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ABSTRACT

Flows over wavy (sinusoidal) riblets are investigated
by means of Direct Numerical Simulation (DNS) in or-
der to improve its configuration. Total drag (pressure drag
+ friction drag) reduction rate is improved in some cases
at a maximum reduction rate of -7.8%, while reduction
rate of straight riblet is -6.1%. If B, which is defined as
B =tan~'(2ma/) (a: amplitude, A: wavelength), is rela-
tively large, friction drag is reduced drastically by spanwise
vortices which periodically occur from detachment at the ri-
blet tip. Too large 3, however, causes large pressure drag,
which offsets friction drag reduction effect. With relatively
small f3, on the other hand, spanwise vortices which reduces
friction drag occurs, but not periodically. Considering total
drag reduction, relatively small § seems better.

INTRODUCTION

Attention must be paid for sustainable aviation to im-
provement of fuel efficiency aiming at the reduction of CO2
emission. Reduction of skin friction drag will contribute
significantly to improvement of aerodynamic performance:
Friction drag accounts for about half of total drag of air-
craft at cruising condition. As is well known, several re-
duction technique for skin friction drag have been ever pro-
posed. Unfortunately, most of them have difficulties to put
into practical use for now, because of technical problems or
cost restrictions. Against this background, recently, several
research groups have focused renewed attention on riblet as
a realizable flow control device. For example, a research
group developed an innovative shape-forming method of ri-
blet (Stenzel et al., 2011 etc.). With that method riblet struc-
ture is formed simultaneously during painting process. This
method will overcome the disadvantage of riblet, such as
additional weight that offsets the fuel saving, cost for intro-
duction and maintenance, environment resistance, difficulty
in maintenance and so on. As for attempt of application
of riblets to commercial aircraft, 2% reduction of total air
drag was confirmed by Airbus A320 flight test, which corre-
sponds to an annual saving of more than 50000 litters’ fuel
consumption per aircraft in normal regular service (MBB
Transport Aircraft Group, 1988). Generally, about 8% re-

duction of turbulent skin friction drag can be achieved with
well-designed riblet.

Bechert et al. (1997) concluded from their experiments
that “blade riblets,” which is like row of thin fences along
streamwise direction, is optimal as 2D configuration. On
the other hand, effectiveness of 3D riblets has been dis-
cussed (Viswanath, 2002; Pollard, 1997). Several stream-
wise variations of configurations have been analyzed as
3D riblets, such as zigzag, (Japan Atomic Energy Agency,
2002; Sha et al., 2005), sinusoidal, (Peet et al, 2008; Peet
et al., 2012; Griineberger, 2012) and the others (Bechert et
al., 1997a; Wilkinson et al., 1988; Bruse, 1993; Miki et
al., 2011). While several streamwise variations of configu-
rations have been analyzed as 3D riblets, sinusoidal riblets
in particular are reported to be more effective than straight
riblets (Peet et al., 2008; Peet et al., 2012).

Authors conducted DNS of flow over both straight
and sinusoidal riblets (Yamada et al., 2013). It was con-
firmed from computed instantaneous field and results of
quadrant analysis that well-known drag reduction mecha-
nism of straight riblet is also reproduced over sinusoidal ri-
blets; Friction drag is reduced because down-wash cannot
reach the riblet grooves. In previous research by Peet et al.
(2008), turbulence statistics over sinusoidal riblet is inves-
tigated aiming at examining improvement process of drag
reduction by sinusoidal shape. However, the mechanism is
not yet clarified. On the other hand, it seems from our pre-
vious research (Yamada et al., 2013) that friction drag on
wetted area is closely related instantaneous flow field inside
the riblet grooves. In this study, therefore, instantaneous
flow field inside the riblet grooves are investigated to exam-
ine the improvement process caused by sinusoidal shape.

1 OUTLINE OF COMPUTATION
1.1 Computational Condition

Objective of analysis is the channel flow which has flat
surface on upper wall and riblet surface on lower wall. Fig-
ure 1 is an example of computational domain. Sinusoidal
curves of riblets are specified by wavelength A and ampli-



Table 1. Computational condition for DNS of channel turbulence with riblets.

Rer | tips Grid point Domain
Nips | Nv = Ny N L, Ly L,
flat plate 180 - 256 128 256 4nd 26 2x0.2897d
st =20 180 16 | 256 128 512 4nd 26 2x0.2897d
(except A1 = 1508)
st =40 180 8 256 128 512 4o 26 2x0.2897d
AT =1508 180 16 | 344 128 512 | 16/3n6 26 2x0.28978

Figure . Computational domain for flows over wavy ri-
blets.

(a) trianglar

Figure 3. Cross-sectional computational mesh near ri-
blets.

tude a as shown in Fig. 2. Sinusoidal curves are also spec-
ified by A and angle B (Peet et al., 2008; Peet et al., 2012),
which is defined as

B :tan71<2n’%), 1)

also shown in Fig. 2. For the convenience of organizing the
computational results, each case is set by combination of
wavelength A and angle . As y— z cross-section, triangle
and trapezoidal cross-section is adopted. Trapezoidal riblet
is proposed as a suboptimal shape considering the introduc-
tion to aircraft (Bechert et al., 1997). Figure 3 represents
computational mesh for trapezoidal riblet. Riblet height &
is set to be half of spanwise spacing of grooves s, which is

confirmed to be effective size (Yamada et al., 2013). All
the computational cases will be shown later together with
the calculated drag reduction rates. Table 1 represents the
detailed information of computational domain. Wall unit of
riblet spacing, s*, and grid points on each spacing are same
as those of Choi et al. (1993) for comparison. Streamwise
length of computational domain, on the other hand, is set to
be 4 times as long as Choi et al. (1993), because test calcu-
lation shows that streaks are found to be longer than original
domain length. Spanwise length is set to be 2 times as long
as Choi et al. (1993) so that interaction of turbulence struc-
ture can be fully observed. Pressure gradient of streamwise
direction dP/dx = —1 is applied as driving force. Reynolds
number Rer, which is based on the wall-shear velocity of
the flat plate 7 and the channel half-width &, is set to be
180 to compare with each previous result (Choi et al., 1993).

1.2 Numerical Method

The method of unsteady direct numerical simulation
is based on the fractional step method for incompressible
flow. The convective term and viscous term are discretized
by central finite difference of 2nd order accuracy. Adams-
Bashforth method of 2nd order accuracy is applied for time
marching of these terms. The periodicity is assumed in the
streamwise (x) and spanwise (z) direction.

The code was validated by comparing with DNS re-
sult of two-flat-plate channel by Kim et al. (1987) and also
comparing with experimental and DNS results of flow over
triangle-grooved riblets (Walsh, 1982; Choi, 1993).

These calculations were performed on JAXA Super-
computer System (JSS).

2 DRAG REDUCTION RATE
2.1 Definition
Friction drag reduction rate DR is defined as

o Dfriblel B folal

DRy @
Dy Flat
where D is friction drag which is calculated by
du
Df=— —dA. 3
s "L/A on 3)

Here, n is normal vector on wetted surface and A is wet-
ted area. Subscript riblet represents ’riblet surface (lower
side of domain)’, flat represents 'flat surface (upper side
of domain)’, respectively. Not only friction drag but also
pressure drag occurs on sinusoidal riblet. Total drag D is
defined as sum of friction drag D and pressure drag Dp:

D=Ds+D,



Table 2. Calculated drag reduction rates. (*: experiment by Walsh (1982), **: DNS by Choi et al. (1993), *: experiment by
Bechert et al. (1997))
case cross | streamwise | wave length | amplitude | angle | spacing | Friction drag Total drag
-section At at B st reduction rate | reduction rate
. . . -2.8%
tri-s20 triangle | straight - - - 20 —
(-3%*, -5%**)
. . . +3.3%
tri-s40 triangle straight - - - 40 —
(+3%*, +2%**)
. . -6.1%
trap trapezoid | straight - - - 20 —
(-7.6%")
trap-A11508-$10.7 | trapezoid sine 1508 45 10.7 20 -9.7% -7.2%
trap-A11131-$32.1 | trapezoid sine 1131 113 32.1 20 -15.5% +10.0%
trap-A T 1131-$21.7 | trapezoid sine 1131 68 21.7 20 -11.4% -1.6%
trap-A11131-$10.7 | trapezoid sine 1131 34 10.7 20 -10.3% -7.8%
trap-A1565-510.7 | trapezoid sine 565 17 10.7 20 -8.7% -5.9%
trap-A283-$10.7 | trapezoid sine 283 8.5 10.7 | 20 -10.5% -7.4%
trap-A11131-B5.7 | trapezoid sine 1131 18 5.7 20 -7.0% -6.3%
- / <_”% +Pwnx)dA. ) tan 3 & 0.1(B = 5.7°) seems to be the most effective pa-
A an rameter. With B = 5.7° and A™ = 1131, however, calcu-

Here, P,, is pressure above wetted surface and n, is stream-
wise component of normal vector. Same as DR (eq. (2)),
total drag reduction rate is defined as

Dyipres — Dflal

DRoa1 =
Dflal

®)

2.2 Summary of Parametric Analysis

Calculated drag reduction rates are shown in Table 2.
Drag reduction rate of triangle cross-section (tri-s20 and
tri-s40) are compared with experimental results of Walsh
(1982) and DNS results of Choi et al. (1993). They re-
ported that variation of drag reduction rate are +1% and
+2% respectively. Our results are reasonable considering
these variations. Drag reduction rate of straight riblet with
trapezoidal cross-section (trap) is in good agreement with
experimental results of Bechert et al. (1997).

Figure 4 represents drag reduction rate for various
tan 3. Friction drag reduction rate is improved by each si-
nusoidal riblet compared with that of straight riblet (tan 8 =
0). Total drag (friction drag + pressure drag) reduction rates
are also improved in some cases at a maximum reduction
rate of -7.8%, while reduction rate of straight riblet is -6.1%.

Figure 4 shows that the larger the B is, the better
friction drag reduction rate gets. On the other hand, to-
tal drag reduction rate get worse except for 3 cases of
B = 10.7°. Particularly, total drag reduction effect is lost
with B = 32.1°. Solid lines in Fig. 4 represent approxi-
mated curves obtained from calculation point. Friction drag
reduction rate drops in direct proportion to tan 3 and pres-
sure drag rate (pressure drag/friction drag of flat surface)
increases directly with the square of tanf3. These agree
with the computational results of flow over sinusoidal ri-
blets reported by Peet et al. (2012). From approximated
curves of total drag reduction rate (green line + black line),

lated total drag reduction rate is not the best among all the
cases. This may be attributed to the slight difference of fric-
tion drag caused by value of A, while pressure drag is de-
termined mostly by B (discussed later).

The cases with various wavelength A and same f3 are
compared. Figure 5 represents drag reduction rate for var-
ious A* with same (=10.7°). This figure shows that dif-
ference between various A is slight compared with that be-
tween various 3 (Note that vertical axis is different from
Fig. 4). These small differences, however, are important
for search of the optimal value. In Fig. 5, total drag re-
duction rate are the smallest at AT = 1131 among the four
cases. Peet et al. (2012) predicted that the most effective
wavelength is AT ~ 1000. They concluded that A+ which
is larger or smaller than 1000 disrupts self-maintenance cy-
cle of turbulence in wall flows, which is to increase drag;
Characteristic scale of turbulence, such as advection dis-
tance of streamwise vortex before breakup or length of low-
speed streak, is about 1000 in wall-unit. Our results show
that the smallest drag reduction rate is certainly obtained at
about AT = 1000 as Peet et al. (2012) predicted. How-
ever, these four data points cannot infer local minimum is at
about AT = 1000.

Pressure drag seems to be determined mostly by
because difference of pressure drag among various wave-
length is much smaller than that among various f3.

3 DISCUSSION ABOUT IMPROVEMENT OF

DRAG REDUCTION EFFECT

In this section, all the trapezoidal cases and case of
two-flat-plate channel are compared to examine the mecha-
nism of improved drag reduction effect by sinusoidal shape.

Figure 6(a), (b) represent instantaneous distribution of
w, u and pdu/dn (streamwise component of wall shear
stress), along one of the grooves, respectively. Figure 7 are
the power spectra obtained by subjecting spatial distribu-
tions of w, u and prdu/dn to FFT processing, i.e. examples
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Figure 4. Drag reduction rates versus tanf3 (symbol:
present results, lines: fitting curves).

of the sample data of FFT are Fig. 6. Figure 6(a) shows that
amplitude and wavelength of fluctuating spanwise velocity
w are corresponding to those of sinusoidal riblets. In Fig.
7(a), peak value of power spectra of w are represented at the
wave number 1/A which determine respective sinusoidal
shapes. Harmonic is also detected in case trap-AT1131-
B32.1. In Fig. 6(b), strong correlation between streamwise
velocity u and streamwise component of wall shear stress
wdu/dn is observed. In sinusoidal case, pdu/dn is smaller
at the position where reverse flow (negative «) occurs. Par-
ticularly in case trap-AT1131-$32.1, many reverse flows
occur, which corresponds to the significant improvement of
friction drag reduction rate shown in Table 2.

Figure 8 shows 3 examples of instantaneous flow field.
Upper and lower figures represent vortical structure inside
the grooves and streamwise component of wall shear stress
wdu/dn, respectively.

In Fig. 8(a), spanwise vortices occur periodically at
the phase where angle between flow and riblet tip is the
largest. Spanwise vortices occur by separation from riblet
tip as shown in Fig. 9. Reverse flow in the vicinity of the
riblet surface makes pdu/dn negative. In the lower figure
of Fig. 8(a), the areas where p1du/dn are particularly small
correspond with spanwise vortices. This is confirmed also
by power spectra. In Fig. 6(b) and (c), peak is clearly de-
tected only in case trap-AT1131-832.1 and trap-A*1131-
B21.7. The wave number at which peak is represented is
twice the wave number of sinusoidal shape. This implies
that separation and reverse flow occur at the phase where
angle between flow and riblet tip is the largest.

If angle B is relatively small(Fig. 8(b)), on the other
hand, occurrence of spanwise vortices is not so periodic as
that of the cases of AT = 1131, B = 32.1°(Fig. 8(a)). Thus
peak is not clearly detected in Fig. 6(b) and (c). Spanwise
vortices occur also above straight riblet as shown in Fig.
8(c), the cause of which is not clarified yet. Nonetheless,
even if angle B is relatively small, friction drag reduction
effect is improved from straight riblet, because more span-
wise vortices occur from sinusoidal riblet tips. Total drag
reduction effect is also improved in 4 cases. In those cases,
pressure drag increasing effect is smaller than friction drag
reducing effect. The most effective B obtained from the
parametric study is determined from trade-off between fric-
tion drag reduction effect and pressure drag increasing ef-
fect of B.

4 CONCLUSION
DNS results of flow over sinusoidal riblets were an-
alyzed to investigate improvement mechanism of drag re-
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Figure 5. Drag reduction rates versus AT (8 = 10.7°).

duction effect. This can be summarized as follows:

1. Total drag (pressure drag + friction drag) reduction rate
of sinusoial riblet is improved in some cases at a max-
imum reduction rate of -7.8%, while reduction rate of
straight riblet is -6.1%.

2. Friction drag reduction rate drops in direct proportion
to tanf3 = 2ma/A (a: amplitude, A: wavelength) and
pressure drag rate (pressure drag/friction drag of flat
surface) increases directly with the square of tan 3.

3. If angle B is relatively large, flow is separated from ri-
blet tips. Spanwise vortices which occur periodically
by the separation reduce friction drag. Regarding re-
duction of total drag, trade-off between  and pres-
sure drag should be considered. If angle f3 is relatively
small, spanwise vortices occur less frequently and not
periodically. Nonetheless, considering total drag re-
duction, relatively small 8 seems better because pres-
sure drag increasing effect is smaller than friction drag
reducing effect.

4. Difference of friction drag among various A, on the
other hand, is slight compared with that among vari-
ous . These small differences, however, are impor-
tant for search of the optimal value. Pressure drag also
seems to be determined mostly by 3 because difference
of pressure drag among various wavelength is much
smaller than that among various f3.
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Figure 8. Instantaneous vortical structure and streamwise component of wall shear stress (red: streamwise vorticity @, = 20
(@, =40 only for (a)), blue: @y = —20(@, = —40 only for (a)), gray: @, = —10, contours: pdu/dn).

Figure 9. An example of instantaneous velocity vector at separating region.
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