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ABSTRACT

Direct numerical simulations (DNS) of flow over triangular and rectangular riblets in a wide range of
size and Reynolds number have been carried out. The flow within the grooves is directly resolved by
exploiting the immersed-boundary method. It is found that the drag reduction property is primarily
associated with the capability of inhibiting vertical velocity fluctuations at the plane of the crests, as
in liquid-infused surfaces (LIS) devices. This is mimicked in DNS through artificial suppression of
the vertical velocity component, which yields large drag decrease, proportionate to the riblets size. A
parametrization of the drag reduction effect in terms of the vertical velocity variance is found to be
quite successful in accounting for variation of the controlling parameters. A Moody-like friction dia-
gram is thus introduced which incorporates the effect of slip velocity and a single, geometry-dependent
parameter. Reduced drag-reduction efficiency of LIS-like riblets is found as compared to cases with
artificially imposed slip velocity. Last, we find that simple wall models of riblets and LIS-like de-
vices are unlikely to provide accurate prediction of the flow phenomenon, and direct resolution of

flow within the grooves in necessary.

1. Introduction

Drag reduction is one of the primary goals in engineer-
ing fluid dynamics design, and viscous drag in particular is
the primary driving factor for aircraft or marine vessels fuel
consumption. Previous studies have suggested that micro-
surface features which change the near-wall structure of the
turbulent flow are effective in reducing drag, as is the case of
riblets [22]. Choi et al. [4] carried out direct numerical sim-
ulation (DNS) of turbulent flows over riblet-mounted sur-
faces, achieving 6% drag reduction with triangular riblets
with spanwise spacing in wall units st =~ 20, and drag in-
crease with sT =~ 40. They attributed the drag reduction
effect to reduction of Reynolds stress near the riblets which
prevents the cross-flow motion. Garcia-Mayoral and Jiménez
[7] claimed that good characterization of the riblets perfor-
mance breakdown may be obtained using the groove cross-
sectional area A,, rather than the riblets spacing. In par-
ticular, they asserted that optimal performance of riblets is
achieved for f;r = \/A_g ~ 11, regardless of the riblets
shape. Many geometries and sizes of riblets have been stud-
ied numerically and experimentally, and maximum drag re-
duction is achieved of about 9%. The best results are typi-
cally obtained with sharp, blade-shaped riblets, which how-
ever are difficult to construct and maintain at the Reynolds
numbers of engineering interest.

A strategy has been pursued in recent years to overcome
the performance limit of riblets, which involves the use of
super-hydrophobic surfaces [SHS, 12] and liquid-infused sur-
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faces [LIS, 1]. The effects of SHS on skin-friction drag have
been investigated through direct numerical simulation of tur-
bulent channel flow [12] [5], in which the actual surface tex-
ture is replaced with artificialy enforcement of a slip length
¢y = u/(0u/0dy) at the wall. It was shown that imposing
a slip velocity in the streamwise and in the spanwise direc-
tions has quite a different effect on the near-wall turbulence,
resulting in large drag reduction in the former case and large
drag increase in the latter case. Martell et al. [11] studied the
variation of wall shear stress and Reynolds stresses in turbu-
lent channel flow for a variety of SHS textures considering
only the flow above the texture, by applying the no-slip con-
dition at the top surface of each microfeature, and the free-
slip condition at the suspended liquid—gas interface. Subse-
quently, Rastegari and Akhavan [20] derived a relation be-
tween the amount of drag reduction and the slip velocity, i.e.
the average velocity on the texture. Arenas et al. [1] carried
out DNS of turbulent channel flow with two superposed flu-
ids having different viscosity, accounting for flow within the
grooves. Different textured surfaces were considered, with
several values of the viscosity ratio. Large drag reduction
was obtained with staggered cubes patterns, which was con-
nected with suppression of the wall-normal velocity fluctua-
tions at the tip of the cubes. The importance of wall-normal
velocity fluctuations in wall turbulence was previously em-
phasized by Orlandi and Leonardi [16], who connected the
drag increase effect in flow over rough walls with the vari-
ance of the vertical velocity at the plane of crests.

In this work we carried out DNS in a turbulent channel
flow with triangular and rectangular riblets at the lower wall,
in which the flow within the grooves is directly resolved. Nu-
merical simulations were carried out by changing the riblets
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DNS of flow over riblets

size and/or the bulk Reynolds number, and by suppressing
the vertical velocity at the plane of crests, especially mim-
icking LIS with unit viscosity ratio. Besides a general study
of turbulence modification due to the presence of riblets, we
aim at establishing whether a similar relationship between
vertical velocity fluctuations and drag variation (with respect
to the reference case of a smooth channel) as introduced by
Orlandi and Leonardi [16] for rough surfaces can also be
traced in SHS and/or LIS. For that purpose, we expand the
study of Arenas et al. [1] for a broader database, spanning
both roughness and ideal LIS. We further present a relation-
ship between the roughness function and the slip velocity
which is used to derive a Moody-like diagram for both drag
increasing and drag reducing surfaces.

2. Methodology

The flows under scrutiny are governed by the incom-
pressible Navier-Stokes and continuity equations,

%+0U’UJ __9P L@Jrng. (1

ot ox; 0x " Re gx2 i
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i

where the U,’s are the velocity components in the stream-
wise, wall-normal and spanwise directions, respectively, here-
after also referred to as U, V', W, I1 is the pressure gradient
required to maintain a constant flow rate and P is the pres-
sure. The numerical method relies on second-order finite-
difference discretization on a staggered mesh with direct in-
version of Poisson equation for the pseudo-pressure [14],
which accommodates arbitrarily complex geometries through
the immersed-boundary method. As proposed by Orlandi
and Leonardi [15], the no-slip condition at solid walls is indi-
rectly enforced by re-defining the metrics for viscous deriva-
tive evaluation at the first layer of interface fluid points.
The computational box is 74 X 2h X 1.25h in the stream-
wise, wall-normal and spanwise directions, for all cases. Sim-
ulations are performed with a constant mass flow rate, at bulk
Reynolds number in the range Re, = 3,500 — 20, 000. The
upper boundary is assumed to be flat, and riblets are only
placed at the lower wall, see Fig. 1. Triangular riblets with
spanwise spacing s = 0.125h and tip opening angle f =
50.97° are considered as baseline geometry (T1), for which
a mesh with 256 x 512 x 512 points is used, with resolution
Axt ~ 6.9, Azt ~ 1.4 at Re, = 20,000. Additional simu-
lations, denoted as T2, have been carried out at fixed Re, =
5,600, for geometrically similar triangular riblets with vari-
ous spanwise spacing, s = 0.0415A,0.0834,0.166A (corre-
sponding to z,”g =0.03h,0.06h,0.12h), on a 64 X 384 x 512
mesh. Simulations of rectangular bars with same spacing
and height (hence with same gas fraction) as the T1 riblets
have also been carried out using the same domain and grid,
and referred to as B in the following (see Fig. 2(a)). A list
of selected flow conditions is given in Tab. 1. All DNS were

Ly

2h

Figure 1: Computational domain with riblets at the lower wall.

repeated by artificially forcing zero vertical velocity at the
plane of crests, to mimic conditions encountered in SHS or
LIS with large surface tension, which are referred to with the
V0 suffix in the following (see Fig. 2(a)). In all cases, flow
within the grooves is directly resolved.

To a first approximation, suppression of the vertical ve-
locity amounts to replacing the no-slip boundary condition
at the lower wall with an axial velocity slip, which is in gen-
eral non-uniform along the spanwise direction, and which
depends on the riblets shape and on the Reynolds number.
To verify whether this approximation is correct, we have car-
ried out a series of companion DNS of Couette-Poiseuille-
like flow [18], by assuming smooth lower wall with imparted
slip velocity (U, see Fig. 2(b)). Cases with uniform slip ve-
locity have been simulated, with U, = 0.025 — 0.2U,, and
Re;, = 4,000 — 15,000, which are referred to as CP. Cases
with artificial sinusoidal spanwise variation of the slip veloc-
ity according to Uy = A sin®(zx /), to more closely repli-
cate the mean velocity distribution observed in triangular ri-
blets, which are referred to as SIN. The mean slip velocity in
this case is set to Uy = 0.1U,, with Re, = 4,000 — 15, 000.
A mesh with 256384 x 128 is used for all these cases, listed
in Tab. 2. In the following discussion, the reference case of
flow in smooth channel with stationary walls is hereafter re-
ferred to as SM.
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T No Slip B

B-V0

(b)
Figure 2: (a) Cross-stream geometry of triangular (T, left) and
rectangular (B, right) riblets. For cases denoted with the V0
suffix zero vertical velocity (V' = 0) is imposed at the plane of
crests, marked with a dashed line. (b) Set-up of of companion
Couette-Poiseuille simulations, with imparted slip velocity at
the lower smooth wall uy(z).

Table 1
List of simulations done with riblets.
Name Geometry Re, h./h s/h
T1 Triangular 3,500 0.125 0.131
T1 Triangular 5,000 0.125 0.131
T1 Triangular 10,000 0.125 0.131
T1 Triangular 15,000 0.125 0.131
T1 Triangular 20,000 0.125 0.131
T2 Triangular 5,600 0.0625 0.0656
T2 Triangular 5,600 0.125 0.131
T2 Triangular 5,600 0.250 0.262
B Rectangular 3,500 0.125 0.131
B Rectangular 5,000 0.125 0.131
B Rectangular 10, 000 0.125 0.131
B Rectangular 15,000 0.125 0.131
B Rectangular 20,000 0.125 0.131
3. Results

3.1. Drag reduction

Fig. 3 shows the relation between the percent drag re-
duction, DR = 1 — 7, /7,,, and the typical groove length
scale, £+, where 7, and 7, are the wall shear stress at
the lower and upper wall, respectively, the former being es-
timated from momentum balance. For the T1 and T2 test
cases, our results are consistent with classical analysis [7].
In particular, maximum drag reduction is observed for f;‘ o~

Table 2
List of simulations done with slip-condition.
Name Re, U,/U,
CcpP 4,000 0.025
CP 4,000 0.05
CP 4,000 0.1
CcpP 4,000 0.2
CP 5,000 0.025
CP 5,000 0.05
CcpP 5,000 0.1
CP 5,000 0.2
CP 5,600 0.025
CcpP 5,600 0.05
CP 5,600 0.1
CP 5,600 0.2
CcpP 10,000 0.025
CP 10,000 0.05
CP 10,000 0.1
CcpP 10,000 0.2
CP 15,000 0.025
CP 15,000 0.05
CcpP 15,000 0.1
CP 15,000 0.2
SIN 4,000 0.1
SIN 5,000 0.1
SIN 5,600 0.1
SIN 10,000 0.1
T A
40 F T1-VO A
T2
T2—Vg . A
20  B-VO
— A
& P
F o
A
20 b A
A A
40 -
0 10 20 30 40 50 60
b

Figure 3: Percent drag reduction as a function of groove cross-
sectional length scale (£, = \/A,), in wall units.

11, with subsequent saturation, and drag increase at large
Reynolds number and/or riblets size, which is the typical
trend of riblets performance also found in experimental stud-
ies [2]. Since the rectangular longitudinal bars (Case B)
herein considered yield drag increase in all cases, we can
regard them as representative of the behavior of rough sur-
faces, rather than riblets. It should be noted that drag re-
duction with longitudinal bars was previously reported by
several authors [e.g. 8], however with aspect ratio (¢/s) less
than the present one. The amount of drag reduction for cases
T1 — V0 and T'1, namely triangular riblets with and with-
out a slippery interface at the plane of crests (see Fig.2(a)
for reference), is very similar for small £ P However, as a

Di Giorgio et al.: Preprint submitted to Elsevier

Page 3 of 10



DNS of flow over riblets

ce O
4 TI A |
TIVO A
T2
T2-V0 Ne
20 B 1
= B-VO A
X SIN O ;
SM__ O >
X o A,
s
9 e
| Q

20 L %&@ ]
0| % fol | ]

0.2

04 06 08 1 12 14 16
max(v}2)] max(v?)

Figure 4: Percent drag reduction versus maximum vertical
velocity variance near the lower wall (subscript r), normalized
with values at the upper wall (subscript s).

consequence of the zero wall-normal velocity at the plane of
crests, the amount of drag reduction increases with Z% in the
former case up to approximately 30%, without saturating as
in case T'1. The same behavior is observed for the 72 — V0
and B — V0 cases. It is remarkable that longitudinal rectan-
gular bars, yielding drag increase in the baseline case, yield
instead drag reducing when vertical velocity at the plane of
crests is inhibited. The dependence of DR on f; is, to a
close approximation the same for 71 — V0 and T2 — V0.
This implies that, in the presence of a slippery interface, the
amount of drag reduction is mostly affected by the gas frac-
tion, and not by the geometrical features (namely s, A, and
p). Since T1 -V 0and T2 -V 0 outperform B — V0, despite
having the same gas fraction, it may be deduced that the area
fraction (solid/fluid) at the plane of crests is also important,
being zero in the former cases, and one half in the latter.

A parametrization for SHS and LIS has been recently
proposed by Arenas et al. [1], whereby the drag reduction
effect is connected to the ratio of the maximum vertical ve-
locity variance in the vertical direction at the 'rough’ wall
(max(U; 2y) with respect to the ’smooth’ wall (max( U’S 2)). Drag
reduction as a function of max(U: 2) / max(vg 2) is shown in
Fig. 4. The figure suggests overall linear proportionality
in drag-reducing cases, thus extending the results of Are-
nas et al. [1] also to other surfaces and to a wider range of
Reynolds numbers. Deviations from linearity arise for large
drag reduction, with a possible lower limit for vertical ve-
locity fluctuations. An interesting finding here is that the
linear trend also continues into the rough wall regime, sug-
gesting seamless transition between the two regimes, and
the existence of universal mechanisms. Further hints for the
universality of this kind of representation also comes from
the satisfactory collapse of the Couette-Poiseuille DNS (CP
and SIN), although drag reduction seems to be a bit larger
than for baseline cases. Based on our extensive database, it
appears that substantial friction drag reduction can only be
achieved by reducing the intensity of the wall-normal veloc-
ity fluctuations.

Fig. 5 shows the inner-scaled mean velocity profiles near
the lower wall. While for flow over rough surfaces a virtual

30

25 -

1 10 100
S+

y

Figure 5: Inner-scaled velocity profiles near the lower wall (lines
and symbols) as a function of distance from the plane of crests
(7). Lines denote the reference log law for low-Re flow, U* =
1/klog(y*) + C, k=041, C =5.5.

origin is used to account for the heterogeneity of the wall,
since the scope of the present paper is to compare a large
variety of surfaces, the origin was fixed for all the cases at
the plane of crests, and distance from there is denoted as
y. This also allows for direct comparison with the CP and
SIN cases, and with previous numerical simulations in which
SHS are modeled as alternating regions with free- and no-
slip wall boundary conditions [11, 20]. The mean velocity
profiles for cases T1-V0, T2-V0 and B-VO0 (the latter only for
Re > 10,000), are shifted above the reference log—law. The
upward shift for a given surface is seen to steadily increase
with the Reynolds number, consistently with observations
made in previous work on SHS and LIS carried out under
the assumption of flat slippery and nondeformable interface.
In fact, increase of Reynolds number corresponds to increase
of the slip length and velocity scaled in wall units, hence to
reduction of the wall shear stress. On the other hand, when
the vertical velocity at the plane of crests is not forced to
be zero (cases T1, T2, B), the velocity profiles are generally
shifted downward with respect to the smooth-wall case, by
an amount AU*, which is usually referred to as roughness
function,

Ut = %logj/++C—AU+. 3)

Consistently with previous studies on k-type rough walls [17],
we find that the downward shift increases with the Reynolds
number.

In Fig. 6 the amount of drag reduction is plotted against
the corresponding roughness function, the latter visually es-
timated by comparing the velocity profiles at the lower and
upper walls. Here, negative roughness function indicates up-
ward shift of the velocity profile with respect to that relative
to the smooth wall. Strong correlation between the two quan-
tities is found, which implies that the shift in the velocity
profiles observed in Fig. 5 is mainly due to the change of the
wall shear stress, rather than to a modification of entire or-
ganization of turbulence. This further corroborates the work
of Rastegari and Akhavan [21], who reported correlation be-
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Figure 6: Drag reduction as a function of the roughness func-
tion.
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Figure 7: Relationship between lower wall slip velocity (U,)
and drag reduction (a), and roughness function (b). Open
symbols denote cases with impeded vertical velocity (V0).

tween the amount of drag reduction and shift in the log-law
intercept. Fig. 6 shows that the relation between the amount
of drag reduction and AU is universal to a close approxi-
mation, reconciling both drag-increasing and drag-reducing
surfaces, and regardless of the Reynolds number.

The data in Fig. 3 and 5 suggest proportionality between
slip velocity and drag reduction effect for the CP, SIN, T1-
VO and T2-VO cases This is consistent with the studies of
Rastegari and Akhavan [20], who reported

pr=20 4
= Fb+0(€), @

where Uj, is the slip velocity, and o(e) accounts for the tur-

bulent structures and secondary motions. The same rela-
tionship can be expressed as a function of U(;" , as it easily
results out from Eq. 4. For each surface the amount of drag
reduction varies linearly with the slip velocity normalised in
wall units, regardless of the Reynolds number, as shown in
Fig. 7(a), however with slope varying from case to case. For
a given slip velocity, the CP and SIN cases yield the largest
drag reduction (and largest slope). The slope is slightly smaller
for triangular riblets with slippery interface (T1-V0 and T2-
V0), and significantly reduced for the B-VO case. On the
other hand, linearity between DR and Uo+ is not found in
the case of rough walls, and the trend is opposite. This is
due to the term o(e) in Eq. 4 which overcomes the reduction
of the shear associated with the presence of a slip velocity.
Indeed, the contribution of the form drag, which is propor-
tional to the square of the slip velocity, is dominant in the
momentum balance [10, 6].

In Fig. 7(b) we show the roughness function plotted against
the mean slip velocity. Interestingly we find that, for given ri-
blet geometry, a linear relationship is present, namely AU ~
(xU0+ , with geometry-dependent slope, which persists in all
DNS with suppression of vertical velocity, and which it is
lost in the case of standard no-slip boundary condition past
the performance breakdown point. The slope is seen to in-
crease from a = 0.15 for square bars, to about « = 0.59 for
triangular riblets, reaching the highest value a = 0.89 for CP
flow cases. Quite surprisingly, we find that the case with si-
nusoidal slip velocity (SIN) has the same performance as the
CP case in which the imposed wall velocity is uniform veloc-
ity. Hence, spanwise modulation of the slip velocity has little
effect on drag reduction, somewhat in line with the study of
Busse and Sandham [3], who concluded that any coupling
between streamwise and spanwise slip does not have strong
influence on drag. Differences in « across cases with verti-
cal velocity suppression and with CP cases, with associated
different drag-reduction efficiency lead us to conclude that,
also in those cases the texture geometry and the flow inside
the grooves is important. In fact, although there is no mass
communication between the bulk flow and the flow within
the grooves, the latter is driven by viscous shear at the plane
of crests. From a practical standpoint, it appears that the in-
fluence of the wall geometry can be distilled into the single
parameter «, which may be determined for any given riblet
geometry, once and for all.

The empirically determined relationship between AU™
and U(;r can be profitably exploited to derive an analytical
expression for the friction coefficient as a function of the
bulk Reynolds number. For that purpose, we preliminarily
introduce an effective height (,), as the difference between
the point at which total stress is zero and the plane of crests
(¥ = ¥p), and an effective bulk velocity (U,,) in terms of the
associated mass flow rate, namely

1 [l
Upe = — / U(y)dy. (5)

he Yo

As for smooth channels, assuming that the mean velocity
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Figure 8: Friction coefficient as a function of bulk Reynolds

number for SM (), T1 (A), T1-V0 (A), T2 (V¥), T2-
Vo (V), B (@), B-VO (&), CP (0O), SIN (Q). The solid
black lines denote the analytical predictions of Eq. (8), for
aU,/U,, = 0,0.042,0.084,0.149, 0.169,0.339 (from top to bot-
tom). The dashed line denotes the friction law for laminar
flow, C; = 12/Re,. Representative DNS are also labeled with
the corresponding value of aU,/U,,.

profile obeys a logarithmic law throughout,

+_ 1 + + .1 + +
U —Elogy +C—-AU ~Elogy +C-alUj,
(6)

and integrating in the vertical direction, one easily obtains

C U. C

b 0 1 / fb
— |1 — —log|21/ — | = 7
2 < +ane>+k0g > 7)

(log(Rey, = 1)) +C, ®

bl

whence the friction coefficient C, = 2/ Ub:2 can be numer-
ically obtained as a function of Rey, and Uy /U,,. It is also
a simple matter to show that in the case of laminar flow

Cf=$<l—g—o>. C)
be be

Fig. 8(b) shows the friction coefficient versus the bulk
Reynolds number as obtained from all DNS herein reported.
The analytical trends predicted from Eq. (8) are also reported
for increasing values of aU,,/ U, (solid lines), corresponding
to drag reduction with respect to the smooth channel case,
to obtain a Moody-like diagram. As expected, the behav-
ior of friction in smooth channels (SM) is well reproduced
from the laminar into the turbulent regime, with transition
occurring between Re = 3,000 and Re = 3,250. As for
the CP flow cases, they all show excellent agreement with
the theoretical predictions, namely they all reside with min-
imal scatter, on the C; curve corresponding to the respec-
tive aUy/U,. Similar considerations can be made for the
SIN cases, which are also found where predicted. Analyz-
ing the behavior of riblets, some drag reduction is observed
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Figure 9: Wall-normal distributions of Reynolds stress compo-
nents [13].

at transitional Reynolds numbers, with no substantial differ-
ence between non-slip and slip boundary conditions. Clas-
sical riblets are found to reach optimal performance for a
specific number of Reynolds, past which they show increase
and saturation of the friction coefficient in the fully rough
regime. On the other hand the V0 simulations show a con-
tinuing trend for C rto decrease with Re, at a rate which is
well parametrized by Eq. (8). Once again, Fig. 8 confirms
that uniform slip velocity, which may be thought as a mov-
ing wall (CP) is the most efficient way for achieving drag
reduction through wall slip.

3.2. Turbulence structure

In order to understand the reduced efficiency of riblets
with slippery interface with respect to the case with imposed
slip velocity, in Fig. 9 we compare the corresponding distri-
butions of the Reynolds stress components. No substantial
difference is found between the vertical and spanwise veloc-
ity fluctuations in riblets and CP flows. On the other hand,
large differences are found toward the plane of crests in the
streamwise velocity variance, which is quite large in riblets,
and obviously zero in CP flow. Hence, we conjecture that
poorer performance of riblets with impeded vertical veloc-
ity with respect to CP flows is related to higher turbulent ki-
netic energy at the plane of crests, which must be sustained
through additional power expenditure.

This is further corroborated by comparing the budgets of
vertical velocity fluctuations for the T1 (Fig. 10a) and T1-VO
(Fig. 10b) flow cases, at Re = 15,000. The shape of the tex-
ture is the same (7°1) however, because of the impermeable
interface the latter yields a reduction of the drag, whereas
the former yields drag increase. The figure well highlights
that drag reduction through suppression of vertical velocity
does not qualitatively change the wall-layer dynamics com-
pared with the smooth wall case. However, drag reduction is
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Figure 10: Budgets of vertical velocity variance for triangular
riblets at Re = 15,000 (T1, panel (a)), and with suppres-
sion of vertical velocity at the plane of crests (T'1 — V0, panel
(b)). Effective dissipation, —v(v/V20'); turbulent transport,
—d(v"?)/dy; pressure, —2{v'dp’ /dy). The thin solid lines depict
budget terms near the upper, smooth wall.

(a) (b)
Q-criterion iso-surfaces and streamwise veloc-

ity contours for a) T1 case and b) T1 — V0 case, both at
Re = 15,000. The iso-surfaces are generated for Q = 3.

Figure 11:

accompanied by proportionate reduction of all budget terms,
and by outward shift of the pressure and dissipation peaks.
On the other hand, drag increase is a associated with disrup-
tion of the wall layer organization. In particular, the pressure
term is now maximum at the plane of crests, highlighting the
importance of mechanism of kinetic energy transfer from the
longitudinal component to the vertical one. As a result, dis-
sipation is also greatly enhanced across the whole wall layer.
These structural changes can also be appreciated in in-
stantaneous flow visualizations. In Fig. 11 we show turbu-
lent structures through iso-surfaces of the flow discriminant
(Q criterion), for T1 simulations at Re = 15,000. Com-
paring cases with and without vertical velocity suppression,
it appears that drag increase is associated with larger num-
ber of turbulent structures as compared to the upper wall
(see panel (a)), whereas drag reduction is accompanied by
reduced number of turbulent structures (see panel (b)).
Insights for wall modeling of riblets and SHS/LIS sur-
faces may be obtained from inspection of the streamwise and
spanwise velocity fields at the plane of crests, and compar-
ison with their vertical gradients. Contours of these quan-
tities are shown are shown in Fig. 12 and 13 for the B and

I I
I dI
Figure 12: Flow properties in x—z plane at the riblets crest for
B simulation at Re = 15,000 . a) streamwise velocity U, b)
vertical streamwise velocity gradient oU /dy, c) Instantaneous

spanwise velocity W, d) vertical spanwise velocity gradient
oW /dy.

B — V0 cases, corresponding to a state of drag increase and
drag reduction, respectively. Besides the obvious observa-
tion that U and W are zero at the edge of the bars, we see
that both the U and the W streaks are longer in the B — V0
case. Patterns of oU /dy have similar length, but close in-
spection shows no clear hint of association with U. On the
other hand, the vertical gradient of W has a similar distri-
bution as W itself. This association is made clearer in fig-
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I cII
Figure 13: Flow properties in x — z plane at the riblets crest
for B — V0 simulation at Re = 15,000 . a) streamwise ve-
locity U, b) vertical streamwise velocity gradient oU /dy, c)

Instantaneous spanwise velocity W, d) vertical spanwise ve-
locity gradient oW /dy.

ure 14, where we show the joint PDF between the velocity
components and the corresponding vertical gradients. Al-
though gradients are obviously larger for the case without
vertical velocity impedance, the qualitative behavior is sim-
ilar in the two cases. Regarding the streamwise velocity,
the vertical band corresponds to the edges of the bars where
U = 0, and the small diagonal band corresponds to the first
grid point outside the bar. Most of the flow over the grooves

ou+

aut
dy

oWt

ow+
N

Figure 14: Joint PDF at the plane of crests between U and
oU /dy (a, b) and between W and oW /dy (c, d), for cases B
(a, ¢) and B—V0 (b, d), at Re = 15,000.

however is characterized by the absence of any clear relation-
ship between U and its vertical gradient, and in fact oU /0y
is probably even reducing at large U. The joint PDF of the
spanwise velocity shows the same vertical band, however it
additionally features the presence of a diagonal band which
is the signature of the previously noted association between
W and its vertical gradient. Similar results, not shown, also
apply to the other cases which we have numerically simu-
lated. This is an evidence that SHS/LIS cannot be reliably
simulated using simplified wall models as those based on the
use of a slip length, but rather simulating the actual under-
lying riblets geometry is important, especially in the case of
high Reynolds number and/or large riblets. The present data
in fact show no evidence for proportionality between local
longitudinal velocity and shear, hence no slip length can be
reasonably defined for the streamwise direction. This con-
clusion does not apply to the spanwise velocity component,
which instead seems to be approximately characterizable in
terms of a spanwise slip length.

Further insight into the flow behavior at the plane of
crests is provided in Fig. 15, where we show the standardized
probability density functions (PDF) of the vertical velocity
gradient. The S M and C P cases are also shown for compar-
ison, with data evaluated at the wall. Two PDFs are shown
separately for points at the edge of the bars (panel (a)) and
over the grooves (panel (b)). First, we note that no differ-
ence exists between the case of smooth steady wall (SM)
and of moving wall (CP), in agreement with the findings
of Pirozzoli et al. [18]. In both cases, the PDFs are posi-
tively skewed, as sweep events are most intense underneath
the buffer layer [9]. Rectangular bars have similar behavior
for sampling points placed over their edge, although look-
ing carefully the B case shows slightly greater probability
of intense events with both positive negative shear fluctua-
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Figure 15: PDF of standardized vertical gradient of streamwise
velocity. Data are collected at the lower wall for the SM and
C P simulations, and at the plane of crests for the B and B—V0
simulations, separately at the edge of the bars (a), and over
the grooves (b). The solid lines denotes the standard Gaussian

distribution.
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tions. Larger differences emerge when the sampling point
is placed over the grooves, in which case events with posi-
tive and negative deviations of about one-two standard devi-
ations are suppressed, in favor of events with small, negative
fluctuations. Apparently, removing the wall yields reduction
of the flow intermittency.

4. Conclusion

Direct numerical simulations of a turbulent channel flow
with either triangular or rectangular riblets on the lower wall
have been performed for a wide range of Reynolds num-
ber. Two sets of simulations have been carried out, with and
without suppression of the vertical velocity at the plane of
crests to assess differences between classical riblets or rough
walls and LIS (under idealized conditions of infinite surface
tension). In addition, DNS with prescribed wall slip veloc-
ity wall have been performed and used as reference to ana-
lyze how the flow is affected by the shape of the textures.
Consistent with previous studies, drag reduction of up to
9% is achieved with traditional riblets for £} = VA, &
11, where A, is the grooves area. This considerably lim-
its their practical application for Reynolds numbers of engi-
neering interest. On the other hand, LIS can reduce the drag
up to 30% thanks to suppression of the wall-normal veloc-
ity fluctuations near the wall. In fact, we have found very
strong correlation between the maximum of the wall nor-
mal velocity fluctuations and the amount of drag reduction,
which further corroborates previous work of Arenas et al.
and Orlandi. Based on our extensive database, it appears
that substantial friction drag reduction can only be achieved
by reducing the intensity of the wall-normal velocity fluctu-
ations. We also found strong relation between the amount of
drag reduction and the roughness function, which reconciles
both drag-increasing and drag-reducing surfaces, regardless
of the Reynolds number.

In line with previous work on SHS/LIS, we also find
clear association between the amount of drag reduction and
the presence of a slip velocity. In this respect, we have two
interesting findings: 1) in the case of a flat wall with imposed

slip velocity (CP and SIN cases), the actual spatial distribu-
tion of the slip velocity is not important, and the amount of
drag reduction only depends only its mean value; ii) in the
presence of riblets with suppressed vertical velocity at the
plane of crests, drag reduction is less than in the case of a
flat wall, also with the same slip velocity. We speculate that
this is related to higher turbulent kinetic energy at the plane
of crests, which must be sustained through additional power
loss. Hence, the shape of the surface and the flow within
the grooves cannot be simply taken into account through a
simple slip velocity wall boundary condition. This is further
proved by visualizations and statistics of the instantaneous
streamwise velocity and its vertical gradient. In fact, the
present data show no evidence for proportionality between
local longitudinal velocity and shear, hence no slip length
can be reasonably defined for the streamwise direction. This
conclusion does not apply to the spanwise velocity compo-
nent, which instead seems to be approximately characteriz-
able in terms of a spanwise slip length.

Expanding on the work of Rastegari and Akhavan, we
find that for any given texture a nearly linear relationship
exists between the roughness function and the slip velocity,
namely AUT = aU(;" , where the slope a depends on the
shape of the texture. The influence of the wall geometry can
be thus reduced into the single parameter @, which may be
determined for any given surface, once and for all. We have
used this novel parametrization to obtain a Moody-like chart
whereby the variation of the friction coefficient with the bulk
Reynolds number is characterized, for any assigned value
of the parameter aU,/U,. This findings can in perspective
be leveraged to evaluate the drag-reducing performance of
different textures.

Regarding the structure of turbulence, we find that drag
reduction is accompanied by proportionate reduction of all
terms in the balance of the vertical velocity variance, and by
outward shift of the pressure and dissipation peaks, but the
same qualitative organization as for the case of smooth walls
is retained. On the other hand, drag increase over rough
walls is associated with disruption of the entire wall layer
organization. In particular, the pressure term is maximum
at the plane of crests, highlighting the importance of mecha-
nism of kinetic energy transfer from the longitudinal compo-
nent to the vertical one (which in fact is inhibited by the inter-
face in LIS). This is in striking contrast to the case of wall ac-
tuation through spanwise wall oscillation [19], whereby drag
reduction is achieved by disrupting the near-wall streaks, thus
achieving large drag reduction.
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