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Numerical simulation on drag reduction of revolution body
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Numerical simulations of flow fields on the bionic riblet and the smooth revolution bodies were performed based on the SST
k- o turbulence model in order to explain the mechanisms of the skin friction drag reduction, base drag reduction on the riblet
surface, and flow control behaviors of riblet surface near the wall. The simulation results show that the riblet surface arranged
on the rearward of the revolution body can reduce the skin friction drag by 8.27%, the base drag by 9.91% and the total drag by
8.59% at Ma number 0.8. The riblet surface reduces the skin friction drag by reducing the velocity gradient and turbulent in-
tensity, and reduces the base drag by weakening the pumping action on the dead water region which behind the body of revo-
lution caused by the external flow. The flow control behavior on boundary layer shows that the riblet surface can cut the
low-speed flow near the wall effectively, and restrain the low-speed flow concentrating in span direction, thus weaken the in-
stability of the low speed steaks produced by turbulent flow bursting.
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1 Introduction

Bionic researches found that the animals living in fluid en-
vironment had evolved unique non-smooth surfaces and
unconventional structures with drag reduction function after
a long-term evolution. Results of previous researches
showed that the riblet surface of shark skin can reduce the
swimming drag [1-4]. Fish and Battle [5], and Miklosovic
[6] found that the large protuberances or tubercles located
on the leading edge of humpback whale flipper can increase
lift and decrease drag. Anderson et al. [7] found that scallop
shells exhibit optimization of riblet dimensions for drag
reduction. Many researchers explored the drag reduction
mechanisms of the riblet surface by using experiments, nu-
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merical simulation and theoretical analysis. Luchini et al. [8]
suggested that riblet surface can hamper the lateral compo-
nent of the near-wall flow, and reduce momentum transfer
and wall shear stress. Choi et al. [9], Wang et al. [10] and
Goldstein et al. [11] supported this view by experimental
and numerical investigations.

Most of the researches were performed only to reduce the
surface friction drag. But for the revolution body, the pres-
sure drag has an important effect on the aerodynamic drag.
Our previous researches examined the drag reductions of
bodies of revolution with riblet surface and dimpled surface
by using wind tunnel tests. The results confirmed that the
bionic surface could reduce not only the skin friction drag
but also the pressure drag [12, 13]. However, it is difficult
to explore the mechanism of drag reduction using experi-
ments only. Therefore, in this paper, we conducted a com-
parison analysis of external flow between two revolution
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bodies of smooth surface and riblet surface, respectively. By
numerical simulations with the SST k- turbulence model,
the mechanism of drag reduction of the riblet surface for
viscous drag was explored and pressure drag was discussed.

2 Modeling approach

2.1 Governing equation

The governing equation can be written in the compact uni-
versal form:

¥+div(pu¢) = div(I,gradg)+S,. (1)

Table 1 shows the concrete terms of eq. (1) for a com-
pressible steady state flow.

2.2 Turbulence modeling

The two-equation turbulence models are now widely used in
engineering application, due to their good compromise be-
tween numerical effort and computational accuracy. The
shear-stress transport (SST) k-w model, developed by
Menter [14], is used for fully turbulent simulations, which
can effectively blend the robust and accurate formulation of
the k-@ model (in the near-wall region) with the free-stream
independence of the k-& model (in the far field). For the
transonic flows, the SST k-w model has shown the best
compromise between the physical capabilities and the nu-
merical stiffness [15]. The transport equations governing k
and o take the following form without regarding to the
buoyancy:
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Table 1 The concrete terms of governing equation of flow for a com-
pressible fluid
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where 7; is the turbulent shear stress. The production term
of 7;in eq. (2) and eq. (3) is

2
Ou, , 2( Ou, 2 Ou,
T.——= SE——| —| ——pk—]|. 4

Y ox; sl 3(5)6,{} 37 ox, @

The blending functions F; and F, are defined as

F, = tanh(arg}), (5)
F, = tanh(arg}), (6)
where
4 pk
arg, = min| max Jk ’50(2;1 , P 0”22 , (7)
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The turbulent eddy viscosity can be calculated by the fol-
lowing formula:
k
= __pak (10)
max(a,, 2F,)
The model constants can be calculated by using the F
blending function:

¢=F¢+1-F), (1)

where ¢ represents a generic constant in the k-@ equations
and ¢, represents the same constant in the k-& equations.
The k- model constants are given by

2
o, =085,0., =05 f =00750,y = Lo ok

NV

k=041, =0.09,q, =0.31.
The values of k-& model constants are

2
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k=0.41,4" =0.09.

3 Computational details

3.1 Computational case

Figure 1 shows the dimensions of the revolution body. The
model is 517.5 mm in length, and the maximum diameter is
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Figure 1 Main dimensions of the revolution body.

62.5 mm. The dimensional parameters of the riblet surface
are shown in Figure 2.

3.2 Grids and boundary conditions

The computational domains were meshed using unstruc-
tured hybrid grids based on tetrahedral elements and trian-
gular prism elements. The distance between the first layer
grids and the wall of the revolution body was determined
according to the following equation:

Ay =Y YV (12)
pu, U,

where u, is wall friction velocity, which is given by
- u’ uw Y
cfzzpfzz{ J (13)

pU, U,

Solving eq. (12), we can obtain

J Y — (14)
U_NCy/2

where y* is the dimensionless distance of the first layer from
the wall. The appropriate range of y* for the SST k- tur-
bulence model is y'<35; in our simulations, y'=4. U_ is the

velocity of external flow, which is calculated by

U,=Max~JkRT =278.26 m/s, (15)
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Figure 2 Dimensional parameters of the riblet surface.
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where Ma is the Mach number of flow, k the specific heat
ratio of air, R gas constant, and T absolute temperature. The
values of k and R are 1.4 and 287 m?*/s’K, respectively.

The average friction coefficient E , can be calculated

by the following approximate relationship:

(7_,. /2 =0.037Re, ™" =0.001502, (16)

where Re, is the Reynolds number based on length of revo-
lution body, which is defined as
UL
Re, =——, 17)
v

where L is the length of the revolution body, and v is kine-
matic viscosity coefficient, which can be defined by

, (18)

v—ﬁ—i( T\’ 288.15+C
p  p\288.15 T+C
where 7=301.1 K, p=1.185 kg/m’, and C=110.4 K.

Thus, the distance between the first layer grids and the

wall of revolution body can be calculated as Ay = 0.01

mm and the boundary layer thickness J1is
8=0.035LRe,”"7 =1.835 mm. (19)

Figure 3 shows the unstructured Cartesian hybrid grids
with prismy elements and tetrahedral elements. There are 10
layers of prisms over the surface of the revolution body.
The riblet region with high-density grids was provided,
which can express the variation of the vortexes forming in
the valleys of the two adjacent riblets.

As an axisymmetric body, a quarter of the revolution
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Figure 3 Surface grids and boundary layer grids of bionic riblet region.
(a) The surface grids of the riblet region; (b) boundary layer grids near the
wall.
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body was simulated to reduce the amount of calculation.
Thus, the computational domain could be defined as a
quarter of a cylinder. The dimensions of the computational
domain were 20R,,x10L (R, is the maximum radius of the
revolution body, L the length of the revolution body).

The pressure of far-field boundary condition was used to
model the free-stream compressible at Mach number of 0.8,
the gauge pressure of 100460.6 Pa, and the temperature of
301.1 K. The angle of attack was a=0°.

4 Computational results and analysis

4.1 Computational results
The drag reduction rate of the riblet surface is defined as

R = Comoon ~Covn 10005, (20)

smooth

where Cynoom 1S the drag coefficient of the smooth revolu-
tion body, and Cjp the counterpart of the riblet one. Ac-
cording to eq. (20), the drag reduction rates of the viscous
drag, the pressure drag, and the total drag were obtained.
The results showed that the riblets reduced the viscous drag
of the revolution body by 8.59%, the pressure drag by
8.27%, and the total drag by 9.91%.

4.2 Mechanism of friction drag reduction

The viscous friction stress of the revolution body includes
viscous shear stress and turbulent Reynolds stress, defined
by

L

+
Py H, oy

T=T,+7,=p , (2D

where u is dynamic viscosity coefficient, and z4; is turbulent
viscosity coefficient. The relationship of the instantaneous
velocity v,, the time averaged velocity v, and the fluctua-

tion velocity v' is v =V, +v" The interpretation of the

skin friction drag reduction mechanism should be based on
eq. (21).

Figure 4 shows the wall shear stresses of the riblet revo-
lution body and the smooth one. Evidently, the wall shear
stress of the riblet region was reduced observably. Figure 5
compares the velocities of the same location near the wall
for the riblet and the smooth revolution bodies, which gives
the reason of the wall shear stress reduction of the riblet
surface. From Figure 5(a) and (b), we can see that the flow
speed near the riblet wall is visibly lower than that of the
smooth counterpart. In Figure 5(b), 5" was defined as

Ay
St="2, 22
5 (22)
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where Ay is the distance from monitoring point to the wall
of the model, and ¢ the boundary layer thickness. From
Figure 5(b), we can deduce that the riblet surface can reduce
the velocity gradient of flow field near the wall, and in-
crease the viscous sublayer of the boundary layer. Therefore,
the viscous shear stress item of eq. (20) is reduced.

According to the physical origin of Reynolds stress, we
know that the speed pulsation intensity can reflect the scale
of Reynolds stress. Moreover, the speed pulsation intensity
can be expressed by turbulent intensity, which is the ratio of
the root mean square of the pulsation speed and the time-
averaged velocity. Figure 6 compares the turbulent intensi-
ties and the turbulent kinetic energies of the riblet and the
smooth revolution bodies. From Figure 6, we can draw that
the Reynolds stress is reduced. That is because the turbulent
intensity near the riblet surface is lower than that of the
smooth counterpart, and the turbulent kinetic energy near
the riblet surface consumed by the turbulent fluctuation is
lower than that of the smooth surface.

In summary, the bionic riblet surface can reduce the vis-
cous shear stress and the Reynolds stress simultaneously.
Therefore, the friction drag of the riblet revolution body can
be reduced evidently.

4.3 Mechanism of pressure drag reduction

The pressure drag of the revolution body includes the base
drag and the shock wave drag. The base drag can be calcu-
lated by

Py, — Py
%pinSM
where S, is the area of the revolution body base, and Sy, is the
maximum of the revolution body cross section. Figure 7(a)
and (b) compare the base pressures of the riblet and the
smooth revolution bodies. The results indicate that the base
pressure near the bottom of the riblet is higher than that of
the smooth one. Namely, the riblet surface reduces the
pressure difference of the revolution body. Accordingly, the
pressure drag is reduced remarkably.

Cp=- Sy, (23)

4.4 Analysis of turbulent boundary layer control util-
izing the riblet surface

Figure 8 compares the streamline on the riblet and smooth
surfaces of revolution bodies. Obviously, the streamlines of
the riblet revolution body are more uniform than those of
the smooth one, indicating that the riblets arranged on the
rearward of the revolution body cut the flow near the wall
of revolution body. We can deduce that some small second
vortexes located inside the valleys of the two adjacent rib-
lets, and the streamwise vortices flow through the revolu-
tion body over the second vortexes. Finally, we can
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Figure 4 Comparison of the wall shear stresses for the riblet and the

smooth revolution bodies.
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conclude that the spanwise vortices are suppressed, and the
streamwise velocity fluctuations are decreased.

The small second vortices produced in the valleys of the
two adjacent riblets increase the distance between the
streamwise vortices and the wall of revolution body, then
increase the boundary layer thickness, and finally weaken
the pumping action on the dead water region behind the
revolution body caused by the external flow.
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Figure 5 Comparison of the velocities near the wall for the riblet and the smooth revolution bodies. (a) Contour of velocity; (b) velocity of the same location.
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Figure 6 Comparison of turbulent intensities and turbulent kinetic energies of the riblet and the smooth revolution bodies. (a) Turbulent intensities; (b)
turbulent kinetic energies.
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Figure 7 Comparison of the base static pressures for the riblet and the smooth revolution bodies. (a) Base static pressures of the revolution bodies (D is the
diameter of the revolution body); (b) Contours of static pressure.
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Figure 8 Comparison of wall trace lines for the riblet and the smooth
revolution bodies (Ma=0.8).

5 Conclusions

In the view of the results of the presented numerical simula-
tion with the SST k- model, the following conclusions are
drawn.

(1) At the Mach number of 0.8, the riblet surface ar-
ranged on the rearward of the revolution body can reduce
the viscous drag by 8.27%, the pressure by 9.91%, and the
total drag by 8.59% in the synthesis.

(2) The basic reason of the reduction of skin friction drag
is that the riblet surface controls and corrects the boundary
layer. In a word, the spanwise vortices are suppressed, and
the turbulence burst strength is decreased. Therefore, the
two drag elements composing the skin friction drag are si-
multaneously reduced.

(3) The mechanism of the pressure drag reduction is that
the riblet surface weakens the pumping action on the dead
water region behind the revolution body caused by the ex-
ternal flow.
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