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Abstract - This study examines the role of riblet tip curvature in 
controlling drag in pipe flow and identifies how subtle geometric 
variations can alter performance. Three tip shapes were 
investigated: conventional flat tips, concave tips and convex tips. 
The riblets were manufactured using masked stereolithography 
3D printing and systematically tested across a broad range of 
Reynolds numbers. The results show that tip curvature shows 
little influence under laminar conditions (Re < 2200), but 
becomes decisive once the flow enters transitional and turbulent 
regimes (Re > 2200). Convex tips consistently produced weaker 
drag reduction than flat tips, indicating that outward curvature 
may disrupt near-wall vortex organization. In contrast, concave 
tips enhanced drag reduction, yielding up to 30 percent drag 
reduction at Re ≈ 6000. However, the benefit diminished at both 
lower and higher Re, indicating strong sensitivity to flow–scale 
interactions. These findings demonstrate that riblet 
effectiveness is dependent on tip curvature and flow regime, and 
they provide new design principles for engineering advanced 
riblet surfaces that can reduce frictional losses and energy 
consumption in pipelines. 

 
Keywords: Drag reduction; Riblets; Turbulent flow; Pipe 
flow; Shark-skin; Curved Riblet. 
 
© Copyright 2025 Authors - This is an Open Access article 
published under the Creative Commons Attribution               
License terms (http://creativecommons.org/licenses/by/3.0). 
Unrestricted use, distribution, and reproduction in any medium 
are permitted, provided the original work is properly cited. 

 

1. Introduction 
Pipelines are essential to numerous industries, 

such as water distribution systems, where efficient flow 
is critical to reducing energy consumption [1]. Turbulent 

flow in pipelines induces significant energy losses [2], 
primarily due to near-wall streamwise vortices that 
increase frictional drag, reducing hydraulic performance 
and increasing operational costs. To mitigate these 
losses, efforts have focused on manipulating near-wall 
turbulence, with biomimetic surfaces emerging as a 
promising strategy [3], [4]. 

Among these approaches, biomimetic riblet 
surfaces inspired by the unique skin structure of fast-
swimming sharks, have shown remarkable potential for 
drag reduction [5], [6]. Experimental and numerical 
studies have reported up to 10% drag reduction under 
optimal conditions for riblets with blade geometries [7], 
[8]. These surfaces disrupt turbulent eddies near the 
boundary layer, altering flow dynamics to minimize 
energy dissipation [9], [10]. However, most studies have 
focused on continuous riblets with flat-tips, leaving the 
influence of tip curvature largely unexplored. 

Biomimetic riblet research investigates 
geometries beyond continuous blade riblets. Multiscale 
and hierarchical layouts seek coupling with a range of 
near wall structures [11], [12], [13]. Staggered and 
cuboidal surface patterns can constrain vortex rotation 
and expansion [14]. Studies show that crest definition 
influences the organization of near wall turbulent 
structures [15]. In addition, sinusoidal riblet shapes and 
segmented arrays intermittently interrupt vortex 
translation [16], [17]. Studies on superhydrophobic 
grooved surfaces indicate that groove curvature and 
topology influence drag by altering slip, pressure 
distribution, and near wall shear [18], [19]. Together, 
these developments motivate closer examination of tip 
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shape and curvature as controlling parameters for riblet 
performance in pipe flow. 

Recent experiments on shark skin inspired riblets 
in pipe flow show that drag reduction performance 
depends on both pipe diameter and riblet geometry, with 
larger diameters shifting the optimum toward higher 
values [20], [21]. These findings highlight the need to 
account for pipe curvature in riblet design and indicate 
that configurations optimized for channel flows require 
separate optimization for pipe flows. Chehrghani et al. 
demonstrated up to 6% drag reduction in pipes under 
optimal flow conditions [20]. However, deviations from 
the optimal spacing led to performance deterioration 
and, in some cases, an increase in drag. To identify the 
optimal spacing, they developed a practical correlation 
that predicts the spacing for maximum drag reduction as 
a function of riblet geometry and pipe diameter, 
achieving agreement with experimental data within 5% 
across all tested cases. 

While the drag reducing benefits of biomimetic 
riblets are well known, the impact of the tip of the riblet 
curvature has received limited attention. Flat-tip riblets, 
though effective, may not fully optimize drag reduction 
or flow dynamics. Additionally, fabrication processes can 
introduce unavoidable tip irregularities or radii to the 
riblet tips. This highlights the need to investigate riblet 
tip curvature to better understand its effects under 
practical pipeline flow conditions. 

This study addresses these gaps by experimentally 
investigating the impact of longitudinal riblets with 
varying tip curvatures on drag reduction in both laminar 
and turbulent pipe flows. The findings provide valuable 
insights into the role of riblet tip curvature in influencing 
drag, paving the way for the development of advanced 
surface designs to improve pipeline efficiency.  

  

2. Materials and Methods 
2.1. Experimental Methodology 

A water flow loop system was designed to apply a 
steady flow and measure pressure drop, enabling 
evaluation of drag reduction in pipes under fully 
developed flow conditions as shown in Figure 1. Tap 
water from a ground-level reservoir was pumped into a 
constant-head tank, maintaining a head of 2.6 m. This 
gravity-driven flow system minimized pulsations from 
the pump, ensuring a stable flow for accurate 
measurements. 

 
Figure 1. Experimental Setup for pressure drop 

measurement. 
 

The setup included an inlet section, a test section, 
and a differential pressure transmitter to measure the 
pressure drop over the test section. Flow rate was 
controlled using a globe valve, enabling measurements 
across a range of Reynolds numbers. The inlet section, 
with an L/D ratio of approximately 75, ensured 
hydrodynamically fully developed flow necessary for the 
flow to become steady for pressure drop measurement. 
The Reynolds number range was selected to span 
laminar, transitional, and moderate turbulent pipe flow 
relevant to drinking water distribution. The selection 
also ensured fully developed conditions in the test 
section and stable operation of the constant head loop at 
the available flow rates. Pressure drop measurements 
were conducted over an approximately 0.82 m interval 
using symmetrically arranged pressure taps to validate 
accuracy of the measurement. The water then exited the 
test section, flowed through an outlet section, and 
returned to the reservoir, completing the open flow loop 
system. 
 
2.2. Sample Design and Fabrication 

To evaluate the effect of riblet tip curvature on drag 
change in pipes, three distinct riblet designs were tested, 
as illustrated in Figure 2. The riblets were aligned with 
the flow direction inside the pipes, as shown in Figure 2a. 
Riblets with a traditional flat tip are depicted in Figure 
2b, while those with negative tip curvature were 
designated as concave riblets (Figure 2c), and those with 
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positive tip curvature were referred to as convex riblets 
(Figure 2d). A detailed illustration of the riblet tip 
curvature and the key design parameters is provided in 
Figure 2e. 

 
Figure 2. Schematic representation of the riblet designs and 
their alignment with the flow direction in pipes. (a) Riblet 
alignment with flow, (b) flat-tip riblets, (c) concave riblets 

with negative tip curvature, (d) convex riblets with positive 
tip curvature, and (e) detailed illustration of riblet tip 

curvature and key design parameters. 

Samples were designed using SolidWorks, with each 
pipe having a length of approximately 135 mm, 
constrained by the maximum printable height of the 3D 
printer, as detailed below. To meet the required length 
for fully developed flow conditions (L/D > 10), multiple 
shorter pipes were fabricated and joined using tri-
clamps. The pipes had an effective diameter of 28 mm 
and surface roughness of 2 µm, with the textured pipes’ 
diameter defined as the equivalent diameter of a smooth, 
untextured pipe with the same cross-sectional area. 
Fabrication was performed using a masked 
stereolithography (MSLA) 3D printing process using the 
Prusa SL1S 3D resin printer and the CW1S Curing and 
Washing Machine for post processing. The material used 
for printing was Prusament Resin Tough Rich Black. 
 
2.3. Processing of Experimental Data 
 The Darcy friction factor 𝑓𝑒𝑥𝑝 was calculated using 

pressure drop measurements, as follows [22] : 
 

𝑓𝑒𝑥𝑝 =
∆𝑝

∆𝐿

𝐷5𝜋2

8𝜌𝑄2
  (1) 

 
Here, ∆𝑝 is the measured pressure drop across the pipe 
length ∆𝐿, ρ signifies the density of water and Q denotes 
the fluid volume flow rate. 
To quantify drag reduction in pipes with riblets 𝑓𝑒𝑥𝑝 

compared to the reference untextured pipe 𝑓𝑟, the 
percentage drag change was defined as: 
 

Drag Change % =
𝑓𝑒𝑥𝑝 − 𝑓𝑟

𝑓𝑟
× 100 (2) 

 
Negative values of Drag change % indicate drag 
reduction, while positive values correspond to increased 
drag.  
The experimentally determined friction factors for bare 
3D printed pipe compared with theoretical predictions 
using the Colebrook equation [23]: 
 

1

√𝑓𝑝𝑟𝑒𝑑

= −2.0 log (
𝑒/𝐷

3.7
+

2.51

𝑅𝑒√𝑓𝑝𝑟𝑒𝑑

) (3) 

 
In this equation, 𝑓𝑝𝑟𝑒𝑑  is the predicted Darcy friction 

factor from Colebrook, e is the surface roughness of the 
pipe, D is the pipe diameter, and Re is the Reynolds 
number.  
The Reynolds number was calculated as [24]: 
 

𝑅𝑒 =
𝑉̅𝐷

𝜗
=

4𝑄

𝜋𝐷𝜗
 (4) 

 
where 𝑉̅ is the bulk fluid velocity derived from the 
measured flow rate 𝑄, and 𝜗 is the kinematic viscosity of 
the fluid 
 
3. Results and Discussion 
3.1. Sample Characterization 
 Optical microscopy images in Figure 3 provide a 
detailed view of the MSLA 3D-printed structures. Figure 
3a illustrates riblets with traditional flat tips, 
accompanied by magnified images that provide more 
detailed view of the riblet tip. Figure 3b displays convex 
riblets, while Figure 3c presents concave riblets. These 
images demonstrate the high precision of the 3D printing 
process, confirming that the riblet tip curvatures were 
accurately fabricated to ensure reliable data collection 
during the experimental study. 
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Figure 3. Optical microscopy images of 3D-printed riblet 
structures produced using MSLA printer. (a) Riblets with 

traditional flat tips, including magnified views highlighting 
the tip geometry. (b) Riblets with convex tips characterized 

by positive curvature. (c) Riblets with concave tips. 

 
3.2. Experimental Validation 

The friction factor (f) for the 3D-printed 
untextured pipe was compared with values derived from 
the Colebrook correlation to validate the experimental 
setup and measurement system [23]. The percentage 
error (Error%) was analyzed and found to be 
approximately ±1% as shown in  Figure 4. confirming the 
accuracy of the measurements and the reliability of the 
experimental data.  

 
Figure 4. Comparison of the friction factor (f) for the 3D-
printed untextured pipe with theoretical values obtained 

from the Colebrook correlation [23]. 
 

3.3. Drag Change measurement 
The performance of riblets with varying tip curvatures 
was systematically evaluated by measuring the 
percentage drag change (DC%) across a range of 
Reynolds numbers (Re), as shown in Figure 5. The results 
reveal a relationship between riblet tip curvature and 
drag reduction, particularly as the flow transitions from 
laminar to turbulent regimes. 

 
Figure 5. Drag change measurements vs Reynolds number Re. 
Black circles represent riblets with traditional flat tips, green 
triangles indicate convex riblets with positive tip curvature 
(protrusion), and red diamonds denote concave riblets. 

In the laminar flow region (Re ≤ 2200), the influence of 
riblet tip curvature on drag is minimal, with variations 
remaining below 0.5% compared to traditional flat-tip 
riblets [25]. This negligible effect is expected, as laminar 
flows are dominated by viscous forces, and the near-wall 
region remains relatively uniform, rendering subtle 
geometric differences in tip shape ineffective for drag 
reduction [26]. 

In transitional and turbulent regimes (Re > 2200), 
tip curvature shows a more pronounced and complex 
effect [25]. Convex-tipped riblets consistently exhibit 
lower drag reduction than flat-tip designs, likely due to 
their protruding geometry, which increases the wetted 
area exposed to high-velocity regions. This exposure 
amplifies interactions with streamwise vortices, 
intensifying near-wall turbulence and contributing to 
higher drag [27]. These vortices rotate around their axis 
in the direction of the mean flow, intensifying near-wall 
turbulence and contributing to increased drag. 

Conversely, concave-tipped riblets demonstrate 
superior drag reduction performance, attributed to their 
sharper edges and reduced contact area, which limit 
vortex interaction and spanwise flow effects [8]. 
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This design achieved its peak performance at 
moderate Reynolds numbers (5500 ≤ Re ≤ 6500), 
providing approximately 30% improvement over flat-tip 
riblets at Re ≈ 6000. The enhanced performance at these 
conditions is likely due to optimal alignment between 
the riblet geometry and turbulent flow structures, 
effectively suppressing near-wall turbulence [28]. 
However, this improvement is not monotonic and varies 
significantly with Reynolds number. At moderate 
Reynolds numbers (5500 ≤ Re ≤ 6500), concave riblets 
achieve their peak performance, with drag reduction 
enhancements of approximately 30% compared to flat-
tip riblets at Re ≈ 6000. This improvement results from 
an optimal alignment of the riblet geometry with the 
flow structures at these Reynolds numbers, where the 
interaction between the riblets and turbulent eddies is 
most effective in suppressing near-wall turbulence [28]. 
At lower Reynolds numbers (e.g., Re ≈ 4000), the 
enhancement provided by concave riblets diminishes to 
less than 5%. This reduced performance is likely a result 
of weaker turbulence in this regime, which limits the 
riblets' capacity to interact with and influence flow 
structures effectively. Conversely, at higher Reynolds 
numbers (e.g., Re ≈ 9000), the thickness of the viscous 
sublayer decreases, a factor that plays a crucial role in 
suppressing turbulent activities [29]. The reduction in 
viscous sublayer thickness leads to intensified turbulent 
fluctuations near the solid wall, thereby increasing 
turbulence levels. This stronger near-wall turbulence is 
hypothesized to reduce the effectiveness of concave 
riblets in mitigating drag, as their ability to suppress 
these fluctuations may become less pronounced under 
such conditions.  

As discussed in our previous study [20], riblet 
performance is influenced by the pipe diameter D and 
the height to spacing ratio h/s. The optimal riblet spacing 
for maximum drag reduction, increases as D increases. 
Additionally, for a fixed D, larger h/s shifts the optimal 
point toward lower values, consistent with stronger 
interaction within the viscous sublayer. Therefore, a 
separate design process is required when applying 
riblets to pipes of different diameters and when 
considering how tip curvature effects may scale to larger 
diameters.  

The results demonstrate that riblet tip curvature 
plays a critical role in drag reduction performance in 
pipe flow. Convex-tipped riblets, which curve into the 
flow, increase the surface area exposed to high-shear 
near-wall turbulence and consequently exhibit 
diminished drag-reducing effectiveness compared to 

flat-tipped configurations. In contrast, concave-tipped 
riblets curve away from the flow, limiting surface 
exposure to high shear and promoting closer 
confinement of streamwise vortices near the riblet tip 
[30]. This confinement contributes to the enhanced drag 
reduction observed for concave surfaces relative to flat 
riblets. High-fidelity simulations have further shown that 
sharp, sharp-tipped V-shaped riblets improve drag 
reduction by lifting and redirecting near-wall vortices, 
while rounded-tip geometries result in reduced 
performance [15]. Additionally, a measurable shift in the 
mean velocity profile has been observed for sharp-
tipped riblets compared to those with rounded tips. 
Collectively, these findings underscore the importance of 
tip geometry in riblet design and support the 
optimization of surface features for improved flow 
efficiency across a range of Reynolds numbers in 
pipeline systems.  
 

4. Conclusion 
This study demonstrates that traditional flat-

tipped riblets can effectively reduce drag in pipe flows in 
transitional and turbulent regions. However, the degree 
of drag reduction depends on Reynolds numbers specific 
to the pipe diameter, the number of riblets, and their size. 
Beyond flat-tipped riblets, the influence of riblet tip 
curvature on drag reduction was investigated, focusing 
on concave-tipped and convex-tipped riblets. A gravity-
driven fluid flow system was established to minimize 
pulsations and ensure stable flow, enabling accurate 
pressure drop measurements.  

The results indicate that riblet tip curvature plays 
a significant role in drag reduction performance. Convex-
tipped riblets with positive curvature exhibited less 
favorable drag reduction compared to flat-tipped riblets 
across all tested Reynolds numbers. In contrast, concave-
tipped riblets demonstrated enhanced drag reduction 
potential compared to flat-tipped riblets. This suggests 
that riblet tip curvature influences drag performance, 
with concave designs showing potential for maximizing 
drag reduction under certain conditions.  

Further analysis revealed that the drag reduction 
performance of concave-tipped riblets is non-
monotonic. At moderate Reynolds numbers (e.g., Re ≈ 
6000), concave riblets achieved up to 30% drag 
reduction compared to flat-tipped. However, their 
effectiveness diminished at both lower and higher 
Reynolds numbers, highlighting the interplay between 
flow conditions and riblet geometry. 
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Overall, this study provides valuable insights into 
the role of riblet tip curvature in improving pipeline 
efficiency. From an application perspective, the 
measured reductions in friction factor reduce the 
required pumping head and thereby lower energy use in 
water pipelines. Although masked stereolithography 
was used for prototyping in this study, the same 
geometries are compatible with scalable manufacturing, 
including extrusion of textured liners for installation in 
existing pipes. Long term performance will depend on 
material selection and service conditions. Therefore, we 
recommend further studies on durability, including 
abrasion, mineral scaling, and biofouling. These findings 
offer guidance for developing advanced surface designs 
optimized for specific flow conditions and support the 
potential of riblet technologies to enhance fluid 
transport in practical applications. 
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