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Abstract: The energy consumption of a vehicle is closely related to the resistance it receives, and it is
of great significance to study the drag reduction of a vehicle to promote energy conservation and
emissions reductions. Boundary layer control drag reduction is mainly achieved by controlling the
coherent structure in turbulence and reducing its burst intensity and frequency. It can be divided into
an active control drag reduction and passive control drag reduction. In passive drag reduction, the
advantages of the surface groove drag reduction are relatively obvious. In this paper, the large eddy
simulation method is used to study the boundary layer flow with triangular groove and rectangular
groove plates along the flow direction under subsonic flow, and to explore the influence of a surface
micro-groove structure on the boundary layer flow. The simulation results show that the fluid inside
the groove can be blocked by the triangular groove which can keep the low-velocity fluid at the
bottom of the groove, and that it can increase the thickness of the viscous bottom layer as well as
reduce the velocity gradient at the wall. The spanwise stress component of the Reynolds stress in
the triangular groove boundary layer and the burst of turbulence on the wall are inhibited, and the
spanwise flow in the boundary layer is blocked. In the subsonic range, about 10% shear force can be
reduced because there are secondary vortices induced by the upper flow vortices at the top of the
groove wall, and these secondary vortices can restrain the rising of the low-speed strip in the groove
and reduce the burst of turbulence. The rectangular groove creates a weak blocking effect on the fluid
inside the groove, which can only inhibit spanwise pulsation under subsonic speed. The wall shear
stress cannot be reduced when the flow velocity is low, and it even increases.

Keywords: boundary layer flow; surface microstructure; drag reduction; large eddy simulation

1. Introduction

From the submarine in the water to the ship on the water, and then to the aircraft in
the air, resistance has a great impact on the energy consumption of a vehicle. Therefore,
in the ship, automobile, aerospace and other fields, vehicle drag reduction is always a
very important research direction. In the aerospace field, a large part of the resistance
encountered by an aircraft during flight is friction resistance. More than 50% of the total
resistance of modern large commercial aircraft is caused by friction [1], and the existence of
friction resistance greatly reduces the energy efficiency of aircraft. Using appropriate drag
control technology to reduce the flight resistance of aircraft is a key technical approach to
improve the ratio of the flight fuel consumption of aircraft under the condition of a limited
fuel capacity.

The burst of coherent structures in wall turbulence is the root cause of wall friction
resistance, and controlling the coherent structures in turbulence (bands, streamwise vortices,
turbulent laminar fluidization, etc.) [2] is a necessary means of drag reduction. The control
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of turbulent coherent structures can be divided into passive control (wall groove, flexible
wall, etc.) and active control (vibrating wall, microbubble method, etc.) according to
whether additional energy, momentum, or mass input is needed [3,4].

As far as passive drag reduction is concerned, the surface groove method has more
obvious advantages in drag reduction. It is easy to realize, and a groove thin film can be
pasted on the surface of the object or a groove structure can be processed on the surface.
The drag reduction of surface grooves is derived from the imitation of organisms, and
among them the surface microstructure represented by the shark is the most representative.
In the 1970s, the Langley Research Center in the United States found that the shark skin
surface was not smooth, but was composed of many fine placoid scale structures arranged
according to certain rules, forming a groove structure along the flow direction, as shown in
Figure 1 (1 cm in the picture corresponds to the actual 100 µm). Because of the existence of
these micro-grooves, the frictional drag of sharks when swimming is greatly reduced [5].

Aerospace 2022, 9, x FOR PEER REVIEW 2 of 31 
 

 

vortices, turbulent laminar fluidization, etc.) [2] is a necessary means of drag reduction. 

The control of turbulent coherent structures can be divided into passive control (wall 

groove, flexible wall, etc.) and active control (vibrating wall, microbubble method, etc.) 

according to whether additional energy, momentum, or mass input is needed [3,4]. 

As far as passive drag reduction is concerned, the surface groove method has more 

obvious advantages in drag reduction. It is easy to realize, and a groove thin film can be 

pasted on the surface of the object or a groove structure can be processed on the surface. 

The drag reduction of surface grooves is derived from the imitation of organisms, and 

among them the surface microstructure represented by the shark is the most representa-

tive. In the 1970s, the Langley Research Center in the United States found that the shark 

skin surface was not smooth, but was composed of many fine placoid scale structures 

arranged according to certain rules, forming a groove structure along the flow direction, 

as shown in Figure 1 (1 cm in the picture corresponds to the actual 100 μm). Because of 

the existence of these micro-grooves, the frictional drag of sharks when swimming is 

greatly reduced [5]. 

 

Figure 1. Shark placoid scale structure. 

With the development of surface micro-structure drag reduction technology, the 

groove micro-structure has been applied to various fields. Airbus once deployed a micro-

grooved structure on Airbus A320 aircraft, which covered 66% of the total area of the air-

craft. The test results showed that when the cruising speed of the aircraft was 0.7 Ma, the 

resistance of the aircraft was reduced by 4.85%, and it achieved the effect of saving 1~2% 

of fuel. [6]; however, wall grooves usually have a fixed geometry and can only be effective 

within a limited range of parameters. Outside of the operating range, they can even in-

crease wall friction, having the opposite effect. Although the small groove structure is 

conducive to inhibiting the transverse migration of streamwise vortexes in the viscous 

bottom, the mechanism of the groove structure impeding the translation of vortexes and 

the interaction between grooves is very complex and has not been clearly understood [7]. 

Therefore, it is necessary to study the boundary layer flow characteristics under the influ-

ence of microstructures such as wall grooves as it will provide fundamental data support 

for the aircraft boundary layer control drag reduction technology. 

Surface micro-groove drag reduction is a passive drag reduction method that does 

not require additional equipment and energy consumption and does not require the ad-

dition of other substances to change the composition of the fluid. This method only 

achieves the purpose of drag reduction by changing the geometric shape of the surface, 

and the method is simple and effective. As people change the perception that smooth sur-

faces can reduce friction resistance, more research is being completed on the drag reduc-

tion of surface micro-grooves. 

Walsh et al. [8–11] studied the micro-groove extending in the direction of flow and 

found that micro-grooves can effectively reduce the surfaces of friction resistance, when 

the groove cross-section shape for the triangle and the groove width of dimensionless s+ 

and the groove equals the dimensionless height h+, and that this groove structure was best 
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With the development of surface micro-structure drag reduction technology, the groove
micro-structure has been applied to various fields. Airbus once deployed a micro-grooved
structure on Airbus A320 aircraft, which covered 66% of the total area of the aircraft. The
test results showed that when the cruising speed of the aircraft was 0.7 Ma, the resistance
of the aircraft was reduced by 4.85%, and it achieved the effect of saving 1~2% of fuel. [6];
however, wall grooves usually have a fixed geometry and can only be effective within
a limited range of parameters. Outside of the operating range, they can even increase
wall friction, having the opposite effect. Although the small groove structure is conducive
to inhibiting the transverse migration of streamwise vortexes in the viscous bottom, the
mechanism of the groove structure impeding the translation of vortexes and the interaction
between grooves is very complex and has not been clearly understood [7]. Therefore,
it is necessary to study the boundary layer flow characteristics under the influence of
microstructures such as wall grooves as it will provide fundamental data support for the
aircraft boundary layer control drag reduction technology.

Surface micro-groove drag reduction is a passive drag reduction method that does not
require additional equipment and energy consumption and does not require the addition
of other substances to change the composition of the fluid. This method only achieves
the purpose of drag reduction by changing the geometric shape of the surface, and the
method is simple and effective. As people change the perception that smooth surfaces
can reduce friction resistance, more research is being completed on the drag reduction of
surface micro-grooves.

Walsh et al. [8–11] studied the micro-groove extending in the direction of flow and
found that micro-grooves can effectively reduce the surfaces of friction resistance, when the
groove cross-section shape for the triangle and the groove width of dimensionless s+ and the
groove equals the dimensionless height h+, and that this groove structure was best to reduce
the friction resistance effect by 8%. Bacher and Smith [12] calculated a net drag reduction
rate of 25% for grooved structures by using the boundary layer momentum integral formula.
Gallagher and Thomas [13] studied the drag reduction problem of groove and according to
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the calculation results of the momentum integral formula of the boundary layer, they found
that the total resistance of the groove plate was unchanged, but the resistance of the latter
half of the groove plate was reduced. D.W. Bechert [14] conducted wind tunnel experiments
and oil channel experiments on three-dimensional groove structures, and the experimental
results showed that the turbulent shear stress decreased by about 7.3%, a slightly less than
10% drag reduction for two-dimensional lateral trenches. Park and Wallance [15] measured
the velocity distribution in the groove with a hot-wire anemometer and calculated the
drag was reduced by 4%. Gaudet [16] studied the turbulent boundary layer of a groove
structure at Ma = 1.2 and obtained the drag reduction rate of 7%. Coustols and Cousteix [17]
arranged micro-grooves on the suction surface of the LC100D airfoil and measured when
the airfoil angle of attack was 0◦ and 2◦, where the total resistance decreased by about 2%,
while the viscous friction resistance decreased by 7%. As the angle of attack continued to
increase, the results showed no drag reduction effect. Sundaram et al. [18,19] arranged
the micro-groove structure on the suction surface and pressure surface of NACA0012 and
GAW-2, respectively, and conducted experiments with the wake measurement method,
finding that the drag reduction rate was up to 10%. Launder [20] studied channel flows
with knife-shaped, triangular, and U-shaped grooves through numerical calculation. By
comparing the flow parameters of different grooves, he found that the triangular grooves
had the best drag reduction effect, and the drag reduction effect at the dimensionless
height of grooves h+ > 15 was better than the experimental observation results. Caram
and Ahmed [21] arranged the groove structure on the NACA0012 airfoil and measured
the flow in the wake area of the airfoil at a zero angle of attack. When the groove height
was 0.152 mm, the drag was reduced by 13.3%; when the groove height was 0.076 mm and
0.023 mm, the drag was reduced by 2.7% and 7.3%, respectively. McLean [22] arranged
grooves on T-33 wings, and the experimental results showed that when the Mach number
was between 0.45 and 0.7, the drag was reduced by 6%. Debisschop and Nieuwstadt [23]
studied the flow of groove plates under the influence of an adverse pressure gradient, and
found that the drag reduction effect of the groove plate increased due to the influence
of the adverse pressure gradient, and its drag reduction rate reached 13%. The study of
Djenidi and Antonia [24] found that the drag reduction effect of grooves was closely related
to the distance between grooves. Bhushan [25] conducted an experimental study on the
complex shark skin surface and found that the sharkskin surface structure could effectively
reduce resistance. Douglas and George [26] found that the resistance of the transition zone
and turbulence zone was significantly reduced in the numerical simulation of the groove
structure in the pipeline. Yulia and Pierre [27] conducted a large eddy simulation of the
trench structure arranged along the sinusoidal curve and found that the drag reduction
effect of the arrangement was better than that of the arrangement along the straight line.

Compared with foreign countries, the research on the drag reduction of surface micro-
grooves in China started late, but some achievements have been made. Shi Xiu-hua and Fu
Hui-ping et al. [28] from Northwestern Polytechnical University studied the drag reduction
performance of surface micro-grooves by combining a numerical simulation with a flume
experiment and found when the apex angle of triangular grooves was 60◦, their drag
would be reduced by about 11%. Du Jian [29] used the method of combining a numerical
simulation and wind tunnel experiment verification to study the drag reduction of surface
microscopic grooves, and the results showed that the frictional resistance was reduced in
areas other than the tip of the groove, which was analyzed to be because the existence of
grooves affected the turbulent flow of the incoming flow and blocked the instantaneous
transverse movement of the turbulent flow. Wang Jin-jun [30] studied the turbulent ordered
structure of grooves, studied the drag reduction mechanism of surface micro-grooves, and
carried out experimental verification by a wind tunnel. Cong Qian et al. [31,32] numerically
simulated the flow field of triangular, fan-shaped, and knife-shaped grooves by using
the finite volume method, and carried out experimental verification in a wind tunnel,
which showed that triangular, fan-shaped, and knife-shaped grooves could reduce friction
resistance by 3%, 9%, and 10%, respectively. Zhang Xiao-ci et al. [33] theoretically analyzed
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the possibility of transverse microscopic grooves reducing frictional resistance according to
the Karman vortex street resistance formula and analyzed the geometric shape of a vortex
street traveling wave. Li Yu-bin et al. [34] arranged micro-groove structures on the surface
of the yun7 model and measured that aircraft resistance decreased by about 5~8%. Song
Bao-wei et al. [35] concluded that the effect of traveling wave resistance would decrease
with the increase of flow velocity by studying the surface of micro-grooves. Hu Hai
et al. [36] carried out a wind tunnel experiment and water tunnel experiment, respectively,
on a cyclotron with groove structures. It was found that the groove structures had a stable
drag reduction effect when the angle of attack was not large, and the drag reduction rate
was up to 6%. Zhang bin and Chang Yue-feng et al. [37,38] used an IFA300 constant
temperature hot-wire anemometer to measure the instantaneous velocity of a turbulent
boundary layer on smooth plate and triangular groove surfaces under different incoming
flow velocities and zero pressure gradients in low-speed wind tunnel experiments. The
analysis showed that the triangular grooves reduced the friction resistance by changing the
flow structures of different scales in the turbulent boundary layer. Huang Zhi-ping [39]
and Sun Peng-xiang [40] conducted water tunnel experiments on a shark skin surface
structure and found that the drag reduction effect of the shark skin surface could reach
18.6%. Zhao Zhi-yong et al. [41] found that the drag reduction effect of grooves was related
to the curvature of the groove tip, while the research results of Liu Zhan-yi et al. [42]
showed that the ratio of groove spacing to groove height has a great influence on the drag
reduction effect.

Based on the large eddy simulation (LES) technique, the numerical simulation method
was used to study the influence of surface grooves with different cross-section shapes on
the characteristic parameters of the boundary layer at different incoming flow velocities.

2. Physical Model and Numerical Method
2.1. LES Method

Large eddy simulation (LES) is a turbulence simulation method between direct nu-
merical simulation (DNS) and Reynolds-averaged Navier–Stokes (RANS). LES directly
simulates the mass, momentum, and energy of the large-scale eddies, while the effect of
the small-scale eddies on the large-scale eddies is simulated through modeling.

There are two key processes in LES. The first is the filtration process. The function of
filtration is to filter out the small-scale vortices below the filtration scale and directly solve
the vortices above the filtration scale. For the small-scale vortex below the filter scale, a
mathematical model is established to simulate it. After filtering, an additional stress term
will appear in the governing equation, which is called subgrid stress, which reflects the
effect of the small-scale vortex on the large-scale vortex. The simulation of the small-scale
vortex is to establish an appropriate subgrid stress model.

The filtering of LES is to decompose the physical quantity into the quantity that can
be solved directly and the scale quantity that cannot be solved directly. The mathematical
expression is as follows:

φ(x, t) = φ(x, t) + φ′(x, t) (1)

The solvable scale quantity is defined by the convolution integral of the flow variable
φ(x, t):

φ(x, t) =
y

Ω
G
(
x− x′, ∆

)
φ(x, t)dx′dy′dz′ (2)

In Equation (2) φ(x, t) is an arbitrary physical quantity in a flow fild, φ(x, t) is a
solvable scale quantity, and φ′(x, t) is an unsolvable scale quantity. G(x− x′, ∆) is a spatial
filter function, which determines the size and structure of the small-scale vortex, and δ is
the filter scale. Equation (2) is the filtering operation. Vortices above ∆ are regarded as large
vortices and solved directly, while vortices below ∆ are not solved directly but simulated
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by a sub-lattice model. The filter scale ∆ is not necessarily related to the grid size at the
time of calculation, but it is generally regarded as a function of grid resolution.

∆ = (∆x∆y∆z)
1
3 (3)

In Equation (3), ∆x, ∆y and ∆z are grid dimensions in x, y and z directions, respectively.
For incompressible fluid, the governing equation after filtration operation is as follows:
Continuity equation

∂uj

∂xj
= 0 (4)

Momentum equation:

∂ui
∂t

+ uj
∂ui
∂xj

= f − 1
ρ

∂p
∂xi

+
1
ρ

∂

∂xi

(
τ ji + τjiSGS

)
(5)

In Equation (5):

τji = µ

(
∂ui
∂xj

+
∂uj

∂xi

)
(6)

τjiSGS = −ρ
(
uiuj − uiuj

)
(7)

Energy equation:

∂T
∂t

+ uj
∂T
∂xj

=
1

ρcp

∂

∂xj

(
−qj + qj,SGS

)
(8)

In Equation (8):

qj = −k
∂T
∂xj

(9)

qj,SGS = −ρ
(

ujT − ujT
)

(10)

where τjiSGS is the subgrid turbulent stress; qj,SGS is the heat flux of subgrid.
Another part of the subgrid stress model is based on the assumption of eddy viscosity

to calculate the eddy viscosity coefficient. The eddy-viscous model of the subgrid turbulent
stress is:

τjiSGS −
1
3

τkk,SGSδij = 2µSGSsij (11)

where µSGS is the subgrid eddy viscosity coefficient. It can be calculated using the Smagorin-
sky model with fixed model coefficients.

The Smagorinsky model was proposed by J. Smagorinsky in 1963, and its model is:

µSGS = ρ(Cs∆)2|s| (12)

In Equation (12):

s =
√

2sijsij (13)

sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(14)

where Cs is the Smagorinsky constant, and its value range is usually 0.1~0.2.
The anisotropy of turbulent flow needs to be considered in the near-wall region

µSGS, and the most widely used method is to use the damping function Ds to correct the
Smagorinsky constant Cs, namely:

µSGS = ρ(CsDs∆)2|s| (15)
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The damping function Ds is:

Ds = 1− e−(y
+/A+) (16)

where y+ is the dimensionless distance from the wall; A+ is an empirical constant.
The selection of Smagorinsky constant Cs has a great influence on the calculation

results of the large eddy simulation. A larger Cs can obtain a smooth changing spatial
structure in turbulent simulation, but too large a Cs will cause the motion of large-scale
eddies to be attenuated and cause calculation errors. Smaller Cs can obtain excellent results
in turbulent flow with heat conduction and the turbulent boundary layer, but because
Cs has a great influence on the pulsation speed, too small a Cs can cause pulsation in the
simulation results.

The subgrid heat flux qj,SGS adopts the gradient diffusion model:

qj,SGS = −ρcp

(
ujT − ujT

)
= kSGS

∂T
∂xj

=
µSGScp

PrSGS

∂T
∂xj

(17)

where PrSGS is the subgrid Prandtl number, and its value is about 0.9; kSGS is the subgrid
thermal conductivity.

For compressible fluids, many unknown terms will be generated in the governing
equations due to density fluctuations. To avoid this problem, Favre filtering is used when
filtering the governing equations of compressible fluids.

The governing equation after Favre filtering operation is as follows:
Continuity equation:

∂ρ

∂t
+

∂ρũj

∂xj
= 0 (18)

Momentum equation:

∂ρũi
∂t

+
∂ρũjũi

∂xj
= ρ f t −

∂p
∂xi

+
∂τij

∂xj
+

∂

∂xj

[
−ρ
(
ũjui − ũjũi

)]
+

∂

∂xi

(
τ ji − τ̃ji

)
(19)

In Equation (12):

τ̃ji = −
2
3

µ
(

T̃
)∂ũk

∂xk
+ 2µ

(
T̃
)(∂ũi

∂xj
+

∂ũj

∂xi

)
(20)

τij,SGS = −ρ
(
ũjui − ũjũi

)
(21)

where
∂τij,SGS

∂xj
is the subgrid turbulence stress, ∂

∂xi

(
τ ji − τ̃ji

)
is the subgrid viscous stress,

and this is caused by the nonlinear viscous stress.
Energy equation:

∂ρẼ
∂t +

∂ρũj Ẽ
∂xj

= ρ f jũj −
∂pũj
∂xj

+
∂τ ji ũi

∂xj
+

∂(−q̃j)
∂xj

+ S
(

T̃
)
+

∂
∂xi

(
−ρujE + ρũjẼ− puj + pũj + τjiui − τ jiũj − qj + q̃j

) (22)

In Equation (15):

q̃j = −k
(

T̃
) ∂T̃

∂xj
(23)

The non-closed term of the momentum equation after Favre filtering is mainly the
subgrid model turbulent stress. In order to solve this term, a subgrid model needs to be
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introduced. Here, the Smagorinsky model with fixed coefficients is used, but different from
the compressible flow, the subgrid τkk,SGS needs to be input separately into the model:

τji,SGS −
1
3

τkk,SGSδij = 2C2
s ρ∆2

∣∣∣S̃∣∣∣(S̃ij −
1
3

S̃kkδij

)
= C2

s αij (24)

τkk,SGS = 2CIρ∆2
∣∣∣S̃∣∣∣2 = CIα (25)

In the above Equation, Cs = 0.16, CI = 0.09, |s̃| =
√

2s̃ij s̃ij, s̃ij =
1
2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
.

The subgrid heat flux density in the compressible flow also adopts the gradient
diffusion model, and the specific form is as follows:

Qj = −C2
s

∆2ρ
∣∣∣S̃∣∣∣

PrT

∂T̃
∂xi

(26)

2.2. Smooth Plate Model and Meshing

The span length of the smooth plate is 0.001 m. According to the calculation formula
of the boundary layer thickness Equation (27), the maximum thickness of the boundary
layer at 0.3 Ma is 0.0003167 m. The wall-normal height of the computing domain is
more than 20 times that of the boundary layer, and the normal height of the computing
domain is 0.007 m. To ensure the full development of the flow, the spanwise length of
the computational domain is also more than 20 times that of the boundary layer, and the
streamwise length is 0.0075 m. The computational domain model of the smooth plate is
shown in Figure 2.

δ(x) = 0.37x(
ρU∞x

µ
)
− 1

5
(27)
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Figure 2. Smooth plate computing domain.

For the simulation of turbulent flow in the near-wall region, a sufficiently fine mesh is
used to divide the near wall surface, the first layer nodes of the mesh are arranged inside
the viscous bottom layer, y+ is less than 1, and then LES is used to solve the near wall area
in detail. The smooth plate mesh of the flow direction angle is shown in Figure 3.
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wall mesh.

This paper uses Fluent to perform the numerical simulation calculations, which is
a computational fluid dynamics software based on the finite volume method. For the
physical characteristics of each flow problem, a numerical solution suitable for it was used
to achieve the optimal calculation speed, stability and accuracy.

For the smooth and flat surface flow numerical simulation, the speed range of calcula-
tion conditions was from low speed to high subsonic speed. The ambient static temperature
was 288.3 k, the air density was ρ = 1.225 kg/m3, and the air viscosity coefficient was
µ = 1.78 × 10−5 Pa·s. The specific parameters are shown in Table 1.

Table 1. Smooth plate calculation conditions.

Ma Density
ρ (kg/m3)

Viscosity Coefficient
µ (Pa·s)

Static Temperature
T (K)

Characteristic
Length
L (m)

0.1

1.225 1.78 × 10−5 288.3 0.0075
0.3
0.5
0.8

The turbulence model required for the calculation selects the LES, and the subgrid
model of LES selects the Smagorinsky model regarding the boundary conditions, since
the flow is periodic in the flow direction and the span direction, the periodic boundary
conditions are adopted in the flow direction and the span direction, the normal boundary of
the computational model is physically the surface of the plate, and, therefore, the adiabatic
no-slip wall boundary condition is used on the normal boundary. Since the calculation con-
ditions are from low speed to high subsonic speed, considering the convergence problem,
the solver chooses the pressure-based couple algorithm. For the selection of the discrete
format, considering that the second-order upwind format introduces more upstream nodes,
the calculation accuracy is higher, and it has the characteristics of convective transport.
Therefore, the second-order upwind format was selected as the discrete format for the
convection term.

2.3. Surface Microstructure Calculation Model and Meshing

The flow direction length of the plate with grooves was 0.0075 m, the span length was
0.001 m, and the grooves were triangular and rectangular, respectively. The width and
depth of triangular grooves were equal and 0.0001 m, so the number of grooves arranged
in the span was 10. For rectangular grooves, according to the dimension parameters
of triangular grooves, the width of rectangular grooves was 0.00012 m, the height was
0.0001 m, and the number of rectangular grooves arranged in the span was 7. Considering
the number of grids and calculation accuracy, the normal height of the plate was 0.001 m.
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In order to meet the accuracy requirements of LES on the calculation grid, the number
of grids of the calculation model needs to be large enough, but considering the limited
performance of the computing equipment, the grids required for the calculation cannot be
increased indefinitely. In order to solve the contradiction between the computing power
and the number of meshes, while controlling the size of the calculation model as much as
possible, a relatively sparse mesh was used far away from the wall surface. However, in
order to capture the flow characteristics in the groove and the boundary layer, the near-wall
mesh and the inner mesh of the groove were properly refined. LES requires y+ < 1 for the
nodes of the first layer of the grid, and the y+ of the first layer of the grid was set to 0.7, then
the height of the first layer of the grid was 0.0017597 mm. Since there are two directions in
the normal direction of the wall of the rectangular groove, perpendicular to the plate and
along the span direction, therefore the walls in both directions should be set to a first-layer
grid height of 0.0017597 mm. Grids of triangular and rectangular grooved surface plates
are shown in Figures 4–7.
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In the setting of boundary conditions, the boundary surface of the flow direction and
span direction was set as the periodic boundary condition, and the boundary surface of the
groove wall and the upper boundary surface of the computational domain were set as the
adiabatic non-slip wall boundary condition.

Because the working condition was at subsonic speed, the pressure-based couple
algorithm was chosen to solve the problem. In terms of discrete format, the second-order
upwind format was used to solve all equations, and the calculation time step was 0.0001s.

3. Calculation Results and Analysis
3.1. Numerical Method Validation

In order to verify the accuracy of the boundary layer flow, the calculation was based
on the large eddy simulation (LES) method in this paper. In the standard atmospheric
environment, LES is used to calculate the smooth plate boundary layer flow when the flow
velocity is 0.1 Ma and compared with the literature data of Roidl [43]. Considering that
the calculation conditions in the following calculation were quite different from those in
the literature, it was necessary to further verify the LES. The Reynolds-averaged Navier–
Stokes (RANS) and LES method were used to simulate the flow field of the smooth plate
at different speeds. The comparison between the results and the theoretical calculation
results was carried out to verify the applicability of the method in this paper under different
working conditions.

3.1.1. Grid Independence Verification of Smooth Plate

LES has a high requirement for computational grids. To meet the requirements
of computational accuracy and reduce the number of grids as much as possible, it is
necessary to verify the independence of grids. For the smooth plate, four mesh numbers
of 2.99 million, 3.44 million, 3.83 million, and 4.26 million were selected to calculate the
frictional drag coefficient of the smooth plate at 0.1 Ma.

Figure 8 can be found when the number of grids was above 3.83 million, and the
friction drag coefficient basically did not change. It can be confirmed that the calculation
accuracy could only be satisfied when the calculation grid of the smooth plate model in
this paper was at least 3.83 million. Therefore, the number of grids of the smooth plate was
3.83 million.
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3.1.2. Comparative Analysis of Literature Results

Figure 9 shows the comparison between the calculated results in this paper and the
results in the literature at 0.1 Ma. The comparison parameter is the friction drag coefficient,
and the calculation result was taken from the straight line along the flow direction at the
half span of the smooth plate. It can be seen from the figure that the calculation results
of the LES in this paper were between the results of the RANS and LES provided in the
literature. There was an error between the calculation results of this paper and the LES
results of the literature, and the main analysis error is due to the precision of the discrete
format of the terms.
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Figure 10 is the comparison between the calculated results of the velocity profile of the
smooth plate and the results of the literature at 0.1 Ma.
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The above comparison shows that the gap between the simulation results and the
literature results was small, so the LES method was suitable for the calculation in this paper.

3.1.3. Comparison of the Results of LES and RANS

Considering that the calculation conditions in the following calculation were quite
different from those in the literature, it was necessary to further verify the LES. RANS
and LES were used to simulate the flow field of the smooth plate at different speeds. The
comparison between the results and the theoretical calculation results was carried out to
verify the applicability of the method in this paper under different working conditions.

Figure 11a–c, respectively, show the distribution of frictional drag coefficient in the
flow direction calculated by the LES and RANS at the spanwise z = 0.0005 m of the smooth
plate at different speeds. The horizontal axis adopts dimensionless units, and δ is the
thickness of the boundary layer calculated according to Equation (27). It can be seen from
the figures that the frictional drag coefficient distributions calculated by the LES and RANS
were well fitted.

Table 2 shows the frictional drag coefficients of the smooth plate at different Reynolds
numbers, which was calculated by LES, RANS and the theoretical formula, respectively.
It can be seen that the calculation results by LES were closer to the theoretical value. The
above calculation results further illustrate the accuracy of the LES method.

Table 2. Frictional drag coefficient of smooth plate.

Ma Re Cf-Les Cf-Rans Cf-Theory

0.3 52647.47 0.00799 0.00906 0.00845
0.5 87745.79 0.00727 0.00807 0.0076
0.8 140393.3 0.00665 0.00655 0.00691
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Figure 11. Distribution of frictional drag coefficient along the flow direction at the spanwise
z = 0.0005 m of the smooth plate; (a) 0.3 Ma; (b) 0.5 Ma; and (c) 0.8 Ma.

3.2. Large Eddy Simulation of Plate Boundary Layer under Subsonic Flow
3.2.1. Grid Independence Verification

Considering that the grooved plate was similar in structure, the triangular groove
plate was taken for grid independence verification. The meshes of the triangular groove
plate were 7.76 million, 7.93 million, 8.06 million, and 8.22 million, respectively, and were
calculated in the standard atmospheric environment with a Mach number Ma = 0.8.

Figure 12 shows the variation of the frictional drag coefficient of the triangular groove
plate with the number of meshes in the computational domain at 0.8 Ma. It can be seen from
the figure that after the number of grids reached 7.93 million, the frictional drag coefficient
tended to be stable with the increase of the number of grids, so it can be determined that
the calculation requirements were met when the number of grids was 7.93 million.

For the triangular groove plate, the nodes were arranged in the form of 512 nodes in
the flow direction, 42 nodes in the normal direction excluding the grooves, and 30 nodes
on each triangular hypotenuse inside the grooves in the spanwise direction. A similar
arrangement was used for the rectangular groove plate, resulting in a final mesh count of
7.97 million.
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3.2.2. Triangular Groove Plate

The calculation conditions were the same as in the smooth plate model.

(1) Velocity distribution

To facilitate the comparison of the influence of triangular grooves on the boundary
layer velocity of the plate under subsonic flow, the flow velocity distribution of the smooth
plate is presented in Figure 13. The data extraction plane is the vertical surface parallel to
the flow direction located at the span z = 0.00055 m.
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Figure 14 shows the velocity distribution of the triangular groove plate under subsonic
flow. The data extraction plane is located in the vertical plane of the flow direction at
z = 0.00055 m. The bottom of the plane reaches the bottom of the groove, which can reflect
the flow field information inside the groove.
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Figure 14. Spanwise plane velocity cloud picture of triangular groove plate under different Mach
numbers; (a) 0.3 Ma; (b) 0.5 Ma; and (c) 0.8 Ma.

As the velocity increased, it could be found that the thickness of the boundary layer
decreased gradually. When the velocity increased from 0.3 Ma to 0.5 Ma, the thickness of
the boundary layer decreased by 0.00001 m at the flow direction x = 0.0037 m. When the
velocity increased from 0.5 Ma to 0.8 Ma, the thickness of the boundary layer at the same
position decreased by 0.00003 m. In other words, within the subsonic range, the boundary
layer thickness decreased with the increase of velocity, and the faster the speed, the more
the thickness of the boundary layer was reduced. By comparing the triangular groove plate
and smooth plate, it can be clearly seen that the thickness of the bottom low-velocity fluid
in the boundary layer of the groove plate was much larger than that of the smooth plate
boundary layer, which means the velocity gradient on the wall of triangular grooves was
relatively small.
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As shown in Figure 15, it can be further observed that the velocity distribution curve
on the normal vertical line at the flow direction was x = 0.00375 m and z = 0.00055 m. It
can be seen that the thickness of the boundary layer of the triangular grooved plate was
significantly larger than that of the smooth plate, and the boundary layer at the bottom
of the triangle groove plate near-wall flow changed with height more gently than the
smooth plate. This shows that in the boundary layer at the bottom of the triangle groove
plate, the velocity gradient in the boundary layer was less than that of the smooth plate
boundary layer.
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Figure 15. Velocity profiles of triangular groove and smooth plate under different Mach numbers.

Since the triangular grooves were longitudinally arranged in the spanwise direction
and extended along the flow direction, there was a height difference of the wall in the span,
and the velocity distribution could not be fully understood from the spanwise plane alone.
Therefore, the spanwise plane at flow direction x = 0.00375 m was selected to make the
velocity distribution cloud picture, as shown in Figure 16. As the velocity increased, the
thickness of the boundary layer decreased in the spanwise direction; however, the variation
of the thickness of the boundary layer in the spanwise direction was not the same at each
point but fluctuated with the position. Under the above simulated velocity conditions, the
boundary layer at the top of the groove was relatively the thinnest. At the bottom of the
groove, the boundary layer thickness was the largest, and the change of boundary layer
thickness with velocity was also the largest. At 0.8 Ma, the shape of the spanwise section
of the boundary layer began to be close to that of the groove. It can be judged that as the
velocity continued to increase, the boundary layer would further fit the groove, and the
thickness difference of the boundary layer in the spanwise direction would decrease.
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(2) Reynolds stress

Reynolds stress is a special stress in turbulent motion, which is different from viscous
stress and is an additional stress caused by the momentum exchange caused by turbulence
pulsation. In the RANS equation, the Reynolds stress is expressed as −ρu′iu

′
j, where ρ is

the density of the fluid, the fluid is air, u′i and u′j is the pulsation value of the velocity
component in each direction of the fluid, which can be expressed as u′, v′ and w′, and
u′iu
′
j represents the time mean of the product of the velocity pulsation. The dimensionless

Reynolds stress is denoted by
〈

u′iu
′
j

〉
here and later.

For the convenience of comparison, data were extracted from the top, middle, and
bottom of the groove wall, namely, the groove plate x = 0.00375 m, located on the three
plumb lines with the span z = 0.0005 m, z = 0.000525 m, and z = 0.00055 m. For the smooth
plate, a plumb line was selected at similar positions to extract the data. The distribution
of Reynolds stress along the normal direction of the triangular groove plate and smooth
plate is shown in Figure 17. For the triangular groove plate, the Reynolds normal stress
component in the direction of flow 〈u′u′〉 is the largest among all the Reynolds normal
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stress components, and the maximum values of the Reynolds normal stress component in
the middle and bottom of the groove are higher than those at the top of the groove. The
reason for this situation is that the distance between the groove top wall and the maximum
value 〈u′u′〉 is very small, and the wall has a strong blocking effect. Moreover, it is located
at the bottom of the viscous layer, and the viscous force has a strong effect, which inhibits
the velocity pulsation. The distance between the walls in the middle and bottom of the
groove and the maximum value of 〈u′u′〉 is much larger than that at the top of the groove,
because here it is the outer layer of the boundary layer, with turbulent development more
fully, while at the same time, because the groove at the bottom of the central position and
relative to the narrow stream flowing section, it has a strong disturbance to the coming
flow. Therefore, the speed fluctuation is larger, caused here along the flow direction of the
Reynolds normal stress component that is very large. By observing the Reynolds stress
distribution of the smooth plate, it can be found that the maximum value of 〈u′u′〉 is
equivalent to that of the top of the groove, but smaller than that of the middle and bottom
of the groove, which indicates that the influence of the smooth plate on the incoming flow
is the same as that of the top of the groove. In the Reynolds stress component of the smooth
plate, the normal stress along the flow direction no longer plays a major role. It can be
seen that the normal stress along the span 〈w′w′〉 is larger than the normal stress along
the flow direction 〈u′u′〉, and the shear stress component along the span 〈u′w′〉 is equal
in size 〈u′u′〉, while in the Reynolds stress component of the groove plate, the values of
the normal stress 〈w′w′〉 and the shear stress along the span 〈u′w′〉 are very small. This
means that grooves have an obstruction effect on the spreading flow in the boundary layer,
which is consistent with the theory described in the second vortex group theory that states
that grooves block disturbances between adjacent grooves and tends to influence the flows
to be stable.
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(3) Wall shear stress

Figure 18 shows the wall shear stress distribution of the triangular groove plate. From
the figure, we find with the increase in velocity, that the wall shear stress increases. The
wall shear stress is periodically distributed along the spanwise of the triangular groove
plate, which corresponds to the periodic arrangement of grooves along the spanwise. In
the triangular groove, the shear stress on the wall surface is not uniformly distributed, but
gradually decreases from the top to the bottom of the groove, while the shear stress tends
to be uniformly distributed in the flow direction.
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To further analyze the wall shear stress, the straight lines along the flow direction were
taken at the top, middle and bottom of the wall of the triangular groove, respectively. The
specific position was at the flow direction x = 0.00375 m, and the span z = 0.00050625 m,
z = 0.000525 m, and z = 0.00054375 m, respectively, and the data on the straight lines were
extracted. The shear stress coefficient distribution curve is shown in Figure 19.
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Figure 19. The shear stress coefficient distribution of triangular groove plate along the flow direction
under different Mach numbers; (a) 0.3 Ma; (b) 0.5Ma; and (c) 0.8 Ma.

As can be seen from the figure, at 0.3 Ma and 0.5 Ma, the wall shear stress coefficient
at the top of the groove was the largest, which was close to that of the smooth plate, and
the shear stress coefficient at the middle and bottom of the wall was significantly smaller
than that at the top of the groove. When the velocity increased to 0.8 Ma, the shear stress
coefficient at the top of the groove exceeded that of the smooth plate, and the shear stress
coefficient in the middle of the groove was similar to that of the smooth plate. This shows
that with the increase in incoming flow velocity, the effect of the triangular groove plate on
shear stress reduction became weaker. Combined with Figure 19a–c, the thickness of the
boundary layer from the top of the groove to the bottom of the groove was increased due to
the presence of a hypotenuse in the triangle. As the height of the inclined wall changed, the
average velocity gradient at the wall also changed spanwise. When the average velocity
gradient decreased gradually from the top to the bottom of the groove, the shear stress
at the wall increased gradually from the bottom to the top of the groove. When the flow
velocity increased, the shear stress increased more with the groove wall near the top.

Figure 20 is the flow velocity cloud picture of triangular grooves on the λ isosurface,
which reflects the three-dimensional structure of vorticity. Figure 21 is the flow vorticity
distribution cloud picture, which is on the span plane. Combined with Figures 20 and 21,
the streamwise vortices mainly existed above the top of the groove, and as can be seen from
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Figure 21, there were vortices with opposite rotation directions above the groove. From
the three-dimensional structure of the vortex as shown in Figure 20, the vortices in the
boundary layer tended to rise upwards, this was because the flow direction vortex pulled
the low-velocity fluid at the bottom of the boundary layer and carried it away from the
wall. Due to the departure of the bottom fluid, the upper fluid of the boundary layer will
flow downward and pour into the bottom, and the relative flow between the different flow
layers will lead to the mixing of the various flow layers in the boundary layer, causing the
exchange of momentum, energy and mass with additional drag. At the top of the groove
wall, there are secondary vortices induced by the streamwise vortices above the groove.
According to the theory of the second vortex group, these secondary vortices can suppress
the rise of the low speed strip in the groove and reduce the burst of turbulence.
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Figure 21. Vorticity cloud picture in the flow direction of triangular groove in the spanwise plane at
x = 0.00375 m.

3.2.3. Rectangular Groove Plate

The calculation conditions are the same as in the smooth plate model.

(1) Velocity distribution

Figure 22 shows the velocity cloud pictures of the rectangular groove plate with
incoming velocities of 0.3 Ma, 0.5 Ma and 0.8 Ma, respectively. The data extraction plane is
located at the plumb surface of the flow direction at z = 0.0005 m.
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Figure 22. Spanwise plane velocity cloud picture of rectangular groove plate under different Mach
numbers; (a) 0.3 Ma; (b) 0.5 Ma; and (c) 0.8 Ma.

There was a great difference between the boundary layer of the rectangular groove
plate and that of the triangular groove plate. On one hand, at the same speed, the boundary
layer thickness of the rectangular groove plate was smaller than that of the triangular
groove plate. On the other hand, there was a thick low-velocity layer at the bottom of the
boundary layer of the triangular grooved plate, while the low-velocity layer at the bottom
of the boundary layer of the rectangular grooved plate was very thin. With the increase in
incoming flow velocity, the change of boundary layer thickness of rectangular groove plate
became smaller.

Figure 23 shows the velocity profile of the rectangular groove and smooth plate at
the normal perpendicular at the flow direction x = 0.00375 m and span z = 0.0005 m. The
velocity profile of the rectangular groove was the same as that of the smooth plate. The
boundary layer thickness of the rectangular groove was the same as that of the smooth
plate, and the velocity gradient at the bottom of the boundary layer was the same as that of
the smooth plate.

Considering the rectangular grooves are longitudinally arranged in the spanwise
direction and extending along the flow direction, there was a height change of the wall
surface in the span. The spanwise plane located at the flow direction x = 0.00375 m was
taken to make the velocity distribution cloud picture, as shown in Figure 24.
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Figure 24. Flow plane velocity cloud of rectangular groove plate under different Mach number;
(a) 0.3 Ma; (b) 0.5 Ma; and (c) 0.8 Ma.

As can be seen from the figure, compared with the triangular groove, the boundary
layer of the rectangular groove began to fit the groove at 0.3 Ma, and this phenomenon
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became more obvious with the increase in the Mach number. Observing the bottom of the
rectangular groove, there was a relatively thick low-velocity bottom layer at the intersection
of the plumb wall and the bottom wall of the groove. This was because the flow at this
point was affected by the spanwise wall and the normal wall at the same time, the blocking
effect was strong, and the low-velocity fluid was retained here.

(2) Reynolds stress

For the analysis of Reynolds stress in the boundary layer of the rectangular groove,
three normal straight lines from near to far from the plumb wall were selected, which were
located at x = 0.00375 m, z = 0.00044625 m, z = 0.00047 m and z = 0.0005 m, respectively. A
flow speed of 0.3 Ma was taken for analysis, as shown in Figure 25.
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Figure 25. Distribution of Reynolds stress in rectangular groove along the normal direction of the
plate at 0.3 Ma; (a) Z = 0.00044625 m; (b) Z = 0.00047 m; and (c) Z = 0.0005 m.

As can be seen from the figure, normal stress along the flow direction 〈u′u′〉 played
a major role in the boundary layer of the rectangular groove, but compared with the
Reynolds stress inside the triangular groove, it can be found that the value of Reynolds
stress inside the rectangular groove was very small. By comparing Figure 25a–c, it can be
found that the Reynolds stress component 〈u′u′〉 near the plumb wall was smaller than
that farther away from the plumb wall at the same height. This indicates that at 0.3 Ma,
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the rectangular groove plumb wall had a strong blocking effect on the incoming flow, and
a strong restraining effect on the upward turbulence pulsation of convective flow, which
reduced the Reynolds stress component 〈u′u′〉 in the boundary layer. In Figure 25a, the
maximum value of the Reynolds stress component 〈u′u′〉 near the plumb wall appeared
later than that in Figure 25b,c, indicating that the plumb wall not only reduced the Reynolds
stress but also delayed the position of the Reynolds stress peak.

(3) Wall shear stress

The wall shear stress distribution of the rectangular groove plate is shown in Figure 26.
The overall distribution of the wall shear stress was similar to that of the triangular groove
plate, which presented a periodic distribution along the span, and the shear stress increased
with the increase in velocity. Inside the rectangular groove, the shear stress on the plumb
wall increased gradually from the bottom of the wall to the top, and the shear stress was
evenly distributed in the direction of flow.
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Figure 26. Wall shear stress analysis of rectangular groove plate under different Mach numbers;
(a) 0.3 Ma; (b) 0.5 Ma; and (c) 0.8 Ma.

For further analysis of the wall shear stress of the rectangular groove, five straight
lines along the flow direction were taken on the wall. The specific positions of the straight
lines were, respectively, in the top step of groove y = 0 m, z = 0.0004271 m, the top, middle
and bottom parts of groove plumb wall z = 0.00044 m corresponding to y = −0.00001 m,
y = −0.00005 m, y = −0.00009 m and y = −0.0001 m, z = 0.0005 m at the bottom of the
groove. The data extracted on a straight line with the drawn shear stress distribution curve
are shown in Figure 27.
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As can be seen from Figure 27, the maximum wall shear stress of the rectangular
groove plate was at the step at the top of the groove, which was higher than that on the
smooth plate. The minimum shear stress coefficient of the rectangular groove was located
at the bottom of the plumb wall, which was less than that of the smooth plate, while at
the bottom of the rectangular groove, the magnitude of the shear stress coefficient was
basically the same as that of the smooth plate.

From Figure 27a–c, we can see that the groove at the top of the step in the boundary
layer thickness was small and the low speed at the bottom of the thickness was less than
the other in the same position. Compared with the boundary layer of the smooth plate, the
thickness of the boundary layer and the thickness of the low-velocity bottom layer at the
top step of the rectangular groove were smaller than those of the smooth plate, therefore,
the shear stress there was larger than that of the smooth plate. Along the plumb wall
from top to bottom, the thickness of the low-speed bottom layer on the plumb wall was
gradually increased. At the bottom of the groove, the thickness of the low-velocity bottom
decreased gradually along the spanwise direction and reached the minimum at the middle
of the bottom of the rectangular groove, where the thickness of the low-velocity bottom
was equivalent to that of the smooth plate. According to the thickness variation rule of the
low-speed bottom layer in the rectangular groove, it can be concluded that the shear stress
of the wall at more than half the height of the groove inside the rectangular groove was
greater than that of the smooth plate, and that the shear stress of the wall below half the
height of the groove was smaller than that of the smooth plate.
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The frictional resistance coefficients of the smooth plate, triangular groove plate and
rectangular groove plate under subsonic flow are shown in Table 3. It can be seen from
the table that compared with the smooth plate, the friction resistance coefficient of the
triangular groove plate was lower than that of the smooth plate at all speeds, showing
the drag reduction characteristics. At 0.3 Ma and 0.5 Ma, the frictional drag coefficient of
the rectangular groove plate was higher than that of the smooth plate. At this time, the
rectangular groove plate showed a drag increase; however, with the speed reaching 0.8 Ma,
the frictional drag coefficient of the rectangular groove plate was lower than that of the
smooth plate, showing a drag reduction characteristic.

Table 3. Frictional drag coefficient of plates with different surfaces at different speeds.

Ma Smooth Plate Triangular Groove Rectangular Groove

0.3 0.007312 0.006767 0.008555
0.5 0.005959 0.005472 0.009364
0.8 0.007727 0.006891 0.007451

Figure 28 shows the flow velocity cloud picture of the rectangular groove on the
λ isosurface, and the three-dimensional structure of vortices on the rectangular groove.
Figure 29 shows the stream-direction vortex of the flow field in the rectangular groove.
The data extraction plane was the plumb plane perpendicular to the stream-direction
x = 0.00375 m. From Figures 28 and 29, the flow of the rectangle grooves’ flat vortex and
triangular groove plate flow vortex distribution can be seen, where a flow to the vortex
mainly existed in the top of the groove, and the vortex also showed a trend of rising but was
different from the triangular groove. The vortex movement in the span was weaker than
that of the triangular groove and this means that the spanwise pulsation of the rectangular
groove was smaller. At the wall of the rectangular groove, only the wall on the top step
had a secondary vortex, which had a weak influence on the spanwise wall, leading to a
weak suppression of burst in the groove.
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4. Conclusions

According to the current research, the frictional resistance of fluid flowing through the
groove surface is smaller than that of fluid flowing through the smooth plate. To explore the
influence of different surface structures on the flow inside the boundary layer at different
speeds, the large eddy simulation (LES) method was adopted in this paper. Based on the
computational fluid dynamics software, Fluent, the plate with a triangular groove and
rectangular groove under subsonic flow were simulated, respectively. Then, the boundary
layer was analyzed from the velocity distribution, Reynolds stress, wall shear stress, and
streamwise vortex, and the following conclusions were drawn.

(1) The triangular groove structure along the flow direction can reduce frictional re-
sistance under subsonic flow, but the drag reduction effect will decrease with the
increase in velocity. The rectangular groove structure has different effects on the
friction resistance at different speeds. The friction increases when the speed is below
0.8 Ma and decreases when the speed is above 0.8 Ma.

(2) By analyzing the velocity distribution, Reynolds stress, and flow vortices of triangular
grooves, it was found that triangular grooves increase the blocking effect of the wall
on the fluid, which is equivalent to increasing the thickness of the viscous bottom layer,
and reduces the velocity gradient near the wall, thus reducing the wall shear stress.
The variation of the height of the groove structure spanwise will affect the thickness
of the boundary layer, resulting in a variation of the shear stress on the wall spanwise,
and also reducing the spanwise component of the Reynolds stress, indicating that the
groove structure weakens the burst on the wall. In addition, the groove structure also
obstructs the spanwise flow and inhibits the occurrence of spanwise disturbance.

(3) The drag reduction effect of the rectangular groove structure will appear only when
the velocity is large enough that the flow vortex moves down into the groove.

According to the flow vorticity analysis, the secondary vortices in the rectangular
groove can suppress the burst of turbulence, thereby reducing the wall shear stress. There-
fore, the drag reduction effect of the triangular groove is better than that of the rectangular
groove under subsonic conditions.
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