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ABSTRACT 

Various riblet shapes are simulated through the computational fluid dynamics method for the elucidation of 
riblet effects on turbulent boundary layers and skin friction reduction. For the different shapes, seven typical 
riblet models are investigated by using renormalization group k-epsilon turbulence models. Simulation results 
are consistent with the existing theoretical data regarding flat plate and experimental results obtained from the 
riblet shapes. The riblet velocity profiles cannot satisfy the existing von Kármán’s constants in the 
logarithmic law boundary layer. The slope and intercept of the logarithmic law are strongly affected by 
geometric parameters and riblet shapes, and the effect of geometric parameters can be modeled. Meanwhile, 
the effects of riblet shapes can be modeled with a shape factor composed of a nondimensional cavity ratio and 
nondimensional top flatness. Therefore, a uniform model of the boundary layer can be obtained to illustrate 
the effects of various riblet shapes. 
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NOMENCLATURE 

B von Kármán’s constants 
F surface roughness 

h riblet height 
h+ nondimensional height 


0h characteristic riblet height 

pch cross-flow protrusion height 

plh longitudinal protrusion height 
k the reciprocal of κ 
N1 grid numbers  
N2 grid numbers 
Nx grid numbers in streamwise direction 
Ny grid numbers in normal direction 
Nz grid numbers in spanwise direction 
s riblet spacing 
s+ nondimensional spacing 
u mean velocity

uτ friction velocity 
u+ nondimensional velocity 



rτ
u wall shear velocity at the virtual origin

ν viscosity 
y normal distance of the wall 
y+ normal distance of the nondimensional wall  
y0 virtual origin 
ym location of the maximum turbulent kinetic 

energy production 

α maximum velocity shift 
U  shift of the logarithmic law region 

h  characteristic riblet height 
κ von Kármán’s constants 
τw shear stress 

1. INTRODUCTION

A riblet emulates the skin of fast-swimming sharks 
and has commercial value and resource 
conservation effect. A bionic riblet structure is 
formed by orderly arranged riblets (Dean B. et al. 
(2010)), which change the near-wall turbulent 
structure and decreases drag. Riblets have been 

widely used in ships, aerospace (Lee S.J. et al. 
(2005)), pipeline transportations (Vijiapurapu S. et 
al. (2007)), and wind turbine blades (Arndt R. et al. 
(2012); Zhao M. et al. 2017a, 2017b ). 

Many researchers from different fields investigated 
bionic riblets and drag reduction. Fluid dynamic 
experiments were performed in many successful 
works. For instance, Walsh et al. (1982) conducted 
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a hot wire experiment by using several longitudinal 
grooves; they found that various riblet shapes lead 
to drag reduction and can be expressed by 
nondimensional height h+ and nondimensional 
spacing s+. 

,  
hu su

h s 

                                                    (1) 

where h is the riblet height from bottom to top, s is 

the riblet spacing, 




wu   is the friction velocity 

based on wall shear stress τw, and ν is the viscosity. 
Park and Wallace (1994) used a single-sensor 
miniature hot wire probe to measure the velocity of 
symmetric V-shaped riblets in different locations, 
and they were able to obtain a drag reduction ratio 
of 4%. Kim et al. (2016) studied the hierarchical 
structure of nanostructures on microriblets; they 
found that the drag reduction mechanism involves 
the air-layer effect induced by nanometer structures 
and secondary vortex by microriblets. 

Various riblet shapes were studied through 
computational fluid dynamics method (Huang W. et 
al. 2012, 2013). Launder and Li (1993) utilized a 
two-equation turbulence model to compare the V-, 
U-, and blade-shaped riblets with one another. 
Among the three shapes, the V-shaped riblets 
exhibited the best performance. Pollard et al. (1996) 
used control-volume finite-element simulation to 
simulate thin blade-shaped and V-shaped riblets; 
Their results indicated that riblets are required to 
ensure a thicker boundary layer than typical viscous 
laminar flow and the transient momentum 
exchanges between the inner and outer region 
motions that are associated with quasi-streamwise 
vortices must be minimized. Peet et al. (2008) 
employed the large eddy simulation for sine-shaped 
riblets, which performed better than straight riblets 
with respect to drag reduction. 

Drag reduction mechanisms were studied at 
different aspects (Bacher E. and Smith C. 1985; 
Bechert D.W. and Bartenwerfer M. 1989; Pan J.Z. 
1996). For instance, drag reduction is associated 
with turbulent boundary layers, and this association 
is reflected by velocity profiles. The logarithmic 
law layer for flat plate is described as follows: 

ln  u k y B                                                       (2) 
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where u+ is the nondimensional velocity, y+ is the 
normal distance of the nondimensional wall, u is the 
mean velocity, y is the normal distance of the wall, 
 and B are the von Kármán’s constants, and k is 
the reciprocal of  . The general values of the von 
Kármán constants are defined as follows: 

0.4~ 0.42 , 5.0 ~ 5.5B                           (4) 

The value of slope k is  

2.38 ~ 2.5k                                                      (5) 

Walsh et al. (1982) and Park and Wallace (1994) 

supported the von Kármán constants in Eq. (4) 
through hot wire experiments. Choi et al. (1993) , 
Boomsma and Sotiropoulos (2015), and Martin and 
Martin and Bhushan (2016) obtained the velocity 
profile for flat plate through simulations, which also 
supported the von Kármán constants in Eq. (4). 

For the riblet surface, Choi et al. (1993) studied 
various mean velocity profiles normalized by wall 
shear rates. Sawyer and Winter (1987) presented a 
modified representation model where the velocity 
profile is defined as follows: 
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(6) where y0 is the virtual origin defined as 
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, ym is the location of the maximum 

turbulent kinetic energy production, 

rτ
u is the wall 

shear velocity at the virtual origin, and F is the 
surface roughness parameter, which is a positive 
value for drag reduction cases. Tani (1988) found 
that F is associated with nondimensional riblet 
height. Aupoix et al. (2012) proposed the following 
expression of the logarithmic law: 

1
ln     u y C U

                                (7) 

0.41 5.2 C                                                 (8) 

where U  is the shift of the logarithmic law 
region caused by riblets. Through the study of six 
different V- and U-shaped riblets, the velocity shift 
was represented by the following parabola: 

0

( )     U h h h                                              (9) 

where 
0

h  is the characteristic riblet height, which 

separates the drag reduction from the rough 
regimes, and α is the maximum velocity shift. 
Bechert et al. (1997) proposed another expression, 
specifically, 

0.785   U h                                                 (10) 

where h  is the nondimensional protrusion height. 




 

hu
h 

 ,   
pl pc

h h h                                      (11) 

where Δh is the protrusion height, plh  is the 

longitudinal protrusion height, and pch  is the cross-
flow protrusion height. Mayoral and Jiménez 
(2011) demonstrated that velocity profile shift has a 
similar function in logarithmic law: 

   U h , 0.66                                        (12) 

The riblet velocity profile can be applied for 
improvement of wall function and turbulence 
models. By redefining the slope and intercept in the 
logarithmic law layer, the effect of riblets can be 
modeled for the reduction of calculation cost. In 
traditional perspectives, the intercept of the velocity 
profile in the logarithmic law  layer  is  emphasized,  
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Table 1 Sizes of various riblet shapes 
Model Shape R(mm) s(mm) h(mm) 

29 V-shaped —— 0.51 0.25 
37 Peak curvature 0.25 —— —— 
44 Valley curvature 0.12 0.51 0.25 
45 Valley curvature 0.25 —— —— 
47 Valley curvature 0.20 0.51 0.25 
51 Miscellaneous —— 0.51 0.25 
52 Miscellaneous —— 1.02 0.25 

 

 

and the reciprocal of the slope is set such that it is 
equal to von Kármán’s constant. However, the 
entire velocity profile changes according geometric 
riblet shape. Therefore, we focused on determining 
the changing rules of intercept and slope that are 
related to the geometric parameters and riblet 
shapes. 

The rest of this paper is organized as follows: the 
simulation methods are presented in Chapter 2, and 
the flow fields of various riblet shapes are described 
in Chapter 3. Then, drag change ratio, wall shear 
stress, and near-wall vorticity magnitude are 
analyzed. Analysis performed on the velocity 
profiles of various riblet shapes is presented in 
Chapter 4. A uniform model is proposed for the 
characterization of these profiles. Finally, 
conclusions are presented in Chapter 5. 

2. SIMULATION METHODS 

2.1 Computational Domain 

The flow geometry is obtained through a 
three-dimensional computation, as shown in 
Fig. 1. A streamwise direction length of 2 m is 
required for complete development of the 
turbulence flow. The normal direction length 
is 0.5 m. The upper boundary has no effect on 
the turbulent boundary layer. Meanwhile, the 
inlet and upper boundaries are the velocity 
inlets, whereas the lower boundary is the flat 
plate or riblets. The outlet boundary is the 
outflow. The periodic boundary condition is 
used in the spanwise direction. The x, y, and z 
axes are the streamwise, normal, and spanwise 
directions, respectively. 
 

 
Fig. 1. 3D computational domain. 

 
2.2 Riblets Geometry Model 

Different riblet shapes contain the following riblet 

parameters: riblet height h, spacing s, and radius R. 
To compare with the experiments of Walsh et al. 
(1982), we selected seven different riblet shapes 
(Fig. 2), each with three geometric parameters, 
which are provided in Table 1. 
 

Fig. 2. Cross-sections of different riblet shapes. 

 

2.3   Mesh Spacing 

A structural mesh is used for the entire 
computational domain, as shown in Fig. 3. For 
Model 37, 0.05 mm is added to the geometric 
structure to adjust the mesh in the spanwise 
direction because the cross-section is the tangent of 
the curve. The meshes are refined such that 1y   

at the first layer grid height. To validate the mesh 
independence, two sets of grid numbers (N1 and N2) 
for one riblet are provided in Table 2, where Nx is 
the streamwise direction, Ny is the normal direction, 
and Nz is the spanwise direction. The results of grid 
numbers N1 and N2 show no apparent difference, as 
shown in Figs. 4, 5 and 6, and the starting position 
is at y = 0 in the normal direction, that is, the 
bottom of the riblets. Therefore, the independent 
grid is validated, and then the fine N2 meshes are 
adopted in the subsequent tests. 
 
2.4   Numerical Method 
Renormalization group (RNG) k-epsilon is used 
along with enhanced wall function turbulence 
models (Huang W. et al. 2015, 2017). An all-speed 
Roe scheme (Li X.S. et al. 2014, 2016; Ren X.D. et 
al. 2017) developed from the preconditioned Roe 
scheme  (Huang  D.G.  et al.  2006,  2007,  2008)  is  
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Table 2 Grid parameters 

Type 
1

  
x y z

N N N N  Mesh number (billion) zyx NNNN 2
 Mesh number (billion) 

Flat plate 201×76×6 0.11 —— —— 

Model 37 201×65×9 0.14 501×91×14 0.65 

Model 44 201×51×8 0.09 501×101×12 0.65 

Model 45 201×71×10 0.18 501×101×12 0.75 

Model 47 201×51×8 0.12 501×101×12 0.65 

Model 51 201×51×10 0.11 501×101×14 0.76 

Model 52 201×51×14 0.15 501×101×22 1.10 

 

 
Fig. 3. Details of the mesh for the flat plate and various riblet shapes. 

 

 

adopted in the discretization Navier-Stokes 
equations along with weighted essentially non-
oscillatory reconstruction methods (Su X.R. et al. 
2013a, 2013b, 2013c) for high-order accuracy. 

3. FLOW FIELD OF VARIOUS RIBLET 

SHAPES 

3.1 Drag Change Ratio 

The extents of drag reduction in various riblet 
shapes were compared with the experimental results 
(Walsh M.J. 1982) in Figs. 4–6. The riblet drag 
effect was indicated by the drag change ratio 

defined as 
 

R F

F


 

ratio

D DD
D

D D
, where DR is the 

drag of the riblets, and DF is the drag of the flat 
plate. When the drag change ratio was negative, the 
drag decreased. 

The simulation results were consistent with the 
experiments. The drag change ratio generally 
increased with h+, except in Model 51. In Models 
44, 45, 47, and 52, the drag change ratios changed 
significantly in the entire h+ range. Models 44, 45, 
and 47 showed significant drag reduction at low h+, 
whereas the decrease in the drag of Model 52 was 
negligible. In Models 29, 37, and 51, the ratios 

changed slightly in the entire h+ range. Models 29 
and 51 showed drag reduction effects in the same 
range. Drag in Model 37 increased with h+.  
 

 

Fig. 4. Drag change ratio of Models 29, 37, and 
45. 

 
The flow fields of various riblet shapes were 
analyzed in the next sections. The inlet velocity 
was set to 7.5 m/s and thus h+ was 6. The cross-
section was set to 1.5 m at the streamwise 
direction. 

The wall shear stress of flat plate is uniform at the 
spanwise direction, whereas the various riblet 
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shapes are not. The cross-sections of the various 
riblet shapes presented different wall shear stress 
distributions. The low wall shear stress region is 
defined as the region where the wall shear stress is 
less than or equal to the flat plate, whereas the high 
wall shear stress region. 

 

 
Fig. 5. Drag change ratio of Models 44 and 47. 

 

 
Fig. 6. Drag change ratio of Models 51 and 52. 

 

 
Fig. 7. Wall shear stress distribution. 

 
3.2 Wall Shear Stress 

Figure 8 shows the contours of the wall shear 
stress. The high wall shear stress region was 
located at the top of the riblet, whereas the low 
wall shear stress region was situated near the 
bottom of the riblet. The wall shear stresses of 
the flat plate and riblets had no uniform 
distribution at the streamwise direction. The wall 
shear stress decreased when the length of the 

streamwise direction increased. The entrance of 
the wall shear stress was larger than the other 
regions at the streamwise direction because the 
inlet velocity influenced the entrance. The wall 
shear stress of flat plate was uniform at the 
spanwise direction, whereas those of the riblets 
were not. The wall shear stresses of the riblets 
varied with riblet shape. 

3.3 Near Wall Vorticity Magnitude 

The contours in Fig. 9 reflect the near-wall 
vorticity magnitudes of the flat plate and the 
various riblet shapes. The near-wall location was 
at 50y  . The vorticity magnitude of the flat 

plate was uniform at the spanwise direction, 
whereas that of the riblet was not. The vorticity 
magnitude value of the flat plate was initially 
high at normal distance. The vorticity magnitude 
of the flat plate started to decrease when normal 
distance increased. The state of riblets vorticity 
magnitude was the process from low in the 
bottom of the riblets to high with the normal 
distance increasing, and reaches the maximum 
values near the top and then reduces.  

3.4 Two Geometry Factors REflecting 
Riblet Characteristics 

The above discussions indicate that the wall shear 
stresses of riblets are closely related with the 
cavity volume, which reflects the low wall shear 
stress region, and tip shape, which reflects the 
high wall shear stress region. Therefore, two 
nondimensional geometry parameters, namely, 
the cavity ratio   and top flatness  , are 

defined as follows: 

W

R

V

V
α                                                                 (13) 

90





                                                               (14) 

where VR is the cavity volume filled with fluids, VW 

is the cavity volume that includes the wall, and β  is 

the averaged angle of the top 20% height, as shown 
in Fig. 10. 

4. BOUNDARY LAYER AND MODEL 

4.1 Velocity Profile 

The velocity profiles were analyzed by obtaining 
the cross-section at 1.5 m at the streamwise 
direction for the evaluation of different riblet shapes 
on the turbulent boundary layer. Figures 11–14 
illustrate the velocity profiles of the flat plate and 
riblets at various velocities. In the four figures, the 
starting position is at y = 0 at the normal direction, 
which is located at the bottom of the riblets. The 
velocity and the wall shear stress are the mean 
values. 

The velocity profiles of the flat plate and Model 29 
are shown in Fig. 10. The velocity profile of the flat 

plate is expressed by 
  yu  at the viscous sublayer 

region and by Eq. (2) at the logarithmic law region.  
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Fig. 8. Contours of the wall shear stress. 

 

 
Fig. 9. Contours of the near wall vorticity magnitude. 

 
The velocity profiles of the riblets are different 
from that of the flat plate. The reciprocals of the 
slopes and intercepts exhibited more considerable 
differences than von Kármán’s constants in 
various free stream velocities, which is different 
from the traditional perspective of the riblet 
model on logarithmic law that only modifies the 
intercept, as shown in Eq. (7). The maximum and 
minimum values of the fitting straight lines were 
indicated in the four figures. As proposed in Ref. 
(Yu Y. et al.), the effect of free stream velocity 
can be modeled as the nondimensional geometric 
parameter h+. 

Moreover, the velocity profiles of the various riblet 
shapes were different from each other in the 
logarithmic law region. The riblet shape factor had 
a greater effect on the slopes and intercepts than the 
free stream velocity factor. In the following section, 
an surprising model that can uniformly consider the 
riblet shapes was proposed. 

4.2 Uniform Model for the logarithmic law 
layer of riblets 

The relationship between the slopes and 

intercepts of various riblet shapes with h+ are 
illustrated in Figs. 15–16. The slope and intercept 
of various riblet shapes were different from each 
other. The slope increases with h+, whereas the 
intercept exhibited an opposite behavior. The 
slope and intercept were also changed by shape 
factors. 

 

 
Fig. 10. Schematic of the riblet characteristics. 
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Fig. 11. Velocity profiles of the flat plate and Model 29. 

 

 
Fig. 12. Velocity profiles of Models 37 and 44. 

 

 
Fig. 13. Velocity profiles of Models 45 and 47. 
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Fig. 14. Velocity profiles of Models 51 and 52. 

 
To describe the change rules uniformly, we defined 
a shape factor on the basis of two nondimensional 
geometry parameters α  and β  of Eqs. (13) and 

(14) as follows: 

4







T

                                                             (15) 

where T+ is the nondimensional shape factor,  is 
the nondimensional cavity ratio, and  is the 

nondimensional top flatness.  

Slope k and intercept B in Eq. (2) are related to h+ . 
Two functions are defined as a linear function as 
follows: 

01 mhmk  
                                                   (16) 

01 nhnB  
                                                    (17) 

where m1 and m0 are the function coefficients of the 
slope, and n1 and n0 are the function coefficients of 
the intercept. 

 
Fig. 15. Relationship between slope and h+ . 

 
The coefficients of the functions are related to 
shape factor T+. The formula for the quadratic 
function is as follows: 

    10.0083.0026.0
2

1   TTm                      (18) 

    302.2440.0896.0
2

0   TTm                  (19) 

    936.0448.1705.0
2

1   TTn                 (20) 

    409.5645.2402.6
2

0   TTn                 (21) 

Various riblet shapes possess significant values for 
the analysis of the turbulent boundary layer. The 
von Kármán constants are redefined by Eqs. (16) 
and (17). The slope and intercept are uniformly 
described by Eqs. (18)–(21). Basing on a simple 
shape factor T+, we proposed a uniform model for 
the boundary layers of various riblet shapes. 

 

 
Fig. 16. Relationship between intercept and h+. 

 

5. CONCLUSION 

Various riblet shapes were numerically simulated 
by using the RNG turbulence model and analyzed 
on the basis of the turbulent boundary layer. The 
following conclusions were obtained: 

(1) The slope and intercept of the logarithmic law 
are not constant in the boundary layers of the 
riblets, which are affected by nondimensional 
geometric parameters and riblet shapes. 

(2) A shape factor is defined with the cavity ratio 
and top flatness, which can emulate riblet shape 
characteristics. 
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(3) Based on the shape factor, an improved model 
for redefining the slope and the intercept is 
proposed. It can uniformly describe the effect of 
riblet shapes. 
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