allowable
roughness values (k,q,,) at different speeds need to be determined by following equations:
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o = 0.37L x Re; 2 Q)
100L
kadm S ReL (3)

Realizing the influence of microstructure on boundary layer fluid is an important method to reduce drag.
Therefore, the height of microstructure unit should be smaller than the thickness of the turbulent boundary
layer, which is calculated to 4.72 mm. In addition, when the height of the microstructure is less than the
allowable roughness value, the structure demonstrates a few disturbances to the flow field, which can be
considered as a smooth surface. According to the flow velocity used in this work, the allowable roughness
value was defined as 21.65 pm. Moreover, the dimensionless roughness k™ was described as following:

k

R
k=7 @

where £ is the actual roughness, /« is characteristic length. Therein,

)%
U’
_ G
U, = 5 Us (6)

According to the flow velocity, the corresponding « is 4.36 x 107°. When the height of the structure is set
as 30 um, the corresponding k" is 6.87. When k" is less than 5, the structure is considered to be completely
located in the viscous zone, revealing a smooth state in dynamic. As the height increases, the structures
graduallyxtrude to the turbulent region, which means that the roughness makes an impact on the flow
field. Thus, to investigate the drag reduction effect caused by the microstructure, different heights were
set as 40, 50, 60, 80, 100, 120 and 140 pm, respectively. On account of the angle (o) processed a typical
value around 31° in nature, the angle parameter was defined as 30°.

2.3 Calculation Mathematical Model

The calculation model was analyzed by both incompressible and compressible model. N-S equations
were employed as governing equations, simultaneously, the RANS method was introduced to approach
the equations and calculate the physical quantity in flow field. Previous researches indicated that the
realizable k-¢ model was appropriate for describing the boundary layer with precise predictions of
boundary layer thickness [31,32]. Additionally, sufficient agreement was achieved using the realizable k-¢
model during the comparison of experimental and numerical simulation results [33]. Therefore, the
realizable k-& model was adopted to investigate the effect of microstructure on drag reduction performance.

The equations for turbulent kinetic energy k and rate of energy dissipation € are described as follows:

0 0 0 u,\ ok

— (pk) + — (pkuj) = — =)= —pe—Y 7
o (pk) + o, (pku;) . K# + 6k> 8)9} + G+ Gp — pe — Yy + Sk (7
0 0 0 U\ Oe & €

ot (pe) + a—xj (peu;) = (9—xj [(ﬂ + Z) a—x]] + pCiSe — PCZW% =+ ClgECka + Se (®)

C, = max [0.43 —} ©)
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For ideal gas, the turbulent viscosity coefficient is expressed as following:
k2
e = pC,u? (15)

The enhanced wall treatment, which was suitable for complex flow in a high-Reynolds-number
turbulence model, was used for the near-wall treatment. More specific parameters of above equations can
be referred to previous literatures [32,34].

To verify the reliability of realizable k-¢ model, different turbulent models were computed in a smooth
model with a plate instead of the structural region in comparison with the theoretical value under a certain
flowing velocity of 250 km/h, as listed in Tab. 1. Skin friction coefficient (Cy) was used as an evidence for
judgement, which was expressed as Cy = 0.074 x Re; %2 [30]. As observed in Tab. 1, the simulation result
of realizable k-¢ model has the smallest relative error of 0.74%, which indicates the reliability and
practicability of this model.

Table 1: Reliability verification of different calculation models

Turbulent model Simulation C¢ Theoretical C¢ Relative error
S-A 5.6985 x 1073 20.90%
K-e-realizable 47483 x 103 0.74%
K-e-standard 5.1433x 1073 9.12%
K-e-RNG 5.1004 x 10> 8.21%
K-w-standard 5.5990 x 10> 47167 %1073 18.79%
K-w-SST 5.6745x 107> 20.39%
RSM-L 5.0061 x 10> 6.21%
RSM-Q 52229 %107 10.81%
RSM-L-R 6.2184 x 107> 31.93%

2.4 The Boundary Conditions
Fluent 19.2 was used for numerical simulation. The TOP and BOTTOM regions were defined as
symmetry boundary in order to prevent sidewall interference. The detail condition was set as follows:

v = 0 (16)
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Moreover, PLATE and STRUCTURE regions were set as stationary walls. Since the fluid is
incompressible, the wall temperature is set to a default value of 300 K and the effect of temperature on
density is ignored. The no-slip boundary condition was set as follows:

u=v=>0 (17)

For incompressible flow, the INLET and OUTLET were defined as velocity inlet boundary and pressure
outlet boundary, respectively. The inlet velocity was set as follows:

u=69.4 (18)
v=0 (19)

Moreover, the flow is assumed to be fully developed, and the pressure outlet boundary was set as
follows:

p = 0 (20)
ou ov
o ox 0 @b

2.5 Division of the Grid

The grid of the calculation model was established by ICEM 19.2. Inflation layers were adopted on the
downside of the computational domain in order to satisfy the computation requirement near the wall. The
number of inflation layers was defined as 10, and the growth rate was set as 1.2, as shown in Fig. 4. The
calculation formulas for initial height are defined as following:

1
T =5CrpU% (22)
U = | (23)
p
A
Y=Tp (24)

where 7., is the wall shear stress, p is the fluid density of 1.225, U, is the fluid flowing velocity, U, is the
velocity calculated by the wall shear stress, y is the initial height, y" is a non-dimensional parameter that
expresses the distance to the wall and p is the dynamic viscosity. Therefore, the initial height was defined
as 1 x 10°° mm, which guarantees y* about 1.

To implement the verification of grid independence, the inlet velocity is defined as 250 km/h (Re=
9.50 x 10°), and the skin friction coefficient of the plate is calculated under five grids with different
densities, as shown in Fig. 4. The calculatioresults show that when the grid quantity reaches 412500, the
calculated value remains approximately the same. The maximum relative error between the simulation
and theoretical results is less than 1.15%. Hence, the above parameters were adopted during the
subsequent computing grid.
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Figure 4: Validation of the grid independence

2.6 Other Preprocessing Settings

The pressure-based solver was selected for incompressible flow condition. A second-order upwind
format with higher precision was employed to analyses the dissociation of the momentum, turbulent
kinetic energy, and turbulent dissipation rate. The SIMPLEC algorithm was adopted to facilitate a rapid
convergence of the calculation under stable conditions. A Green-Gauss node based discrete format was
used for the gradient of spatial discretization. All the residual values for determining convergence were
set to be less than 10°°. The stability of the import and export flows was also monitored to further ensure
the veracity of convergence.

2.7 Example Validation

Different flow velocities were selected for simulation calculation and theoretical skin friction coefficient
values were compared with simulation results in order to further verify the accuracy of the calculation model.
As depicted in Fig. 5, it can be seen that the theoretical skin friction coefficient value is reduced from 4.713 x
1073 to 4.106 x 102 with the increase of flow velocity. Otherwise, simulation results demonstrate the same
tendency with theoretical values. The maximum relative error between the simulation and theoretical results
is 6.99%, indicating the reliability of calculation model used in this work. Moreover, the accuracy of the
computation was also validated by comparing turbulent flow characteristics over the microstructure
surface with previous research results [25]. Optimum drag reduction of up to 32.41% has been achieved,
which was slightly lower than the 33.63% obtained by Song et al. [25], revealing the reliability of the
model applied in this study.

3 Results and Discussion

3.1 Pressure Distribution
Drag reduction ratio (Rp) is usually used to evaluate drag reduction performance of non-smooth
surfaces. The drag reduction rate is calculated using the following equation:

RD _ Fsmooth - Fnonfsmooth (25)

F smooth

where F,,-smoon and F,,.., are the total drag (consist of skin-friction drag and pressure drag) of a model
with and without microstructures region in the middle of the calculation domain.
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Figure 5: Comparison between calculated values and theoretical values

A series of microstructures with different height were adopted to explore the variation of drag reduction
under a certain flow velocity of 250 km/h. In contrast, a smooth model was calculated in the same condition.
The detailed data of drag variation is listed in Tab. 2. As the smooth model without the microstructure region,
the total drag of 2.98 N is entirely composed of viscous resistance. Nevertheless, for the non-smooth model,
the microstructure brings a component of pressure drag. Even though the surface area of non-smooth model
is larger than that of the flat plate, it is worth noting that the viscous drag of non-smooth model is always
lower than that of the plate. As the height increases, the viscous resistance eventually decreases.
Additionally, with the increase of the microstructure height, the projected area of the microstructure in the
flow direction augments, thereby improving the pressure drag. It is indicated that the viscous drag is
dominant in the section with drag reduction effect. It is clearly that the non-smooth model with
microstructure height of 50 pum processes an excellent drag reduction ratio of 4.23% due to an
appropriate viscous resistance and pressure drag. Thus, drag reduction performance is further explored by
adopting this certain microstructure.

Table 2: Drag reduction performance of different microstructure height

Height Drag of non-smooth Viscous drag of non- Pressure drag of non-  Drag of smooth Rp
(um) model (N) smooth model smooth model (N) model (N)

()
40 2.87 1.94 0.93 3.54
50 2.85 1.88 0.97 4.23
60 2.88 1.81 1.07 3.36
70 2.90 1.79 1.10 2.70
80 2.94 1.74 1.19 2.98 1.28
90 3.00 1.71 1.28 0.67
100 3.05 1.67 1.38 —2.34
120 3.20 1.62 1.57 -7.51

140 3.33 1.57 1.76 11.90
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Fig. 6 shows the differences of static pressure between smooth and non-smooth model. It can be seen
that a high-pressure region appears in both smooth and non-smooth mode when fluid flow through the
surface. Unlike the smooth model where the high-pressure region is limited to near-wall areas, the non-
smooth model is significantly affected by the microstructures, which make the high-pressure region
occupy the entire flow field in the vertical direction, as illustrated in Fig. 6b. Meanwhile, it is noteworthy
that the existence of microstructures divides the flow field into two different pressure regions obviously,
leading to the emergence of large areas of low-pressure region. In addition, compared to smooth model
with a maximum pressure of 169 Pa, the non-smooth model achieves a higher maximum pressure of 234
Pa, which indicates that the microstructures cause a sudden increase of pressure in local regions.

xb} -

-3.73¢+02 -2.52¢+02 -1.31e+02 -9.19¢+00 1.12¢+02 2.34¢+02(pa) -3.73¢+02 -2.52¢+02 -1.31e+02 -9.19¢+00 1.12¢+02 2.34¢+02(pa)

Figure 6: Pressure contour of the flow field. (a) Smooth surface, (b) Non-smooth surface

In order to further investigate the influence of microstructures on the pressure distribution, three
positions were selected to observe at 160 mm (initial of structure), 200 mm (middle of structure) and 240
mm (terminal of structure) from the entrance, respectively. Local details are presented and enlarged in the
upper right corner, as shown in Fig. 7. As observed in Fig. 7a, it can be seen that when the high-speed
fluid flow through the first microstructure, a large amount of fluid is gathered in the upper area of the
windward surface of the microstructure, causing the increase of pressure sharply in this area. Meanwhile,
in the corresponding area on the leeward side, a negative pressure zone (the pressure less than 0) is
formed on account of the inability of fluid to recover quickly. With the further development of the fluid,
the flow field basically stabilizes at the middle position of the structure, as exhibited in Fig. 7b. Not only
the corresponding high- and low-pressure areas but also the absolute values of pressure are much smaller
than those presented in the initial of structure region. Furthermore, when the fluid flows through the end
of the structure region, a significant negative pressure zone in a small area behind the structure is
appearing, as illustrated in the enlarged area in Fig. 7c. Due to the lack of resistance from
microstructures, the speed of the fluid increases suddenly, creating the more significant negative pressure
area. Nevertheless, with the high-speed fluid accumulates further, the pressure in the area away from the
rear of the microstructures becomes greater, leading to the appearance of another high-pressure region. In
general, in contrast to smooth model, the non-smooth model demonstrates an obvious pressure drag
caused by microstructures.
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Figure 7: Detailed pressure nephogram of non-smooth model with different positions in the flow direction.
(a) 160 mm, (b) 200 mm, (c) 240 mm

3.2 Velocity Distribution

For purpose of surveying the influence of the microstructure on the velocity distribution in the flow field,
the smooth and non-smooth models are calculated for comparison, as shown in Figs. 8a and 8b. As can be
seen from Fig. 8b, despite of the existence of microstructures, the overall distribution of velocity in the non-
smooth model shows nearly the same as that in the smooth model. This means that the influence of the
microstructures on the velocity distribution is limited to the near-wall region. In order to further explore
the influence of the microstructures on the velocity distribution mechanism near the wall, two regions are
selected for comparison and analysis at the middle position (200 mm) of the two models, which are
marked in blue areas in Figs. 8a and 8b. These regions are enlarged and presented in Figs. 8c and 8d,
respectively. It is obvious that the microstructures significantly increase the thickness of the low-speed
fluid by 11.4% in the near-wall flow field, causing the low-speed fluid to rise, thereby reducing wall
friction resistance. Additionally, the enlarged areas in Figs. 8c and 8d show that a large amount of low-
speed fluid is stored inside the microstructures, which can reduce the velocity gradient near the wall more
effectively.

A velocity vector graph of the flow field along the middle of microstructures area is extracted in Fig. 9.
The enlargement of two microstructures is inserted in the lower side. It is obvious that the low-speed fluid is
absorbed by the microstructures which is corresponding to the result obtained from velocity contour.
Notably, the velocity component perpendicular to the microstructures is produced when fluid flows
through the non-smooth surface. The consistent flow located in the turbulent boundary layer can be
considered as a coherent structure which can significantly preserve the low-speed fluid and reduce the
turbulent burst strength, as verified by Robinson through experiments [35]. Meanwhile, coherent structure
can also enhance the motion stability of the boundary layer fluid. Subsequently, the momentum exchange
within the boundary layer is receded, resulting in a reduction of skin friction.
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Figure 8: Velocity contour of the flow field. (a) Smooth surface, (b) Non-smooth surface, (c) An amplifying
version of the blue region in (a), (d) An amplifying version of the blue region in (b)
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2.88e-06 1.05e+01 2.09e+01 3.14e+01 4.19¢+01 5.24e+01 6.28e+01  6.98e+01

Figure 9: Velocity vector of the flow field

Moreover, the low-speed micro-vortexes are formed within the microstructure units, and each micro-
vortex has an extremely similar shape. It is clear that the rotation direction of the bottom of the micro-
vortex is opposite to the fluid direction giving rise to the negative velocity in local area, as observed in
the enlarged area in Fig. 9. Furthermore, the contact form of the fluid in near wall is transformed when
the fluid flows through the microstructure region, on account of the emergence of vortices. High-speed
fluid flows above the microstructure units instead of along the inner side of the microstructure, which is
similar to the transformation from sliding friction to rolling friction, resulting in a reduction in friction
near the surface. This conclusion is consistent with the results depicted in the previous literature [25].
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Unlike the rotation direction at the bottom of the micro-vortex, the fluid direction at the top of the micro-
vortex is consistent with the flow direction, which also promotes the fluid flow above the microstructure,
resulting in a further reduction of the velocity gradient near the surface.

To quantitatively analyze the influence of the microstructure on the horizontal velocity distribution of the
flow field, a straight line perpendicular to the bottom surface is selected from the middle position of
microstructures region where the flow field is relatively stable and can better reveal the effect of structure
on flow field distribution. Meanwhile, the horizontal velocity values along the same line are also
extracted. For comparison, the smooth model is also analyzed under the same conditions. As presented in
Fig. 10, the distribution of the Reynolds number (Re) with the dimensionless height (Y") in the two
models is revealed. In particular, the low-speed region marked by the blue dotted frame is enlarged and
displayed in the upper left corner. In order to show the velocity distribution at the boundary layer clearly,
the velocity data in partial high-speed areas are hidden, on account of the extreme similarity of velocity
values among the two models.

600
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% 300
200

100 -

.0 200000 400000 600000 800000 1000000
Re

Figure 10: Velocity profile diagram of horizontal direction at the middle of the fluid field

It can be seen that the existence of the microstructure changes the velocity profile at the bottom of the
boundary layer. Comparing with the velocity curve of the smooth model, the curve of the non-smooth model
is shifted to the left. This indicates that the appearance of microstructure significantly reduces flow velocity
near the wall, thereby reducing the viscous resistance. Simultaneously, as observed in the enlarged area, the
velocity profile diagram shows that the velocity of the non-smooth model is much smaller than that of the
smooth model under the height of microstructure unit. It means that the microstructure retains a large
amount of low-speed fluid, increasing the thickness of the low-velocity fluid and reducing the viscous
resistance. This is consistent with the results of the velocity clouds. In addition, due to the appearance of
micro-vortexes within the microstructures, reverse velocity even appears near the wall, as shown in the
enlarged area. The reverse fluid in the microstructure provides an extra opposing thrust, which contributes
to drag reduction. This also validates the analysis of the velocity vector diagram. Moreover, when the Y
is higher than 160, the velocity profile curves under the two models show a high degree of consistency,
which proves once again that the microstructure only changes the flow field at the bottom of the
boundary layer without causing interference to the external flow field.
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3.3 Viscous Resistance and Drag Reduction Mechanism

The wall friction resistance is closely related to the wall shear stress. The direction along fluid flow is
defined as the X direction. The wall shear stress of the front, the end and the middle of the microstructure area
in X direction is illustrated in Fig. 11, respectively. Figs. 11a and 11b show that the wall shear stresses at the
two terminals of the microstructure regions are significantly greater than that near the middle of the
microstructure areas. The maximum values of wall shear stress at both two sides are 99.7 Pa and 57.1 Pa,
respectively, which are 6.2 and 3.5 times of the shear stress at the middle position. Additionally, the
higher wall shear stress region on both sides is much smaller than that in middle area which is dominant
to drag reduction. As the fluid passes through, the wall shear stress at the two positions decreases and
increases in a fluctuating form, respectively. Comparing with the wall shear stress curve of the smooth
model in the same position, as showed by the blue dotted line in Figs. 11a and 11b, the wall shear stress
curve of the non-smooth model demonstrates a drastic fluctuation which is considered to be induced by
the microstructure. It is worth noting that the wall shear stress at the front of the microstructure region is
greater than that at the back of the region. This may be due to the impact of eddy current, which can also
cause pressure distribution changes at different positions, as mentioned in pressure analysis.

(a) 100 microstructure (b) 60 - microstructure

- 80 - - 50 -
[} ]
(=7

S < af
4 60 - @»
Z £

7 S
] 40 g

= £ 2f
&~ —

; v 10

0 -

-10

0.1596 0.1598 0.1600 0.1602 0.1604 0.1606 0.1608 0.1610 0239 0240 0240 0240 0240 0240 0.241 0241 0241

X position (m) X position (m)

25

microstructure

~
(]
-

Positive viscous resistance of plate

Wall shear stress (pa)

0.2000 0.2001 0.2002 0.2003

X position (m)

Figure 11: Wall shear stress of different positions in X direction, (a) The front of microstructure region, (b)
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In addition, the wall shear stress of the microstructure is smaller than that of the smooth surface in a large
number of regions, which is displayed by the black dotted line. Moreover, the wall shear stress value in the
local area is even less than 0, resulting in the appearance of a reverse friction which can be called “viscous
thrust”. Fig. 11c reveals a large amount of stable “viscous thrust” regions in the middle of the microstructure
region, as marked by blue. Therefore, it can be considered that the reverse fluid at the bottom of the micro-
vortex brings a forward friction force to the wall, which counteracts the friction of fluids on the wall, thereby
reducing the viscous resistance. Although the local wall shear stress in microstructure is higher than it in
plate, the integral of the positive wall shear stress indicates that the total positive viscous resistance of
microstructure (marked by the yellow slash in Fig. 11c) is less than that of the plate (indicated by the red
dotted box in Fig. 11c), indicating in a further reduction in viscous resistance.

Despite of the pressure drag, it is believed that the decrease of viscous resistance still plays a major role
in the change of total drag. Fig. 12 illustrates one possible explanation for the influence mechanism of
microstructure on the flow field with high flow velocity. It is evident that microstructure significantly
increases the thickness of boundary layer, thereby reducing velocity gradient. Moreover, the creation of
micro-vortex can achieve turbulent drag reduction since it can not only reduce the viscous resistance by
promoting the fluid flow above the microstructure but also provide a reverse thrust force. Simultaneously,
the friction type is transformed to rolling friction by the rotation micro-vortex, which further reduces the
friction between fluid and surface. However, owing to the influence of micro-vortex, the fluid gets in
touch with microstructure in a tiny region after a micro-vortex, leading to a burst increment of wall shear
stress. This is consistent with the phenomenon shown in Fig. 11c. Subsequently, it can be inferred that
the fluid has to flow through the whole structure surface when the micro-vortexes gradually decrease or
even disappear, which is equivalent to increasing the contact area, resulting in a greater friction resistance
than the smooth surface without microstructure. Based on this design, renewable materials can be used to
fabricate coatings with drag reduction function in the future, thereby realizing energy conservation and
emission reduction in the service process of aircraft.
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Figure 12: The mechanism of drag variation under high flow velocity condition

4 Conclusions

A bionic microstructure inspired by the shape of cross section of barchan dune has been proposed in this
study. A series of tests were employed to reveal the influence of microstructure on the drag reduction under high
flow velocity condition. Numerical simulation results indicated that the microstructure with a height of 50 um
had a significant effect on drag reduction, with a maximum value of 4.23% at a flow speed of 250 km/h.

In contrast to smooth model, the non-smooth model demonstrated an obvious pressure drag caused by
microstructures. However, the microstructure significantly increased the thickness of the low-speed fluid by
11.4% in the near-wall flow field, causing the low-speed fluid to rise and decreasing the velocity gradient near
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the wall, thereby reducing viscous resistance. In addition, high-speed fluid flowed above the microstructure
units instead of along the inner side of the units due to the influence of micro-vortex, leading to a reduction of
friction near the surface. Furthermore, the existence of micro-vortexes could be considered to be the
significant internal factor to achieve turbulent drag reduction since it could not only reduce the viscous
resistance by promoting the fluid flow above the microstructure but also provide a reverse thrust force.
The understanding of the mechanism of drag reduction provides theoretical guidance for further
preparation of drag reduction coatings using renewable materials.
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