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1. Introduction

Riblets can be defined as microscopic grooves
aligned in the streamwise direction, that reduce
drag by favorably interacting with the near-wall
turbulence cycle.

Their ability to reduce friction drag resides in
impeding more the spanwise flow, associated to
quasi stream vortices structures (QSV), rather
then the streamwise flow. In the smooth-wall
like turbulence regime, the effect of a ribbed
wall can be represented as vertical shift of the
velocity field components, hy and h, that as
a consequence produce a variation in the mean
streamwise velocity component, AU (see
Figure 1). Thus it is possible to quantify riblets
effectiveness using the virtual origin values
associated to the streamwise and spanwise
velocities, i.e. AUT = h""' — hi, as explained
by Luchini [4]. This relation is valid in the
viscous regime. A more general formulation is
represented by AUT = l§ — l{F , as introduced
by Ibrhaim et al. [2]. The "+" apex denotes a
quantity rescaled in viscous units.

The riblet capability to reduce drag is re-
lated the groove shape, as a consequence,

Figure 1: Sketch of virtual streamwise and span-
wise virtual origins, respectively: h and h.
Their difference, Ah, is associated to mean
streamwise velocity Delta, AU.

also small geometrical changes can have a
consistent impact on performance. Recognizing
this, and given the increasing implementa-
tion of these devices in the aeronautical and
wind-engineering fields, there is a growing
need to characterize riblet behavior when af-
fected by manufacturing or wear-related defects.



This study focused on the analysis of riblet ge-
ometries affected by defects. As pointed out by
Garcia-Mayoral & Jiménez [1], the most impor-
tant riblet geometrical feature consists in the
edge sharpness. The authors, conducted a lami-
nar analysis on edge rounding for triangular and
blade geometry, highlighting an opposite in per-
formance. For that reason, the first aim was
to expand the investigation of [1], studying tip
rounding for triangular and blade geometry, in
the regime of maximum drag reduction, thus for
a groove featuring l;‘ = 10.7. Secondly, the
performance loss of a manufactured profile was
quantified by comparing it to its (assumed) nom-
inal counterpart.

2. Methods

In this work various geometric configurations
was simulated, these can be divided into two
main studies: Rounding Analysis and Real
Defects Analysis. The first investigated tip
curvature effect for a triangular and a blade
geometry, studying performance as a function
of the tip radius to spacing ratio r/s. The
second analysis compared the performance of a
real riblet section, derived from a micrograph,
with its hypothesized nominal counterpart. The
following is a summary of the conducted DNS:

e Smooth: one turbulent simulation of a
smooth wall, serving as the reference for
drag reduction metrics.

Rounding Analysis

e Triangular: three turbulent simulations
on a 60° triangular riblet with three round-
ing levels.

e Blade: turbulent and laminar simulations

for the blade shape; three roundings for tur-
bulent and six for laminar flow.

Real Defects Analysis

e Real: one laminar and one turbulent sim-
ulation on an actual groove section.

e Ideal: one laminar and one turbulent
simulation on an idealized version of the
real geometry.

2.1. DNS Solver

A finite-difference DNS code is used to solve
the incompressible Navier—Stokes equations, ex-
pressed in the primitive formulation (u,v,w,p),
for channel flow. The solver architecture was
conceived by Luchini et al. [3]. Ghost nodes,
which emerge from the grid staggering approach
(see Figure 2), are handled using an Immersed
Boundary Method (IBM). The code implements
a correction (COCO) to manage the flow behav-
ior near geometric singularities, specifically the
sharp corners. The COCO is obtained solving
on a pre-processing stage, analytically or numer-
ically, the Stokes’ equations. Time advancement
is performed with a three-stage Runge-Kutta
scheme and pressure correction via Red—Black
SOR.

The original solver was adapted to simulate both
blade and real riblet profiles.

Control Volume

Figure 2: Immersed three-dimensional numeri-
cal stencil. It’s highlighted the staggering of the
velocity components. It’s also visible the ghost
node relative to the lower w-component of the
numerical stencil.

2.2. Riblet Description
Rounding Analysis

The Rounding Analysis examined equilateral
triangular and finite blade grooves, charac-
terized by height-to-spacing (h/s = 0.5),
thickness-to-spacing (¢/s = 0.25), and tip cur-
vature radius-to-spacing (r/s) ratios. Laminar
blade simulations tested six r/s values (r/s =
0, 0.025, 0.05, 0.075, 1, 0.125), while turbulent
cases considered three (r/s = 0, 0.05, 0.125).



COCO was applied only to the sharp trian-
gle (r/s = 0) within a small cylindrical region

. . . + _
around riblet edges, with radius 755~ = 2. An
attempt to use COCO for the sharp blade profile
was made, but the outcomes were not satisfac-
tory.

S

Figure 3: Cross sections sketch of rounded ri-
blets. The parameters used to characterize the
triangular and blade riblets are displayed.

Real Defects Analysis

The Real Defects Analysis involved two trape-
zoidal riblet geometries: a "real" profile ex-
tracted from a microscopic scan and an ideal-
ized sharp-edged approximation based on esti-
mated geometric parameters. The real section
had h/s ~ 0.37,b/s ~ 0.33, and /s ~ 0.1, while
the idealized profile featured a slightly larger
height ratio and a tip angle of 76.5°. The com-
parison is reported in Figure 4. COCO was used
only for the idealized geometry.

Figure 4: Real and ideal trapezoidal profile com-
parison.

2.3. Numerical Parameters

Simulations were conducted at a friction
Reynolds number of 200 (Re; ), using a CPG ap-
proach. Time steps were set using CFL numbers
of 1.2 (triangular/blade) and 1 (real/ideal). Tur-
bulent statistics for the rounding analysis were
gathered over 500 large-eddy turnover times
(lett), except for the sharpest tip case (r/s = 0),
which used 150 lett. Real defects analysis col-
lected statistics over 50 lett.

Turbulent domains measured about 6 x 39 x 26
(streamwise, spanwise, wall-normal). Laminar
domains were smaller, with minimal streamwise
length and spanwise equal to one riblet spac-
ing; wall-normal size matched turbulent cases.
Grid resolution was at least 16 points per ri-
blet (ppr) spanwise and 8 wall-normal, using
stretched grids to balance tip detail and cost.

3. Results

Results for laminar simulations were obtained
in terms of protrusion heights, which are quan-
tities useful for a riblet operating in the viscous
regime, so for l; < 8 as explained by Ibrahim
et al. |2]. Considering a linear behavior of the
mean streamwise and spanwise velocities in the
proximity of the wall, protrusion heights can be
expressed as:

u= Ty +y), (10)
v=220n 1) (1b)

Turbulent siumations were conducted imposing
If = 10.7, and performance were quantified
in terms of drag reduction DR, and by AUT.
These two quantities can be defined as:

ACy
DR=-=" 2
Cro (2)

AU = U — Uy - (3)

5
where Cy = (Ub%)z and Uy = 02 U(z)dz cor-
respond to the bulk velocity. The subscript 0
refers to the smooth channel.
3.1. Rounding Analysis
Laminar Results

Protrusion heights were used to assess span-
wise grid resolution convergence for blade



riblets, focusing on three rounding ratios
(r/s = 0,0.05,0.125), and analyzing three
different groove spanwise refinement (8 ppr,
16 ppr, 32 ppr). The Ah values reported by [1]
were used as the benchmark.

Although 32 ppr would improve accuracy, it
was too costly computationally. Since the goal
was the trend analysis rather than the precise
quantification of perfomance, 16 ppr was chosen
as a balanced compromise between accuracy
and cost.

The laminar DNS was further used to an-
alyze the effects of increasing tip curvature.
The blade section results were compared to
triangular shape data from Ronchetti’'s master
thesis [5], across six different r/s values. The
findings agree with Garcia-Mayoral Jiménez
[1], showing a detrimental effect of increasing
r/s for the triangular shape, and a beneficial
effect for the blade profile (see Figure 5).

This study also served to wvalidate the
modifications made to the riblet geometry
implementation in the code.
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Figure 5: Protrusion height delta as a func-
tion of tip rounding (r/s). The quantity Ah is
normalized by the characteristic groove section
length [, in accordance with Garcia-Mayoral &
Jiménez (GM&J 2011) [1]. Gray squares ( =)
represent blade data from [1], red triangles ( 4
) show COCO results from Ronchetti [5], and
blue squares ( m ) indicate laminar blade results
obtained in the present study.

Turbulent Results

Turbulent performance were first assessed in
terms of DR.

Results for the rounding analysis reported a

similar trend to the laminar investigation (see
Figure 6). The triangular groove lost 55% and
blade shape improved up to 8%, reinforcing the
notion that edge rounding benefits the blade
geometry.

The numerical values are visible in Table 1.

Case %—gh DR% AU

TRO 0.1379 7.1 1.16
TRO5 0.1120 4.6 0.89
TR125 0.0875 3.2 0.71
BLO 0.0873 3.5 0.86
BL0O5 0.0983 3.4 0.85
BL125 0.1208 3.8 0.86

Table 1: Laminar and turbulent results for the
rounding analysis. % values are reported for

the 16 ppr spanwise discretization.
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Figure 6: Drag reduction as a function of tip
rounding (7/s). Red triangles ( 4 ) represent
triangular riblets, while blue squares ( m ) cor-
respond to blade riblets. Vertical bars indicate
measurement uncertainties.

Even considering AU™ the same behavior is
verified (see Figure 7). The triangular groove
lost 39% while for the blade the result was
unchanged.

3.2. Real Defects Analysis

Building on the importance of edge sharpness,
this section compares the performance of real
and ideal trapezoidal riblets. Laminar simula-
tions showed the ideal shape achieves over 42%
higher difference in Ah, indicating nearly twice
the effectiveness. Under turbulent conditions,
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Figure 7: Mean velocity profile Delta as a func-
tion of tip rounding. Red triangles (4 ) represent
triangular riblets, while blue squares ( m ) cor-
respond to blade riblets. Vertical bars indicate
measurement uncertainties.

the ideal riblet significantly outperformed the
real one, achieving 53% higher DR and over 49%
improvement in AUT. Results are reported in
Table 2.

Case %—gh DR% AU™T

Real  0.0569 2.7 0.54
Ideal 0.0995 7.9 1.06

Table 2: Laminar and turbulent results for the
real defects analysis.

4. Conclusions

This work examined how small geometric imper-
fections affect the drag reduction performance
of riblets, using high-fidelity DNS simulations.
Two types of defects were considered: tip round-
ing and real manufacturing deviations. The
study confirmed that tip rounding significantly
degrades performance for triangular riblets, with
DR dropping by 55% and AUY by 39% for
r/s = 0.125. In contrast, blade riblets were
more robust to rounding, showing slight im-
provements in DR of 8% and a more stable trend
in AUY. Though, the results for the blade case
may be affected by the lack of a proper COCO.
A comparison between real and ideal trapezoidal
riblets showed substantial performance degrada-
tion, up to 53% in DR and 49% in AU™, high-
lighting the critical role of geometry defects.

The findings emphasize that relying solely on
nominal shapes is insufficient for real-world ap-

plications. Accurate performance predictions re-
quire considering real geometries and their man-
ufacturing tolerances. Designing riblets with
higher defect tolerance and ensuring precise fab-
rication and maintenance are key to effective de-
ployment.
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