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Abstract
Riblets inspired by the dermal denticles of shark skin are widely recognized for their drag-reducing
performance. Although previous research has predominantly focused on two-dimensional riblet
geometries, three-dimensional (3D) topographies remain underexplored due to the complex
architecture of denticle-inspired surfaces. Natural riblet arrays, comprising thousands of
interconnected dermal denticles, pose challenges in terms of parameterization, simulation, and
fabrication. This work addresses these challenges by introducing a 3D, riblet-reinforced surface
topography design that reduces drag, suppresses flow-induced noise, and simplifies both
parameterization and prototyping, ultimately providing a scalable solution for towed array sonar
applications. Leveraging Bayesian optimization, our computational fluid dynamics (CFD) results
reveal that the optimal design decreases the overall sound pressure level by 6.87 dB and reduces
drag by 0.34%, effectively balancing noise mitigation with hydrodynamic performance. The design
that achieves the greatest noise reduction lowers flow noise by 8.81 dB, albeit with a slight increase
in drag. The most effective design for drag reduction yields a 5.18% decrease, accompanied by
significant noise suppression across key frequency bands. Flow field analysis demonstrates that our
design alters the near-wall vorticity dynamics by promoting the formation of vortex rings that
detach from the surface, thereby reducing turbulent energy transfer and limiting sound pressure
fluctuations relative to a smooth surface design. To this end, the combination of CFD simulations
and Bayesian optimization offers an efficient pathway to refine riblets-reinforced surface
topographies, paving the way for advanced bioinspired designs that improve acoustic performance
and efficiency in underwater applications.

1. Introduction

Bio-inspired designs, drawing inspiration from the
unique structures and mechanisms found in nature,
have shown great potential for advancing engin-
eering applications across various domains [1–10].
Such unique structure and surface characteristics
have evolved to provide animals with superior adapt-
ability and functionality in their respective envir-
onments. A significant focus of bio-inspired design
research has been on studying and replicating those
surface patterns and topologies of marine animals

such as sharks and dolphins due to their remark-
able hydrodynamic advantages [11–14]. One example
of such bio-inspired innovation is the implementa-
tion of riblet topologies, which mimic the denticle
structures found on the shark skin. There have been
research illustrating the exceptional promise of rib-
lets in reducing the hydrodynamic drag [11, 14–17].
Frohnapfel et al [15] carried out experimental invest-
igations to validate the impact of surface-embedded
grooves on turbulent drag reduction. Ott et al [14]
have looked into designing shark skin denticle struc-
ture with five parameters. By adjusting the size, shape,
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and orientation of the denticles, they demonstrated
how modifications to the boundary layer dynam-

ics can effectively reduce drag. Dean and Bhushan
[11] defined a metric for selecting the optimal rib-

let dimensions in reducing the flow drag. Riblet
designs ensure that vortices remain above the grooves,
allowing the high-velocity vortices to interact only

with the riblet crests, where most shear stresses are
localized.

On the other hand, recent studies on riblet
surfaces have further demonstrated their effective-

ness in mitigating flow-induced noise [18]. One
of the key applications of riblet technology is in

towed array sonar (TAS), which are widely used for
underwater signal detection [19–21]. During opera-

tion, the interaction between the TAS and the sur-

rounding fluid generates flow noise, interfering with
the detection of target signals. This flow-induced
noise originates from pressure fluctuations gener-
ated by the interaction between the turbulent bound-

ary layer (TBL) and the array’s surface [22–25].
Earlier research on TAS focused on improving the

signal-to-noise ratio (SNR) by separating target sig-
nals from noise [21]. Recent advancements have
shifted attention toward directly reducing the noise
generated by such interactions using riblet designs.

Similar to their drag-reducing mechanism, riblets
alter surface flow patterns to minimize noise. Wei
et al [18] computationally investigated various bio-
inspired riblet topologies applied to TAS surfaces.
The study revealed significant reductions in both

noise and drag, particularly with rectangular riblets.
A preliminary parametric analysis further indicated
that finer and more closely spaced riblet geomet-

ries could enhance both acoustic and hydrodynamic
performance.

Optimizing riblet geometry hence holds great
promise for reducing both drag and noise. This
potential has been explored through computational

fluid dynamic (CFD) simulations, which provides
detailed insights into complex flow interactions and
facilitates parametric design and optimization [14,

26–28]. Previous studies on riblets have focused
primarily on drag reduction, often limiting their
scope to two-dimensional (2D) designs with no geo-

metric variation along the streamwise direction. The
investigation of high-fieldity, three-dimensional (3D)
topographies that emulate the features of biological

systems such as dermal denticles remains limited
[29–31]. Natural riblet surfaces, as exemplified by

shark skin, consist of thousands of interconnected
denticle units that collectively influence flow dynam-
ics. Sharks excel in underwater environments by util-

izing these specialized surfaces to adapt effectively
across a variety of flow conditions. By capturing
the 3D architecture of such biological systems, it is
possible to achieve more pronounced effects in flow

noise and drag reduction under diverse scenarios
compared to 2D riblets.

This study investigates a 3D riblet design that bet-
ter emulate natural systems by incorporating stream-
wise geometric variations, drawing inspiration from
shark skin denticles to develop and parameterize a
novel surface topography. The denticles are gener-
ated on a scaled TAS model for high-fidelity simu-
lations. The primary goal is to assess sound reduc-
tion across different frequency ranges alongside tow-
ing drag performance, aiming to enhance both SNR
and hydrodynamic efficiency. To achieve this, we
created a CFD model to simulate the perform-
ance of a riblets-reinforced array surface (RRAS)
characterized by embedded 3D topographies, as
demonstrated in figure 1(a). Utilizing this para-
meterized design template, we employ a Bayesian
multi-objective optimization framework to efficiently
navigate the high-dimensional design space. This
approach enables a balanced evaluation of competing
objectives, flow noise and drag, by guiding the search
toward Pareto-optimal solutions that offer tradeoffs
unattainable through single-objective methods. Key
geometric parameters, including riblet height, spa-
cing, and ridge ratios, are systematically varied to
assess their effects. To communicate the methodo-
logy and findings, the remainder of this paper is
structured as follows: section 2 details the design
parameterization, CFD methodology, and optimiza-
tion strategy; section 3 explains the rationale for the
selected performance metrics and presents the cor-
responding simulation results; and section 4 high-
lights critical trends and flow structures revealed by
the optimized geometries, demonstrating the effect-
iveness of multi-objective optimization in address-
ing coupled aerodynamic and acoustic performance
goals.

2. Method

Here the general riblet dimensions and correspond-
ing CFD setup are described. These are derived from
our previous research on 2D riblets [18], modified
to adapt the exploration of the 3D case. The riblet’s
wavelength s and amplitude h are determined by the
following equations:

h=

√
2

Cf

(
h+ν

Uτ

)
(1)

s=

√
2

Cf

(
s+ν

Uτ

)
(2)

where Cf is the skin friction coefficient, Uτ is the
shear velocity, ν is the kinematic viscosity, and
h+, s+ are the dimensionless wave amplitude and
length. According to Lee and Lee [32], h+ = 12.6
and s+ = 25.2 provide a suitable fit for underwater
applications. Therefore, these values are adopted as
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Figure 1. Visualization of the 3D RRAS design, showing key components and geometric details. (a) Morphology of mako shark
dermal denticles (inset) and 3D render of an isolated denticle shown in front and side views. From these renderings two riblet
patterns are defined: spanwise triangular ridges of heights h1 and h2, and a streamwise trapezoidal pattern of total length L with
crest width l2 and ramp length l1. (b) Schematic of the towed-array sonar system: a surface vessel tows a cylindrical hydrophone
array, with the simulated domain panel highlighted in red. (c) Close-up of the array surface overlaid with a uniform matrix of
riblet units; inset shows one riblet tile of span s and length L, oriented with its primary ridge aligned in the flow direction. (d)
Computational domain and acoustic receiver arrangement: (left) quarter-cylinder fluid domain with velocity inlet, pressure
outlet, and symmetry planes; (center) cross-section illustrating near-field (100 mm) and far-field (1000 mm) receiver planes;
(right) detail of the array surface.

the initial guess in the Bayesian optimization process
for this study.

2.1. RRAS design and parametrization
Figures 1(b) and (c) illustrates the TAS system used
in this study and the 3D RRAS design. The stream-
wise modifications segment the longitudinal riblet
ridges into smaller units, introducing unique surface
features. These topographical changes are achieved
through extruded cuts applied along both the stream-
wise and spanwise directions (see figure 1(a)). The
proposed design incorporates ridges with two dis-
tinct amplitudes, h1 and h2, emulating the structure of
sharkskin denticles, characterized by a primary ridge
flanked by two smaller side ridges [33]. Arranged
along a quarter-circle surface, the spanwise riblet
pattern spans five sets of ridges, each maintaining
a total base length of s= 0.6mm. In terms of the

streamwise cross-section, the 3D riblet denticle unit
exhibits a trapezoidal geometry with a total length
L. The lengths of the front and rear sides at the top
of the trapezoid are denoted as l1 and l2, respect-
ively. The height of the trapezoid varies between the
primary and side ridges, contributing to the differen-
tiated structure of the riblet denticles.

Table 1 summarizes the range of these design
parameters. The magnitudes of h1 and h2 are
chosen to ensure that the average riblet height sat-
isfies equation (1). Another key parameter is the
unit denticle length, which governs the number of
denticles along the streamwise direction. The front
and rear side lengths, l1 and l2, are expressed as ratios
of the unit denticle length, rather than as absolute
values. This method enhances flexibility in para-
meter selection and maintains alignment with the
riblet design framework.

3
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Table 1. Parametric setup for 3D riblet geometry.

3D riblet geometry parameters

Parameter
name Symbol notation Range Unit

Primary
ridge height

h1 [0.08, 0.15] mm

Side ridge
height

h2 [0.05,0.10] mm

Unit denticle
length

L [0.5, 1.5] mm

Front side
length ratio

l1/L [0.1, 0.4] —

Rear side
length ratio

l2/L [0.6, 0.9] —

2.2. CFD setup
Figure 1(d) shows the current fluid domain con-
figuration in ANSYS Fluent, featuring a quarter-
cylindrical fluid region encompassing the towed
array. A right-handed Cartesian coordinate system is
introduced, with the z-axis aligned along the longit-
udinal direction (i.e. the freestream flow direction).
Several boundary conditions are imposed, including
a velocity inlet, a pressure outlet, and two symmetry
planes. The exterior cylindrical boundary adjoin-
ing the symmetry planes is treated as a pressure
outlet allowing for backflow. The array surface is
modeled as a no-slip wall. A position-dependent
meshing strategy is employed to allocate finer mesh
near the array surface, incorporating 10 inflation lay-
ers in the near-wall region. The first layer thickness
is set to y+ = 0.9 and increases at a rate of 1.2.
The mesh resolution over the riblet surface is set
between 30 µm and 40 µm to accurately capture the
topography and fluid dynamics within the boundary
layer.

Awall-adapting local eddy-viscosity (WALE) sub-
grid model is applied throughout both stages to close
the momentum equations. The eddy viscosity is eval-
uated with the constant cw = 0.325. On the present
mesh this choice keeps the SGS-to-resolved dissipa-
tion ratio between 0.12 and 0.28 across the bound-
ary layer, indicating adequate scale separation. The
algebraic form of the WALE closure and its deriva-
tion are documented in supporting information S.1.
Because the riblet surface is fully 3D, resolving the
narrow grooves and sharp ridge tips forces the near-
wall grid spacing into the micrometer range, a single
wall-resolved large eddy simulation (LES) therefore
requires high computational cost. Recent high-order
implicit-LES (iLES) studies have shown that care-
fully designed weighted essentially non-oscillatory
schemes can achieve direct numerical simulation
(DNS) level fidelity in compressible TBLs without
any explicit SGS term. Ritos et al demonstrated that
ninth- to eleventh-order iLES accurately captures
near-wall anisotropy andReynolds stresses onmeshes

significantly coarser than DNS [34, 35], while retain-
ing excellent parallel efficiency. In future work we
therefore plan to assess whether a high-order iLES
formulation can further reduce the numerical cost of
riblet optimizationwithout compromising the acous-
tic and hydrodynamic accuracy.

In the previous work [18], simulation results
indicate that adjusting riblet size can significantly
lower hydrodynamic drag, suggesting that a smaller
riblet size could be beneficial for both noise and drag
reduction. However, the complex surface topography
of 3D riblets presents a challenge, as reducing the
riblet size dramatically increases the computational
cost, with the meshing process alone taking several
days. To address this, we propose a domain modi-
fication that scales the model size proportionally to
the riblet size while maintaining a manageable num-
ber of surface cells. Specifically, we reduce the original
domain size from 1000 mm to 100 mm, along with
the corresponding array radius from 20mm to 2mm.
The initial guess for dimensionless wavelength and
amplitude, s+ = 25.2 and h+ = 12.6, are maintained,
with the flow speed adjusted accordingly. Leveraging
equations (1) and (2), the recommended flow speed is
approximately 1m s−1(2 knots) based on the adjusted
domain size.

The simulation is conducted in two stages. The
first stage involves a preparatory run using LES and
the energy equation to establish a quasi-developed
state before initiating the acoustic analysis. This
stage lasts for five flow passing times. In the second
stage, the Ffowcs Williams–Hawkings (FWH) acous-
tic solver is applied concurrently with the LES solver
for another 1000 time steps, with a time step size of
0.0004 s. Based on the Nyquist sampling theorem, the
sound pressure level (SPL) spectra are captured up to
1250 Hz, with a maximum bin width of 2.5 Hz. The
details of FWH formulation are documented in the
supporting information S.2.

2.3. Bayesian optimization explorer
One of the primary targets of this study is to examine
the potential of 3D riblets in mitigating flow-induced
noise across different frequency bands. Since differ-
ent topography designs exhibit varying performance
across frequencies, efficiently identifying configura-
tions that minimize noise within the targeted fre-
quency range is essential. To this end, Bayesian optim-
ization has been utilized for design exploration, lever-
aging its effectiveness in solving intricate black-box
optimization problems, particularly when working
with limited control variables and datasets [36]. This
exploration framework seeks to identify a parameter
set by addressing the following problem:

xopt = argminx∈χ f(x) (3)

where x=
(
h1,h2, s,

l1
L ,

l2
L , L

)
is the design para-

meter array, and χ represents the design space con-
strained by the thresholds specified in table 1. In this
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study we treat hydrodynamic drag and flow-induced
noise as two independent objectives in a bi-objective
Bayesian-optimization framework. Rather than col-
lapsing them into a single merit, the search is driven
by the Pareto lower-confidence-bound acquisition
rule. Specifically, the acoustic objective y1 is based
on the integrated sound power within strategically
selected frequency windows that bracket the first and
second dominant tonal peaks. The integrated sound
power within a specified frequency range is numeric-
ally calculated as:

y1 = Ptarget =
∑
i

PSD(fi)+PSD(fi+1)

2
· (fi+1 − fi)

(4)

where PSD(fi) is the power spectral density (PSD)
in µPa2Hz−1 at frequency band fi, and i are chosen
to encapsulate the first and second peak sound sig-
nals, as further detailed in section 3.2. The drag-
related objective y2, is the wall-shear stress on the
array surface (Pa). Both objectives are evaluated
sequentially via CFD simulations. After n simula-
tions the data set is Dn = {(xi, y1,i, y2,i)}ni=1. Each
objective is modeled as an unknown determin-
istic function fj (·) such that yj,i = fj (xi)+ εj,i, where

εj,i ∼N
(
0, σ2

j

)
is the Gaussian noise. At itera-

tion n the Gaussian-process posteriors fj (x) |Dn ∼
N

(
µj,n (x) , σj,n(x)

2
)

provide the mean-standard-

deviation pairs
[
µj,n (x) , σj,n (x)

]
for each objective,

from which the vector of LCB Ln (x) is constructed:

Ln (x) =

[
µ1,n (x)−κnσ1,n (x)
µ2,n (x)−κnσ2,n (x)

]
. (5)

The set of candidate points whose Ln vectors are
non-dominated constitutes the optimistic Pareto set

Sn = {x ∈ X : ∄x∗ ∈ X s.t. Ln (x
∗)< Ln (x)} . (6)

To select a single design for evaluation we apply
a deterministic linear scalarization with fixed weights
[w1, w2] = [0.8, 0.2]. The next favorable design
points is then determined through:

xn+1 = argmin
x∈Sn

[w1L1,n (x)+w2L2,n (x)] . (7)

Because the application targets a TAS system,
noise suppression is given priority in the optimiza-
tion. The fixed weights therefore steer the determ-
inistic linear scalarization toward the noise-optimal
portion of the Pareto front, while the 20% drag
weight still guards against designs with prohibitive
shear stress. This accelerates convergence on low-
noise designs, but may leave low-drag regions of the
frontier less densely sampled. If design targets place
higher priority on drag reduction, the weight vector
can be re-assigned accordingly.

It is of note that κ is a tunable factor to bal-
ance exploitation and exploration. At the initial
stage of optimization, we introduced random per-
turbations to each parameter by sampling from a
uniform distribution, thereby generating 30 designs
to serve as the initial pool for Bayesian optimiz-
ation. A high exploration factor of κ= 100 was
chosen to encourage exploration. Subsequently,κwas
progressively reduced every 10 iterations to gradu-
ally shift the optimization strategy from explora-
tion to exploitation [37, 38], facilitating the dis-
covery of a near-optimal solution. Specifically, κ
followed the decay sequence [100, 50, 10, 5,< 5],
corresponding to the design point subsets dp=
[31 : 40, 41 : 50, 51 : 60, 61 : 70, 71 : 85].

3. Results

This section benchmarks the performance of a 3D
RRAS design against a conventional smooth surface,
focusing on variations in flow-induced noise and
hydrodynamic drag. The analysis draws on CFD sim-
ulations of 85 designs—30 randomly generated and
55 optimized through Bayesian methods. The study
provides insight into how riblet configurations influ-
ence performance, emphasizing the potential of riblet
reinforcement to reduce flow noise and drag in TAS
applications.

3.1. Overall sound pressure level (OASPL) and drag
performance comparison
The analysis focuses initially on the OASPL, which
quantifies the total acoustic power generated by the
interaction between the array surface and seawa-
ter during towing operations (see equation (8)). In
contrast to hydrodynamic drag, which reflects time-
averaged resistance, acoustic emissions arise from
unsteady pressure fluctuations across a range of
frequencies. By jointly analyzing OASPL and wall
shear stress, we observe that riblet configurations
optimized through Bayesian multi-objective meth-
ods yield a spectrum of performance outcomes:
some designs are particularly effective at suppress-
ing flow noise, others at minimizing drag. A subset
of configurations succeeds in achieving both object-
ives concurrently, demonstrating that sharkskin-
inspired surface structures can enhance noise mit-
igation and hydrodynamic efficiency when care-
fully tuned. These improvements stem from the
riblets’ ability to reorganize near-wall turbulence,
which in turn reduces both momentum loss and
pressure fluctuation intensity, as further detailed in
section 4,

OASPL= 10 · log10
(∑n

(i=1)
100.1SPL(fi)

)
. (8)

To evaluate how riblets affect acoustic energy
across the tested frequency range, we compared the
OASPL and drag (represented by wall shear stress) of
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Figure 2. OASPL analysis of 3D RRAS designs compared to the smooth baseline design at different tow speeds and receiver
positions. (a) OASPL values of the 3D RRAS designs at 1 m s−1 (2 knots), measured by a receiver placed coaxially with the array,
are shown as the difference between each design’s OASPL and that of the smooth baseline design. Filled circles represent individual
design candidates sampled during Bayesian optimization: blue markers for the initial uniform sampling (designs 0–30), darker
blue for iterations 31–40 (κ= 100), medium blue for iterations 41–50 (κ= 50), light red for iterations 51–60 (κ= 10), medium
red for iterations 61–70 (κ= 5), and darker red for iterations 71–85 (κ < 5). (b) Displays the absolute OASPL values of design 27
and the smooth baseline design in a polar coordinate system. The top panel presents data from a receiver array placed along a
quarter-circle with a 0.1 m radius centered around the array centerline, while the bottom panel shows data collected by receiver
arrays positioned at 1 m. From left to right, each column represents flow speeds of 1 m s−1, 2 m s−1, and 4 m s−1, respectively.

each RRAS design with those of a smooth baseline.
We quantified the differences in OASPL and drag by
subtracting the baseline values from those of each
RRAS design. Figure 2(a) presents these differences,
measured at a receiver located on the towed array’s
centerline [0, 0, 0.05]mat a towing speed of 1 m s−1.
The drag variation is shown on the x-axis, while the
OASPL variation is shown on the y-axis. Color coded
square markers highlight the designs that show the
most significant performance gains. The design with
the globally lowest flow noise is indicated by a green
squaremarker. Notably, designs that reduce both flow
noise and drag offer dual benefits for TAS applica-
tions. These designs reside in the ‘desired quadrant’
(the third quadrant of the coordinate system).Within
this region, the designs achieving the lowest noise
level and the lowest drag are identified by yellow and
purple square markers, respectively.

To explore noise reduction at different towing
speeds and receiver positions, we focus on Design 27,
which is the quietest design in the desired quadrant
of figure 2(a). We conduct additional simulations at
1m s−1, 2m s−1 (∼ 4 knots), and 4m s−1 (∼8 knots),
as indicated in figure 2(b). Receivers are placed at radii
of 0.1 m and 1 m, covering angles from 0◦ to 90◦ in
15◦ increments, to examine how noise reduction var-
ies with distance and angle. These results shed light on
near-field performance,which is crucial formaintain-
ing a favorable signal to noise ratio, as well as far-field
considerations relevant to marine life.

3.2. PSD analysis
The PSD characterizes the distribution of signal
power across various frequency components, provid-
ing detailed insight into dominant energy levels
within a signal. In practical applications, dominant
noise sources appear as distinct peaks in the PSD,
making them readily detectable by sonar systems
or perceptible to marine organisms. Consequently,
reducing flow-induced noise within these critical fre-
quency bands is essential for enhancing the stealth
capabilities of a TAS system. Figure 3(a) overlays the
PSD of all 85 designs, illustrating the distribution of
sound power across frequencies.

Two prominent peaks are observed in these spec-
tra: the first near 250 Hz and the second around
750 Hz. These peaks consistently appear in both the
smooth baseline and riblet-reinforced surface cases,
indicating that they are characteristic of the inherent
flow–structure interaction rather than artifacts intro-
duced by the riblet geometry. It is hypothesized that
the 250 Hz peak originates from large-scale vortex
shedding and pressure oscillations around the cyl-
indrical array body, with the 750 Hz peak represent-
ing a higher-order harmonic. The selected frequency
range (0–1 kHz) encompasses the dominant flow-
induced noise components typically observed in TAS
systems and is therefore considered representative
for evaluating acoustic performance. Although sound
absorption in water increases with frequency, the
attenuation below 1 kHz remains relatively modest.

6
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Figure 3. PSD analysis. (a) PSD spectral plot showing two harmonic peaks at 250 Hz and 750 Hz. (b) and (c) Show the PSD
values at the first and second peaks, respectively, for all RRAS designs, where each reported value is the PSD of the given design
minus that of the smooth baseline. The smooth baseline design is highlighted with a red circle, while favorable design candidates
are indicated by purple, yellow, and green markers. The bottom panel shows the surface topographies of these key designs.

Based on theThorp formula [39],the absorption coef-
ficient at 250 Hz is approximately 0.04 dB km−1,
rising to only around 0.5 dB km−1 at 1 kHz, which
is negligible over typical operational distances of tens
to hundreds of meters. As such, the propagation loss
due to absorption does not significantly reduce the
relevance of noise within this frequency range, and it
remains appropriate to target this band in the optim-
ization process.

After identifying the dominant noise signals in the
spectrum, we construct a performance space based
on the magnitudes of the first and second PSD peaks.
The peak PSD values for the riblet designs are bench-
marked against those of the smooth baseline and
plotted within the same coordinate system described
in section 3.1, as shown in figures 3(b) and (c).
Additionally, the surface topographies of the designs
with themost significant performance improvements
are highlighted in the figure. The corresponding met-
ric statistics for these designs are summarized in
table 2.

3.3. Frequency sensitivity evaluation using octave
bands
Simulation results indicate that the RRAS’s noise sup-
pression is not uniformly effective across all frequen-
cies; performance differences are observed, particu-
larly in certain targeted bands. Therefore, this study
further focuses on examining how noise suppression
levels change in response to different frequencies.
Understanding these variations is critical, as it enables
the targeted optimization of RRAS towards strategic
frequency ranges.

To conduct a detailed sensitivity analysis, we apply
the widely recognized acoustic standard of one-third
octave bands, which partition the sound spectrum
into manageable sections. The mapping between the
one-third octave band numbers and their corres-
ponding frequency ranges is provided in the sup-
porting information (see table S1). In this study,
only the odd-numbered bands are retained, with
their bandwidths extended by merging with adja-
cent even-numbered bands. The resulting modified

7
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Table 2. Drag and PSD data benchmarked against smooth baseline.

Design ID Wall shear (Pa) PSD (Pa2Hz−1) Wall shear (%) PSD (%)

Peak PSD against smooth baseline at 250 Hz

41 0.024 −5.19× 10−05 +0.80 −95.30
61 −0.146 −3.65× 10−05 −4.91 −67.02
27 −0.010 −4.85× 10−05 −0.35 −89.08

Peak PSD against smooth baseline at 750 Hz

17 0.218 −4.73× 10−05 +7.32 −96.91
61 −0.146 −2.89× 10−05 −4.91 −59.19
27 −0.01 −4.41× 10−05 −0.35 −90.33

Figure 4.Maximum reduction in sound power across modified octave bands. The plot illustrates the maximum sound power
reduction percentages across modified octave bands.

octave bands, shown in table S2, offer enhanced seg-
mentation for the analysis. Following this segment-
ation, the integrated sound power within each fre-
quency range is calculated to assess the level of flow
noise suppression. This integration is approximated
by equation (4). The performance space correspond-
ing to PSD benchmarking across different octave
bands is presented in figure S1. The maximum sound
power reductionwithin each frequency rangewas col-
lected and plotted in figure 4.

3.4. Flow field analyses
To investigate the underlying fluid mechanics, we
performed post-processing of CFD simulations. Our
analysis focuses on how riblet structures influence
surface vorticity, a key factor in flow-induced noise.
Surface pressure fluctuations, driven by cyclical load-
ing in the mean flow and random turbulent motions,
are closely linked to noise levels. By altering vorticity
dynamics in the near-wall region, riblets can mitigate
these fluctuations, thereby reducing noise.

In particular, snapshots of the flow filed prop-
erties at the end of the simulation (t= 0.9s) are
extracted, as shown in figure 5. To visualize the
dominant surface vortex structures, the iso-surfaces

of swirling strength for design 27 and the smooth
baseline design are plotted at thresholds of 100 s−1

and 20 s−1, respectively, as shown in figure 5(a).
Moreover, figure 5(b) presents swirling strength con-
tours of the flow at various cross sections. Each
cross section captures a distinct phase of the flow
as it moves through different segments of a single
riblet unit. These contours elucidate the vorticity
distribution over the RRAS and its deviation from
that of a smooth surface. This difference highlights
how fluctuations in wall pressure correspondingly
influence flow noise generation. Lastly, figure 5(c)
presents the second norm of the streamwise velo-
city gradient tensor (i.e. ||∇w||2), revealing the
flow–wall interaction pattern and offering insight
into why RRAS effectively reduces hydrodynamic
drag.

While these snippets provide a detailed view of
the flow patterns, they do not capture the transient
interaction between the flow and the array surface,
nor the resultant effects on flow noise and drag. For
a more detailed analysis over time, Videos S1 and S2
show the iso-surfaces of the normalized Q-invariant
at a value of 500, with color mapping based on local
flow vorticity.
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Figure 5. CFD post-analysis illustrating key flow patterns for Design 27 and the smooth baseline design, captured at t= 0.9s with
a flow speed of 1 m s−1. (a) Iso-surfaces of swirling strength over the surface of Design 27 and the smooth baseline design, plotted
with thresholds of 100 s−1 and 20 s−1, respectively. These iso-surfaces are colored based on the local flow speed. (b) Contours of
velocity swirling strength at various cross sections, representing different phases of flow as it passes through segments of a riblet
unit. The top panel shows the contours over the surface of Design 27, while the bottom panel presents the corresponding contours
over the smooth baseline surface. (c) Contours of the second norm of the streamwise flow speed gradient vector (i.e. ||∇w||2),
overlaid with streamlines to visualize the flow pattern.

4. Discussion

As illustrated in figure 2(a), the RRAS designs
demonstrate clear effectiveness in reducing hydro-
dynamic drag, consistent with the well-established
drag-reducing capabilities of 2D denticle structures
reported in prior studies. Despite the increased geo-
metric complexity introduced by 3D configurations,
our results show that several RRAS designs achieve
substantial drag reduction. Design 40 exhibits the
most significant improvement, with a 5.18% decrease
in drag relative to the smooth baseline, highlight-
ing the potential of carefully tuned riblet topograph-
ies to enhance flow efficiency. These results reaf-
firm the robustness of riblet-based drag reduction
mechanisms and extend their applicability to com-
plex, bioinspired surfaces optimized for underwater
environments.

In addition to their impact on drag, many RRAS
configurations also exhibit strong noise suppression
capabilities. Most designs yield reductions in flow-
induced noise, as indicated by their positions in
the third and fourth quadrants of the performance
space. Design 17, for instance, achieves the most
substantial noise reduction, lowering the OASPL
by 8.81 dB. Notably, the Bayesian multi-objective
optimization process reveals designs that offer dual

benefits in both drag and noise reduction. Among
them, Design 27 stands out by achieving a 6.87 dB
reduction in OASPL while also decreasing drag,
making it one of the most balanced and effective
performers.

Furthermore, figure 2(b) shows that the 3DRRAS
design consistently reduces flow noise at both the
0.1 m and 1 m circumferential receivers across vari-
ous flow speeds. The polar plots indicate that the
noise reduction is largely insensitive to the obser-
vation angle, with its overall magnitude remaining
unaffected by changes in angle. However, the mag-
nitude of reduction decreases as flow speed increases.
For instance, at flow speeds of 1 m s−1 and 2 m s−1,
the average reduction is approximately 5–6 dB across
different angles, whereas at 4 m s−1 it declines to
3–4 dB. This effect is anticipated, as the recommen-
ded riblet dimensions are inversely proportional to
shear velocity, as indicated by equations (1) and (2).
Accordingly, a reduction in riblet size may theoretic-
ally contribute to lower noise levels with increasing
towing speed.

Design candidates identified through PSD ana-
lysis exhibit distinct performance advantages over
those highlighted in the OASPL comparison, as illus-
trated in figure 3. Specifically, design 41 achieves
a substantial reduction of 95.3% in the first PSD
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peak, effectively minimizing dominant noise within
the lower frequency range. Conversely, design 17 tar-
gets higher frequency noise, reaching a peak reduc-
tion of 96.9% in the second PSD peak. Design 61,
on the other hand, demonstrates the most balanced
overall performance by achieving a 4.91% decrease
in hydrodynamic drag while simultaneously redu-
cing the first and second PSD peaks by 67.0% and
59.2%, respectively. This combination of drag reduc-
tion and noise attenuation highlights Design 61 as
an optimal trade-off between hydrodynamic effi-
ciency and noise control, making it particularly suit-
able for applications where for instance both per-
formance and stealth are essential. Based on the
geometries shown in figures 3(b) and (c), it is
hypothesized that a longer unit length (L), lower
l1 and l2 ratios, and a higher main ridge height
(h1) contribute to enhanced flow noise suppres-
sion. Conversely, a higher l1 ratio, combined with
equal h1 and h2, is associated with improved drag
reduction.

The color distribution in figures 2(a), 3(b) and
(c) traces the optimization path from broad explor-
ation to focused exploitation. Uniformly sampled
designs (blue) scatter across all quadrants, seed-
ing the Gaussian-process surrogates. As the explor-
ation factor κ is stepped down (from light-blue to
dark-red) the cloud drifts decisively below the hori-
zontal baseline, confirming that nearly every sub-
sequent design reduces peak-band PSD. Because the
tie-breaker weights noise four times more than drag,
later iterations tolerate moderate wall-shear increases
when they secure larger acoustic gains; this prior-
itization is evidenced by red points in the lower-
right quadrant. Nevertheless, many dark-red points
settle in the desired quadrant, demonstrating that
the algorithm also uncovers designs offering sim-
ultaneous noise and drag improvements. By main-
taining and iteratively refining an explicit Pareto
set, the multi-objective framework delivers a well-
populated spectrum of optimal trade-offs that would
be inaccessible to single-objective or sequential tun-
ing approaches.

For a detailed comparison of the top-performing
designs in flow noise reduction, figure 6 presents the
noise suppression performance of Designs 17 and 41
relative to a smooth surface, using both PSD and
SPL spectra. Notably, the SPL spectrum shown in the
figure was first smoothed with a 9th-order Savitzky-
Golay filter to remove noise and enhance the clar-
ity of the overall trend. The spectra indicate that the
dominant acoustic modes remain unchanged follow-
ing the implementation of the RRAS, with the first
and second peaks consistently occurring at 250 Hz
and 750 Hz, respectively. These peaks correspond
to the characteristic frequencies of flow turbulence,
which dominate the spectral energy distribution. As
shown in figure 6(a), the RRAS significantly reduces
the amplitude of these peaks compared to the smooth

surface. A similar trend is observed in the SPL spec-
trum (figure 6(b)), where both RRAS designs exhibit
lower peak noise levels. Moreover, the SPL spectra
demonstrate that the noise reduction extends bey-
ond tonal components at harmonic frequencies to
include broadband suppression. Design 17 is partic-
ularly effective at reducing broadband noise, while
Design 41 achieves greater attenuation of tonal peaks.
The ability of the RRAS to suppress flow noise may
result from the combined influence of vortex lift-
ing and vortex ring ejection. As discussed later, these
mechanisms help displace regions of intense pres-
sure fluctuations caused by turbulence away from
the array wall, thereby weakening the near-wall
pressure sources and reducing the overall radiated
noise.

The observed reduction in peak PSD potentially
suggests an energy shift from lower to higher fre-
quencies (i.e. f > 1000Hz), a range not explored due
to limitations in the current sampling rate. Based
on these trends, it is likely that the third harmonic
emerges above 2000 Hz. Investigating this higher
frequency range would require halving the current
time step size to maintain the same bin width,
which is computationally prohibitive given available
resources. Consequently, this limitation presents an
opportunity for future research to explore effects in
the higher frequency domain.

Building on the premise that 3D riblet topography
effectively suppresses flow noise, this study aims to
identify the frequency ranges where such suppres-
sion is most pronounced. As illustrated in figure 4,
the 3D riblet designs achieve significant reductions in
sound power within modified octave bands 3 and 5.
However, these bands encompass narrow frequency
ranges (see table S2), making the comparisons more
susceptible to DC offset and other sources of bias. In
contrast, the substantial reductions observed in bands
13 and 17 provide more reliable indicators of noise
suppression efficacy. Bands 13 and 17 are pivotal to
the noise profile of the TAS, with band 13 encom-
passing the first PSD peak at 250 Hz and band 17 cap-
turing the second PSD peak at 750 Hz. It is of note
that the integral of sound power within these two tar-
geted frequency bands is defined as the objective func-
tion for Bayesian optimization. This approach leads
to Design 32 achieving themaximumnoise reduction
in Band 13 (222.7–353.6 Hz), with an 85.6% decrease
in total sound power within this band. Similarly,
Design 17 attains the highest noise reduction in Band
17 (561.2–890.9 Hz), realizing a 92.2% reduction in
sound power for that frequency range. When eval-
uating trade-offs, the data indicate that a favorable
balance between drag reduction and flow noise min-
imization is attainable. For instance, within Band 13,
Design 27 achieves a 35.2% reduction in sound power
alongside a 4.9% decrease in drag. Similarly, in Band
17, Design 40 results in a 14.7% reduction in sound
power and a 5.18% decrease in drag. These findings
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Figure 6. Sound spectrum comparison between the selected RRAS designs and the smooth baseline design. Panel (a) shows the
PSD spectrum, and panel (b) shows the SPL spectrum for design 41, which contributes to the lowest first PSD peak, and design
17, which contributes to the lowest second PSD peak, compared to the smooth baseline.

highlight the potential to optimize riblet designs to
enhance acoustic performance within strategic fre-
quency ranges and improve hydrodynamic efficiency
in RRAS applications.

CFD post-analysis provides comprehensive
insights into the mechanisms underlying the RRAS’s
improved noise suppression and drag reduction per-
formance. As illustrated in figure 5(a), the RRAS
induces distinct surface flow patterns characterized
by the formation of vortex ring structures at the rear
of each riblet unit. These vortex rings detach from
the riblets, thereby reducing the wetted area exposed
to turbulent flow. In contrast, the smooth baseline
design allows small eddies to remain closely attached
to the surface, resulting in higher-intensity pres-
sure fluctuations, as evidenced by the PSD analysis.
Figure 5(b) further supports this observation. The
swirling-strength contours reveal that rapid rotation
occurs predominantly near each riblet’s crest, thereby
limiting the interaction area with the flow. This con-
finement effectively decreases the wetted area of the
RRAS in regions of vortex flow, consequently redu-
cing sound power intensity. Conversely, the strong
swirling regions in the smooth baseline design remain

closely adhered to the surface, potentially contribut-
ing to intensified pressure fluctuations. Regarding
drag reduction, figure 5(c) shows that the magnitude
of streamwise velocity gradient is particularly high in
the vicinity of the riblet crests and decreases in regions
farther away within the TBL. In contrast, the smooth
surface maintains a more uniformly high velocity
gradient near the wall, leading to greater momentum
loss during flow-wall interactions. These findings
elucidate how the RRAS design optimizes acoustic
performance by altering surface flow dynamics.

Beyond their role in noise suppression, denticle-
inspired riblet structures reduce drag by funda-
mentally altering the momentum transfer mechan-
isms within the near-wall region. Specifically, the
angled ridges and valleys characteristic of the 3D
RRAS geometry guide high-momentum fluid along
streamwise-aligned pathways, minimizing cross-
stream momentum diffusion that typically drives
turbulent energy production. This anisotropic surface
guidance restricts the lateral oscillation and bursting
of near-wall vortices, which are primary contributors
to skin friction in TBLs. Moreover, the riblet-induced
modulation of local shear layers effectively dampens
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turbulent transport toward the wall, allowing for
lower energy dissipation rates in the viscous sub-
layer. These effects collectively delay the breakdown
of streamwise coherence in the flow and result in a
measurable reduction in wall shear stress, underpin-
ning the drag reduction benefits observed in high-
performing RRAS designs such as Design 40.

Notably, a quasi–static, snapshot-based analysis
provides only limited insights into the underly-
ing mechanisms. Although theoretically useful, it
does not fully capture the flow’s continuous time-
dependent behavior. Videos S1 and S2 offer a clearer
perspective on the fluid dynamics. In particular, the
normalized Q-invariant iso-surfaces indicate that the
streamwise trapezoidal pattern in the RRAS tends to
segregate vortical structures, leading to the detach-
ment effect shown in figure 5(a). By contrast, vor-
tices on the smooth surface remains closely attached.
Additionally, local vorticity renderings indicate that,
on the smooth baseline surface, larger vortex struc-
tures can form and sustain higher rotational speeds.
This phenomenon intensifies near-wall interactions
and amplifies pressure fluctuations, thereby increas-
ing flow noise. In contrast, the RRAS disrupts these
coherent structures, reducing rotational speeds and
diminishing pressure fluctuation levels, which ulti-
mately lowers noise.

5. Conclusion

The findings presented in this study highlight the
substantial potential of 3D riblet designs inspired
by dermal denticles in enhancing the hydrodynamic
and acoustic performance of TAS systems. Through
extensive CFD simulations and Bayesian optimiza-
tion, we demonstrated that the implementation of
RRAS can achieve significant reductions in both drag
and flow-induced noise. The results revealed that
optimal 3D riblet configurations effectively suppress
sound pressure levels across key frequency bands
while maintaining or even improving hydrodynamic
efficiency. This dual functionality underscores the
advantages of bioinspired topographies in addressing
critical performance challenges faced by underwater
detection systems.

Our analysis further emphasizes the importance
of parameterizing riblet geometries to achieve desired
performance outcomes. Regarding OASPL, Design
17 achieves an 8.81 dB reduction but increases
drag by 7.34%, whereas Design 27 lowers OASPL
by 6.87 dB with a 0.34% drag reduction. Overall,
Bayesian optimization successfully identified diverse
RRAS designs that balance noise reduction and drag
mitigation. Moreover, the 3D RRAS design con-
sistently and omnidirectionally reduces flow noise
across different flow speeds and receiving distances.
In PSD analysis, Designs 41and 17 showcase excep-
tional noise reduction, with up to 95.3% suppres-
sion at the first PSD peak (250 Hz) and 96.9% at

the second peak (750 Hz). Additionally, Design 61
provides a 67.0% reduction in the first PSD peak and
59.2% in the second while achieving a 4.91% drag
reduction, positioning it as an optimal design for bal-
ancing both noise and drag performance. One of the
original goals of this research was to assess whether
the engineering problempresented a fruitful space for
optimization. Rather than targeting a specific mis-
sion, we used a multi-objective algorithm to search
for regions where flow noise could be suppressed
while also improving drag performance for maritime
operators. Since the aimwas to identify solutions gen-
eralized across variables such as towing speed and
towline diameter, discovering favorable microstruc-
tures for any frequency band in figure 4 is considered a
key outcome and a strong foundation for future fixed-
requirement missions.

Flow field analyses reveal that the 3D riblet
designs generate distinct vortex ring structures that
detach from the riblet surface, reducing the wet-
ted area exposed to the TBL and contributing to
lower drag and noise levels. In contrast, smooth
baseline surfaces exhibit coherent vortices that
remain attached, which intensify near-wall pressure
fluctuations and increase flow noise. Furthermore,
swirling-strength contours indicate that riblets con-
fine regions of intense rotation near the riblet crests,
minimizing their interaction with the surface and
reducing the turbulent pressure fluctuations, which
are primary contributors to acoustic emissions.
Complementing these acoustic benefits, the riblet
geometries also reduce hydrodynamic drag bymodu-
latingmomentum transfer within the boundary layer,
channeling flow along streamwise directions and sup-
pressing lateral mixing. Together, these mechanisms
highlight the dual functionality of 3D riblet designs
in enhancing both acoustic properties and hydro-
dynamic efficiency.

The insights gained from this study pave the
way for future investigations into scaling 3D rib-
let designs for full-scale towed arrays and explor-
ing their applications across broader hydrodynamic
contexts. Further refinement of riblet geometries and
experimental validation could unlock new frontiers
in bioinspired engineering, fostering innovations that
extend beyond marine applications to aerospace and
other fluid-dynamic systems.
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