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Abstract: This work is centered on the study of riblets with real geometries.
The research is based on the idea that their drag reduction capability can differ
considering actual implementations and nominal prototypes. To conduct the inves-
tigation, Direct Numerical Simulations (DNS) are performed to model the ribbed
channel flow.
The primary aim is to extend the results presented by García-Mayoral & Jiménez
[10]. Being well established the importance of tip sharpness, they used laminar
simulations to show that edge rounding can significantly influence performance,
focusing specifically on triangular and blade shapes. To explore this effect under
more practical conditions, turbulent simulations are performed at the maximum
drag reduction regime, where laminar predictions alone are inadequate. DNS re-
sults confirm what was presumed, tip rounding halves the effectiveness of the trian-
gular profile and improve the blade drag reduction capability. A second objective
is to investigate how operational characteristics of a physically manufactured riblet
can differ from those of its nominal designed version. For this purpose, laminar
and turbulent simulations are conducted for a riblet profile extracted from a micro-
scopic scan image. The results are then compared with those of a geometry that
could represent its reference geometry. The findings highlights how manufacturing
tolerances or wear related defects can lead to discrepancies of up to 65% between
the expected and actual operational effectiveness.
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1. Introduction

Fluids are ubiquitous. Due to their inherent nature, one way they manifest is via the action of viscous stresses.
The action of these forces is perceived as energy losses. For example, considering the mean of transport, this
can be translated into increased fuel consumption or reduced propulsion efficiency. From this reason arises the
desire to smooth their effects, using passive or active devices.
An active device use by definition a power input to mitigate viscous actions.
Conversely, a passive device functions without requiring any external power input. One of the potential and
most promising strategies involves the deliberate deformation of surfaces, with the use of riblets emerging as a
particularly effective engineering solution. Riblets can be defined as microscopic grooves aligned in the stream-
wise direction, that reduce drag by favorably interacting with the near-wall turbulence cycle.

Drag Reduction Mechanism

In general, introducing random surface roughness into a flat wall increases the flow resistance experienced by
the surrounding fluid. Riblets, instead represent an anisotropic form of roughness that, due to their periodic
groove structure and mean alignment with the streamwise flow direction, can actually reduce friction. For
decades, researchers have been studying the principle by which longitudinal riblets can reduce drag. One of
the first explanations is offered by Bechert & Reif [1], who highlighted how the extension of the ridges in the
first viscous units of the turbulent boundary layer impedes the motion of vortex structures in the spanwise
direction, consequently reducing the momentum exchange and so the shear stresses. The interaction between
the geometric groove and the flow can be qualitatively exemplified as an upward displacement of the turbulence.
Bechert et al. [3] and Bechert & Bartenwerfer [2] introduced the idea of protrusion height, which refers to the
distance between the tip of the rib and the (average) wall normal origin of the mean velocity profile near the
surface. Intuitively, this length can be associated with the effective origin of an equivalent flat wall. Following
the rational for which inertial and convective effects are negligible at these scales, adopting a steady Stokes
model, an analytical analysis was conducted to compute it.
This length alone is insufficient to explain the friction reduction, as it could also result from arbitrary surface
deformations. To complete this idea, Luchini, Manzo & Pozzi [18] introduced the notions of parallel and perpen-
dicular protrusion heights (h‖ and h⊥), the first corresponding to the one introduced by [2, 3]. The authors argue
that the drag-reducing effectiveness of a specific geometry can be attributed to the difference between these two
viscous length scales. This height difference (∆h) was presented as the sole useful parameter to describe the
effect of these geometries on the turbulent boundary layer and as a direct measure of their effectiveness. From
a phenomenological perspective, this finding can be explained considering the effect that drag reducing riblets
have on the Quasi-Streamwise Vortices (QSV). These are vortical structures aligned (almost) with the mean
flow, which redistribute momentum from the stream direction to the span and wall-normal directions. These
near-wall elements exhibit a rigid upward displacement if they interact properly with the protruding crests. As-
sociating QSV to the spanwise motion, if the mean streamwise (parallel) flow perceives a deeper equivalent wall
than the spanwise (perpendicular) flow, the dissipative action of turbulence is delayed in the vertical direction,
inducing a drag reduction with respect to the smooth case. In simpler terms, a certain groove shape promotes
drag reduction when it impedes spanwise motion more than streamwise motion (see Figure 1). Considering the
mean streamwise flow above a ribbed wall equal to the flat case, apart from a vertical shift, Luchini established
that ∆U+ = h+

‖ − h+
⊥ [15]. Here ∆U+ represents the difference in mean streamwise vertical velocity profiles

between the corrugated wall and the flat case. The importance of this relation lies in the fact that it allows to
directly quantify drag reduction (DR, see Equation 7). The ” + ” sign denotes normalization with respect to
the viscous length scale, δν ≡ ν

uτ
, where ν is the kinematic viscosity and uτ is the friction velocity, defined as

the square root of the ratio between wall shear stress and density, uτ ≡
√

τw
ρ .

Overall, being ∆h linearly proportional to the riblet size, friction reduction can be likewise associated with it, as
experimentally verified by Bechert et al. [4]. Increasing the groove size results in a reduction of wall shear stress
intensity, i.e. ∆U+ ≈ ∂∆h

∂L L+, where L+ is the reference riblet length. García-Mayoral & Jiménez [10] adopted
as reference length the square root of the groove cross section l+g =

√
A+

g , showing how the drag reduction trend
for different riblet sections collapses.
However, this relation is only part of the picture. The linear decrease in drag holds only when the riblets are
sufficiently small for the flow to perceive them as a homogeneous surface, namely, when the ridges do not modify
the overlying turbulent structures. This flow regime is termed as the "viscous regime". Increasing the cross-
section dimension beyond the optimal value, around l+g = 10.7, leads to the breakdown of the viscous regime
and a deterioration of the riblet performance. This transition can be attributed to the emergence of spanwise
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vortical structures, resembling KelvinHelmholtz-type instabilities, according to García-Mayoral & Jiménez [11].
To complete the description of riblet performance, Gómez-de-Segura et al. [12], added a third component to
the already cited protrusion heights, the so called "transpiration length". This is a slip length associated to
the normal velocity component, that becomes relevant when the impermeability assumption of the wall cor-
rugations is no longer valid, or in other words when the viscous regime is compromised. A slip length (l)
corresponds to a velocity component origin, hence, apart from the notation, it has the same physical meaning of
a protrusion height (h). Ibrahim et al. [13] deploying this understanding generalize the concept of parallel and
perpendicular protrusion heights. Their work first introduced the the concept of "smooth-wall-like" turbulence,
a condition in which turbulence statistics of a ribbed wall differ from the smooth case up to a normal coordinate
shift. They then extended Luchinis relation ∆U+ = h+

‖ − h+
⊥. The key innovation was to connect ∆U+ to

the difference between two virtual origins: the mean streamwise velocity virtual origin (l+U ) and the turbulence
virtual origin (l+T ), which depends on both the spanwise and normal velocity components. They finally yielded
to ∆U+ = l+U − l+T .

h‖

U

QSV

h⊥
∆h

x
y

z

Figure 1: Sketch of ∆h. In the picture is depicted how a ribbed wall can reduce drag impeding
the streamwise motion ( ) more effectively than spanwise motion ( ). The diagram includes a
Quasi-Streamwise Vortex (QSV), which is associated with spanwise motion near the wall, its turbulent
nature is qualitatively highlighted by the colorful pattern. The mean streamwise flow is represented
by the thick black arrow (U).

Geometry Defects Impact

Historically, riblets have been among the most promising drag-reducing devices for practical applications. Their
most significant use has been in the fields of aeronautics and wind engineering (e.g. Viswanath [24], Packard,
Duetsch-Patel, Adjorlolo [19]). Considering the aeronautical field, the most challenging feature is their di-
mensions. In fact, the required size for drag reduction is on the order of 101 − 102µm, therefore microscopic
corrugations are needed (see Figure 2). To meet this requirement, two main fabrication approaches are com-
monly used. The first possibility is to obtain an adhesive films, as presented in Bilinsky et al. [6], while a second
alternative is to print the microstructure directly onto the target surface, as reported in Bilinsky [5]. However,
these current technologies are still insufficient to reliably produce such fine ridges. Moreover, even assuming
that manufacturing tools will continue to improve in precision, it is practically impossible to maintain ideal
geometries under real operating conditions, actually deviations from the design geometry can be introduced due

3



to wear during operating cycles. As a result, characterizing the performance robustness of a particular groove
shape with respect to geometric deviations is crucial to validate its suitability for industrial applications.
There are many recent examples in the literature that have dealt with this engineering need. Packard, Duetsch-
Patel & Adjorlolo[19] conducted a study on the application of riblets to a Boeing 737-800. Their work included
experimental tests in an oil tunnel to develop an analytical model for evaluating the durability of riblet appli-
cations, as a function of time and location on the aircraft surface. Camobreco et al. [7] employed a Stokes-flow
(viscous vortex) model to characterize the performances of a wide range of trapezoidal shape with varying edge
radius, studying the effects of both tip rounding and the subsequent suboptimal groove area. They selected a
geometry with 30◦ nominal tip angle, with radius to base thickness ratios ranging from 0 to 0.25. The analysis
reveals that drag reduction can deteriorate by up to 50% (in terms of ∆U+), underscoring the robustness of
the trapezoidal section. Adopting LES (Large Eddy Simulation) approach, Leitl et al. [14] demonstrated that
the most critical microscopic defects affecting trapezoidal grooves are those related to the edges.
Regarding ridge refinement, also earlier studies emphasized its importance. Walsh [25] provided experimental
evidence using a water tunnel to test triangular riblet profiles. His results demonstrated that even small devia-
tions at the riblet peaks can lead to performance losses up to 40%, whereas the valley sharpness had little to no
effects. García-Mayoral & Jiménez [10] adopted a numerical viscous analysis to study the blunting of different
groove geometries. They found that for the triangular section, the peak rounding is detrimental, while for the
blade shape the rounding leads to an increase of performance.

Figure 2: Micropotograph of a riblets sample produced, within the National Operational Project
(PON) project "STREAM", by direct writing by a laser beam on a photosensitive polymer. The image
emphasizes the microscopic length scale required for real-world applications. In the two-dimensional
cross-sectional view (top-right blue profile), crest rounding and profile irregularities are clearly visible.

Aim of the Study

The findings on tip rounding effects, presented by García-Mayoral & Jiménez [10], provides the foundation for
the present study. As previously mentioned, the authors focused on assessing the different impact that edge
sharpness has on blade and triangular riblet. However, their analysis was limited to the laminar flow regime.
While their findings provided valuable initial insights, the behavior of these effects under turbulent conditions
remains unexplored. The present work aimed to extend this investigation to the turbulent domain, where the
interaction between riblet geometry and near-wall structures is less predictable and practically relevant. To ex-
pand the investigation and assess whether the trends observed in laminar flow persist, DNS of ribbed channels
were performed. For both triangular and blade riblets, three progressively increasing corners curvature were
analyzed and compared under conditions corresponding to maximum drag reduction, which is the most relevant
from a practical perspective.
To delve deeper into the effects of groove defects, a comparison was performed between a real irregular groove
section and its nominal straight counterpart. This analysis endeavored to offer an appraisal on the effect that
realistic geometric deviations can have on riblet performance, and the extent to which a nominal geometry can
represent a real shape.
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Outline

After this introduction, the following chapters present the details of the research.
Section 2 presents the methodologies adopted to assess the investigation: the DNS solver is described in Sec-
tion 2.1, the riblet geometries are detailed in Section 2.2, and the numerical setup of the simulations is outlined
in Section 2.3.
The results are summarized in Section 3: the relevance of blunt edges is investigated in Section 3.1, whereas
the real and ideal trapezoidal examination is provided in Section 3.2.
This thesis ends with Section 4, where the final conclusions are collected.

5



2. Methods

As explained in Section 1, riblets are micro-grooves that produce drag reduction interacting with turbulent
structures in the viscous sublayer. Their effect occurs at the viscous scales. For this reason, if one aims to
meaningfully characterize their performance, it becomes essential to accurately capture the flow physics in these
spatial and temporal ranges. This requires minimizing approximations in the governing equations. As a result,
it is standard practice to adopt high-fidelity methods, such as LES or DNS. In LES, only the smallest turbulent
scales are modeled, whereas DNS resolves the entire flow field without any modeling assumption. Achieving
full resolution of all relevant flow scales comes at a significant computational cost: numerical simulations must
employ very fine spatial resolutions, in both spatial (grid refinement) and temporal (time integration interval)
domains. To manage these demands, the computational cost is typically balanced by adopting simplified in-
vestigation setups. In this study, as a common practice, it was decided to analyze the effect of riblets applied
to the walls of a plane channel, assumed to be infinitely extended in the directions parallel to the walls. The
idealized infinite extension is simulated imposing periodic boundary conditions.
Various geometric configurations were simulated in the present work, grouped into two main investigations:
the Rounding Analysis and the Real Defects Analysis. The former focuses on the influence of tip curvature,
while the latter examines discrepancies between real-world and nominal riblet performance. The following list
outlines the geometries analyzed along with the associated DNS computations:

• Smooth: a turbulent simulation for the smooth wall was performed, which served as the reference case
for computing all the drag reduction statistics.

Rounding Analysis
• Triangular: turbulent simulations were carried out for 60◦ triangular shape, with three different round-

ings.
• Blade: simulations of turbulent and laminar flows were performed for the blade shape. Three different

roundings were studied in the turbulent case, whereas six roundings were examined in the laminar one.

Real Defects Analysis
• Real: one laminar and one turbulent simulation were executed for a real groove section.
• Ideal: a laminar and a turbulent simulation were run on an idealized model of the real geometry.

This chapter first presents the DNS solver utilized, then offers a thorough geometrical description of the simu-
lated riblets, and concludes with a summary of the numerical setup used for the simulations.

2.1. DNS Solver

In this work, the channel flow DNS were performed using a finite difference (FD) scheme, conceived by Luchini
et al. [17], coded using the CPL programming language [16]. The incompressible NavierStokes (N-S) equations
are formulated in terms of primitive variables, where u = (u, v, w) are respectively the streamwise, spanwise
and wall-normal velocity components, and p represents the pressure field. Using a compact differential notation,
incompressible N-S can be expressed as:

∇ · u = 0, mass conservation
∂u

∂t
+ (u · ∇)u = ν∇2u−∇p. momentum conservation

(1a)

(1b)

These equations are discretized on a three-dimensional Cartesian staggered grid, where pressure is stored at the
center of each control volume, while the velocity components are located at the centers of the faces normal to
their respective directions (see Figure 3(a)).
The grid is not conformed to solid bodies, indeed boundaries are embedded within the Cartesian grid. This
particular mesh configuration is treated using an Immersed Boundary Method (IBM). In this approach, ghost
nodes (see Figure 3(b)), which are grid points located outside the physical fluid domain but involved in the FD
stencil of the N-S operators, are managed by implicitly imposing a Dirichlet boundary condition. This boundary
condition is enforced by modifying only the central point coefficient of the Laplacian stencil, leveraging the fact
that the flow near solid surfaces is dominated by viscous effects. To this end, the IBM coefficient is calculated
to ensure a linear extrapolation that drives the velocity field to zero at the solid interface.
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Finally, it is needed to explain how equations are integrated in time. Time integration is carried out using a
second-order accurate three-step Runge-Kutta method (RK3) (see Rai & Moin [20]). Every RK3 step consists
of two subsequent sub-step. In the first, the solenoidal-free velocity is explicitly computed by advancing the
momentum equations without enforcing incompressibility. Subsequently, incompressibility is enforced through a
pressure correction obtained by solving a pressure Poisson equation using a Red-Black algorithm in combination
with the Successive Over-Relaxation method (SOR), leveraged to accelerate convergence. At the end of each
RK3 step, the velocity and pressure fields are updated with the so-called projection step.

The original code structure was further developed in the master thesis work of Rossi [22], Cavallazzi [8], Cipelli
[9] and Ronchetti [21]. Building upon the IBM code architecture, an additional correction is added to efficiently
account for singularities arising from ribbed wall structures, i.e. riblet ridges. In order to correctly resolve the
flow field around sharp geometries, many grid nodes are conventionally required, leading to an unaffordable
computational cost. To address this challenge, an efficient Corner Correction (COCO) boundary method was
introduced. This method imposes a steady Stokes solution at grid nodes near the riblet singularities, follow-
ing the same conceptual approach as IBM. However the flow around a singularity is not representable with a
simple flat wall behavior, as assumed by the ghost node correction. Specifically, the correction coefficients are
determined analytically ([8, 9, 22]) or numerically ([21]) solving the Stokes equations around the edge. The
evaluation of these coefficients is computationally inexpensive, as it is performed during the pre-processing
stage. The implementation of COCO has been shown to yield excellent results, whereas cases without it, with
the same grid refinement, produce very poor outcomes. Therefore, the imposition of COCO enables to correctly
capture the flow dynamics limiting grid resolution, consequently saving computational costs. Details of the
implementation are available in [8, 9, 21, 22].

For this work, only minor changes were made to the code structure described by Ronchetti [21]. Specifically,
the capability to simulate blade-type and realistic riblets was integrated by modifying the routine responsible
for defining the channel wall geometry.

Control Volume
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Figure 3: (a) Immersed three-dimensional numerical stencil. It’s highlighted the staggering of the
velocity components. (b) Immersed two-dimensional numerical stencil, it is highlighted the ghost
node.

2.2. Riblet Description

A detailed and comprehensive description of the riblet geometries simulated in this study is provided. This sub-
section aims to clarify the specific features and variations of the riblet configurations, offering a deeper insight
into their design.

7



Details of Riblet Geometry for Rounding Analysis

The edge rounding analysis was carried out for both triangular and blade groove shapes. For the triangle geom-
etry, an equilateral shape was selected. The blade shape was modeled as a rectangular profile, defined by the
height to spacing ratio, h/s = 0.5, and the thickness to spacing ratio, t/s = 0.25. In both cases, an additional
key geometric parameter is the curvature tip radius to spacing ratio, r/s (see Figure 4). For the laminar blade
simulations, r/s was set as: 0, 0.025, 0.05, 0.075, 0.1 and 0.125. One of the scope of this simulations were to
asses a grid convergence analysis for the spanwise resolution. To facilitate the specification of the number of
grid points in the spanwise direction, all geometries were defined with a common groove spacing of s+ = 8,
according to the geometric setup used in the code. For the turbulent cases, the analysis was limited to r/s = 0,
0.05, 0.125. The triangular and blade geometries were appropriately scaled by imposing a fixed groove area of
l+g = 10.7. Detailed sketches of the turbulent groove sections simulated for the rounding analysis can be found
in Figure 7.
COCO was employed only for the sharp edge cases (r/s = 0), and applied to grid points located within a
cylindrical region with a radius of 2 viscous units (r+COCO = 2), centered at the riblet edges. This choice is
further discussed in Section 3.1.

r
s

s

h
s

(a)

r
s

t
s

s

h
s

(b)

Figure 4: Cross sections sketch of rounded riblets. The parameters used to characterize the triangular
and blade riblets are displayed. (a) The triangular shape is defined by: s, h/s and r/s. (b) The blade
shape is defined by: s, h/s, t/s and r/s.

Details of Riblet Geometry for Real Defects Analysis

The real defects analysis comprised two geometries, a real trapezoidal riblet and its idealized version. The
"real" geometry was based on a single 2D profile, extracted from a microscopic scan, of an actual riblet surface.
The scan image included various crests, among them one was extracted and adopted as reference (see fig. 2).
Since the original design specifications were not available, an idealized version of the profile was constructed.
To achieve this, a sharp edge geometry was approximated based on the real shape. Initially, the average radius
of curvature and the trapezoid bases proportion (b/s) were estimated from the real groove. Successively, these
parameters were used to define the ideal shape, which consists in the sharp version of the real profile.
For the real section, the estimated length proportions are: h/s ≈ 0.37, b/s ≈ 0.33 and r/s ≈ 0.1. The ideal
trapezoid was constructed with the same base minor to spacing ratio b/s, and a different height to spacing ratio
h/s ≈ 0.43, resulting in a tip angle of 76.5◦. The two sections are visually compared in Figure 5. COCO was
applied exclusively for the latter geometry, with r+COCO = 2.
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Figure 5: Real and ideal trapezoidal profile comparison. The real profile ( ) is extracted from the two-
dimensional riblets profile contained in Figure 2. The attention is purposely posed on the crest rather
then the groove. This is done to emphasize the dashed circular fillet ( ) at the edges, representing the
approximated rounded edge of the real geometry. The tip angle of the triangular profile ( ) measures
76.5◦.

2.3. Numerical Parameters

All the simulations were conducted at a friction Reynolds number of 200, that is Reτ = δuτ

ν , where δ represents
the channel semi-height. A Constant Pressure Gradient (CPG) was imposed to drive the mean flow inside the
channel. For the rounded triangular and blade simulations, the time step was computed considering a CFL
number of 1.2 and a Fourier number of 0.5. For the trapezoidal cases the CFL number was prescribed as
1. Turbulent statistics for the rounding edge analysis were collected over 500 large-scale eddy turnover time
units lett, a dimensionless quantity obtained rescaling the integration time by δ and uτ . Only for r/s = 0
the averaging time was limited to 150 lett. This difference is related to the necessity of obtaining smaller
statistical uncertainties for r/s = 0.05, 0.125, where drag reduction performance between triangular and blade
shape resulted quite similar. For the real defects analysis, statistics were collected over 50 lett.
Taking into account turbulent simulations, periodic domain sizes were set as Lx = 6δ and Ly ≈ 3δ, instead in
the normal direction Lz = 2δ (see Figure 6). The symbol ≈ is intended to highlight the fact that Ly, for each
simulation, is slightly modified to fit an integer number of riblets. Lz represents an average channel height,
imposed to enforce the same cross sectional area per unit length among the different wall configurations. To
enforce that, the domain in the wall normal direction spans from −hg and 2δ + hg, where hg represents the
mean height of the groove section. This condition was essential to enable meaningful comparisons, as it directly
affects how drag reduction is evaluated. Taking advantage of the fact that imposing a CPG fixes the value of
the wall shear stress τw, drag reduction indicators (DR, ∆U+) were determined computing solely the difference
in the mean streamwsie velocities of the smooth and ribbed channels (apart for a minor correction). Therefore,
it is crucial that this velocity difference reflects only the effect of the wall texture, rather then variations in the
mean cross-sectional area. The groove displacement can be noticed in Figure 7.
For the laminar simulations, the size of the periodic directions was reduced compared to the turbulent cases.
The streamwise length Lx was chosen to include the minimum number of points necessary for the FD scheme,
i.e. Lx = 4dx, where dx is the streamwise grid spacing. The spanwise extension, Ly, concerned a single riblet,
leading to Ly = s, where s is the riblet spanwise dimension. Lz is computed as for the turbulent simulations.
For all cases, the grid resolution was chosen in order to discretize the periodic groove with at least 16 points in
the y direction (16 ppr) and at least 8 points in the z direction (8 ppr). The cartesian grid was stretched in the
normal direction, adopting a geometrical progression. The progression started above the riblet crest, in order
to obtain a sufficient resolution of the tips while maintaining an affordable computational cost. The common
geometric parameters are collected in Table 1.
All turbulent simulations were performed on the Leonardo supercomputing cluster at CINECA, whereas the
computationally inexpensive laminar cases were executed on a local machine.
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Case L+
x L+

y L+
z dx+ dy+ dz+min dz+max A+

g s+

Rounding Analysis Laminar 8 8 400 2 0.5 0.55 1.65 — 8
Turbulent 1200 600 400 2 1 0.8 3.8 10.7 —

Real Defects Analysis Laminar 8 s+ 400 2 1 0.6 2.85 10.7 —
Turbulent 1200 600 400 2 1 0.6 2.85 10.7 —

Table 1: Geometrical grid parameters. The table lists the common geometrical parameters used in all
simulations conducted in this study. Laminar simulations for the rounding analysis were conducted
only for the blade geometry, while the turbulent cases include both triangular and blade geometries.
The geometric parameters for the real defects analysis apply to both the real and ideal shapes. For
A+

g and s+, only the prescribed value is specified.

x

y

z

−dP

dx

Lz = 2δ + 2hg

Lx = 6δ

Ly ≈ 3δ

Figure 6: Channel domain representation. Is reported the cartesian reference system (x, y, z), the
domain dimensions (Lx, Ly, Lz) and the direction of the imposed constant pressure gradient (−dP

dx
),

which is indicated with the red arrow. δ is the reference semi-height of the channel. hg represents the
mean height how the groove section.

10



0 5 10 15

0

10

20

30

40

y+

z
+

TR0

A+
g

(a)

0 5 10 15

0

10

20

30

40

y+

z
+

TR05

A+
g

(b)

0 5 10 15

0

10

20

30

40

y+

z
+

TR125

A+
g

(c)

0 5 10 15

0

10

20

30

40

y+

z
+

BL0

A+
g

(d)

0 5 10 15

0

10

20

30

40

y+

z
+

BL05

A+
g

(e)

0 5 10 15

0

10

20

30

40

y+

z
+

BL125

A+
g

(f)

Figure 7: Sketches of groove sections and the relative numerical grids: (a-c) triangular riblets, (d-
f) blade riblets. The geometries represent the ones employed for the turbulent rounding analysis
(Section 3.1). All the length scales are reported in viscous units, but they are not corrected considering
l+T . The light blu regions ( ) depict the groove cross-section A+

g , for every geometry, its square root
value coincides to l+g = 10.7. The rounded edges are highlighted with the red lines ( ). Grey dots
represent pressure grid, taking into account that the grid is staggered. It is noticeable how the grid
is stretched over the riblet crest in the z-direction. Noticing that the dashed lines ( ) correspond to
the geometric origin of the grid, is visible the downward shift (-hg) of the groves needed to impose
the same average channel height over the different cases. Numerical values of the grid parameters are
reported in Table 1.
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3. Results

In this chapter, the results of direct numerical simulations are presented, focusing on both laminar and turbulent
flow regimes.
The analysis is structured in two parts. First, the effect of corner rounding on the triangular and blade riblets
is examined. Subsequently, the impact of real defects is investigated by comparing the results obtained for a
prototyped riblet and its (hypothesized) nominal version.

3.1. Rounding Analysis

Laminar Results

Before approaching turbulent simulations, it’s insightful to address the laminar regime.
As explained by Luchini [15], for a riblet operating in the viscous regime, these heights are, by themselves, suffi-
cient to quantify the friction reduction. Indeed ∆h = h‖ − h⊥, can be associated to ∆U+, i.e. ∆U+ = µ0∆h+,
with µ0 ≈ 1 being a proportionality constant. Referring to the classical theory of wall turbulence, far enough
from the wall, the effect of surface deformations manifests as a rigid shift in the logarithmic velocity profile
(Equation 6). As will be further detailed, this shift ∆U+, can be used to measure DR (Equation 7). In this
sense, ∆h+ offers a direct and meaningful metric to evaluate riblet performance.
Additionally, because of the limited spatial domain and the reduced number of iterations required, the compu-
tational expense of laminar simulations is considerably lower than that of turbulent ones. For these reasons,
laminar simulations prove to be very useful for validation purposes and preliminary analyses.
Having established these premises, it is possible to explain how these heights are computed. As mentioned
in Section 1, Stokes’ assumptions can be applied with the intention of capturing the interaction between the
wall and both mean flow and QSV. To this end, a Couette flow is imposed in the two periodic directions by
prescribing unit streamwise and spanwise shear at the channel center. Due to viscous effects, these two com-
ponents are linearly driven to zero in the correspondence of the solid boundary. Considering the smooth case,
the streamwise and spanwise velocities vanish at the same height, which is the wall origin. For a ribbed wall
instead, the smooth wall-like assumption implies the same physical behavior, apart from a rigid wall-normal
shift. By assuming for simplicity that the origin of the coordinate system is located on the wall and that the
riblet tip lies at the same vertical position, the quantities h‖ and h⊥ can be expressed as:

u =
∂u

∂z
(−h‖ + y) ,

v =
∂v

∂z
(−h⊥ + y) .

(2a)

(2b)

Thus it is possible to extrapolate the protrusion heights values as the u and v origins.
In the following, simulations of protrusion heights are first employed to assess grid convergence with respect to
spanwise resolution, and subsequently used to have a preliminar insight of the effect that corner rounding can
have on riblet performace.

Protrusion heights were first used to perform a convergence analysis regarding the spanwise grid resolution for
blade riblets. The wall-normal direction was not considered, as it relies on the previous master thesis work
([8, 9, 21]), hence set to obtain at least 8 grid points per riblet. This choice was driven purely by a geometric
consideration. Specifically, blade features twice the number of vertices along the y-direction compared to the
triangular configuration, raising the question of whether this could have an impact. The analysis has been
conducted for blade geometries featuring r/s = 0, 0.05, 0.125 (BL0, BL05, BL125). These are the rounding
ratios subsequently employed in the turbulent investigation.
Figure 8 depicts the convergence trend for ∆h, h‖ and h⊥, while their numerical values are provided in Table 2.
Protrusion heights are made dimensionless using lg, following [10]. Owing to the linearity of the governing
equations, this normalization makes the quantities independent from the domain choice, making them solely
dependent on the groove geometry. The reference values for ∆h was extracted from the work of García-Mayoral
& Jiménez [10], while for h‖ and h⊥ no data was found in the literature.
The ∆h results for BL0 and BL05 appeared promising, as the deviation from [10] remained below a few percent
even with just 8 ppr. In contrast, Figure 8(a) shows that for BL0, the ∆h computation was much more sensible
to grid resolution. As illustrated in Figure 8(f) and Figure 8(i), the major source of error was represented by
the estimation of h⊥. Despite this limitation, results for h⊥ using 16 ppr, differ by no more than 5% compared
to the 32 ppr case.
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In light of the results obtained, selecting at least 32 ppr would appear appropriate to ensure greater accuracy.
However, such a choice was deemed computationally prohibitive. Moreover, the focus of this investigation is not
characterizing the drag reduction indicators with absolute precision, but rather analyzing their overall trends.
Based on these considerations, a resolution of 16 ppr was selected, as it represents a reasonable compromise
between computational cost and numerical accuracy.
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Figure 8: (a-c) Protrusion heights difference as a function of grid resolution. (d - f) Parallel protrusion
height as a function of grid resolution. (g - i) Perpendicular protrusion height as a function of grid
resolution. ppr indicates the number of grid nodes, used in the spanwise direction. Purple squares ( )
refers to r/s = 0, cyan squares ( ) refers to r/s = 0.05, orange squares ( ) refers to r/s = 0.125. The
dashed lines ( ), reported in (a-c), represents the ∆h values obtained by García-Mayoral & Jiménez
[10]. All the heights are normalized by lg. Numerical values are summarized in Table 3.

A second study was then conducted to investigate the effect of edges rounding under laminar flow conditions,
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Case ppr
h‖
`g

h⊥
`g

∆h
`g

errGM&J%

8 0.1626 0.0838 0.0788 -14.7
BL0 16 0.1665 0.0792 0.0873 -5.5

32 0.1665 0.0754 0.0910 -1.5
8 0.1828 0.0844 0.0984 3.7

BL05 16 0.1774 0.0790 0.0983 3.6
32 0.1752 0.0791 0.0961 1.3
8 0.2150 0.1073 0.1077 3.2

BL125 16 0.2096 0.1067 0.1028 -1.4
32 0.2084 0.1040 0.1043 -0.1

Table 2: Results for blade grid convergence analysis. ppr indicates the number of grid nodes, used
in the spanwise direction. Protrusion heights results (h‖, h⊥, ∆h) are scaled using `g. Errors in ∆h,
errGM&J%, relative to García-Mayoral & Jiménez [10] are reported.

for the triangular and blade groove section. Results for the triangular shape are taken from Ronchetti [21],
who employed the same numerical code and utilized COCO for all geometries. Riblet spacing was imposed as
s+ = 8, using 16 points and 8 points to discretize the riblets in respectively y and z direction.
The first thing to notice, looking at Figure 9, is that for increasingly smaller r/s ratios discrepancies with respect
to [10] are increasingly larger, as already highlighted for the refinement study. This evidence is in accordance
with the results reported in the work of Ronchetti [21]. In his study, the effect of tip rounding on the equilateral
triangular shape was investigated, and it was reported that COCO plays a significant role only for small r/s
values. In particular, COCO seemed to be decisive for r/s . 0.05. Focusing on the blade configuration, for
r/s ≥ 0.05 differences with [10] are less then 3.6%, instead for rounding to spacing ratios of 0.025 and 0 errors
increase, reaching up to 5.5%.
Recognizing the sensitivity associated with sharp corners, an attempt was made during this thesis work to
develop a COCO for blade profiles, similar to what was done for triangular geometries. Both analytical and
numerical correction approaches were strived; however, neither yielded satisfactory results, unfortunately led
to less accurate outcomes. Nevertheless, as previously mentioned, the primary objective of this thesis is to
analyze overall trends. In particular, emphasis was placed on accurately capturing the behavior of geometries
with larger corner radius (BL05, BL125), for which the results appear to be sufficiently reliable.
In Figure 9, it can be seen that for the blade profile, given a progressive rounding increment, ∆h tends to
increase, leading to an improvement of 17% going from BL0 to BL125. This is a clear evidence of the fact
that for certain types of geometries rounding can have a beneficial effect. Conversely, Ronchetti [21] outlined
an opposite trend for the triangular case, showing a detrimental effect due to an edge curvature increment. He
reported a loss, in terms of ∆h, of 37%. This phenomenon can be explained by considering how introducing a
tip rounding in the blade geometry effectively sharpens the overall profile, which in turn tends to enhance its
performance.
The general trend is in perfect agreement with the results reported by García-Mayoral & Jiménez [10]. This
consistency also provided a useful benchmark for validating the code adjustments implemented for the blade
geometry discretization.

Turbulent Results

The main objective of this study was to extend the laminar findings reported in [10] to characterize the regime
of maximum drag reduction. As explained by Ibrhaim et al. [13], for l+g & 8 the relation ∆h+ = l+U − l+T became
uncertain, thus requiring turbulent simulations to be carried out.
This section presents simulation results conducted at Reτ = 200, considering three different rounding con-
figurations for each groove shape (TR0, TR05, TR125, BL0, BL05, BL125). The selected roundings were
r/s = 0, 0.05, 0.125. This choice was driven by the desire to minimize computational resources to capture the
trend, while still considering radius of curvature representative of potential real-world tip erosion conditions. To
enable a meaningful comparison across all cases, a constant groove spacing of l+g = 10.7 was imposed, ensuring
optimal drag reduction conditions at the specified Reτ . The results are presented in terms of two commonly used
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Figure 9: Protrusion height delta normalized with lg, as a function of tip rounding. The quantity
∆h is normalized by the characteristic groove section length lg. Tip rounding is characterized by the
ratio of tip radius r to groove spacing s. Gray squares ( ) represent blade data from García-Mayoral
& Jiménez (GM&J 2011) [10], red triangles ( ) show COCO results from Ronchetti [21], and blue
squares ( ) indicate laminar blade results obtained in the present study.

performance indicators in channel flows: drag reduction DR% and the mean velocity shift ∆U+. Uncertainties
were evaluated considering Gaussian error propagation, assuming a 95% confident level, adopting a technique
presented by Russo & Luchini [23].Table 3 summarizes the DNS results.
The following considerations on turbulence statistics are based on the work of Ibrahim et al. [13].

Case `+U `+T
`+U
h+
‖

`+T
h+
⊥

DR% σDR% ∆U+ σ∆U+

TR0 2.1 0.9 1.14 1.06 7.1 0.3 1.16 0.03
TR05 3.1 2.2 0.89 1.00 4.6 0.2 0.89 0.02
TR125 3.4 2.7 0.88 1.03 3.2 0.2 0.71 0.02
BL0 1.7 0.8 0.97 1.06 3.5 0.3 0.86 0.02
BL05 1.8 1.0 1.00 1.20 3.4 0.2 0.85 0.02
BL125 2.1 1.2 0.98 1.17 3.8 0.2 0.86 0.02

Table 3: Summary of turbulence statistics for all the different rounded configurations. `+T and `+U
denote virtual origins for turbulence and mean flow, respectively. `+T is computed to maximize the
alignment of Reynolds stress profiles in the region 5 ≤ z+ . 40. The ratios `+U

h+
‖

and `+T
h+
⊥

are shown
to express the deviation from the viscous regime. DR% quantifies the relative change in the skin
friction coefficient compared to the smooth reference case, expressed as a percentage. ∆U+ denotes
the velocity offset used for profile alignment in the region 40 ≤ z+ ≤ 150, and corresponding standard
deviations σDR% and σ∆U+ quantify uncertainty. σDR% are calculated from the temporal fluctuations
of Cf and Cf,0. σ∆U+ values are obtained by propagating the uncertainties associated with the bulk
velocity (Ub) and the reference bulk velocity (Ub,0).

In the comparison of turbulent flows, it is standard practice to conduct analyses by first rescaling all relevant
parameters in terms of viscous units ("+" units). This non-dimensionalization is essential for consistent inter-
pretation across different flow conditions and Reynolds numbers. Viscous units are obtained scaling through the
viscous length scale δν and the friction velocity uτ . These two quantities are related by the kinematic viscosity
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uτδν
ν = 1. In the context of these simulations, viscous rescaling can be traced to uτ alone, being by definition

related to the shear stresses computed at the wall, uτ =
√

τw
ρ . For a flat wall CPG simulation, this quantity

is trivial to evaluate, indeed τw = −dP
dx δ, where −dP

dx is the imposed pressure gradient. For a corrugated wall
the profile is not constant in the spanwise direction, so the definition of an equivalent wall origin is delicate. A
possibility is to set the equivalent wall origin as the virtual origin for turbulence lT . Under the hypothesis of
smooth-wall-like turbulence, this framework allows for proper comparisons with the smooth reference data. lT
is determined a posteriori, as the vertical shift required to best overlap riblet Reynolds stress −〈uw〉+ with the
smooth reference case profile. The symbol 〈·〉 denotes the combined time and spatial average in the x and y
directions. At this point, it is possible to evaluate uτ intended for the rescaling of viscous units. In this work
the groove profile is displaced with respect to the smooth wall (z = 0) to impose the same average channel
height among the different cases. Instead, in [13] the origin of the reference system is set at the riblet edge.
To be consistent with the convention reported in [13], here virtual origin is defined as lT = zE − zT , where zE
is the edge wall normal coordinate of the riblet, and zT is the normal shift needed to overlap Reynolds stress
profiles. Being shear stresses linear in the z-direction, the appropriate uτ can be computed as:

uτ (zT ) = uτ (0)

√
δ − zT

δ
, (3)

Where uτ (0) is the friction velocity at z = 0 (unitary in this case).
An analysis of the l+T values suggests that the assumption of smooth-wall-like turbulence is verified (see Table 3).
As noted in [13], turbulence structures perceive ribbed wall as effectively homogeneous for l+T . 5. In addition,
the hypotesis can be proved graphically: in Figure 10 and Figure 11 the turbulence statistics perfectly collapse
after a z+T vertical shift and a rescaling with the appropriate uτ . A similar behavior is also observed for the mean
velocity profile, as shown in Figure 12. These observations indicate that the underlying flow physics remains
essentially unchanged, between the flat wall configuration and the ribbed ones.

The performance of riblets were first assessed in terms of DR. This metric is defined as the ratio of the change
in friction coefficient, ∆Cf = Cf − Cf,0, to the reference friction coefficient Cf,0, that is:

DR = −∆Cf

Cf,0
. (4)

Results seemed to confirm what was already highlighted by the protrusion heights study, as the trends shown in
Figure 9 and Figure 13 are notably similar. Triangular geometry, when the rounding increases from 0 to 0.125,
lost more than half of its effectiveness (loss of 55%), whereas the performance of the blade geometry slightly
improved (gain of 8%) .

To obtain a more general characterization of the rounding effect, it was also necessary to consider ∆U+. In
fact, the drag reduction coefficient represents a quantity that depends on the specific flow regime. This can be
demonstrated by considering the definition of the friction coefficient and the shape of the mean velocity profile:

Cf =
2

(U+
b )2

,

U+ =
1

k
log (z+) +B +∆U+ .

(5)

(6)

Where U+
b is the dimensionless bulk velocity, defined as Ub = 1

2δ

∫ 2δ

0
U(z) dz. Equation 6 represents the

logarithmic law of the wall: k denotes the von Kármán constant, B is the log-law z-intercept, and ∆U+ is the
velocity shift induced by the presence of riblets. Being an integral quantity, U+

b will be also affected by the shift
∆U+. Therefore DR can be expressed as:

DR = 1−

(
1

1 + ∆U+/U+
b,0

)2

, (7)

This formulation reveals Re dependency, due to the presence of the reference bulk velocity, U+
b,0.

∆U+ were calculated a posteriori as for lT . Riblets mean velocity profiles were shifted by the quantity z+T and
then the difference with the reference case, U+

0 , was computed. It follows that l+U was determined as the sum
of ∆U+ and l+T , i.e. l+U = l+T −∆U+ .
The results presented in Figure 14 support the trends previously observed for DR. For riblets with triangular
geometry, increasing the curvature radius leaded to a deterioration in performance, with TR125 performing
worse than BL125.
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Figure 10: Reynolds stress profiles. (a-b) Present the TR0 ( ), TR05 ( ), and TR125 ( ) cases,
while (c-d) show the BL0 ( ), BL05 ( ), and BL125 ( ) cases. In (b) and (d), all quantities are
normalized using uτ evaluated at the turbulence origin, and the wall-normal coordinate is shifted by
z+T . Dashed line ( ) represents smooth-wall Reynolds stress profile.

What emerged from turbulence simulations, can be explained by considering the ratio between protrusion
heights and virtual origins. They remained approximately unity across all simulated cases. Thus, although
these configurations are formally outside the viscous regime, as already mentioned, the near-wall turbulence re-
sponded as if it perceived the wall deformations in a relatively homogeneous manner. This observation makes it
possible to extend reasoning similar to that presented for the viscous regime in [10]. Specifically, edge rounding
sharpens the overall ridge profile in the blade geometry, resulting in a performance benefit. Conversely, in the
triangular configuration, rounding leads to a wider ridge that is less effective in reducing drag.

3.2. Real Defects Analysis

Having established the importance of edge sharpness in the previous sections, the performance differences be-
tween a real and an ideal trapezoidal groove will now be analyzed, deploying the same channel flow statistics.
A geometrical sketch of the two geometries is provided in Figure 5, while grid parameters are provided in Table 1.

The assessment started considering the laminar behavior. Protrusion height values are reported in Table 4.
Looking at ∆h, the comparison indicates that the idealized groove outperforms the manufactured section by
more then 42%, demonstrating almost twice the effectiveness.
The turbulence response was then studied. Both riblets were simulated imposing lg+ = 10.7, to perform the
comparison under the maximum drag reduction condition. As Figure 15 and Figure 16 display, the turbulence

17



0 10 20 30 40 50
0

1

2

3

z+

〈u
〉+

,〈
v
〉+

,〈
w
〉+

(a)

0 10 20 30 40 50
0

1

2

3

z+ − zT
+

〈u
〉+

,〈
v
〉+

,〈
w
〉+

(b)

0 10 20 30 40 50
0

1

2

3

z+

〈u
〉+

,〈
v
〉+

,〈
w
〉+

(c)

0 10 20 30 40 50
0

1

2

3

z+ − zT
+

〈u
〉+

,〈
v
〉+

,〈
w
〉+

(d)

Figure 11: r.m.s. velocity fluctuation profiles. (a-b) present the TR0 ( ), TR05 ( ), and TR125 ( )
cases, while (c-d) show the BL0 ( ), BL05 ( ), and BL125 ( ) cases. In (b) and (d), all quantities
are normalized using uτ evaluated at the turbulence origin, and the wall-normal coordinate is shifted
by z+T . Dashed line ( ) represents smooth-wall Reynolds stress profile. Corrugated wall profiles are
shown up to the riblet edge.

Case h‖
`g

h⊥
`g

∆h
`g

Real 0.1444 0.0875 0.0569
Ideal 0.2262 0.1267 0.0995

Table 4: Laminar results for the real defects analysis.

structure remained smooth wall-like, notably −〈uw〉+, 〈u〉+, 〈v〉+ and 〈w〉+ perfectly collapse after the appro-
priate rescale and shift. As expected, Values of DR and ∆U+ are in accordance with Stokes’ outcomes. The
real shape lost with respect to the ideal section 53% in terms of DR, while ∆U+ result declined by 49%.

What was found points out how different nominal and effective behavior might be, underscoring the necessity
of correctly representing geometry when riblet performances are studied.
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Figure 12: Mean velocity profiles from turbulence simulations. (a-b) present the TR0 ( ), TR05 ( ),
and TR125 ( ) cases, while (c-d) show the BL0 ( ), BL05 ( ), and BL125 ( ) cases. In (b) and
(d), all quantities are normalized using uτ evaluated at the turbulence origin. In (b) and (d), the
wall-normal coordinate is shifted by z+T , and the mean velocity profiles are offset by ∆U+. Dashed
lines ( ) represent the reference smooth-wall case.

Case `+U `+T
`+U
h+
‖

`+T
h+
⊥

DR% σDR% ∆U+ σ∆U+

Real 2.3 1.7 1.50 1.89 2.7 0.7 0.54 0.06
Ideal 2.9 1.8 1.22 1.38 7.9 0.5 1.06 0.03

Table 5: Summary of turbulence statistics for the real and ideal trapezoidal riblets. Statistics details
are reported in Table 3.
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Figure 13: Drag reduction as a function of tip rounding. Red triangles ( ) represent triangular riblets,
while blue squares ( ) correspond to blade riblets. Vertical bars indicate measurement uncertainties.
Values are reported in Table 3.
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Figure 14: Mean velocity profile Delta as a function of tip rounding. Red triangles ( ) represent
triangular riblets, while blue squares ( ) correspond to blade riblets. Vertical bars indicate measure-
ment uncertainties. Values are reported in Table 3.
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Figure 15: Reynolds stress profiles. (a-b) present the real ( ) and ideal ( ) cases. In (b), all quantities
are normalized using uτ evaluated at the turbulence origin, and the wall-normal coordinate is shifted
by z+T . Dashed line ( ) represents smooth-wall Reynolds stress profile.
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Figure 16: r.m.s. velocity fluctuation profiles. (a-b) present the real ( ) and ideal ( ) cases. In (b), all
quantities are normalized using uτ evaluated at the turbulence origin, and the wall-normal coordinate
is shifted by z+T . Dashed line ( ) represents smooth-wall Reynolds stress profile. Corrugated wall
profiles are shown up to the riblet edge.
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Figure 17: Mean velocity profiles from turbulence simulations. (a-b) present the real ( ) and ideal
( ) cases. In (b), all quantities are normalized using uτ evaluated at the turbulence origin, the wall-
normal coordinate is shifted by z+T , and the mean velocity profiles are offset by ∆U+. Dashed lines
( ) represent the reference smooth-wall case.
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4. Conclusions

This work has considered how small defects in the nominal shape of two-dimensional riblets employed for
turbulent skin-friction drag reduction affect their performance. It was considered both a rounding of the sharp
tip of the riblet crest, and more macroscopic and widespread imperfections extracted from a manufactured
sample. To this aim, it was used high-fidelity DNS simulations, with a recently developed DNS code based on the
immersed-boundary formulation, and augmented to efficiently deal with corners and geometrical singularities.
The well-known impact of the rounding of the sharp tip has been confirmed; insights stemming from García-
Mayoral & Jiménez [10] have been expanded for the more interesting maximum drag reduction regime. It was
found that increasing the curvature radius from r/s = 0 (sharp) to r/s = 0.125 (a value that can turn out to
be reasonable by accounting for manufacturing imperfections and/or wear), the 60◦ trianguar shape presents a
loss in DR of 55% at Reτ = 200, and a corresponding decrease of 39% in terms of ∆U+.
Interestingly, other shapes present different sensitivities to corner rounding. For example, the blade geometry
shows only minor variations, which eventually lead to improvements:. DR increases of 8% and ∆U+ still
unchanged. It may also be possible that for large rounding the drag reduction performance might be actually
improved. However, it must be mentioned that in this case, unlike the triangular grooves, no corner correction
has been applied, which may contribute to the observations.
In a second part of the work, the previous study was extended to consider the trapezoidal riblets. With the
intent of adding coherence with the rounding analysis, the keen nominal shape was hypothesized starting by the
approximated curvature radius of the wavy groove. Both laminar and turbulent results revealed how dissimilar
these two geometries are in contrasting viscous drag. Their capability to maximize DR at Reτ = 200 differs
from 53%, while for ∆U+ the gap is 49%.
It can therefore be concluded that performance of straight/ideal riblets can differ significantly from that of
riblets with non-nominal geometry. In fact, considering the nominal shape alone may be not so significant in
actual aeronautical or wind-engineering systems. To enable riblets deployment in applications, it is essential
to gather high-fidelity information of riblets performance by accounting for the actual shape, characterized by
geometric imperfections. One could for example search for the cross-sectional profiles that are more tolerant
to such variations (which may occur over time), thereby minimizing performance loss. Also, achieving a high
degree of precision in manufacturing processes is critical, as is the development of efficient maintenance systems
to preserve their effectiveness over time.
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Abstract in lingua italiana

Questo lavoro si concentra sullo studio di riblets con geometria reale. La ricerca parte dall’ipotesi che la
capacità di riblets di ridurre attrito possa variare se si considerano implementazioni reali e prototipi nominali.
Per condurre l’indagine, sono state eseguite Simulazioni Numeriche Dirette (DNS) al fine di modellare il flusso
di canale scanalato.
L’obiettivo principale è stato quello di estendere i risultati presentati da García-Mayoral & Jiménez [10]. Essendo
noto quanto siano importanti gli spigoli aguzzi, gli autori hanno utilizzato simulazioni laminari per dimostrare
come un loro arrotondamento possa influenzare significativamente le prestazioni, focalizzandosi specificatamente
su riblets con sezioni triangolari e rettangolari. Per studiare questo effetto in condizioni di funzionamento
ottimali, sono eseguite simulazioni turbolente nel regime di massima riduzione d’attrito, dove le previsioni
basate esclusivamente sul flussi laminari risultano insufficienti. I risultati delle simulazioni DNS confermano
le ipotesi iniziali: l’arrotondamento delle punte infatti dimezza l’efficacia del profilo triangolare, migliorando
invece la capacità di riduzione dattrito della forma rettangolare.
Un secondo obiettivo è quello di investigare come le caratteristiche operative di una riblet fisicamente prodotta
possano differire rispetto alla sua versione ideale di progetto. A tale scopo, sono condotte simulazioni laminari
e turbolente considerando un profilo estratto da una scansione 2D microscopica. I risultati sono poi confrontati
con quelli di una geometria assunta come riferimento nominale. I risultati hanno evidenziato come tolleranze
di produzione o difetti legati all’usura possano causare discrepanze fino al 65% tra l’efficacia operativa attesa e
quella effettiva.

Parole chiave: DNS, Riblets, Riduzione d’Attrito, Difetti Geometrici, Turbolenza, CPL
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