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Introduction
Energy has become the material basis for the survival and 

development of human society. Energy issues play a decisive 
role in national security, social progress, and economic 
development. As a kind of clean and renewable energy, 
wind energy is paid more and more attention by countries 
all over the world. In order to further improve the efficiency 
of wind turbine power generation, many efforts have been 
made in the direction of drag reduction. The way of drag 
reduction gradually develops from large scale (reducing 
body resistance) to small scale and even to micro scale 
(reducing friction resistance). Inspired by bionics, Biomimetic 
microstructures can effectively improve the turbulent 
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Abstract
The objective of this work is to investigate the effect of the bionic microstructure surface on DU21 aerofoil. The motivation 
behind this study is to investigate the effect of the bionic microstructure parameters including the location, interval 
between two microstructures, groove sizes of microstructure under different working conditions in order to improve the 
drag reduction characters. The numerical simulation is performed on the bionic microstructure model using the RNG k-ε 
model. It is found that: when the groove size is less than 0.15 mm, the drag can be reduced with any inflow speeds. When 
the groove size is 0.2 mm or 0.3 mm, the drag reduction effect can be achieved only when the inflow speed is relatively 
small. The resistance increases with any inflow speed when the groove size is up to 0.5 mm. The viscous resistance 
gradually increases, and the differential pressure resistance gradually decreases with the interval size increasing. There is 
a minimum resistance value when the groove depth h = 0.075 mm and the maximum drag reduction rate is up to 3.62%. 
Drag reduction mechanism of the microstructure was also studied. When the fluid passes through the microstructure, 
a stable reverse vortex flow is formed inside the groove, so that there is no direct contact between the fluid and the 
wall surface, thereby achieving a drag reduction effect. The vorticity values inside the grooves of the microstructure are 
smaller than that of the smooth airfoil and the turbulent kinetic energy and turbulent dissipation rate at the bottom of 
the groove are very small.

Keywords
DU21 Airfoil, Bionic microstructure, Drag reduction mechanism, Boundary layer

Nomenclature
c: Chord length; CF: Friction stress coefficient: d: Horizontal spacing; F: Total resistance on the smooth surface; 'F : 
Total resistance on the ridged surface; 

sF : Total resistance on the smooth surface; 'sF : Total resistance on the ridged 
surface; Fx: X-direction component of the external force; Fy: Y-direction component of the external force; Fz: Z-direction 
component of the external force; h: Microstructural height; h+: Dimensionless height of microstructure; p: Pressure value 
on the micro-element; s: Microstructural spacing; s+: Dimensionless spacing of microstructure; Sk: User-defined turbulent 
kinetic energy; Sε: Turbulent dissipation terms; 

0 U : Incoming flow speed; uτ : The wall tangential stress velocity; y: The 
height from the wall; y+: The dimensionless distance from the wall;  µ : Dynamic viscosity coefficient; ρ : Density of the fluid; 

wτ  - Tangential wall stress; γ: Total drag reduction rate; γs: Total drag reduction rate; υ : The kinematic viscosity coefficient

Check for
updates

boundary layer structure and reduce the friction resistance 
on the surface of objects. At present, researchers have done 
a lot of exploratory research on biomimetic microstructure 
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trapping microstructures of fish with experimental method. 
Gu, et al. [16] analysed the influence of the jet aperture, 
the jet angle and the rotational velocity coupled with the jet 
velocity on the friction torque acting on a jet surface model 
by using a jet surface drag reduction testing experimental 
platform. Schrader [17] explored possibilities of reducing 
skin-friction drag by the compliant surface which delay the 
transition from laminar to turbulent flow.

In recent years, applying the microstructures to the airfoil 
surface has gradually increased. Chamorro, et al. Chamorro, 
et al. [18] carried out experimental research by attaching 
grooves to the back half of turbine blades. It is found that 
the drag reduction is determined by the change of groove 
height. Domel, et al. [19] arranged the printed shield scale 
structure on the airfoil surface and found that the printed 
bionic structure can effectively reduce the resistance and 
improve the lift effect. Zhang, et al. [20] carried out the 
experiments and computational research for aero engine 
blade with micro-texture in order to explore the drag 
reduction performance. The comparison results show that 
the established drag reduction model of textured blade has 
better drag reduction performance than that of un-textured 
blade and verify that the proposed methods to determine the 
placement position of micro-texture on blade surface and to 
optimize drag reduction performance of textured blade are 
satisfied. Zhang, et al. [21] studied the function of dragonfly 
wing microstructure during glide flight, showing that zigzag 
wing structure can reduce drag during glide flight. Sidhu, et al. 
[22] studied the drag reduction performance of airfoil coated 
with V-shaped micro-groove film through experimental 
and theoretical analysis. It is found that the resistance 
reduction rate is 6.6%, and 3.5 resistance points are reduced 
by calculation. Faisal, et al. [23] conducted experimental 
research on shape modification of NACA0018 airfoil and 
found that relatively good performance is achieved even in 
stall conditions, while increasing the maximum lift coefficient. 
Ghazali, et al. [24] attached the triangular groove to the upper 
surface of NACA0026 symmetrical airfoil. Experiments and 
fluid simulation jointly proved the role of the triangular patch. 
Sasahara, et al. [25] processed a series of microgrooves on 
the surface of the airfoil by using sharding milling technology. 
The results show that crescents and discontinuous ridges 
effectively reduce the laminar separation zone, thus reducing 
the drag on the airfoil.

In most of the previous studies, the researches on the 
drag reduction effects of the bionic microstructure are based 
on the plate surface. The effects of the sizes parameters, 
shape characteristics have mostly been studied respectively, 
but not interactively. In addition, there are few studies on 
the drag reduction effects of the location of microstructures 
and the interval between two microstructures on aerofoil 
surface. As part of efforts to fill the knowledge gap, the model 
of the V-shaped microstructure is established. The numerical 
simulation carried out using the RNG k ε−  model. Research 
has focused on the following areas: (1) Drag reduction effects 
of the location of microstructures on aerofoil surface; (2) 
Effects of parameters of microstructures and the interval 
between two microstructures on drag reduction with 

and made a lot of achievements. Chen, et al. [1] proposed 
a new type of bionic humanoid groove through quantitative 
analysis of the structural parameters of pigeon feathers. It 
is found that the maximum drag reduction rate can reach 
16%, and the maximum shear stress is mainly concentrated 
around the herringbone groove tip. Pu, et al. [2] found that 
the maximum drag reduction rate of bionic shark skin is up to 
12.5%, which is higher than the corresponding maximum drag 
reduction rate of membrane material with a smooth surface. 
Luo, et al. [3] established the precise digital models of the 
shark surface microstructure and carried out the detailed 
numerical simulation to the microstructure surface flow field. 
They found that the microgrooves on the shark skin could 
increase the viscous bottom layer and have a significant role 
in inhibiting turbulence and reducing wall viscosity resistance. 
Wen, et al. [4] studied and analyzed the flow characteristics 
of microgrooves along the vertical, longitudinal and spread 
directions, and found that the non-closed structure of the 
microgrooves would lead to the interaction with external 
fluids. Daeian, et al. [5] observed that increasing the spacing 
and depth of grooves could further achieve drag reduction 
by adding micro-structure grooves to the wall of two-
dimensional parallel plate channels. Bixler, et al. [6] arranged 
the non-smooth microstructure in the closed pipe, which 
proved that the non-smooth microstructure could reduce 
the pressure during the flow process and thus achieve drag 
reduction. Yang, et al. [7] found that grooves can change 
the spatial morphology and scale of coherent structures 
and reduce the dynamic energy exchange between the 
near-wall fluid and the outer zone. Rastegari, et al. [8] used 
lattice Boltzmann algorithm (LBM) to simulate the drag 
reduction effect on the surface of the forward-facing micro 
groove, the spreading micro groove and the micro column. 
The microstructure surface can reduce the turbulent kinetic 
energy in the boundary layer and make the flow more stable. 
Bai, et al. [9,10] studied four kinds of micro-groove surface, V 
groove, rectangular groove, zigzag groove and dome groove, 
which showed that good drag reduction effect, could be 
obtained on the surface of V groove and groove structure 
parameters have significant influence on drag reduction 
performance. Martin, et al. [11] used numerical simulation 
to explore the influence of factors such as groove depth, 
groove width and groove spacing on drag reduction effect. 
The vortex structure generated on the surface of the trench 
is observed and the effective drag reduction rate of 10% is 
obtained. Raayai-Ardakani, et al. [12] simulated the drag 
reduction effect of sinusoidal groove surface in laminar flow 
state, and explored the influence of width to depth ratio, 
surface length and other factors on the drag reduction effect. 
Wang, et al. [13] conducted an experimental test on the 
resistance of the transverse trench in the high-speed water 
tunnel and obtained a drag reduction rate of about 13%. Gu, 
et al. [14] numerically simulated the flow field on the surface 
of inclined microstructures with the Reynolds stress model 
(RSM). The influence of the flow direction and the inclination 
angles was investigated. It showed that the viscous resistance 
decreases significantly when the speed and inclination angle 
increase. Wu, et al. [15] researched the drag-reduction 
characteristics of the bionic surface with delicate water-
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different velocities; (3) The mechanism of microstructural 
drag reduction is also explored.

The remainder of the paper is organized as follows: 
Section 2 briefly reviews the establishment of biomimetic 
microstructure model and fundamentals of numerical 
simulation. In Sections 3, the drag reduction effects of the 
location on the aerofoil surface, different shape parameters 
and size of microstructures are presented and discussed. In 
Sections 4, the mechanism of microstructure drag reduction 
is discussed. Finally, the findings of the present study are 
summarised.

Establishment of Governing Equations and 
Models
Aerofoil model and the design of the biomimetic 
microstructure

Compared with traditional wind turbine airfoils, DU series 
airfoils have higher maximum lift, lift-to-drag ratio, slow stall 
characteristics at large an attack, lower roughness sensitivity 
and lower noise. Therefore, the DU21 airfoil is selected as the 
research object in this paper. The maximum relative thickness 
of the airfoil is 20.94%, which is located at 31.4% chord length. 
The maximum curved surface is 2.3%, which is located at 
69.7% chord length; The relative leading-edge radius is 2.3%. 
The geometric characteristic curve of the airfoil is shown in 
Figure 1.

For wind turbines, the frictional resistance generated by 
the viscosity during fluid flow is a crucial factor affecting its 
aerodynamic performance. A large number of experiments 
have been done on the wall microstructure of different cross-
sectional shapes, and the results show that the V-shaped 
micro groove has the best drag reduction effect [26-28]. In 
this paper, the V-shaped microstructures are applied to the 
surface of the airfoil in order to reduce the flow loss caused 
by the fluid flowing on the surface of the wind turbine blade. 
The geometric parameters of V-shaped microstructures 
are shown in Figure 2. For the convenience of explanation, 
the microstructures that are higher than the airfoil line are 
called riblets (Figure 2a), and the microstructures that are 
lower than the airfoil line are called grooves (Figure 2b). 
In the Figure 2, h is the vertical height from the vertex of 
the V-shaped microstructure to the airfoil surface, s is the 
projection width of a single microstructure on the airfoil 
surface, and d is the projection distance on the airfoil surface 
between the two microstructures. In this paper, the grooves 
are used to investigate the effect of the bionic microstructure 
parameters.

The dimensionless height h+ and the dimensionless 
distance s+ of the microstructures are defined as:
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The dimensionless height and spacing of the microstructures 
can be estimated as
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The height h of the bionic microstructure surface and the 
width s of the bionic microstructure surface are important 
factors that affect the drag reduction effects. According 
to Walsh, et al.'s conclusion of experimental study on drag 
reduction effect of micro-structure, the surface of micro-
structure has good drag reduction effect at dimensionless 
height and spacing 15h s+ +≈ ≈  [28] .Therefore, the bionic 
microstructures will be designed using this conclusion in this paper.

Basic governing equation and turbulence model
Computational fluid dynamics is the numerical simulation 

of fluid motion under the control of the basic equations of 

Figure 1: DU21 airfoil geometric characteristic curve.

 
(a) (b)

Figure 2: Geometric parameters of V-shaped microstructure, (a) 
riblets, (b) grooves.
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mass conservation, momentum conservation and energy 
conservation. The outer flow field of the airfoil is usually 
regarded as a turbulent flow in adiabatic, incompressible and 
isothermal state, and there is no energy exchange with the 
outside, so the energy equation can be ignored in the solution 
process.

Mass conservation equation:

( ) ( ) ( ) 0
u v w
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂
            (8) 

Momentum conservation equation:

( ) ( ) xyxx xz
x

u pdiv uu F
t x x y z

τρ τ τρ
∂∂ ∂ ∂∂

+ = + + + +
∂ ∂ ∂ ∂ ∂
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τ τ τρ
ρ

∂ ∂ ∂∂ ∂
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        (10) 

( ) ( )div yzxz zz
z

w pwu F
t z x y z

τρ τ τρ
∂∂ ∂ ∂∂

+ = − + + + +
∂ ∂ ∂ ∂ ∂

          (11)

In the formula: p is the pressure value on the micro-
element: , ,xx xy xzτ τ τ  are the components of the viscous 
force generated between fluid molecules; Fx, Fy and Fz are all 
external forces on the micro-element.

The core function of the turbulence model is to connect 
the newly generated unknowns with the known average 
velocity gradient. The simulation results depend on the 
accuracy of the turbulence model. The RNG k-ε model is 
used in this paper. RNG k-ε is derived from the transient N-S 
equation. Compared with the standard k-ε model, there are 
many improvements: the RNG model adds a condition to the ε 
equation and considers the turbulent vortex, which improves 
the calculation accuracy.

The equations of turbulent kinetic energy k and turbulent 
dissipation ε of the RNG k- ε model are as follows:

( ) ( ) i
k eff k b M k

i j j

k ku ku G G Y S
t x x x

ρ ρ
α ρε

 ∂ ∂ ∂ ∂
+ = + + − − + 

∂ ∂ ∂ ∂  

     (12) 

( ) ( ) ( )
2

1 3 2
i

eff k b
i j j

u
u C G C G C R S

t x x x k kε ε ε ε ε ε

ρε ρε ε ε εα ρ
 ∂ ∂ ∂ ∂

+ = + + − − + 
∂ ∂ ∂ ∂  

 (13)

Where 
3 3 3

0(1 / ) / ((1 ) )R C kε µ ρη η η ε βη= − +

  /ksη ε≡

1 2 31.44, 1.92, 0.09C C Cε ε ε= = =

0 4.38, 0.012η β= =

Meshing and boundary conditions
Figure 3 shows the external flow field of the DU21 

aerofoil. The chord length c of the aerofoil is 100 mm. The 
distances from the leading edge of the aerofoil to the inlet of 
the flow field and from the tailing edge of the aerofoil to the 
outlet of the flow field are both 15 times the chord length. 
The unstructured grids are used to divide the flow field. The 
mesh layout adopted in this study is shown in Figure 4a. To 

ensure calculation accuracy, mesh refinement is performed 
at a distance of 2c around the airfoil shown in Figure 4a and 
mesh refinement is also performed near the trailing edge 
shown in Figure 4b. The number of grids at positions far away 
from the airfoil should be reduced as much as possible when 
the accuracy requirements are guaranteed in order to speed 
up the calculation process. Meshing of some trench models 
is shown in Figure 4c (which is for the microstructure s = h = 
0.5 mm, d = 0, and Figure 4d which is for the microstructure 
s = h = d = 0.3 mm). Note that, in order to predict the mean 
properties of the turbulent boundary layer with a reasonable 
accuracy, the first layer of the grid height with relative to the 
aerofoil surface is about 3.5 μm for all of cases, which typically 
results in the wall-unit of y+ < 1 at the microstructure region.

The boundary conditions of the computation zone are set 
as follows: The velocity profile is used as the inlet boundary 
condition for the left side, upper and lower sides of the 
computation zone. In the following calculations, if there is 
no special indication, the inflow velocity is 30m/s, Reynolds 
number is 2 × 105. The pressure outlet boundary conditions are 
used for the right side of the computation zone. The aerofoil 
surface is set as a non-slip solid wall boundary condition. The 
turbulence condition is set as the turbulence intensity and 
length scale. The turbulence intensity is set to 0.2% according 
to the standard of common wind tunnel turbulence, and the 
turbulence length scale is set to 0.007m.

The pressure-velocity base coupling solver and the Least 
Squares Cell Based for the gradient in the spatial discretization 
are used. The solution method adopts SIMPLEC for the 
discrete analysis, the centre interpolation and separation 
dispersion format for the pressure, and the second-order 
upwind format for the discrete conditions of momentum, 
turbulent dissipation rate and turbulent kinetic energy. In 
the under-relaxation factor setting, the pressure is 0.3, the 
density is 1, the volume force is 1, the momentum is 0.6, the 
volume fraction is 0.6, the turbulent flow energy is 0.6, and 
the turbulent dissipation rate is 0.8. The reference area and 
the reference length are set in the reference value, which are 
set as 0.1 m2 and 0.1m respectively. The residual monitor is 
set to 10-4 at first, and the calculation stops after 1000 steps 
meet any of the above, then, the residual is modified to 10-8.

Grid independence verification
The number of grids in the computational domain not 

only affects the accuracy of numerical simulation results, but 
also affects the duration of simulation process. In order to 
reduce the error caused by the number of grids and improve 
the computing efficiency, the grid independence verification 
is carried out. In order to reduce the calculating time for grid 
independence verification, the suction surface and pressure 
surface of the aerofoil DU21 is divided equally into 5 parts 
according to the chord length respectively. The position 
distribution is marked as C1, C2, C3, C4 and C5, as shown 
in Figure 5. The microstructures are only placed at the C2 
position of the suction surface. Grid refinement is performed 
on the location where the microstructure is placed, and the 
grids at the remaining locations are consistent with the grid 
number of the smooth surface airfoil.
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Six different grid density defined as the total number of 
grid nodes are calculated under the condition that the y+ < 
1 is met at the aerofoil surface. Table 1 shows the number 
of grids of some cases of microstructures to prepare for the 
following grid independence verification. Figure 6 shows 
the total resistance under different grid numbers using the 
turbulence model RNG k-ε. It is found that the drag force is 
relatively stable when the grid number is more than 35 × 105. 
In order to have a more effective use of the computational 
time, the numerical grid scheme is chosen as follows: for the 
case d = 0, s = h = 0.05 mm, the grid number is 41.2 × 104, for 
the case d = 0, s = h = 0.1 mm, the grid number is 45.5 × 104, 
for the case d = 0, s = h = 0.15 mm, the grid number is 43.8 × 
104, for the case d = 0, s = h = 0.2 mm, the grid number is 43.8 
× 104, for the case d = 0, s = h = 0.3 mm, the grid number is 
39 × 104, for the case d = 0, s = h = 0.5 mm, the grid number 

is 40.7 × 104. Note that the number of microstructure models 
for grid independence verification is huge, and the number of 
meshes for different models is not the same. We will not list 
them all here.

Validation of turbulence model
In order to verify the calculation accuracy of the turbulence 

model, the lift and drag coefficients of the aerofoil with smooth 
surface at different attack angles are calculated. Comparison 
of lift and drag coefficients with experimental results is 
shown in Figure 7. It shows that the maximum error of the 
lift coefficient is 4.2% at attack angle 10°, and the maximum 

Figure 3: Computation zone for the numerical simulations.

 
(a)   (b)  

 (c)  (d) 

Figure 4: a) Grid distribution for the whole computation zone, 
(b) Grid distribution for the aerofoil, (c) Grid distribution for the 
microstructure s = h = 0.5 mm, d = 0, (d) Grid distribution for the 
microstructure s = h = d = 0.3 mm.

Figure 6: Grid independence verification.

 

Figure 7: Comparison of lift and drag coefficients with 
experimental results.

Figure 5: Partition of airfoil surface.

The grid number (×104)
d = 0, s = h = 0.05 mm 8.2 16.6 33.5 41 58 68
d = 0, s = h = 0.1 mm 9.1 15.2 30.1 45 55 66
d = 0, s = h = 0.15 mm 9.5 15.9 28 43 56 69
d = 0, s = h = 0.2 mm 8.6 17.5 32 38 54 71
d = 0, s = h = 0.3 mm 10.5 16 29 40 52 75
d = 0, s = h = 0.5 mm 9.3 14.3 29.5 43.8 59.6 68.9

Table 1: The number of grids for the aerofoil with smooth surface.
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error of drag coefficient is 3.8% at attack angle 12°. Lift and 
drag coefficient obtained by numerical simulation are slightly 
larger than than the experimental results, but it is within an 
acceptable range. The comparison of pressure coefficients 
obtained by numerical simulation with experimental results 
at two attack angles is shown in Figure 8. It shows that the 
gap between the pressure coefficient obtained by numerical 
simulation and the experimental results is very small. The 
calculated value and the test value fit perfectly at small attack 
angle. However, there is a slight gap at attack angle 10°, but 
the gap is also within a reasonable and acceptable range.

Results and Discussion
This section will present numerical simulation results 

pertaining to the resistance reduction by the microstructures. 
The huge data set from the calculation cannot be fully 
presented here. Thus, only selected results are given 
that allow to assess the influences of the microstructure 
parameters on the resistance reduction.

The effect of the groove location on the drag 
reduction

This section investigates the variation of the resistance 
with varying the location of the grooves on the aerofoil 
surface. The airfoil suction surface and pressure surface are 
divided into 5 parts respectively, as shown in Figure 5. The 
schematic diagram of the grooves position arranged on the 
suction or pressure surfaces is shown in Figure 9.

When the grooves are arranged at different positions on 
the suction or pressure surface of the airfoil, corresponding 
resistance values are shown in Figure 10. It found that the 
resistance value obtained by arranging the groove on the 
suction surface is less than arranging the groove on the 
pressure surface. When the grooves are arranged at the 
position C2 on the suction surface, the resistance value is the 
smallest. However, when the grooves are arranged at the 
position C1 on the pressure surface, the maximum resistance 
value is obtained. In fact, the grooves are arranged at the 

(b)(a)
Figure 8: Comparison of pressure coefficient and experimental value at different angles of attack (a) 0° of attack; (b) 10° of attack.

 
 (a)  (b) 

(c)  (d)
 

Figure 9: The grooves position arranged on the suction or pressure surfaces: (a) Position C1 on the suction surface; (b) Position C3 
on the suction surface; (c) Position C2 on the pressure surface; (d) Position C4 on the pressure surface.
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position C2 on the pressure surface; the resistance value is 
relatively small. It shows that arranging microstructures at 
position C2 has a better drag reduction effect, whether it is 
on the suction or pressure surface of the aerofoil. Therefore, 
the grooves are arranged at the C2 position on the suction 
surface in the following research.

The effect of the groove depth on the drag 
reduction

Compared with a smooth airfoil, when fluid flows through 
the groove structures, a higher static pressure area will be 
generated at the windward side of the groove, while there is 
lower static pressure at the leeward side of the groove. Due 
to the front and rear distribution of high and low pressure, 
a pressure differential resistance opposite to the incoming 
flow speed will be generated. Therefore, for the aerofoil 
with grooves, the total resistance includes two parts, viscous 
resistance and differential pressure resistance. The drag 
reduction effect of the groove is calculated by comparing the 
total resistance value of the smooth reference airfoil and the 
grooved airfoil under the same working condition. Generally, 
the drag reduction rate is used to indicate the effect of drag 
reduction, the equation is as follows:

' 100%F F
F

γ −
= ×               (14)

' 100%s s
s

s

F F
F

γ −
= ×              (15)

Where, F is the total resistance on the smooth surface; 
'F  is the total resistance on the ridged surface, γ  is the total 

drag reduction rate. sF  is the total resistance on the smooth 

surface; 'sF  is the total resistance on the ridged surface, sγ  
is the total drag reduction rate.

In order to investigate the effect of the groove depth 
on airfoil drag, the groove width and the Distance between 
grooves are fixed, only the sizes of the groove depth h is 
changed. Here, let the groove width s = 0.1 mm, d = 0, the 
groove depth h = 0.025 mm, 0.05 mm, 0.075 mm, 0.1 mm, 
0.125 mm, 0.15 mm and 0.2 mm. Total resistance changes 
with groove depth at different velocities are shown in Figure 
11. It is found that when the groove depth h = 0.05 mm, the 
total resistance of the aerofoil is up to the minimum value 
with the inflow velocity 0 U  = 10 m/s. However, the minimum 
values of the total resistance are obtained when the groove 
depth h = 0.075 mm with the inflow velocity 0U  = 20, 0U = 
30, 0U = 40 m/s. It shows that the drag reduction effect of the 
microstructure is not only related to the groove depth, but 
also depends on the inflow velocity. Maximum drag reduction 
rate of microstructure at different speeds is summarized in 
Table 2. It shows that there is the maximum drag reduction 
effect when the depth of the grooves is h = 0.075 mm with 
the inflow velocity 0U  = 30m/s. The maximum drag reduction 
rate reaches 3.14%.

The effect of the groove spacing size on the drag 
reduction

In order to investigate the effect of the groove spacing 
size on airfoil drag, seven kinds of groove spacing sizes (d 
= 0, 0.05 mm, 0.1 mm, 0.2 mm, 0.4 mm, 0.8 mm, 1.5 mm) 
are discussed for four cases (h = s = 0.05 mm, 0.1 mm, 0.15 
mm, 0.2 mm). Total resistance changes with groove spacing 
size at different velocity are shown in Figure 12. It shows 
that the total resistance of the aerofoil increases with the 
increase of inflow velocity, no matter smooth aerofoil or 
non-smooth aerofoil with grooves. For the case h = s = 0.05 
mm or 0.1 mm, the resistance of a micro-structured aerofoil 
is always less than that of a smooth aerofoil at any inflow 
velocity. However, for the case h = s = 0.15 mm or 0.2 mm, 
micro-structured aerofoil can reduce drag at a low-speed 
while can increase drag at a high speed. In addition, when 
the micro-structure airfoil is in the drag reduction state, the 
drag reduction effect decreases and gradually approaches 
the drag value of the smooth aerofoil as the groove spacing 
size increases. When the micro-structure airfoil is in a state 
of increasing resistance, the effect of increasing resistance 
decreases and gradually approaches the resistance value of a 
smooth airfoil with the groove spacing size increase.

Resistance changes with groove spacing size at 0 U = 10 
m/s is shown in Figure 13 for cases h = s = 0.1 mm and h = s 
= 0.2 mm. It shows that the differential pressure resistance 
of the grooved structure aerofoil is always greater than that 
of the smooth aerofoil, while the viscous resistance of the 
grooved structure aerofoil is always less than that of the 
smooth aerofoil. When the groove spacing size is less than d 
= 0.4 mm, the change of the groove spacing size has a great 
influence on both the viscous resistance and the differential 
pressure resistance. The resistance value of a grooved 
structure aerofoil almost equal to that of a smooth aerofoil 
when the groove spacing size is d = 1.5 mm. Compared with 

 

  

 

 

 

 

Figure 10: Resistance curves of different positions of the trench.

Velocity(m/s) Depth(mm) Drag reduction rate (%)
10 0.05 1.99
20 0.075 2.56
30 0.075 3.14
40 0.075 3.02

Table 2: Optimal drag reduction effect with different speed.
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(c) (d)

Figure 11: Total resistance changes with groove depth, (a) 0U = 10 m/s; (b) 0U  = 20 m/s; (c) 0U  = 30 m/s; (d) 0U  = 40 m/s.

  
(a)  (b)   

(c) (d)

Figure 12: Total resistance changes with groove spacing size (a) 0U = 10 m/s; (b) 0U  = 20 m/s; (c) 0U  = 30 m/s; (d) 0U  = 40 m/s.
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the resistance of a smooth aerofoil, the increase in differential 
pressure resistance of the grooved structure aerofoil is always 
smaller than the decrease in the viscous resistance. This is the 
reason why the total resistance of the grooved aerofoil can be 
less than that of the smooth aerofoil.

Drag reduction rate of three typed of the grooves at 
different speeds with the spacing size d = 0 is summarized 
in the inflow speed increases for the cases h = s = 0.05 mm 
and h = s = 0.1 mm. When the groove size h = s = 0.1 mm, the 
maximum total drag reduction rate can reach about 2.86% 
at the inflow speed 0 U = 30 mm/s. For the cases h = s = 0.05 
mm, the viscosity drag reduction rate increase as the inflow 
speed increases while the total drag reduction rate increase 
first and then decrease. The total drag reduction rate is even 
negative when the inflow velocity is up to 0 U = 40 mm/s.

Analysis of Drag Reduction Mechanism of 
Microstructure

In this section, the near-wall parameters of the 
microstructure (including velocity distribution, vorticity and 
turbulence parameters) is explored in order to find out the 
drag reduction mechanism of the microstructure in the form 
of groove structure. The formation process of the swirling 
vortex in the grooves is also discussed.

Velocity distribution on airfoil surface
The influence of different groove sizes and different 

incoming flow speeds on the velocity distribution near the 
wall is discussed. The velocity streamline near-wall for the 
case h = s = 0.1 mm, d = 0 at the speed 0U = 10 and 20 m/s 
are shown in Figure 14. It shows that the stable reverse 

Figure 13: Resistance changes with groove spacing size at 0U  = 10 m/s, (a) h = s = 0.1 mm; (b) h = s = 0.2 mm.

(a)

(b)

Groove 
size(mm)
d = 0

Drag reduction rate
Velocity

10m/s 20m/s

h=s= 0.05
Total drag reduction rate (%) 1.43 2.24
Viscosity drag reduction rate (%) 26.60 28.74

h=s= 0.1
Total drag reduction rate (%) 1.90 2.72
Viscosity drag reduction rate (%) 26.71 29.27

h=s= 0.15
Total drag reduction rate (%) 1.89 2.09
Viscosity drag reduction rate (%) 26.90 29.92

Groove 
size(mm)
d=0

Drag reduction rate
Velocity

30m/s 40m/s

h=s= 0.05
Total drag reduction rate (%) 2.58 2.74
Viscosity drag reduction rate (%) 29.98 30.77

h=s= 0.1
Total drag reduction rate (%) 2.86 2.31
Viscosity drag reduction rate (%) 30.73 31.64

h=s= 0.15
Total drag reduction rate (%) 0.92 -1.66
Viscosity drag reduction rate (%) 31.85 33.41
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vortex flow is formed inside the groove. The change of inflow 
velocity has little effect on the size and position of the vortex 
inside the groove. The velocity streamline near-wall for the 
case h = s = 0.05 mm, d = 0 and h = s = 0.5 mm, d = 0 with 
the speed 0U = 40 m/s are shown in Figure 15. It shows that 
the rotating vortex in the large-size groove is larger, and the 
intensity is higher compared with that of smaller groove at 
the same inflow velocity.

Generally, the micro-groove structure mainly affects the 
velocity distribution inside and near the wall of the groove and 
has little effect on the external flow field. The reverse vortex 
flow formed inside the groove makes the inflow not directly 
contact the wall surface, thus forming an air cushion effect 
between the fluid and the wall surface. The reverse vortex 
flow creates a viscous resistance in the groove opposite to 
the total resistance; therefore, the viscous resistance of the 
air flowing through the top of the groove is greatly reduced, 
thereby effectively suppressing the total resistance.

Vorticity distribution on airfoil surface
The vorticity is used as a parameter to measure the 

strength and direction of the vortex. As the vorticity increases, 
the strength of the vortex also increases. The larger the 
vorticity value, the more small-scale vortices are generated 
in the vortex, and more energy is consumed at the same 
time. Therefore, the energy loss of the boundary layer can be 
intuitively reflected by the vortex value.

The vorticity distribution of the smooth aerofoil and the 
aerofoil with grooves in the vertical direction of the surface 
with different inflow speeds is shown in Figure 16. Noted 
that the groove is selected at the position 0.3 c, that is, 30 
mm from the origin point of the aerofoil. The coordinate of 
the x-axis is the distance perpendicular to the airfoil surface 
from the apex of the groove. It shows that, the vorticity value 
increases with the increase of the inflow speed for both 
smooth aerofoil and grooved aerofoil. The speed gradient 

 
(a)  (b)  

Figure 14: Velocity streamline near-wall, h = s = 0.1 mm, (a) 0U  = 10 m/s; (b) 0U  = 20 m/s.

(a)  (b)
Figure 15: Velocity streamline near-wall, 0U  = 40m/s, (a) h = s = 0.05 mm, (b) h = s = 0.5 mm.
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(a)  (b)  

  
(d)(c)

Figure 16: Vorticity distribution near-wall (a) 0U  = 10 m/s; (b) 0U  = 20 m/s; (c) 0U = 30 m/s; (d) 0U  = 40 m/s.

(a)                   (b)

 

 
(c)  (d) 

Figure 17: Shear stress distribution near-wall with the inflow velocity 0U  = 30m/s, (a) h = s = 0.15 mm; (b) h = s = 0.2 mm; (c) h = s = 
0.3 mm; (d) h = s = 0.5 mm.
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increases correspondingly when the speed is higher. The 
vortex line is easier to be torn and thinned under the action 
of the higher speed gradient, which will produce more 
vorticity components. In addition, the vorticity in the bottom 
of the groove is very low for all of groove sizes. The vorticity 
gradually increases when the distance from the wall increases. 
The maximum value of vorticity is at near the aerofoil surface, 
and the smooth aerofoil has the largest vorticity value. The 
larger the groove size, the maximum vorticity value is smaller. 
However, at the bottom of the groove, large groove size has 
large vorticity value. After leaving the groove, the vorticity 
decreases rapidly with the increase of the distance from wall. 
The value is close to the smooth aerofoil when the distance is 
far away from the near wall surface.

Shear stress distribution on airfoil surface
The wall viscous resistance is obtained by the shear stress 

of the airfoil wall, so the discussion of the wall shear stress 
can intuitively reflect the viscous resistance. Shear stress 
distribution near-wall with the inflow velocity 0U = 30 m/s 
is shown in Figure 17 for the case: h = s = 0.15 mm, h = s = 
0.2 mm, h = s = 0.3 mm and h = s = 0.5 mm. It shows that 
the extreme value of the wall shear stress gradually increases 
as the groove size increases. The x-axis is the distribution of 
grooves along the chord length of the airfoil. The wall shear 
stress at the bottom of the groove is almost zero, and the wall 
shear stress is the largest at the sharp point where the groove 
model is in direct contact with the inflow. For the case h = s 
= 0.3 mm and h = s = 0.5 mm, the value of wall shear stress is 
greater than the smooth.

Conclusions
In this paper, the RNG k-ε turbulence model is used to 

simulate the flow field of DU21 aerofoil and the aerofoil 
with microstructure. The optimal drag reduction program is 
found by changing the groove location, depth, spacing size 
of the microstructure. The influence of the microstructure 
on the near wall of the aerofoil is also studied and found 
out the microstructure drag reduction mechanism based on 
the boundary layer theory. The key findings of this paper are 
listed as follows:

The resistance value obtained by arranging the groove 
on the suction surface is less than arranging the groove on 
the pressure surface. Arranging microstructures at position 
C2 has a better drag reduction effect. When the grooves 
are arranged at the position C2 on the suction surface, the 
resistance value is the smallest. However, when the grooves 
are arranged at the position C1 on the pressure surface, the 
maximum resistance value is obtained.

The drag reduction effect of the microstructure is not 
only related to the groove depth, but also depends on the 
inflow velocity. The total resistance of the aerofoil is up to the 
minimum value when the groove depth h = 0.05 mm with the 
inflow velocity 0U = 10 m/s. However, the minimum values 
of the total resistance are obtained when the groove depth 
h = 0.075 mm with the inflow velocity 0U = 20, 30, 40 m/s.

The total resistance of the aerofoil increases with the 
increase of inflow velocity, no matter smooth aerofoil or non-

smooth aerofoil with grooves. For the case h = s = 0.05 mm or 
0.1 mm, the resistance of a micro-structured aerofoil is always 
less than that of a smooth aerofoil at any inflow velocity. 
However, for the case h = s = 0.15 mm or 0.2 mm, micro-
structured aerofoil can reduce drag at a low-speed while 
can increase drag at a high speed. The differential pressure 
resistance of the grooved structure aerofoil is always greater 
than that of the smooth aerofoil, while the viscous resistance 
of the grooved structure aerofoil is always less than that of 
the smooth aerofoil.

Generally, the micro-groove structure mainly affects the 
velocity distribution inside and near the wall of the groove and 
has little effect on the external flow field. The reverse vortex 
flow formed inside the groove makes the inflow not directly 
contact the wall surface, thus forming an air cushion effect 
between the fluid and the wall surface. The reverse vortex 
flow creates a viscous resistance in the groove opposite to 
the total resistance; therefore, the viscous resistance of the 
air flowing through the top of the groove is greatly reduced, 
thereby effectively suppressing the total resistance.
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