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Abstract; Drag reducing and increasing mechanism on riblet surface has been studied through computational fluid
dynamics (CFD). Drag reduction is achieved through the optimization of riblet geometry which would affect flow
structure inside riblet grooves. Force and flow structure on riblet surface are analyzed and compared with those of
smooth surface based on the k¢ turbulence model. Drag reducing and increasing mechanism is proved to be related
to microvortexes induced inside riblets which lead to Reynolds shear stress reduction significantly and is considered
to be the dominant factor resulting in wall friction reduction. Simulation results also show that the pressure drag
generating from the deviation of static pressure on the front and rear ends of riblets occurs and grows exponentially

with Mach number, which can cause drag increasing. Furthermore, near-wall vortical structures, Reynolds shear
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stress and static pressure on riblet surfaces are also analyzed in detail.
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1 Introduction

Riblet surface on fluid drag reduction has
been a field of intensive research due to its signifi-
cant impact on energy saving and drag reduction.
There are many engineering applications in aero-
nautics, marine, ground vehicles, and in pipe-
lines as well those can be greatly benefited from
any significant amount of drag reduction. Aiming
at maximizing the net drag reduction, considera-
ble efforts have been devoted to the theoretical
understanding of drag reduction mechanism and
the development of an optimum shape of riblets.
Suzuki et al'"? thought the mean velocity profile
in viscous sublayer would be modified, which
played a significant role on reducing the drag, and

measured the velocity field in triangular riblet
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region. While Vukoslavcevic et al®* used hot-
wires in their measurements. Static pressure dis-
tribution in the riblet grooves should generate
exclude additional forces in the streamwise direc-
tion". Vortices induced in the riblet grooves
(called the "Second Vortex” theory in some refer-
ences) are considered the most important factor
to analyze the mechanism of the turbulent drag
reduction over riblet surfaces™. Thanks to the
experiments and simulations carried out by many
laboratories, the development of optimum shape
of riblets is available, including different cross-
section shapes, 1i. e.., triangular, rectangular,

trapezoidal, sawtooth, and scalloped ones-"'-,

[12]

Luchini et al''"* suggested that riblet surface can
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hamper the lateral component of the near-wall
flow, and wall shear stress. Choi et al""* suppor-
ted this view by experimental investigations.

U4 studied experimentally the flow velocity

Wang
and turbulent characteristics on riblet surface to
explore the drag reduction mechanism in water
tunnel. Yu et al"” developed a numerical method
to study drag reduction mechanism on a symmet-
ric V-groove spaced triangular and valley curva-
ture riblet surface. But, most of the researches
merely focused on the reduction of surface friction

[5] For the riblet surface, the pressure drag

drag
resulting from the deviation of static pressure has
an important effect on the drag of friction in high-
speed air flow. However, numerical techniques
have still lagged experimental studies due to the
lack of computational resources, especially for the
numerical simulation of drag reduction on riblet
surface in high-speed air flow.

The objective of the present study is to pro-
pose a simple and accurate numerical treatment
for the flow characteristics inside the riblet
grooves through computational simulation which
was often adopted to study the flow characteris-

16l and to analyze

tics for high-speed air flow
drag reducing and increasing mechanism on trian-
gular riblet surface. The proposed method in this
paper is to avoid the heavy computational effort
needed in mapping techniques and the excessive
grid clustering near the riblet surface as well. In
addition, the method is intended to be used for
perpetual computations for different geometrical
parameters while the Mach number ranging from
Ma= 0. 05 to Ma =0. 95. For this purpose, a
finite volume code is modified to reconstruct the
cells near the riblet and a second-order upwind
discretization is used in calculation at the newly
constructed surfaces. The reliability of the meth-
od is judged by comparing the results with those
of experimentst'™, The underlying changes along
with mach number inside riblet grooves are pres-

ented to explain the mechanism of drag reduction

and increase.

2 Numerical Approach

Numerical simulations based on k- turbu-
lence model are conducted to study the flow char-
acteristics in thin triangular riblet grooves. The
k¢ turbulence model is proved to be a useful tool
for the understanding of mass transfer and Reyn-
olds stress in momentum equation in turbulence

[18]

boundary layer of high-speed air flow""®' compared

with the k- turbulence model which is based eas-
ily on the method of the near wall function"""’.
The flow characteristic is described by the distri-
butions of velocity field, mass transfer, static

pressure and Reynolds shear stress.
2.1 Treatment of cut cell

The challenge in the present study is to treat
an infinitesimal body whose thickness is less than
the nominal grid sizes. Schematic description of
the problem is shown in Fig. 1. Such tiny riblets
can be represented in rectangular coordinate sys-
tem. To avoid the heavy computational effort fol-
lowed by mapping techniques and the excessive
grid clustering near the riblets surfaces as well, a
modified calculation unit is adopted to simulate
the flow characteristics inside riblet grooves, as

shown in Fig. 1.

Fig. 1  Riblet configuration described by five variable

parametres

With the inclusion of the riblet surface and
smooth surface inside the domain, the calculation
unit is shown in Fig. 2. Force analysis focuses on
four different parts of the riblet surface compared
with a smooth surface. Furthermore, the flow
characteristic parameters on every part of the rib-
let surface can also be obtained.

A transverse view of the numerical grid in
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Fig. 2 Transverse view of numerical grids

the vicinity of riblets is shown in Fig. 2 for the
thin triangular riblet surface.

2.2 Computational details

The computational domain has a dimension
of 120 pm X 100 pm, which is relatively larger
than the minimal riblet groove unit. The riblets
are described with four geometrical parameters
despite of their various geometry. In this paper,
nineteen cases with certain geometry have been
studied while Mach number ranging from Ma =
0.05 to Ma = 0. 95 with interval of 0. 05. Re-
normalisation group (RNG) k- turbulent model
is used with consideration of pressure gradient.
To avoid the false diffusion effect, quadratic up-
stream interpolation for convective kinetics
(QUICK) format is used in the numerical meth-
od. No-slip boundary conditions on the channel
wall are adopted. Calculation range of geometric
parameter ¢ is set from 60° to 120°, and riblet
depth d from 10 pym to 100 pm, respectively.
Moreover, computational domain field covers

X: 060 pm; Y: 10100 pm

Equation solver adopts Fluent 6. 3. 26, pres-
sure based and Green-Gauss node based cases.
The fluid medium is air, with standard initial
conditions (101 325 Pa, 25 °C). Convergence
standard is 10~ ° for continuity equation, others
107,

The calculating object has 16 875 cells,
34 025 faces, and 17 151 nodes in the directions.
Uniform meshes are used in every calculation
cases. To obtain credible results, grid-independ-

ent verification is conducted to study the effect of

grid size on distribution of wall static pressure

and shear stress through comparision of four
groups of meshes with densities of 50 625,
60 241, 68 527 and 76 257, respectively. Results
indicate that the distribution of wall static pres-
sure and shear stress almost remains the same
when computational grid is encrypted from 68 572
to 76 257, with deviation of 0. 8% wall static
pressure and 1. 5% wall shear stress. Thus, the
computational grid with density of 68 572 is a-
dopted in this paper.

The number of grid points near the wall and
inside the grooves is much larger than that of the
slowly-changed flow region. The no-slip bounda-
ry condition is adopted in simulation cases. The
turbulent flow is assumed fully developed over
the riblets so that the inlet/outlet boundary con-
ditions are simply assigned in the directions. The
fluid material is defined as compressible gas. The
Courant number is 1 000, which is already fully
convergent with high efficiency after 100 itera-
tions.

In the case with Ma=0. 2, the residual value
for each variable degrades below 10 °*, judging
that the calculation is fully convergent. The
residual value curves of monitored parameters are
presented in Fig. 3.

Residuals
Continuity

x-velocity k
y-velocity Epsilon

z-velocity

10°
0 100 200 300 400 500 600 700 800 900 1 000
Iteration

Fig.3 Residual monitors of continuity, x-velocity, y-

velocity, energy and nut (convergence criterion)

3 Results and Discussion
3.1 Force analysis

Force on riblet surface is analyzed in detail.
Viscous force and pressure force are considered as
the two main forces applied on the surface. On a
smooth surface, pressure drag is zero because no

microvortical structure generates on the smooth
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surface, which will cause deviation of static pres-
sure on the front and rear ends of the riblets.
Viscous force is now the total force, and due to
the strong shear on the smooth surface, skin fric-
tion is totally composed of viscous force. On rib-
let surfaces, an obvious phenomena is that micro-
vortex will be induced in riblet grooves, which
greatly degrades the strong wall shear. And, vis-
cous force resulting from the shearing at solid-va-
por interface is correspondingly decreasing, which
is the main factor of drag-reduced riblet surfaces.
Meanwhile, pressure drag is caused by the devia-
tion of static pressure, high pressure at the front
end of riblets, and low pressure zone at the rear
end of riblets. Besides, it is related to the induced
microvortex in riblet grooves. Microvortex affect-
ed by the riblet geometry will have an influence on
static distribution and pressure drag. Especially, in
high-speed air flow the microvortex formed in riblet
grooves significantly affects the skin friction, whose
characteristics are also closely related to viscous force
and pressure force. It is thus necessary to study the
microvortex on riblet surfaces.

Taking the flow Mach number Ma=0. 8 for
instance, flow of microvortex is shown in Fig. 4.
The microvortex center leans to the front end of
riblet, resulting in high pressure zone in this
area. When Ma=0. 8, the average line speed of
microvortex is estimated to be 42. 8—57.0 m/s
approximately. High-speed rotation of microvor-
tex is due to energy and momentum transfer at
the turbulence boundary layer. And the linear
speed and wall shearing are greatly degraded
compared with those of a smooth surface, thus
causing viscous drag reduction. Table 1 shows
the force on smooth surface and riblet surface
when Ma = 0. 8. On smooth surface, pressure
force is zero when there is no static pressure dis-
tribution deviation and viscous force is about
1.6 X107 % N. So. total force on a smooth surface
is equal to viscous force with the value of 1. 6 X
107% N. On the riblet surface, pressure force is a-
bout 2. 5X 107 % N due to the static pressure dis-
tribution deviation, and viscous force is about
13.1X10°% N, which is obviously degraded. It

can be found that the total force is less than that
of smooth surface. Riblet structure significantly
degrades the surface force.

100 m/s

80 m/s

60 m/s

40 m/s

20 m/s

Sm/s

Fig. 4 Microvortex induced in riblet grooves

Table 1 Force analysis on riblet surface 10 ° N

Surface  Pressure force Viscous force Total force
Smooth 0 16.1 16.1
Riblet 2.5 13.1 15.6

3.2 Drag reducing and drag increasing cases

The code is validated by simulation using a
certain geometry riblet surface and compared with
the smooth surface. Wall friction generates from
the intense shear when high-speed air flows over
the wall. Joseph and Kel*#"! emphasized that the
fluid speeds in the drag reducing regime were
comparable to the speed of shear wave propaga-
tion. On riblet surface, the Reynolds shear stress
drops owing to the effect of vortices induced in-
side riblet grooves as shown in Fig. 4. The valleys
in Fig. 5(a) and Fig. 6 (a) show the degraded zone
of Reynolds shear stress to nearly zero which is
the dominant factor resulting in drag reduction.
Meanwhile, on riblet surface an additional force
will generate in the streamwise direction since the
dissipation of static pressure exists inside the
grooves. Besides, a low pressure zone and a high
pressure zone occur on the riblet surface. The
pressure differences bring forth additional forces
which is significantly related to Mach number as
well as the shape and size of riblets. The balance
of drag reduction due to degradation of Reynolds
shear stress and additional force resulted from
zone located at the front end is about 4. 9 kPa.
The additional force relies on the pressure differ-
ence which shows significantly inconsistency in

both drag reducing and drag increasing cases.
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Fig.5 Dissipation of Reynolds shear stress and static

pressure on riblet surface when Ma=0. 2 (Drag
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Fig. 6 Dissipation of Reynolds shear stress and static
pressure on riblet surface when Ma=0. 8 (Drag

increasing case)

3.3 Reynolds shear stress

Reynolds shear stress is plotted in Fig. 5(a)
for the drag reducing case where the stress is sup-
pressed due to vortices induced in riblet grooves
as shown in Fig. 4. Reynolds shear stress is
greatly weakened compared with that on the
smooth surface both in drag reducing and drag in-
creasing cases. The curve valley of Reynolds
shear stress is identical and the curve shifts up
when close to the end of grooves. Accordingly,

wall friction will decrease resulting in drag reduc-

tion in the case of optimized riblet surface.

3.4 Static pressure and pressure drag

Distribution of static pressure is modified
over thin triangular riblet surface. High pressure
zone and low pressure zone at several locations of
riblet grooves are verified, which results in the
exclude additional forces on riblet surface. The
force generates from the deviation of static pres-
sures on the front and rear ends of a riblet
groove.

Fig. 7 illustrates the distribution of wall stat-
ic pressure on smooth surface and riblet surface
when Ma=0. 8. Regardless of Mach number, it
would be almost the same distribution as that of
static pressure. In the simulation, the value of
center pressure of high pressure zone located at
the rear end of groove is 19. 0 kPa, while the val-
ue of low pressure on triangular riblet surface is
4 943 Pa.

would lead to the wall friction up and down.

Consequently, pressure differences

s,/ pm

03 4 5 6 7 8

s,/ pm

Fig. 7 Dissipation of wall static pressure on smooth

surface and riblet surface when Ma=0. 8
Moreover, dissipation of Reynolds shear
stress and static pressure in drag reducing and in-
creasing cases are shown in Figs. 5, 6. In spite of
Ma, Reynolds shear stress is obviously degraded.
But pressure difference shows exponential growth
along with Ma. The gap between peak and valley
of static pressure on riblet surface is increased and
the additional pressure drag is bigger than the de-
creased wall friction due to the degradation of
shear stress.

The pressure values on riblet surface increase
significantly with the growth of Ma, as shown in
Fig. 8.
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Fig. 8 Growth of maximum static pressure in the cen-

ter of high-pressure zone when Ma=0-—0. 95

The increase of static pressure with Ma fits
an exponential function, which can be described
as follows

y=2 438 « exp(x2/0.3) —2 784 @D
where y is the maximum static pressure and x the
Mach number. A drag increasing trend, especial-
ly of the pressure drag, exists due to the signifi-
cant growth of static pressure along with Ma. In
different simulation cases, the distribution of
static pressure remains the same, especially the
exponential growth of center static pressure. It is
independent of riblet geometry. The coefficients
Ay, t1, y, however are closely related to the riblet
geometry. Different riblets affect the distribution
of static pressure, which is the main reason to op-
timize the configuration parameters of riblets.
Distribution of static pressure and pressure drag

will change when the shape and size of riblets va-

ry.
4 Conclusions

Research on viscous drag reduction becomes
more and more important nowadays due to the
shortage of fossil fuel and its high prices. Riblet
surface, as one of successful and reliable passive
techniques on drag reduction and increase, is in-
vestigated numerically in this paper. The accurate
numerical treatment based on ¢ turbulence mod-
el for thin triangular riblet surface at high-speed
air flow is proved to be an efficient method to
study the characteristics of flow and drag reduc-

ing and increasing mechanism. Several typical

simulation cases are adopted to explore drag re-
ducing and increasing mechanism through flow al-
teration analysis. Microvortex induced in riblet
grooves will greatly reduce the viscous force and
correspondingly pressure force resulting from the
deviation of static pressure occurs, which leads to
drag increase. In this paper, force analysis on rib-
let surface is performed and compared with
smooth surface. With the triangular riblets
aligned on the surface, the shear stress will be
significantly decreased and leads to an obvious
valley on the curve of distribution of wall shear
stress. Accordingly., drag reduction would result
from the decreased shear stress. The additional
force generating from deviation of static pressure
on the front and rear ends of the riblet groove will
lead to pressure drag increase, showing exponen-
tial growth with Mach number.

The proposed numerical method in this paper
is useful and efficient for triangular riblet surface
on drag reducing and increasing mechanism and

flow structure analysis.
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