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Direct numerical simulations of turbulent flows over riblet-mounted surfaces are 
performed to educe the mechanism of drag reduction by riblets. The computed drag on 
the riblet surfaces is in good agreement with the existing experimental data. The mean- 
velocity profiles show upward and downward shifts in the log-law for drag-decreasing 
and drag-increasing cases, respectively. Turbulence statistics above the riblets are 
computed and compared with those above a flat plate. Differences in the mean-velocity 
profile and turbulence quantities are found to be limited to the inner region of the 
boundary layer. Velocity and vorticity fluctuations as well as the Reynolds shear 
stresses above the riblets are reduced in drag-reducing configurations. Quadrant 
analysis indicates that riblets mitigate the positive Reynolds-shear-stress-producing 
events in drag-reducing configurations. From examination of the instantaneous flow 
fields, a drag reduction mechanism by riblets is proposed: riblets with small spacings 
reduce viscous drag by restricting the location of the streamwise vortices above the 
wetted surface such that only a limited area of the riblets is exposed to the downwash 
of high-speed fluid that the vortices induce. 

1. Introduction 
Organized structures have been observed in turbulent flows over the past three 

decades and are known to play an important role in turbulent transport (Cantwell 
1981 ; Robinson 1991). The awareness of the existence of deterministic structures has 
led to substantial research in turbulence control. Skin-friction reduction in turbulent 
flow has been investigated by several different passive means, such as riblets, large-eddy 
breakup devices, polymer additions, and compliant walls (see Bushnell & McGinley 
1989; Coustols & Savill 1992). Among those tested to date, surface-mounted 
longitudinal grooves have been most successful in reducing the net drag of turbulent 
boundary layers in spite of a substantial increase in the wetted surface area. 

Walsh & Weinstein (1978) and Walsh (1980, 1982,1983) showed that V-groove riblet 
surfaces can produce consistent net drag reductions (as large as 8 YO) provided that the 
height and spacing of the grooves are less than 25 v/u,, where v and u, denote the 
kinematic viscosity and the wall-shear velocity, respectively. The effects of riblets on 
turbulent boundary layers have been investigated by several other researchers : 
Hooshmand et al. (1983), Gallagher & Thomas (1984), Bacher & Smith (1985), Sawyer 
& Winter (1987), Wallace & Balint (1987), Wilkinson & Lazos (1987), Bechert & 
Bartenwerfer (1989), Choi (1989), and VukoslavEeviC, Wallace & Balint (1992), to 
name a few. Nitschke (1984), Liu et al. (1990), and Nakao (1991) studied the effects of 
riblets in turbulent pipe flows. Their results were in good agreement with previous 
investigations of turbulent boundary-layer flows over riblets. 
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to isolate the basic flow unit, to study its morphology and dynamics, and to evaluate 
its contribution to turbulence in fully developed channels. They showed that the near- 
wall turbulence statistics and presumable flow mechanisms in the minimal channel are 
in good agreement with the ‘natural’ channel. 

The objective of this work is to perform direct numerical simulations of turbulent 
flows over riblets, to analyse the resulting flow database, and to educe the mechanism 
of drag reduction by riblets. Such an understanding can potentially lead to the design 
of riblet configurations that give even higher drag reduction. In this paper we describe 
the results of these simulations and our observations on the drag reduction mechanism. 
The computed results are compared with available experimental data. The com- 
putational domain and grid spacing are described in $2, followed in $ 3  by the 
numerical method developed for complex geometries. Section 4 describes the drag 
variation due to riblets and the virtual origin of the wall. Turbulence statistics are 
reported in 95.  Modified turbulent structures and mechanisms of drag reduction by 
riblets are presented in $6, followed by a brief summary in $7. 

In this paper, xl, x2,. and x, denote the streamwise (x), wall-normal ( y ) ,  and spanwise 
( z )  directions, respectively. The velocity notations u,, u2, and u3 in the x-, y-, and z- 
directions are used interchangeably with u, v, and w. The subscript w indicates the value 
at the wall, and the superscript + indicates a non-dimensional quantity scaled by the 
wall variables; for example, y+ = yu,/v, where u, = ( ~ , / p ) i  is the wall-shear velocity. 

2. Computational domain and grid spacing 
The flow geometry and coordinate system are shown in figure 1. The upper wall is 

a flat plate, whereas the lower wall is a plate with riblets. Fully developed turbulent 
flow over riblets is homogeneous in the streamwise (x,) direction, and periodic 
boundary conditions are used in the streamwise (x,) and spanwise (x,) directions. The 
non-slip condition is applied at both walls. The simulation imposes a constant 
instantaneous volume flux in the streamwise direction, 

Q = JAculdA = $A,  U,,  

where A ,  = Lzp L, is the cross-sectional area, and U, is the centreline velocity of a 
laminar parabolic profile with the same volume flux. The computation is carried out 
for a Reynolds number of 4200 based on the laminar centreline velocity U, and the 
channel half-width 8 (= $ L J ;  i.e. 

This Reynolds number corresponds to a Reynolds number, Re,, of about 180 based on 
the wall-shear velocity of the flat plate, u,!. For the Reynolds number considered here, 
the computational box is chosen to be about one-and-half times larger than a minimal 
flow unit of JimCnez & Moin (1991) in the spanwise direction in order to allow for the 
possible increase of the streak spacings above the riblets; the streamwise and spanwise 
computational periods, Lzl and LJ3, are 7~8 and 0.2897~8, respectively (roughly 570 and 
160 wall units). 

A uniform mesh with spacing Ax: x 35 is used in the streamwise direction. This 
streamwise spacing is rather coarse ; however, for comparison the calculations of flows 
over both riblets and a flat surface were carried out with the same resolution. A direct 
numerical simulation of turbulent channel flow was performed to investigate the 

17 F L M  255 



506 H. Choi, P. Moin and J. Kim 

FIGURE 1. (a) Three-dimensional view of computational domain; (b) cross-sectional view of riblet 
configuration. 

sensitivity of turbulence statistics to the computational resolution (Choi, Moin & Kim 
1992). This study showed that doubling the grid points in both the streamwise and 
spanwise directions (from 16 x 129 x 32 to 32 x 129 x 64) changed the maximum 
turbulence intensities and the Reynolds shear stress by less than 2 %. Although strictly 
we cannot claim streamwise grid independence of the results, the fact that both the 
plane wall and the wall with riblets are conducted with the same resolution should be 
adequate for comparison purposes. The grid resolution in the spanwise direction, Ax:, 
is finer than that of Kim et al. (1987). The resolution in the wall-normal direction is 
about the same as theirs. A non-uniform mesh of 129 points with a hyperbolic tangent 
distribution is used in the wall-normal direction. The first mesh point away from the 
flat wall is at xi % 0.15, and the maximum spacing at the centreline of the channel is 
7 wall units. A non-uniform orthogonal mesh developed by Bechert & Bartenwerfer 
(1989) is used in the wall-normal and spanwise directions; the non-uniform mesh is 
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Case s/s S+ h' a (deg.1 N., x N., x N., Ax; 
A 0.2270 40 20.0 45 16 x 129 x 128 1.28 
B 0.2270 40 34.6 60 16 x 129 x 128 1.28 
C 0.1135 20 10.0 45 16 x 129 x 256 0.64 
D 0.1135 20 17.3 60 1 6 x 1 2 9 ~ 2 5 6  0.64 

TAF~LE 1. Parameters for the simulations of turbulent flows over riblets. Nz, is the 
number of grid points in the x, direction. 

distributed using a conformal mapping such that the shearforce of each numerical cell 
on the riblet is constant when the mean-flow distribution is a uniform Couette flow 
very near the riblet. An extensive spanwise grid refinement study was performed to 
ensure adequate resolution. Thirty-two grid points on each riblet surface are necessary 
to resolve the high-shear rates near the riblet tips. Doubling the number of mesh points 
in the spanwise direction changes the drag on the riblet surface by less than 1 YO. 
Insufficient grid resolution in the spanwise direction results in an underestimation of 
the skin friction as observed by Launder & Li (1989). The spacing between adjacent 
grid points far above the riblet surface, Axi7 is approximately 1 wall unit in the present 
calculation which is much finer than that in Kim et al. (1987) (see table 1). An example 
of the computational mesh near riblets in a cross-flow plane is shown in figure 2. 

We have tested four riblet configurations : riblet spacings of 20 and 40 wall units and 
ridge angles 01 of 45" and 60". A detailed description of the parametric study is shown 
in table 1. The results from cases A-D near the riblets are compared to those near the 
flat wall. 

3. Numerical methods 
The governing equations for an incompressible flow can be written in the following 

form 
au, a ap i a a  
at  axj ax, Reaxiaxi 2' 

-+-u u =--+----u. 

where xi are Cartesian coordinates, and ui are the corresponding velocity components. 
All variables are non-dimensionalized by the channel half-width 6 and the laminar 
centreline velocity U,. In these units, the value of the laminar spanwise vorticity 
magnitude at the flat channel wall is Jw,J = 2. Re denotes the Reynolds number, defined 
as Re = U,6/v .  

Equations (1) and (2) are written in a conservative form in generalized coordinates 
as 

(3) 
aqi 
at 
- + Ni(q)  = - G'(p) + L:(q) + Lt(q), 

where q = (ql, q2, q3), N 6  is the convection term, Gi(p) is the pressure gradient term, L: 
and Li are the diffusion terms without and with cross-derivatives, respectively, and Di 
is the divergence operator. Here, we introduce generalized coordinates for the wall- 
normal and spanwise directions (i.e. (x2, x3) + (r2, q3)), and use a Cartesian coordinate 

17-2 
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FIGURE 2. Computational mesh near riblets in the case of s+ x 20 and a = 45". A non-uniform mesh 
of 129 points with hyperbolic tangent distribution is used in the wall-normal direction, and thirty-two 
grid points are used on each riblet surface. 

\ . x3 

FIGURE 3. Coordinate transformation. 

for the streamwise direction (7l = xJ. The qi are volume fluxes across the faces of the 
cells, which are equivalent to using the contravariant velocity components on a 
staggered grid multiplied by the Jacobian of the coordinate transformation, J (figure 
3). Using this choice, the discretized mass conservation can be easily satisfied 
(Rosenfeld, Kwak & Vinokur 1991). The terms in (3) are (the summation convention 
applies) 

for i = 1, 
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for i = 2,3, 

where 

q1 = u,, 9' = fi uk, 8; = axj/i37k, fi = J(c;)-', a'' = J(C? cP)-', 
J = ( /I c? c? I[);, and j ,  k, I ,  m = 2,3. 

The integration method used to solve ( 3 )  and (4) is based on a fully implicit, 
fractional step method (Choi et al. 1992); all terms in (3) including cross-derivative 
diffusion terms are advanced with the Crank-Nicolson method in time, and are 
resolved with the second-order central-difference scheme in space. A Newton method 
is used to solve the discretized nonlinear equations. The suitability of a second-order 
central-difference scheme for direct simulation of turbulent channel flow is discussed in 
Choi et al. (1992). 

Rapid variation of skin friction near the riblet tips requires dense grid clustering in 
their vicinity ; this would restrict the computational time step for numerical stability if 
an explicit or (as in the usual practice in direct simulation) a semi-implicit method were 
used. In a separate study, we found the largest computational time step (in wall units) 
that accurately predicted turbulence statistics in a turbulent plane channel flow at 
Re = 4200 (Choi et al. 1992). For cases A-D (table l), we have used this same 
computational time step, AtUl /& = 0.05 (At' m 0.4). About seven Newton iterations 
were needed to solve the discretized nonlinear momentum equations. The CPU time 
required for cases C and D was about 60 Cray-YMP seconds per time step. For all 
cases, the computations were carried out for 500 non-dimensional time units ( tUl/&),  
which corresponds to about 4000 viscous time units (tu:f/v). Ten thousand time steps 
were required for each case. The conventional semi-implicit method would have 
required about a five-fold increase in the required CPU time. 

4. Drag measurement, mean-velocity profile, and the virtual origin 
For each case (A-D), random disturbances were initially imposed upon the laminar 

mean velocity profile. Starting from these initial velocity fields, the governing equations 
were integrated forward in time until the numerical solutions reached statistically 
steady states. These equilibrium states were identified by a quasi-periodic behaviour of 
the wall-shear stresses. Once the velocity field reached the statistically steady state, the 
equations were integrated further in time to obtain the time average of the various 
statistical quantities. The total averaging time was 500 &/ U, (m 4000v/u~> for all 
results reported here. In this section, an overbar indicates average over x, t ,  and the 
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FIGURE 4. Time history of wall-shear rates at both flat and riblet walls for s+ x 20 and a = 60". 
Instantaneous plane-averaged wall-shear rate: -, at the riblet wall, (au/ay),*; ----, at the flat plate, 
(&lay),*. Plane- and time-averaged wall-shear rates: -.-, at the riblet wall; . . . . . . . . , at the flat plate. 
(au/ay)l, 6/ U, = 2 corresponds to fully developed laminar plane channel flow. 

same spanwise locations over different riblets, and a prime indicates perturbation from 
this average. 

4.1. Drag measurement 
The average skin-friction drag is obtained as the integral of the product of the wall- 
shear stress and the differential wetted area. Note that the wetted area of a plate with 
riblets is sec(a) times wider than that of a flat plate, where a is the ridge angle of the 
riblet (figure l b ) .  The drag variation due to the presence of riblets is calculated by 
comparing the skin friction of the flat plate (upper wall) and the plate with riblets 
(lower wall). This comparison relies upon the observation that turbulent flow near one 
side of channel does not affect the skin friction at the other. It was shown in JimCnez 
& Moin (1991) that the correlation coefficient between the shear histories at the two 
walls of a symmetric channel is always small, lcorrl < 0.15, indicating that the 
intermittent behaviour acts independently at each wall. 

The instantaneous plane-averaged drag of the flat surface, D,, and of the riblet 
surface, D,, are computed with 

where n is the coordinate normal to the surface, and A, and A, denote the wetted areas 
of the riblet and flat surfaces, respectively; A, = L, x N, s sec(a) and A, = A,cos(a) = 
L,, x LZa. Here, N, is the number of riblets in tfie computational domain; N, = 4 
and 8 for the cases S+ x 40 and 20, respectively. 
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Case S+ ht a (deg.) Present study Walsh (1982) 
A 40 20.0 45 +2% +3% 
B 40 34.6 60 + 12% + 1 1 % *  
C 20 10.0 45 -5% -2% 
D 20 17.3 60 -6% -4%* 

TABLE 2. Drag variation for each riblet configuration. In the last two columns + and - denote 
the drag increase and decrease, respectively, and * denotes data obtained from the case s+ = h+. 

Figure 4 shows the time history of the average wall-shear rates, (au/ay)f 
and (au/ay):, for the case s+ x 20 and a = 60". Stochastic and intermittent behaviour 
of the wall-shear rates is clearly discernible. This intermittency is due to the limited size 
of the computational box in the (x, 2)-plane and the correspondingly small statistical 
sample of near-wall events. Clearly, further averaging in time is required. The 
histories of plane- and time-averaged wall-shear rates, i.e. l / t  J:(i3u/ay); (7) dr and 
l / t  [E(au/ay): (7) d7, are also shown in figure 4. The drag reduction by the riblets 
is clearly evident. 

Table 2 shows the drag increase or decrease for each riblet configuration studied. 
Also given are the experimental results of Walsh (1982) for similar riblet geometries. 
The error bounds in Walsh's drag measurements were reported to be about f 1 YO. 
Error bounds for statistical sampling errors for the present drag measurements were 
obtained by comparing the wall-shear rates of the two flat walls in a plane channel 
simulation; the values of averaged wall-shear rates should be identical, with sufficient 
time averaging. After averaging over 500 non-dimensional time units ( tUL/6) ,  the 
remaining fluctuation was about 2 YO. Thus, the data in table 2 show a reasonable 
agreement in the drag variation between the present study and the experimental data. 

4.2. Mean streamwise-velocity profile and origin of the wall 
Figure 5 shows the variation of the mean velocity in the transverse plane. No apparent 
spanwise variation of the mean velocity is found above y /6  x - 0.9 in the case s+ x 20 
or above y/S x -0.8 in the case S+ x 40. Note that the midpoint of the riblet valley and 
tip corresponds to y / 6  = - 1 (figure 1 b). The spanwise variation of the mean velocity 
occurs only very near the riblets where, at a given y, the mean velocity above the riblet 
valley is larger than that above the riblet tip. These observations have also been 
reported in experimental (Hooshmand et al. 1983; Benhalilou et al. 1991; 
VukoslavEeviC et al. 1992) and analytical (Bechert & Bartenwerfer 1989) studies. 

The lack of spanwise variation of the mean velocity above a certain y-location 
suggests the use of a virtual origin. The virtual origin for riblets is defined as the 
location yo  of an imaginaryflat surface which has the same drag as the riblet-mounted 
surface and matches the riblet velocity profile above the viscous sublayer. For the case 
of the smooth wall, the virtual origin is located at the surface. 

Definitions of the virtual origin and the friction velocity at that position are useful 
for comparison of the results with the flat-plate data. There have been four methods 
used to evaluate the virtual origin of the riblet wall: (i) using a modified Clauser's 
method (Hooshmand et al. 1983), (ii) using a measured linear velocity profile inside the 
viscous sublayer (Hooshmand et al. 1983), (iii) using a velocity defect profile above the 
inner region (Choi 1989), and (iv) using a conformal mapping, assuming that a linear 
velocity region exists inside the viscous sublayer (Bechert & Bartenwerfer 1989; 
Luchini, Manzo & Pozzi 1991). 
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FIGURE 5. Mean velocity profiles for a = 60". (a) One-dimensional view with different spanwise 
locations; (b) contours of the mean velocity in the ( y ,  2)-plane. The contour levels normalized by U, 
range from 0 to 0.75 by increments of 0.025. The plot domain extends from the riblet surface to the 
centreline of the channel. 

Figure 6 shows the wall-shear rate and the contribution to the drag as a function of 
the spanwise position along the riblet for all configurations tested. The wall-shear rate 
at the riblet surface is defined as 

The wall-shear rate over most of the riblet surface is smaller than that of the 
corresponding plane turbulent channel flow. In cases with ct = 45", the wall-shear rates 
near the tip and valley regions are nearly identical regardless of riblet spacing (it has 
been shown by Moffatt & Duffy 1980 and Choi et al. 1991 that, when the convection 
terms of (1) are negligible, local similarity solutions and asymptotic behaviour exist 
near corners and the velocity distributions very near corners (tip or valley) are 
governed mostly by the angle of the corner). However, near the middle of riblets, the 
wall-shear rate of riblets with S+ x 40 is noticeably higher than that with s+ x 20. 
Riblets with a = 60" show the same trend. This difference in the wall-shear rate near 
the middle of the riblet determines the net performance of riblets of a given spacing. 
Note that the integration of the curves in figure 6(b)  gives the drag on the riblets. 
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FIGURE 6 .  (a) Wall-shear rates and (b)  contribution to the drag at several spanwise positions on riblet 
surfaces: a, S+ x 40 and u = 45"; A, s+ x 20 and u = 45'; X, S+ x 40 and a = 60"; +, s+ x 20 and 
a = 60". z / s  = 0 and 0.5 correspond to the valley and tip of the riblet, respectively. Solid line denotes 
the value of the wall-shear rate on the flat-plate side. (a~/a~)l~~/U~ = 2 corresponds to fully 
developed laminar plane channel flow. 

Time- and plane-averaged drag of the riblet surface, B,, is obtained by 

where D,  is defined in (7). The wall-shear velocity u7*, at the virtual origin is defined by 

The wall-shear velocities defined by (9) for each riblet configuration are shown in table 
3. Before exploring the four different methods described previously for obtaining the 
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FIGURE 7. Mean-velocity profiles normalized by the local wall-shear velocity, U J Z )  for s+ = 20 and 
a = 60": -, mean velocity over the riblet at different spanwise locations; 0, mean yelocity over the 
flat plate; -.-, laws of the wall (u+ = y+ and U+ = 2.5 In y+ + 5.5). u,(z) = (v(i%/i3n)Iw)? The wall-shear 
rates are shown in figure 6. 

Case u:/ u, P+ Pf Y t e P  F+ Ft 

A 0.0435 0.1 1 0.12+0.02 5.4 -0.1 -0.5 
B 0.0456 0.26 0.30+0.02 5.8 -1.0 - 1.0 
C 0.0418 0.11 0.19 k0.05 1.2 +0.9 + 1.0 
D 0.0414 0.26 0.33 k0.05 2.0 +0.9 + 1.0 

TABLE 3. Wall-shear velocity and location of the virtual origin for each riblet configuration. For the 
flat plate, u,/U, = 0.0430 and UJu, = 18.1, where U, is the centreline velocity. ,!3 is from Bechert 
& Bartenwerfer (1989); y,/S = - 1 $Ps/S, and /? is from equation (10); y o / &  = - 1 +/Is/& Error 
bounds for Pf are obtained noting a 10% variation of the location y:. Note that y o / &  = - 1 
corresponds to the midpoint between the riblet tip and valley. y& = (y t i  - y , ) u ~ / v ;  yo  is obtained 
from equation (10). Ft is from Gaudet (1987) (see equation (12)) and Fffrom equation (12) (yo  is 
obtained from equation (10)). 

virtual origin, consider plots of the mean-velocity profiles, normalized by the local 
wall-shear velocities uTr = (viW//an)~, at various points along the perimeter of the riblet 
surface (figure 7). Significant downward shifts in the log-law are obtained near the 
riblet tip, whereas significant upward shifts are obtained near the riblet valley. Note 
that this plot is normalized by the local wall-shear velocity, not by u;. 

In most experimental studies, the location of the virtual origin is taken to be the 
riblet tip, valley, or the midpoint between the tip and valley. Figure 8 shows the 
variation of the mean-velocity profile with different choices of the virtual origin for 
cases with a = 60". Here, the wall-shear velocity is chosen to be u7*, (equation (9)). This 
plot does not contain the velocity inside the viscous sublayer because of the spanwise 
variation of the mean velocity there. The slope of the log-law above the riblets is little 
changed as compared with the flat-plate profile. In the case s+ = 20, the intercept of the 
log-law with u+ = y+ is farther away from the wall regardless of the location of the 
virtual origin (when the local wall-shear velocity was used, both upward and 
downward shifts in the log-law were obtained (figure 7)). This upward shift in the 
log-law has previously been observed in drag-reduced flows such as large-eddy 
breakup devices (Bandyopadhyay 1986; Nguyen, Savill & Westphal 1987), riblets 
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Y+ 
FIGURE 8. Variation of mean-velocity profiles normalized by the wall-shear rates, u: (equation (9)), 
with the location of the virtual origin for a = 60": (a) s+ x 40; (b) s+ x 20. The virtual origin is 
located: - at the riblet tip; ----, at the midpoint between tip and valley, . . . . . . . . , at the riblet 
valley; + , at the location from Bechert & Bartenwerfer (1989); X, at the location from equation (10). 
-.-, Laws of the wall; 0 ,  mean velocity over the flat wall. 

(Hooshmand et al. 1983; Choi 1989), and polymers (Lumley 1973; Virk 1975), and it 
may be considered the result of the increase of the viscous sublayer thickness. On the 
other hand, in the case S+ x 40, the location of the intercept is decreased, indicating a 
decrease of the viscous sublayer thickness. Cases with a = 45" show the same trend 
(Choi et al. 1992). 

The four methods of evaluating the virtual origin of the wall discussed earlier are 
based on the existence of either a linear velocity region or a logarithmic region near the 
surface. The logarithmic region for the present calculation is quite narrow (figure S), 
so the application of methods (i) and (iii) will not give an accurate estimation of the 
location of the virtual origin. Method (ii) is also not useful since the location of the 
virtual origin depends on the baseline of the mean velocity (see figure 3 in Hooshmand 
et al. 1983). Bechert & Bartenwerfer (1989) determined the location of the virtual origin 
of the wall, yo,  using a conformal mapping, assuming that a linear velocity region exists 
inside the viscous sublayer; using their method, for a = 4 5 O ,  y o / &  = - 1 + 0.1 Is/&, and 
for a = 60°, y,/6 = - 1 + 0.26s/&. The mean-velocity profile based on this virtual origin 
is shown in figure 8. Again, an upward shift in the log-law is evident in the case 
s+ x 20. However, the weak point of the method of Bechert & Bartenwerfer (1989) is 
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that it cannot be used for flows for which the drag is increased because in such cases 
the riblet surface is not completely immersed in the viscous sublayer. 

It should be mentioned that all the existing methods of evaluating the virtual origin 
are based on changes in the mean streamwise velocity rather than changes in 
turbulence structure. Since an upward shift in the log-law is closely related to the 
balance between turbulent energy production and viscous dissipation (Lumley 1973), 
measurement of changes of turbulent structure above the wall may be another criterion 
to determine the virtual origin. The maximum turbulent kinetic energy production on 
the flat-plate side occurs at y+ M 13, as does the maximum intensity of the streamwise 
velocity fluctuations. One may therefore define the virtual origin from 

0.1, -Y*) u.*, 
Y ~ M  1 3 =  , 

V 

where y ,  and yo  are the locations of the maximum turbulent kinetic energy production 
(or the maximum streamwise velocity fluctuation intensity) and the virtual origin, 
respectively. Therefore, the location of the virtual origin is 

13v 
Yo = Y m - 7 .  

% 
The location of the virtual origin yo may be obtained from the profile of the stream- 
wise velocity fluctuation intensity (figure 11) for each riblet configuration, and is 
tabulated in table 3 ,  together with results by Bechert & Bartenwerfer (1989). It can be 
clearly seen that, as the ridge angle increases, the virtual origin moves closer to the 
riblet tip. The location of the riblet tip, y,',, = btip - yo) u,*,/v, is tabulated in table 3, 
where yo is obtained from (10). The riblet surfaces with s+ M 20 are completely 
immersed in the viscous sublayer. 

There is a rough agreement between the present method and that of Bechert & 
Bartenwerfer : the distance between the two virtual origins is Ay: = Ayo u,*,/v = 
Cpt -pt) s+ which is about 1.6 wall units for the present riblet configurations. pf and /?+ 
are tabulated in table 3. Note that the present method requires the profile of the 
streamwise velocity fluctuations to determine the virtual origin location, while Bechert 
& Bartenwerfer's method only requires the riblet ridge angle. Clearly, the advantage of 
Bechert & Bartenwerfer's method is that it does not require any measurements of flow 
variables. However, their virtual origin location is fixed with a given ridge angle 
regardless of flow conditions, such as Reynolds number, riblet spacing, etc. Since 
variations in such parameters lead to different drag values, its definition implies that 
the virtual origin should be a function of the flow parameters. 

The mean-velocity profiles based on these virtual origins for cases with a = 60" are 
shown in figure 8. The mean-velocity profiles by the method of Bechert & Bartenwerfer 
(1989) and equation (10) are nearly identical in the log-law region. Near the wall region 
( y+ < 20), however, the mean-velocity profiles differ a little due to the slight difference 
in virtual origins. The upward and downward shifts in the log-law are clearly seen for 
drag-decreasing and drag-increasing cases, respectively. Cases with a: = 45" show the 
same trend (Choi et al. 1992). 

The velocity profile in the wall region of a turbulent boundary layer is described by 

P 1 u y  
u7f K v 
- = -ln--'L+ B, 
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s+ N 20 

FIGURE 9. Mean secondary velocity vectors (a, W) in the transverse plane for a = 60". The 
secondary flow vectors for s+ x 20 are enlarged by a factor of two as compared to s+ z 40. 

where K = 0.4 and B = 5.5 (for low-Reynolds-number flows). For rough surfaces, the 
velocity profile has been described by (1 1) with the addition of a function F of the 
surface roughness parameter mikuradse 1933 ; Schlichting 1936). This modified 
representation of the mean-velocity profile has been used to model the mean flow over 
riblets by Sawyer & Winter (1987), Gaudet (1987) and Tani (1988): 

Since u5 and yo  are given in table 3, the constant F for each riblet configuration may 
be obtained and is listed in table 3. It is clear from table 3 that F is positive for drag- 
reducing cases and is negative for drag-increasing cases. Values of F obtained in this 
study are compared with those by Gaudet (1987) in table 3; except for case A, good 
agreement is found between the two results. 

4.3. Mean secondary motion near the riblets 
Mean secondary velocity vectors (D,;) near the riblets are shown in figure 9. The 
secondary flow convects momentum from the central region to the riblet valley along 
the corner bisector, which results in comparatively large streamwise velocities in the 
upper region of the riblet valley (figure 5 b) and then transports momentum away from 
the riblet valley to the riblet tip along the riblet surface. This phenomenon is quite 
similar to that occurring in a fully developed turbulent pipe flow with non-circular 
cross-section (Nikuradse 1930). It is interesting to note that secondary flow cannot be 
sustained in a fully developed laminar flow in the same geometry (Choi et al. 1991). 
Note that in figure 9 the secondary flow vectors for the case s+ = 20 are enlarged by 
a factor of two as compared to the case s+ z 40, indicating that the mean secondary 
motion in the case s+ z 40 is much stronger than that in the case s+ x 20. The 
maximum mean secondary velocities in the cases s+ z 20 and S+ z 40 are about 0.2 % 
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s+ x 20 

FIGURE 10. Contours of the mean streamwise vorticity, @,S/U,, in the transverse plane for a = 60". 
The values of ij,S/U, at the centres of the vortices are 0.19 (s+ x 20) and 0.36 (s+ x 40). Increments 
of the contour levels are 0.02 and 0.04 for s+ x 20 and s+ x 40, respectively. Negative contours are 
dashed. 

and 0.8% of the mean centreline velocity U,, respectively. Considering that the 
maximum wall-normal and spanwise velocity intensities above the riblets are about 
5 YO of U, (figure 11 b, c), the instantaneous cross-flow fields are much stronger than the 
mean secondary motion. 

Contours of the mean streamwise vorticity are shown in figure 10. Counter-rotating 
streamwise vortices are clearly seen near the riblets. The spanwise dimension of these 
vortices is determined by the spacing between the riblets. The values of the mean 
streamwise vorticity, W,S/U,, at their centres are 0.19 (s+ z 20) and 0.36 (s+ M 40), 
which are much weaker than the instantaneous streamwise vortices frequently 
observed above the wall (see figures 16a and 25). The effect of the mean streamwise 
vortices on drag-reduction performance by the riblets is unclear. 

5. Turbulence statistics 
In this section turbulence statistics from the calculations of turbulent flow over the 

riblets are presented. Flow variables on the side of the channel with the riblets (lower 
wall) are averaged only in x, t ,  and the same spanwise locations over different riblets, 
while those on the side of the flat plate (upper wall) are averaged in x, z and t. Results 
in both global and wall coordinates are presented. In global coordinates, velocities are 
normalized by the centreline velocity U,, and lengths are normalized by the channel 
half-width 6. When flow variables are plotted in wall coordinates, velocities are 
normalized by either u, (for the flat plate) or u.*, (for the plate with riblets), and 
yf' = u,,y/v and y: = u,*,(y-y,)/v. The virtual origin, yo, and the wall-shear velocity at 
that location, u.*,, are obtained from (10) and (9), respectively. The changes in the 
absolute magnitudes of flow statistics are more evident in global coordinates, whereas 
wall coordinates are better suited for the structural changes of flow variables. In this 
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(a> 
firm * n n s  

FIGURE 12. Contours of root-mean-square velocity fluctuations in the (y,z)-plane for a = 60": (a) 
s+ x 40; (b) S+ x 20. The increments of contour levels for u,,,, vTm8 and wTm8 normalized by U, are 
0.0064, 0.0016 and 0.0016, respectively. The plot domain extends from the riblet surface to the 
centreline of the channel. 

section, we present the results of cases with CL = 60" (s+ = 20 and 40). Riblets with 
a = 45" showed nearly the same trend (Choi et al. 1992). 

5.1. Turbulence intensities 
Turbulence-intensity profiles at various spanwise locations are shown in figure 1 1, and 
contours of turbulence intensities in the cross-flow plane are shown in figure 12. 
Significant variations of the turbulence intensities occur only very near the riblets in the 
case s+ M 20. In the case S+ M 40, the effects of the riblets penetrate further into the 
channel (figure 12), and spanwise variations of the normal and spanwise components 
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FIGURE 13. Root-mean-square velocity fluctuations normalized by the wall-shear velocity u, in wall 
coordinates for cc = 60": ----, above the riblet valley; . . . . . . . ., above the riblet tip; -, above the 
flat plate. 

of the turbulence intensity extend even into the region where there is no noticeable 
spanwise variation of the mean velocity (figure 5 )  or the streamwise velocity 
fluctuations (figure 12a). This indicates that the cross-flow is more sensitive to the 
presence of riblets than is the flow in the streamwise direction. 

Reduction of all three components of turbulent intensity by the riblets is evident in 
a drag-reducing configuration (s+ z 20) (figure 11). Note that the maximum wall- 
normal and spanwise root-mean-square velocity fluctuations are reduced by 10 %, 
while only a 5 YO reduction is obtained in the maximum streamwise root-mean-square 
velocity fluctuations. Turbulence intensities increase near the riblets in the case 
sf z 40 (a drag-increasing configuration). The streamwise component of the turbulence 
intensity is reduced by 15 YO above the riblet valley and increased by 5 % above the 
riblet tip as compared to the flat-plate case. However, the maximum values of the other 
two components are increased by 5 %  across the entire span. 

Reductions of the streamwise velocity fluctuations by riblets have been observed in 
several experiments (Walsh 1980; Hooshmand et al. 1983; Nitschke 1984; Johansen & 
Smith 1986; Choi 1989, Benhalilou et al. 1991 ; Wilkinson & Lazos 1991 ; VukoslavEevid 
et al. 1992). Bacher & Smith (1985) reported an increase of the streamwise velocity 
fluctuations, which is clearly contradictory to the present results and other experimental 
results. There are limited data available for the normal and spanwise velocity 
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fluctuations. Walsh (1980) found a small reduction in the normal velocity fluctuations. 
Benhalilou et af .  (1991) used riblets with s+ = 2h+ % 30 and observed a large reduction 
of the streamwise and spanwise velocity fluctuations in the vicinity of the riblet valley 
and a significant increase close to the riblet tip. The behaviour of the streamwise 
velocity fluctuations in their work is quite similar to the present results for drag- 
increasing configurations with s+ = 1.155h+ = 40 and s+ = 2h+ % 40 (see § 5.6). As drag 
was not measured in their study, the increase of the streamwise velocity fluctuations 
probably resulted from having a drag-increasing configuration. However, reduction of 
the spanwise velocity fluctuations above the riblet valley, as seen in the results of 
Benhalilou et al. (1991), was not obtained in the present study for drag-increasing 
configurations. VukoslavEevid et af .  (1 992) measured streamwise velocity fluctuations 
above riblets with s+ = 2h+ x 35 and found a decrease in magnitude across the entire 
span. The present study shows that the turbulence intensity above riblets is modified 
differently depending upon whether the configuration is drag-reducing or drag- 
increasing. Hence, measurements of turbulence intensities should be accompanied by 
drag measurements in order to properly correlate these quantities. 

Turbulence intensities normalized by either uTf (for the flat plate) or u.*, (for the plate 
with riblets) are shown in figure 13. The y+ locations of the peak streamwise velocity 
fluctuations above both the flat plate and the riblets are nearly identical because of the 
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FIGURE 15. Total shear stress normalized by the wall-shear velocity u t  in wall coordinates 

for a = 60’. 

because the effects of the riblets with s+ x 40 penetrate further into the channel (see 
below). However, in the case s+ x 20, there is a good agreement. For the Reynolds 
number considered here (Re, = 180), 40 wall units represents a significant portion of 
the flow geometry. Therefore, a perturbation to the wall of this magnitude may lead 
to a significant change in the global characteristics of the flow. On the other hand, 
turbulence statistics in the case s+ x 40 collapse with the flat-plate data for y+ > 60, 
indicating that even for this seemingly large geometrical perturbation the effects of 
riblets are confined to the near-wall region. 

The total shear stress, - UV + v & / y ,  above the riblets is shown in figure 15. Taking 
the average of the streamwise momentum equation over time and space (x) gives 

A( aY - ~ + v $ ) + & (  - i ~ + v E )  =fg= constant. (13) 

When the spanwise variations of the mean velocity and shear stresses are negligible 
compared with their normal variations, the total shear stress becomes linear across the 
channel. The computed result away from the riblets clearly indicates that this is indeed 
the case. However, a linear profile is not obtained very near the riblets since the 
spanwise variations of -uW and aii/az are not negligible (see figures 5 b  and 12). 
Significant spanwise variation of -uW is also reported in Benhalilou et al. (1991). This 
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FIGURE 14. Reynolds shear stress for a = 60": (a) in global coordinates; (b) in wall coordinates, 

____ , above the riblet valley; . . . . . . . ., above the riblet tip; -, above the flat plate. 

particular choice of the virtual-origin location (equation (10)). Profiles of vTms and w,,, 
are also nearly identical. The viscous sublayer is significantly modified by the riblets in 
all configurations. 

5.2. Reynolds shear stress 
The Reynolds shear stress -a, normalized by the mean centreline velocity, is shown 
in figure 14(a). In the case S+ x 20, the maximum Reynolds shear stress above the 
riblets is reduced by 12% as compared with that above the flat plate, and there is 
negligible spanwise variation of the Reynolds shear stress near the riblets. Walsh (1980) 
reported a maximum reduction of 16% in the Reynolds shear stress above riblets. 
Pulles, Prasad & Nieuwstadt (1989) showed that the Reynolds shear stress is noticeably 
reduced through the log-law region for a riblet-mounted surface. In the case s+ x 40, 
however, the maximum Reynolds shear stress above the riblets is significantly increased 
above the riblet tip and is nearly unaffected above the riblet valley as compared to the 
flat-plate side. There is also substantial spanwise variation of -n near the riblets in 
this case. 

The Reynolds shear stress profiles above the riblets, normalized by the wall-shear 
velocity u:, are shown in figure 14(b). Also shown is the Reynolds shear stress above 
the flat plate. In the case s+ x 40, peak locations and magnitudes of the Reynolds shear 
stress above the riblet tip and valley differ greatly from the flat-plate profile. This is 
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FIGURE 17. Root-mean-square vorticity fluctuations normalized by the wall-shear velocity u, in wall 
coordinates for a = 60". (a) Streamwise; (b) normal; (c) spanwise vorticity fluctuations. -, Above the 
flat plate. Above the riblet valley: ----, s' x 40; X, S+ x 20. Above the riblet tip: . . . . . . . ., 
s+ x 40; +, s+ x 20. 

deviation from linearity illustrates the zone of influence of the riblets in the channel. 
For example, in the case s+ x 20, the zone of influence is about y+ < 20, while it is 
about y+ < 60 in the case s+ x 40 (figure 15). 

5.3. Vorticity 
There are no known experimental data on vorticity fluctuations above riblets. Root- 
mean-square vorticity fluctuations normalized by the mean centreline velocity and the 
channel half-width are shown in figure 16. All three vorticity fluctuation components 
show maximum values at the riblet tip. Significant spanwise variations of the vorticity 
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FIGURE 18. Turbulent kinetic energy normalized themean centreline velocity U, for CL = 60” 
k = i(U’2 + v‘2 + W’Z). 

y from all four quadrants is the mean Reynolds shear stress at y .  For all cases 
considered, the ejection event is dominant away from the wall, and the sweep event has 
larger contributions in the wall region. Regardless of the riblet spacing and lateral 
position about the riblet, the Reynolds shear stresses from the first- and third-quadrant 
events are nearly unchanged except for a small outward shift of the data. The 
maximum values from the first- and third-quadrant events are -m/U: E -0.0005 
for all cases considered here (figure 20a, b). However, the Reynolds shear stresses from 
the second- and fourth-quadrant events are changed by the riblets. In the case s+ z 40, 
the maximum value of the Reynolds shear stress from the ejection (second-quadrant) 
event is reduced above the riblet valley but is substantially increased above the riblet 
tip. The Reynolds shear stress from the sweep (fourth-quadrant) event is also 
significantly reduced very near the riblet valley but increased very near the riblet tip. 
However, there is no noticeable difference in the fourth-quadrant event above 
y / 6  x -0.7 (figure 20u). 

In the case s+ z 20, there is virtually no spanwise variation of the Reynolds shear 
stress except very near the riblets. Hence, the profiles above the three different spanwise 
locations show essentially the same result except very near the riblets. The maximum 
values of the Reynolds shear stress from the second- and fourth-quadrant events are 
reduced, while those from the first- and third-quadrant events are almost unchanged 
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fluctuations occur only very near the riblets in the case s+ M 20, while in the case 
s+ M 40 there is further penetration into the channel. 

Reductions of all three components of the vorticity fluctuations by the riblets occur 
in the drag-reducing configuration (s+ x 20). The local maximum streamwise vorticity 
fluctuation above the riblets is reduced by 12 YO as compared with that above the flat 
plate. The local maximum of the normal vorticity fluctuation is reduced only 
marginally. In the case s+ x 40, vorticity fluctuations are increased above the riblets. 
It is interesting to note that, near the local maximum ( y / 6  x -0.8), 0, above the riblet 
valley is larger than that above the riblet tip, but the converse is true for wy and w,. 

Root-mean-square vorticity fluctuations normalized by the wall-shear velocity u, are 
shown in figure 17. As described in $0 5.1 and 5.2, use of the virtual origin yo and the 
wall-shear velocity u.*, collapses the peak locations as well as the magnitudes of the 
vorticity fluctuations for the case S+ M 20 but not for the case s+ x 40. The local 
maximum ox occurs at y+ x 20 regardless of the presence of the riblets, which suggests 
that the centre of the streamwise vortex is located on average at y+ x 20 (Kim et al. 
1987). It is clear from figure 16(a) that, in the case s+ M 20, the streamwise vortices 
above the riblets are weakened (compare the peak values near y / 6  x +OX). 

5.4. Quadrant analysis 
Quadrant analysis of the Reynolds shear stress provides detailed information on the 
contributions to the total turbulent energy production from various combinations of 
positive and negative u’ and u’ (Willmarth & Lu 1972; Wallace, Eckelmann & Brodkey 
1972). The total turbulent energy production Pk is 

~ 

Pk = - u; u; s,, 

where Si, is the mean strain-rate tensor. For the present study, aiz/ax = au//ax = 
aw/ax = 0 due to flow homogeneity in the streamwise direction. 

Turbulent kinetic energy k and turbulent energy production Pk are shown in figures 
18 and 19. Maximum turbulent kinetic energy is reduced by 10% in the case s+ x 20, 
but, in the case s+ M 40, it is increased above the riblet tip and is decreased above the 
riblet valley. The turbulent energy production exhibits the same behaviour as the 
turbulent kinetic energy. In the case s+ NN 20, the peak of the turbulent energy 
production occurs at y+ M 13, as mentioned in $4.2. However, in the case S+ x 40, the 
peak location varies slightly. All terms except -u”a@/ay on the right-hand side of 
(14) are negligible away from the riblets. Very near the riblets these terms are not 
negligible, but are still an order of magnitude smaller than -mai i /ay .  

Since most of the turbulent energy production comes from -u”a i i /~y ,  we restrict 
our quadrant analysis to the Reynolds shear stress -a. The analysis divides the 
Reynolds shear stresses into four categories according to the signs of u’ and zi’. The 
second (u’ < 0 and u’ > 0; ejection) and fourth (u’ > 0 and u’ < 0; sweep) quadrant 
events contribute to positive production, and the first (u’ > 0 and u’ > 0) and third 
(u’ < 0 and u’ < 0) quadrant events contribute to negative production. 

The contributions to the Reynolds shear stress from each quadrant, normalized by 
the mean centreline velocity, are shown in figure 20. The sum of the values at a position 
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FIGURE 19. Turbulent energy production normalized by the mean centreline velocity U, and the 

channel half-width S for u = 60". 

(figure 20 b), indicating that only the positive Reynolds-shear-stress-producing events 
are changed by the riblets. Accordingly, the riblets intensify the positive Reynolds- 
shear-stress-producing events in a drag-increasing configuration, while they mitigate 
the positive Reynolds-shear-stress-producing events in a drag-reducing configuration. 

It is well known that the streamwise vortices in turbulent boundary layers contribute 
to positive production via the second- and fourth-quadrant events, while the first- and 
third-quadrant events are not correlated with the streamwise vortices and may be 
related to background turbulence. Since the riblets modify the positive Reynolds- 
shear-stress-producing events and do not change the first- and third-quadrant events, 
it may be deduced that the riblets are most effective in modifying the organized motion 
associated with the streamwise vortices. 

The contribution to the Reynolds shear stress from each quadrant, normalized by 
the local mean Reynolds shear stress (-n), is shown in figure 21. This plot shows the 
fractional contribution from each quadrant event to the local mean Reynolds shear 
stress. Above the flat plate, the contributions from the ejection and sweep events are 
about the same at y+ x 10. In the case S+ z 40, the location at which the contributions 
from the ejection and sweep events are equal varies. However, in the case s+ x 20, this 
location is fixed at y+ z 10. The fractional contribution from each quadrant is nearly 
the same as that for the flat plate above y+ z 20. The sharp increases in the normalized 
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Reynolds shear stress from each quadrant near the riblet tip and the centreline in figure 
21 simply reflect the small mean Reynolds shear stress at those locations. 

Pulles et al. (1989) found from a quadrant analysis at y+ = 38 that there was a lower 
fractional contribution from the second quadrant and a higher contribution from the 
fourth quadrant above the riblets compared to those above the flat plate, and they 
concluded that ejections were weaker above the riblet and sweeps were much stronger. 
However, a higher fractional contribution from fourth-quadrant events does not imply 
stronger sweep motions above the riblets because the absolute magnitude of the 
Reynolds shear stress from the fourth-quadrant events above the riblets may still be 
lower than that above the flat plate. Our results show that this is indeed the case (figures 
20 and 21). 

5.5. Higher-order statistics 
The skewness and flatness factors of the velocity fluctuations are shown in figures 22 
and 23. The skewness of w’ should be zero away from the riblets because of the 
reflectional symmetry of the flow statistics. The skewness and flatness factors are nearly 
unchanged above y+ z 30, but are significantly changed near the riblets. The skewness 
of u’ is decreased near the riblet valley, while it is increased near the riblet tip. For 
10 < y+ < 15, in the case s+ = 40, the skewness of u’ is increased across the entire span. 
The skewness of 21’ reaches large negative values near the riblet valley and large positive 
ones near the riblet tip. 

The flatness of u’ is decreased very near the riblet valley and increased near the riblet 
tip. However, the flatness of 0’ is significantly reduced above both riblet tip and valley, 
indicating that the normal velocity above the riblets is less intermittent than in the flat- 
plate case. The flatness of w’ is nearly unchanged in the case s+ = 20, while it is slightly 
reduced in the case S+ x 40. 

Hooshmand et al. (1983) and Bacher & Smith (1985) found that riblets have no effect 
on the skewness of the velocity fluctuations. However, they measured the skewness of 
u’ only for y+ > 10. As is clearly indicated in figures 22(b) and 23(b), in the case 
s+ = 20 (a drag-reducing configuration), the difference in the skewness and flatness 
factors occurs only for y+ < 10. Coustols & Cousteix (1989) reported that the skewness 
and flatness of the streamwise velocity fluctuations were reduced near y+ = 5,  while 
there were no modifications for y+ > 20 (y” = 0 corresponded to the riblet tip in their 
data). On the other hand, Tardu & Truong (1991) found that the skewness and flatness 
of u’ were increased for y+ c 15. As shown in figures 22(b) and 23(b), in the presence 
of riblets there is a significant spanwise variation of the skewness and flatness of u’ 
below y+ = 10. Hence, the spanwise locations of their measurements should have been 
indicated to clarify this issue. VukoslavEevid et al. (1992) reported that the skewness 
and flatness of u‘ near the riblets significantly increase above the riblet valley and 
decrease above the riblet tip, which apparently contradicts the present results. 
However, this discrepancy is due to the fact that each of their profiles was vertically 
shifted to match the origin of the flat wall. When replotted with the same coordinates 
used here, the same conclusion is drawn: i.e. at a given y+ (< lo), the skewness and 
flatness of u’ are increased above the riblet tip and decreased above the riblet valley. 
However, the present data do not show such large skewness and flatness factors very 
near the riblet valley as in VukoslavEeviC et al. (1992). 
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FIGURE 22. Skewness factors in wall coordinates: -, above the flat plate; ---- , above the riblet 
valley; . . . . . . . ., above the riblet midpoint; -.-, above the riblet tip. (a)  s+ x 40; (b) s+ FZ 20. 
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5.6. Further comparison with experimental results 
Detailed comparison of turbulence statistics above riblets is difficult among the existing 
data in the literature. There are differences in the riblet shapes and sizes as well as 
Reynolds numbers and the proximity of the measurement locations to the riblets. 
Surprisingly, there are also several experimental studies of the flow characteristics near 
riblets that do not include drag measurements. Some measurements that do include 
turbulence statistics do not report the spanwise location of the measurements. To the 
authors' knowledge, the experiments of Benhalilou et al. (1991) and VukoslavEevid 
et al. (1992) are the only available measurements that report on the spanwise variation 
of turbulence statistics near riblets. Their Reynolds numbers, Re,, were about 160 and 
470, respectively, which are in the range of the present study. The same riblet geometry, 
a = 45" (i.e. S+ = 2/29' was used in both experiments. The non-dimensional riblet 
spacing was reported to be s+ z 30 in Benhalilou et al. (1991) and 35 in VukoslavEevid 
et al. (1992). Unfortunately, neither study provided skin-friction data. 

The root-mean-square streamwise velocity fluctuations of Benhalilou et al. (199 1) 
and VukoslavEevid et al. (1992) are replotted in figure 24 together with the present data. 
As in the experimental data, for comparison, the profiles above the tips and valleys 
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FIGURE 23. Flatness factors in wall coordinates: -, above the flat plate; ----, above the riblet 
valley; . . . . . . . ., above the riblet midpoint; -.-, above the riblet tip. (a) s+ x 40; (b) s+ x 20. 
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were shifted vertically so that their origins would coincide with the location of a 
reference flat plate located halfway between a tip and valley ( y / 6  = 0). There is an 
apparent trend in the u' profiles: regardless of riblet spacing, the y-locations of the 
maximum turbulence intensity above the riblet tips are closer to the origin ( y / 6  = 0) 
than that above the corresponding flat plate, whereas the peak y-locations above the 
riblet valleys are further away from the origin. Reductions or increases of the root- 
mean-square streamwise velocity fluctuations above the riblet valley and tip were 
discussed in $5.1 and will not be repeated here. As shown in figure 24, the data by 
Benhalilou et al. (199 1) and VukoslavEevid et al. (1992) are similar to the present results 
for s+ M 40 and s+ M 20, respectively. We also plotted all the experimental and 
computational turbulence intensities in the wall coordinates (u ' lu,  us. y+), where y+ 
has been obtained by using the virtual origin of Bechert & Bartenwerfer (1989). 
However, these data did not collapse well. This is probably due to different riblet 
spacings as well as measurement difficulties very near the riblets. 
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6. Drag reduction mechanism 
As mentioned in 0 5 ,  in the case s+ FZ 20, there was a decrease of the Reynolds stresses 

near the riblets, suggesting that riblets reduce momentum transport by impeding the 
cross-flow motion. The strengths of the streamwise vortices above the riblets are also 
reduced (figure 16a), indicating that the downwash and ejection motions due to the 
streamwise vortices are weakened. 

In this section, we focus on the time-dependent turbulence structures above riblets 
by examining the instantaneous flow fields. Our objective is to elucidate the physical 
mechanism by which riblets reduce drag. 

Figure 25(a) (plate 1) shows contours of the instantaneous wall-shear rate 3u/3n 
normalized by U, and 6 on the riblet surfaces for cases with a = 60". The non- 
dimensionalized plane- and time-averaged wall-shear rate on the flat plate is 7.8, and 
the wetted area of the plate with riblets is sec (a) times greater than that of the flat plate. 
Hence, a wall-shear rate on the riblet surface that is larger than 7.8 cos (a) results in an 
increased drag on the riblet surface over that of the flat plate, whereas a value smaller 
than 7.8 cos (a) results in a decrease. The black lines in figure 25 (a) show the contour 
line with value 7.8 cos (a). Regions of high wall-shear rate (red contours) can be seen 
not only near the riblet tips but also in the middle of the riblets in the case s+ x 40, 
whereas in the case s+ z 20 the regions of high wall-shear rates are restricted to the tips. 

It has been shown in Choi et al. (1992) that, in plane channel flow, local regions of 
high skin friction are associated with streamwise vortices just above the wall. The 
sweep motion due to these strong streamwise vortices creates regions of high skin 

0.16 

(4 
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FIGURE 26. Schematic diagram of drag increase and reduction mechanisms by riblets: (a) sc % 40 - 
drag increase (extensive area affected by downwash motion); (b )  s+ NU 20 - drag reduction (limited 
area affected by downwash motion). 

friction on the wall. The transverse-flow structures leading to high skin friction can be 
seen in the cross-sectional views at the locations (marked with arrows in figure 25a) at 
which the highest wall-shear rates occur. Figure 25 (b) shows cross-flow velocity vectors 
(u, w) and contours of the streamwise vorticity component in the transverse plane. 
Strong streamwise vortices near the riblets are present in both cases. It was estimated 
in Kim et al. (1987) from the profile of root-mean-square streamwise vorticity in plane 
channel flow that the centres of streamwise vortices are located on average at y+ z 20, 
and that their average diameter is d+ x 30. Since the average diameter of the 
streamwise vortices above the wall is smaller than the spacing of the riblets in the case 
S+ z 40, the streamwise vortices can move freely and can be found inside the riblet 
valleys. This exposes a larger surface area of the riblets to the sweep motion that they 
induce. On the other hand, in the case s+ z 20, most streamwise vortices stay above the 
riblets because their average diameter is larger than the spacing of the riblets, and only 
a limited area of the riblet tips is exposed to their induced sweep. A schematic diagram 
of this drag modification mechanism is shown in figure 26. Note that even in the case 
of riblets with s+ x 40 the skin friction per unit of surface area is reduced due to less, 
but still significant, inhibition of streamwise vortices approaching the wetted area. In 
the case s+ z 20, only a small part of the wetted surface is exposed, resulting in a net 
drag reduction despite a significant increase in the wetted area. 

Several other instantaneous flow fields were examined, and in none of the cases with 
s+ w 20 were strong streamwise vortices observed in between the riblets. On the other 
hand, each instantaneous flow field in the case S+ z 40 contained streamwise vortices 
between the riblets. The wall-shear rate profiles in figure 6(a) clearly support the 
proposed mechanism: the wall shear rate in the case s+ x 40 is noticeably higher than 
that in the case S+ z 20 in the middle of the riblet surface, whereas the wall shear rates 
near the tip and valley regions are nearly identical. 

Of course there is a distribution of the diameters of the near-wall streamwise 
vortices. At present this distribution has not been deduced from measurements or 
simulation data. Such a distribution would be very valuable for a more quantitative 
analysis of drag reduction by riblets. Our proposed mechanism for drag reduction by 
riblets implicitly assumes that the typical diameter of the dynamically significant 
streamwise vortices is around 30 wall units. 

7. Summary 
Direct numerical simulations of turbulent flows over riblets were carried out at a 
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Reynolds number of 4200 based on the centreline velocity of a laminar parabolic 
profile (with the same volume flux) and the channel half-width. A fully implicit 
(Crank-Nicolson) fractional step method was used for the time-advancement, and a 
second-order central finite-difference method was used for the spatial derivatives. 

The drags computed for each riblet configuration were in good agreement with the 
experimental results of Walsh (1982). Cases with S+ % 20 showed a 5-6% drag 
reduction, and cases with S+ % 40 showed a drag increase. 

The virtual origin of the wall was defined such that the maximum turbulent kinetic 
energy production occurred at y+ x 13. As the ridge angle of the riblets increased, the 
virtual origin moved closer to the riblet tip. The mean-velocity profiles based on these 
virtual origins showed upward and downward shifts in the log-law for drag-decreasing 
and drag-increasing cases, respectively. 

Flow statistics above the riblets were compared to those above the flat plate. 
Differences between the mean-velocity profiles and turbulence quantities were limited 
to the inner region of the boundary layer. Velocity and vorticity fluctuations as well as 
the Reynolds shear stress above the riblets were reduced in drag-reducing con- 
figurations. Reduction of the normal and spanwise velocity fluctuations above the 
riblets indicated that the transverse flow near the wall was impeded by the riblets, one 
of the drag reduction ‘mechanisms’ suggested by Bechert & Bartenwerfer (1989) and 
Choi (1989). Quadrant analysis indicated that the riblets intensified the positive 
Reynolds-shear-stress-producing events in drag-increasing configurations, while they 
mitigated these (second- and fourth-quadrant) events in drag-reducing configurations. 
The Reynolds shear stresses from the first- and third-quadrant events were nearly 
unchanged by the riblets, implying that the riblets modify only the organized motion 
that is associated with the streamwise vortices above the wall. 

From an examination of the instantaneous flow fields, a drag reduction mechanism 
was proposed: a certain spacing of riblets reduces viscous drag by restricting the 
location of streamwise vortices above the wetted surface such that only a limited area 
of the riblets is exposed to the downwash of high-speed fluid induced by them. Only 
the tip region is exposed to high wall-shear rates in drag-reducing configurations, 
whereas in drag-increasing configurations both the middle and tip regions are exposed 
to them. 

Note added in proof. While this paper was being printed, a paper by Chu & 
Karniadakis on the flow over riblets appeared in this Journal (J .  FZuid Mech. vol 250 
(1993), p. 1). Although some of their flow statistics above the riblets are in general 
agreement with the present data, there are noticeable discrepancies between the two 
computations. In particular, they report instantaneous flow reversals near riblet valleys 
where the magnitude of flow reversal reached as high as 2.5 % of the bulk streamwise 
velocity. This is not in accordance with the present computations. Examination of forty 
of our instantaneous flow fields revealed only a handful of isolated grid points where 
the streamwise velocity was slightly negative (less than 0.1 % of the centreline velocity). 
Such negative values are within the error bounds of the iterative solvers used and 
cannot be attributed to physical effects. 
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