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Abstract - Recent research has focused on the hydrodynamics of 
turbulent water flow over surfaces structured with various 
micro-scale features. Previous studies have demonstrated that 
streamwise triangular riblets (STR), also known as sawtooth 
riblets, and other riblet designs can achieve drag reduction, self-
cleaning, and fouling-resistant effects. This study aimed to 
numerically simulate and parametrically analyze the effect of 
the included angle (α) of STRs on potential drag reduction. The 
CFD simulations conducted in this study examined the impact of 
design parameters on turbulent flow hydrodynamics and their 
influence on drag reduction performance. The analysis 
considered several included angle values: α = 15°, 30°, and 60°, 
at multiple flow velocities. Flow conditions, particularly the 
turbulent structures formed around the riblets, were analyzed 
in detail and compared with published data. CFD simulations 
utilized the LES WALE model with a prism and hexahedral mesh. 
The examination of turbulent flow patterns near riblet tips and 
valleys revealed characteristics consistent with previously 
published data for 60° STR. Furthermore, as α decreases, the 
range of nondimensional riblet spacing (S+) exhibiting drag-
reducing effects narrows, while the range of Reynolds numbers 
increases. The smaller included angle analyzed was associated 
with maximum drag reduction (~10%) at smaller S+ values. The 
results of this study are expected to pave the way for developing, 
optimizing, and controlling advanced hydro- and aerodynamic 
functional surfaces. 
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1. Introduction 
Surfaces with micro-scale riblets can exhibit unique 

and enhanced fluid dynamic properties compared to flat 

surfaces. There are numerous applications that benefit from 

controlling and altering fluid dynamics near textured or 

structured surfaces. Although this is not a new research area, 

many unknowns still exist. In this context, the current study 

aims to determine the effect of the included angle of 

streamwise triangular riblets — also known as sawtooth 

riblets — on drag reduction. The comprehensive analysis of 

the impact of STR structures on drag reduction was inspired 

by shark skin, which features microscopic surface structures 

characterized by semicircular grooves running parallel to the 

flow direction and grouped in small scales called dermal 

denticles [1, 2]. 

Previous research has focused on analyzing the 

attributes and potential applications of STR structures. For 

example, extensive investigations have explored the effect 

of staggered arrangements of 3D riblets on drag reduction 

[3]. Other studies have examined the correlation between 

debris accumulation or riblet tip wear and riblet performance 

[4]. Additionally, significant efforts have been made to 

analyze the effect of different riblet types (such as, STR, 

blade riblets, asymmetrical triangular riblets, etc.) on flow 

manipulation and drag reduction [5]. Some studies have 

used experiments to investigate the effect of compliance in 

the materials to which riblets are affixed, mimicking the 

compliance of actual shark skin [6]. Anti-fouling and self-

cleaning properties of STR structures have also been 
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computationally and experimentally examined [7]. Large-

scale simulations have studied the overall effects of riblets 

on a Stratos 716 X business jet [8]. Similarly, tests on an 

Airbus 320 airplane with 60° STR structures showed a 2% 

reduction in fuel usage [9]. Despite the substantial 

knowledge base, further research is essential for optimizing 

riblets and understanding their properties. Therefore, 

conducting extensive parametric studies is an effective 

approach to achieve this goal. 

To address this, the main objective of the present 

study is to analyze the effect of varying the included angle 

of the riblets on drag reduction, with the expectation that this 

knowledge will further elucidate the mechanism of passive 

drag reduction. Upcoming sections will detail comparisons 

between CFD simulations and experimental data. 

 
2. Numerical Simulation and Experimental 
Methodologies  
 
2.1. Numerical Simulation Methodology 

Two different series of simulations were completed in 

this study and will be detailed further. In the first series, the 

fluid velocity over the featured surface was varied to change 

the S+ value (Eq. 1 and 2). However, higher Reynolds 

numbers associated with increased velocity likely resulted in 

higher turbulence levels in some cases. To account for this, 

a second series of simulations was performed using a new 

mesh for each simulation. In this approach, riblet spacing 

was varied to manipulate the S+ value without changing the 

fluid velocity of the initial flow conditions. 

 

𝑆+ =
𝑆𝑢𝜏

𝜈
 (1) 

 

𝑢𝜏 =  √
𝜏𝑜

⍴
 (2) 

 
Where S+ is the non-dimensional riblet spacing, 

S is the physical riblet spacing, 𝜈 is the kinematic 

viscosity, 𝑢𝜏 is the frictional velocity, 𝜏𝑜 is the wall 

shear stress on a flat surface, and ⍴ is the fluid density. 
The first step in the numerical solution was creating 

the swept prism and hexahedral grid in ANSYS, with mesh 

type and parameters based on past studies [10]. Element 

sizes were set at 35 μm for features and the top surface in 

order to satisfy Eq. 3, and 750 μm for the large central area. 

Split lines were used to control cell growth rather than a 

simple inflation rate. The larger element size in the central 

section, see Figure 1, was intended to reduce the number of 

cells and computation time, as there is significantly less 

turbulence to model in this region [11]. All simulations used 

identical meshes and the same mesh parameters when the 

domains differed. 

 

𝑦+ =
𝑦𝑢𝜏

𝜈
≤ 1 (3) 

 
 Where y+ is the non-dimensional wall normal 

distance, and y is the physical wall normal distance. 

 

a) b) 

Figure 1. Computational domain setup: a) mesh example and 

b) flow direction. 

 
In FLUENT, the viscous model was set as LES 

WALE, as it is one of the most extensive turbulent flow 

models. This model requires significantly higher quantity 

and quality of cells compared to models like the k-ɛ model, 

making LES more computationally demanding. To reduce 

computation time, all simulations began as steady-state 

RANS (standard k-ɛ). This initial data for the transient 

simulations closely resembled the actual established velocity 

profile, with turbulent fluctuations initialized to "trip" the 

flow into turbulence. The inlet, outlet, left, and right walls 

were defined as periodic interfaces to simulate an infinitely 

long and wide domain. Under these periodic boundary 

conditions, cases varying riblet spacing were characterized 

by a specified mass flow rate of around Q = 0.04 kg/s, 

changing as a function of the inlet area. The mass flow rate 

was set only in the x-direction, with the initial pressure 

gradient set as 0 Pa/m. The top and featured surfaces had a 

no-slip wall boundary condition. The time step of these 

simulations was initially defined as the smallest element size 

divided by the average velocity and then varied throughout 

the simulation. After running the simulation for around 

10,000 iterations, the number of iterations per time step was 

noted, with adjustments made to the time step as needed. 
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2.2. Experimental Performance Evaluation 
Methodology 

The experiments validating the numerical results 

used an apparatus capable of measuring the pressure 

gradient caused by drag changes produced by surface 

structures, see Figure 2. A D5100 pressure transducer from 

TE Connectivity measured the pressure gradient, with a 

total error of ±103.4 Pa. Data was read by a LabVIEW 

program, then uploaded to a Matlab program that averaged 

each measurement over time. The Matlab program also 

linearly offset the data based on two zero measurements 

taken at the beginning and end of each experiment to 

account for slight variations in atmospheric pressure. 

 

  
Figure 2. Experimental setup.  

Four samples were manufactured from acrylic, each 

characterized by these angles: 15°, 30°, 60°, and flat with no 

features. Riblet spacing was chosen at 235 μm. The features 

were machined using a single-point diamond cutting tool 

installed on a five-axis micromachining center. The 

geometric parameters selected were consistent with past 

simulations and the experimental device used. 

 

3. Results and Discussion 
3.1. The Effect of Flow Velocity on Drag 

The drag reduction (Eq. 4) results of the numerical 

simulations for variable STR angles and mass flow rates 

reveal several critical observations, see Figure 3. 

Specifically, as α decreases, the Reynolds number at which 

peak reduction occurs also decreases. This has important 

implications for applications where lower velocities are 

desirable, indicating that STRs with lower angles should be 

used. These results also suggest that riblets with shallower 

angles should be placed near the front of a vessel, while 

those with increasingly larger angles should be placed 

towards the rear as the Reynolds number increases. 

Moreover, the preliminary results imply that the range of 

Reynolds numbers at which drag reduction occurs shrinks as 

α increases. However, this idea requires further investigation 

due to the low number of data points used in this study.  

𝐶𝐷 =
𝜏−𝜏𝑜

𝜏𝑜
 (4) 

Where 𝐶𝐷is the change in drag and 𝜏 is the wall 

shear stress on the structured surface. 

 

Figure 3. Correlation between mass flow rate, drag reduction and 

STR angle. 
 
3.2. The Effect of Riblet Spacing on Drag 

The numerical results for variable riblet spacings are 

presented in Figure 4. For α = 15°, peak drag reduction 

occurs around S+ = 9 rather than the expected S+ = 10 – 20. 

A previous study [5] indicated that as α decreases, the S+ 

value at which peak drag reduction occurs also decreases. 

This trend is also observed in the results for α = 30° and 

α = 60°. Notably, the drag reductive region of the curve 

decreases as α decreases. Bechert et al. [6] made a similar 

comment, which might explain the reduced drag reductive 

"window" visible in Figure 4. If this observation is 

experimentally validated, it could have important 

implications for designing drag reductive riblets, indicating 

that riblets with larger included angles can provide drag 

reduction over a larger window of velocities or riblet 

spacing. As an example of implications for implementation, 

along the length of the flat surface on cargo truck trailers the 

Reynold’s number increases, thus, an improvement in the 

drag reductive efficiency could be implemented through 

varying the riblet spacing. Additionally, the α = 60° riblets 

would be the best choice out of the three studied geometries 

as they would exhibit drag reduction over a longer length of 

the surface.  

Unfortunately, due to the large computational costs of 

these simulations, a limited number of data points were 

created. This makes it difficult to make strong statements 
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about the precise location of the maximum drag reduction 

and the exact shape of the curve seen in Figure 4. 

Additionally, it should be noted that similar trends are 

noticed between the two series of simulations, varying 

velocity and varying spacing (Figures 3 and 4 respectively), 

however, a larger study may be able to illustrate unseen 

differences.  

 

 
Figure 4. Dependence between drag reduction and S+ in case of a 

constant mass flow rate.  

 
Two main hypotheses were proposed by Martin and 

Bhushan [2] to explain the mechanisms through which 

riblets reduce skin friction drag. One hypothesis suggests 

that drag reduction results from a reduction in velocity 

fluctuations in the spanwise direction near the riblets. The 

other hypothesis posits that the geometry of the structures 

prevents the formation of streamwise vortices within the 

riblet valleys, lifting and pushing turbulence away from the 

surface. 

The numerical results from this study align with both 

proposed theories. The velocity-RMSE fields, computed 

using velocity fluctuations (Eq. 5), monitored using time 

statistics during the simulations. The results for the α = 15° 

case show an increase in w-RMSE between drag decreasing 

and drag increasing cases just above the riblet peaks. The 

peak w-RMSE value for α = 15° drag decreasing/increasing 

scenarios differs by a factor of roughly 3.75. Similar factors 

were found for the other geometries, specifically, 2.67 for 

α = 30° and 4.5 for α = 60°. Increased velocity fluctuations 

cause increased drag through increased turbulence at the 

riblet peaks.  

𝑤 − 𝑅𝑀𝑆𝐸 = √∑ (𝑤𝑖−𝑤𝑖̅̅̅̅ )2𝑁
𝑖

𝑁
     (5) 

 
Figure 5. RMSE-z velocity as a function of domain height for 

α = 15° when  drag is decreasing (S+ = 8.7) or increasing 

(S+ = 18.7).  

 
The reduction in streamwise eddies is illustrated in 

Figure 6, depicting velocity vectors in the plane 

perpendicular to the flow for the 15° case. The colour scale 

for all plots ranges from 1.08e-7 to 0.73 m/s as seen in 

Figure 6c). Velocity fields in both drag increasing and 

decreasing scenarios suggest that drag increasing is 

associated with higher velocity fluid being closer to the 

riblet peaks than its decreasing counterpart. In the drag 

increasing case, streamwise vortices travels further down 

the riblet valley further than in the drag decreasing case. 

Similar observations were made in [1], indicating that drag 

decreasing correlates with less intense streamwise vortices 

in the riblet valley and near the riblet peaks. 

An alternate method for visualizing this phenomenon 

involves x-vorticity contours, see Figure 7. Figure 8 shows 

the same x-vorticity contours in detail around the riblets. 

These plots reveal more clearly the larger and more violent 

turbulence above the riblet peaks in drag increasing cases. 

They also illustrate the tendency of vorticity to travel deeper 

into the riblet valleys for steep STR angles, increasing the 

contact area between surface structures and streamwise 

vortices, ultimately leading to an increase in drag. 

Additionally, the drag decreasing cases all have a stronger 

boundary, or transition between the calm and slower moving 

fluid in the riblet valleys and the high levels of streamwise 

vorticity above the riblets. The range of contours presented 

in Figures 7 and 8 is 0-118 [1/s]. Colourless areas exhibit 

vorticities above the maximum value of the scale. 
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a) 

  b)  

   c)  
Figure. 6: Velocity vectors in a centre plane perpendicular to the 

flow direction for a) α = 15° drag decreasing (S+ = 8.7), b) 

α = 15° drag increasing (S+ = 18.7) cases and c) the velocity 

colour scale. 

a) b) 

Figure. 7: Contours of streamwise vorticity for: a) α = 15° drag 

decreasing (S+ = 8.7)  and b) α = 15° drag increasing 

(S+  = 18.7) cases.  

 

a) b) 

c) d) 

e)

f)    
Figure. 8: Contours of streamwise vorticity for: a) α = 15° drag 

decreasing (S+ = 8.7), b) α = 15° drag increasing (S+ = 18.7), c) α 

=  30° drag decreasing (S+ = 10.2), d) α = 30° drag increasing 

(S+ = 15.5), e) α = 60° drag decreasing (S+ = 11.8), f) α = 60° 

drag increasing (S+ = 20.7)  

 
3.3. Experimental Results 

Unfortunately, the experimental tests conducted so far 

have been inconclusive, as their results did not align with 

the numerical data obtained from this study and previous 

ones, see Figure 9. The discrepancy noticed is due to a shift 

upward in the curve where there is no drag reduction 

observed. It is also important to note that the S+ values at 

which the lowest drag occurs are very similar to those found 

in the computational results. Specifically, for the α = 15° 

case the minimum drag occurs between S+ = 6.8 and 13.1, 

for α = 30° it is between 13.1 and 18.2, and forα = 60° it is 

between 18.2 and 22.3.  

While the root cause of the discrepancy between 

numerical and experimental data is still under investigation, 

it is possible that flat surfaces perpendicular to the flow 

direction, present before the sample, see Figure 10, are 

creating a wake in the riblet valleys. This wake might affect 

the subsequent vorticities formed near the STR structures. 

Additionally, since the same flat surface is also present at 

the rear of the sample, back pressure may be generated as 

the fluid in the riblet valleys suddenly collides with this 

surface after the sample ends. 
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Figure 9. Change in drag versus S+ curve from experimental 

data. 

   
Figure 10. Water conduit outlining the flat areas located pre- and 

post-sample.  
 During these experiments, multiple trials were used to 

find the mean value for the final data. Between the different 

trials for all geometries there was less than 15% difference 

between the pressure differential values. Since this percent 

difference value is still relatively high, a more repeatable 

experimental setup would be preferable. A possible method 

improving the repeatability of the experiment may be using 

an isolator to help reduce the impact of any environmental 

noise. Currently the attempts to limit environmental impacts 

involve carefully choosing time of which the experiments 

are run and using rubber matting under the water channel. 

Despite the current lack of correlation between 

numerical and experimental data, it is notable that a near-

perfect correlation was achieved for a different type of 

structure that did not feature the forward and backward-

facing steps characteristic of the STR samples tested in this 

study. This suggests that the misalignment between 

numerical and experimental data is likely caused by specific 

geometric features in the sample, rather than the testing 

apparatus itself. To address these issues, alternative testing 

methods will be developed in the future.  

 

4. Conclusions 
The numerical results reenforce previously made 

observations about the reduced drag reduction window of 

Reynold’s number and S+ value for riblets with smaller 

included angles. Additionally, both the Reynolds number 

and S+ value associated with maximum drag reduction 

appear to be lower for riblets with smaller angles. 

Specifically, the LES WALE simulations show while 

varying the velocity, and keeping a consistent riblet spacing, 

the maximum drag reduction occurs at a Reynold’s number 

of 358 for α = 15°, 1444 for α = 30°, and 2232 for α = 60°. 

Similarly, while changing the riblet spacing, and keeping a 

consistent flow velocity, the maximum drag reduction 

occurred at S+ = 8.7 for α = 15°, 12.3 for α = 30°, and 16.3 

for α = 60°. 

Furthermore, the mechanism behind this drag 

reduction found in previous studies - more specifically: the 

reduced streamwise vortices within the riblet valley and the 

reduction in spanwise velocity fluctuations - are also visible 

within the performed CFD simulations. The streamwise 

vorticity contours near the riblet valley show that the drag 

reducing cases have a strong boundary between the calmer 

fluid in the riblet valley and the stronger turbulence right 

above the riblet peaks. Drag increasing cases on the other 

hand seem to have more random hotspots of streamwise 

vorticity in the riblet valleys and above the peaks. The 

RMSE-z velocity plots show that there is a significant 

decrease in spanwise velocity fluctuations right above the 

riblet peaks for the drag decreasing cases. 

While the experimental results obtained so far have 

been inconclusive and do not align with the numerical 

simulations, the numerical results are consistent with 

previously reported findings. If a redesigned experimental 

setup enables validation of the drag reduction values from 

the numerical data, it will significantly strengthen the 

validity of the research. Nonetheless, experimental 

validation is still required before any definitive statements 

can be made on these topics.  
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