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Abstract 

The scales of fast-swimming sharks contain riblet structures with microgrooves, aligned 

in the direction of fluid flow, that result in water moving efficiently over the surface. In previous 

experimental and modeling studies, it has been shown that riblet structures provide a drag 

reduction by lifting the vortices formed in turbulent flow that generate transverse shear stresses. 

Drag reductions on the order of 10% when compared to a smooth, flat surface have been 

reported. Most experimental and modeling work has analyzed continuous riblet configurations 

with some experimental work for segmented riblet configurations. To better understand the role 

of vortices on drag reduction, various continuous and segmented, blade riblet geometries and 

their vortex structures were studied and compared with that for a flat surface. To understand the 

role of various segmented riblet designs, various shark-skin-inspired riblet structures were 

created in which riblet gaps and offsets were independently modified. Through this work, 

optimal riblet dimensions of spacing, height, thickness, gap, and offset were determined. A better 

understanding of riblet design for drag allows for the fabrication of drag-reducing surfaces in 

marine, medical, and industrial applications utilizing features ranging from the micro- to 

nanoscale dependent upon the scale of the components. 
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1. Introduction 

 Nature has evolved efficient and multi-purpose objects using commonly occurring 

materials. These objects have many applications that can aid humanity and can be of commercial 

interest. Mimicking these biological structures and using them for design inspirations is the field 

of biomimetics.
1,2

 An inspiration for a drag reduction surface is provided by shark skin because 

fast-swimming sharks are able to move through water quickly with a low energy input.
3–7

 

 The skin of fast-swimming sharks has been a biomimetic motivation for the design of a 

low drag and anti-fouling surface.
5–7

 These sharks can quickly and easily move through water 

and have scales called dermal denticles (little skin teeth) with riblets (microscopic grooves) 

aligned parallel to fluid flow as shown in Fig. 1. The scales are generally 0.2–0.5 mm in size 

with the grooves spaced 30–100 µm apart; however, the scale patterns differ between sharks and 

even depending on the scale location on a shark.
3,8

 In Fig. 1, the Mako shark has scales with little 

gaps and no offsets
9
 (referred to as aligned-segmented riblets), whereas the Spiny Dogfish has 

gaps and offsets
8
 (referred to as staggered-segmented riblets). 

 The low drag and anti-fouling properties found in shark skin have wide applications due 

to the scalability of riblet dimensions. Riblets can be designed from the nanoscale to macroscale 

depending on the application. By choosing adequate riblet dimensions, these surfaces can 

decrease fuel consumption in the transportation industry by reducing viscous drag on vehicles, 

aircraft, or ships. Another application area is in the biomedical field. For example, in micro- and 

nanofluidic biosensors, drag reduction in micro- and nanochannels is important and nanoscale 

riblet structures may be of interest.
10

 Shark-skin-inspired surfaces for aircraft applications have 

been studied by National Aeronautics and Space Administration (NASA)
11

 and the German 

Aerospace Center.
5
 In ships, these energy efficient surfaces were applied to the hulls of US boats 

in the 1984 Los Angeles Olympics and 1987 America’s Cup. Furthermore, they have been 

incorporated into the Speedo FastSkin® swimsuit worn by Michael Phelps in the 2008 Beijing 

Olympics when setting records and winning gold medals. These suits had drag reduction effects 

of up to 4% in men and 3% in women,
12

 and were subsequently outlawed by the International 

Swimming Federation (FINA) supposedly due to their drag reduction benefits derived unfairly 

by some swimmers.  

 In addition to low drag, these microstructured riblets are self-cleaning and help repel 

fouling of microbiological matter, such as bacteria or algae biofilms, as well as macrobiological 
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organisms, such as barnacles and muscles.
5–7

 This self-cleaning occurs through various 

mechanisms such as increased surface fluid velocity and reduced microorganism attachment time 

due to surface geometry. Increased surface velocity makes it harder for matter to land and grow. 

Surfaces features smaller than the size of the microorganism or containing sharp edges reduce 

and deter microorganisms landing and settlement. Also, surface features larger than the size of 

microorganisms prevent landing and settlement on the entire surface and thus reduce the extent 

of biofouling.
13

  

 In order to study mechanisms of potential drag reduction, various riblet geometries and 

configurations have been studied through experiments in open and closed channel flow and 

modeling in closed channel flow. In closed channel experiments using continuous, sawtooth 

riblets, Walsh
14

 and Rohr et al.
15

 saw drag reductions of 8% in water and 9% in air, respectively. 

Using the so-called Berlin oil channel in open channel flow, Bechert et al.
5
 studied sawtooth, 

scalloped, and blade geometries in the continuous configuration and showed that optimal blade 

geometry had the greatest drag reduction of 10% followed by scalloped and sawtooth at 7% and 

5%, respectively. Staggered-segmented, blade riblet configurations were also studied using the 

Berlin oil channel in Bechert et al.
16

 showing that these staggered-segmented configurations 

were inferior to continuous configurations. Jung and Bhushan
8
 studied aligned-segmented, blade 

configurations in a closed channel flow and showed a 30% drag reduction in water calculated 

through a pressure drop (indicating drag reduction) using a differential manometer. Bixler and 

Bhushan
7,17

 studied aligned-segmented blade, continuous blade, and continuous sawtooth 

configurations with oil, water, and air using a differential manometer. In oil, a 7% pressure drop 

was obtained with continuous and aligned-segmented, blade riblets. In water, a 34% pressure 

drop was obtained with aligned-segmented, blade riblets. In air, a 26% pressure drop was 

obtained with continuous, sawtooth riblets. Bixler and Bhushan
7
 studied continuous, sawtooth 

riblets on airfoils showing a 14% drag reduction at a 6° angle of attack.  

 Through modeling of continuous and sawtooth geometries, Chu and Karniadakis,
18

 Choi 

et al.,
19

 and Goldstein et al.
20

 have shown drag reductions of up to 3–6%. A drag reduction is 

formed by riblets lifting the streamwise vortices formed in turbulent flow that generate 

transverse shear stresses. Streamwise vortices are referred to as vortices traveling in the 

predominant flow direction and rotating along an axis line in the streamwise direction. In this 

drag reduction mechanism, riblets reduce the propensity of streamwise vortex formation in the 

Page 3 of 45 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

riblet valleys and inhibit spanwise motion of fluid caused by vortices.
18–20

 In open channel flow 

experiments, Lee and Lee
21

 compared vortices on a flat and riblet surface using a smoke-wire 

flow visualization technique with olive-oil atomized in air, shown in Fig. 2. On the riblet surface, 

the vortex is lifted away from the surface to create a drag reduction surface. These riblets have a 

non-dimensional spacing (��) of 25.2 and non-dimensional height (ℎ�) of 12.6 (s
+
 and h

+
 will be 

defined later). 

 In laminar flow where vortices are not generated, this method of drag reduction is not 

possible. Instead, a drag increase can result due to the greater riblet surface area.
20,22

 In the 

transitional regime, a drag reduction is possible due to the possibility of vortex structures being 

created; however, a drag reduction through this mechanism is best obtained through fully 

turbulent flow. 

 Experimental and modeling studies have primarily researched various riblet geometries 

and configurations that lead to drag reductions and come up with the drag-reduction mechanism 

of riblets controlling the vortices generated in turbulent flow. With appropriately-sized riblets, 

these vortices are lifted away from the riblet surface decreasing the overall shear stress and 

therefore creating a surface that reduces drag. However when the riblets do not effectively lift the 

vortices from the surface, the overall surface can become a drag increasing case.
23

 Based on 

experiments and modeling, optimal riblet geometries have shown on the order of 10% drag 

reduction with riblet dimensions �� ≈ 15 − 20 and ℎ� ≈ 8 − 10.
5,14,23,24

 

 In order to compare various riblets designs, dimensions of the riblet geometry are 

commonly non-dimensionalized using 

�� = ��/� (1) 

and            � = (��/�)�/� (2) 

and denoted by a superscript +.
5,14

 In this equation, the distance between microgrooves is the 

riblet spacing where s is the dimensional riblet spacing, � is the wall shear stress velocity, �� is 

the wall shear stress, � as the density of the fluid, and � is the kinematic viscosity of the fluid. 

The wall shear stress velocity is simply a quantity that has dimensions of velocity and is in a 

form that allows for different wall shear stresses to be compared.
25

 Similarly, the height and 

thickness parameters can be non-dimensionalized through  

ℎ� = ℎ�/� (3) 

�� = ��/� (4) 
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respectively.
7
  

 An understanding of the size of streamwise vortices, such as diameter and streamwise 

length, and the interactions of vortices with different riblet geometry for continuous riblet 

configurations needs to be studied in order to better understand how vortices interact with riblet 

surfaces with different geometries. The wide variation of riblet designs in shark skin necessitates 

studying segmented configurations in order to better understand the drag reduction mechanism. 

Primarily, continuous configurations have been studied, but segmented configurations could lead 

to more insights into the mechanism. By undertaking a comprehensive study on the effect of the 

different parameters in segmented riblet geometries, these insights could be obtained. These 

results could help lead to better drag-reducing riblet designs for the various potential 

applications.  

 In this paper, a computational fluid dynamic (CFD) model of blade riblet structures in 

continuous, aligned-segmented, and staggered-segmented configurations in a closed channel 

flow was created in order to further study the effect of riblet geometry as well as dimensions of 

vortices on drag reduction. The gaps and offsets in the staggered configurations were 

independently changed, and the resulting drag and vortex formations were compared to each 

other as well as to a flat surface and continuous riblet configurations.  

2. Vortex generation and dimensions background 

 The majority of this drag reduction research concerns streamwise vortices, and so, vortex 

generation and dimensions are reviewed in order to better understand the drag reduction 

mechanism of riblets. To start, fluid flow can be characterized as laminar, transitional, or 

turbulent. Laminar flow is steady with repeatable sequences occurring at Reynolds numbers less 

than approximately 2100 in closed channel flow. Turbulent flow has highly chaotic flow 

characteristics with irregular variations in time and space. Fully turbulent flow occurs at a 

Reynolds number of approximately 4000 in closed channel flow. Transitional flow occurs 

between these two Reynolds numbers with characteristics of laminar and turbulent flow. The 

transitional point occurs around 500,000 in open channel flow.
25

 

 In the turbulent regime, the kinetic energy from the free-stream flow is transformed into 

turbulent fluctuations and then dissipated into internal energy through viscous action.
25

 The 

source for most of the turbulent kinetic-energy production in a boundary layer can be found in 

the wall region.
26

 On the left axis of Fig. 3, the wall region or boundary layer region is 
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schematically shown. This region can be split up into the viscous sublayer, the buffer layer, and 

the log-law region of the inner layer. Outside of this region is commonly referred to as the outer 

region.
27,28

 

 The boundary layer regions are determined based on their non-dimensional distance from 

the wall using the wall shear stress velocity similarly to the velocity term in Reynolds number  

�� = ��/� (5) 

where �� is the non-dimensional distance from the wall and � is the dimensional distance from 

the wall. In turbulent flow, the non-dimensional average velocity in the viscous sublayer is linear 

with the distance from the wall and in the log-law region is proportional to the logarithmic 

distance from that point to the wall. In the buffer region, neither profile is used and the curves are 

fitted together. These velocity profiles together are referred to as the law of the wall.
29

 Non-

dimensional velocity can be calculated as �/� and is commonly referred to as �� in law of the 

wall terminology. The wall region is �� ≤ 100 with the viscous sublayer at 0 ≤ �� ≤ 5, the 

buffer layer at 5 ≤ �� ≤ 30, and the log-law region of the inner layer at 30 ≤ �� ≤ 100.
30

 

 The turbulent action found in the boundary layer leads to fluid structures that are called 

coherent structures. Various fluid structures, such as vortices, bursts, or sweeps, can be found 

depending on the region within the boundary layer. Vortices are regions of fluid where the flow 

is rotating along an axis line in a roughly circular or spiral pattern and can take the form of 

streamwise vortices or hairpin (also called arch or horseshoe) vortices. Bursts are ejections of 

low-speed fluid away from the wall, and sweeps are inrushes of high-speed fluid toward the 

wall.
31–33

 Robinson
32

 proposed an ideal schematic of the vortex structures in the different regions 

of the turbulent boundary layer where streamwise vortices dominate the buffer layer, hairpin 

vortices dominate in the outer region, and both exist in the log-law region where they overlap. 

 Figure 3 also shows potential streamwise vortex interactions located within the buffer 

layer on flat and riblet surfaces with the vortices traveling along the streamwise direction (x). 

The boundary layer and coherent structures have been studied through open surface water flows 

using hydrogen bubble streak markers and hot-wire anemometer measurements with dye 

injection at the wall,
34

 hot-film sensor experiments,
35

 wind tunnel experiments with the smoke-

wire technique,
36

 and computer simulations.
37,38

 Through these techniques, the streamwise 

vortices have been found to be approximately at �� = 20 − 30 with diameter �� ≈ 30 and 

quasi-periodic in the spanwise direction every Δ�� ≈ 50, where Δ�� is the non-dimensional 
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spanwise spacing.
34–36,38,39

 The streamwise vortices have a non-dimensional length of 

approximately 100–200 found through computer simulations
38

 and direct numerical 

simulations.
40

 

 In Fig. 3 on the flat surface, two streamwise vortices with a low-speed streak between the 

vortices are shown. These pairs of counter-rotating vortices repeat themselves with fluid rotation 

towards the surface or away from the surface. Between pairs of vortices rotating away from the 

surface and thus forcing fluid away from the surface, low-speed regions can be found every 

Δ�� ≈ 100.
35,36,39

 This counter-rotating streamwise pair does not occur as often as a single 

streamwise vortex in the buffer and log-law regions.
28

 As vortices rotate, they also translate in 

the cross-flow direction on the surface interacting with other vortices and the surface creating 

more bursting motions. The vortex translations, bursting motions, and chaotic flow are all forms 

of momentum transfer and factors in fluid drag.
27,41,42

 They increase shear stress at the wall (��) 
by increasing the velocity gradient ( �/ �) in the fluid shear stress equation given by 

�� = !  � �"#$� (6) 

where ! is the dynamic viscosity and can be derived from ! = ��. 

 Because vortices increase the velocity gradient at the wall and therefore produce 

transverse shear stress leading to higher drag. Therefore, controlling these vortices helps in 

creating low drag surfaces. The riblets on the scales of fast-swimming sharks help control the 

streamwise vortices in turbulent fluid flow by lifting the vortices from the surface as shown in 

Fig. 3 on the riblet surface. As vortices are lifted from the surface, bursting and sweeping 

motions, where high-velocity fluid mixes with low-velocity fluid near the surface, are decreased. 

The shear stress at the riblet peaks increases; however, the shear stress in the riblet valleys 

decreases. Due to the much greater surface area in the riblet valleys, an overall lower drag 

surface is obtained when compared to a flat surface. On the flat surface, vortices create many 

zones of high shear stress across the entire surface.
23

 

3. Simulation approach 

 In this section, the CFD program and turbulence model will be presented, followed by the 

model set-up, spatial discretization, and the riblet geometry models. This simulation was set-up 

for closed channel to directly compare a flat and riblet surface. For completeness, an open 

channel set-up could be modeled through a symmetric boundary condition at the opposite surface 
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8 

to the riblet surface. Similar results can be expected for open channel due to similar vortex 

generation in turbulent flow. 

 These simulations were run on the Glenn supercomputer using four cores with 12 

processors each at the Ohio Supercomputer Center.
43

 Each simulation took approximately one 

week to reach the time-averaging state for fully turbulent flow and approximately one additional 

week was required to complete the time averaging portion of the simulation due to the transient 

state.  

 A transient solution was chosen over a steady state one due to the chaotic nature of the 

turbulent flow. By using a transient solution, the vortices interacting with the riblet and flat 

surfaces could be analyzed and compared at discrete time steps in order to further understand the 

drag reduction mechanism.  

3.1. CFD program 

To simulate fluid flow over riblets, the CFD software package ANSYS Fluent 14.5 was 

used which uses the finite volume method to solve the governing equations which include the 

momentum Navier-Stokes and continuity equations. This robust commercial package contains 

various turbulence models that have been used in many studies. The package can implement 

parallel processing and includes solver improvements such as solving the momentum and 

pressure-based continuity equations in a coupled manner. These features accelerate convergence 

and reduce solution time.
44

 

The large-eddy simulation (LES) and direct numerical simulation (DNS) are two 

turbulence models that have been used to study riblets in fluid flow.
45

 In LES, the large scales of 

the flow field are resolved whereas the small scales of the flow field are filtered out based on the 

turbulence criteria. This modeling results in greater accuracy than other Fluent models such as 

the Reynolds-averaged Navier Stokes models. In LES, a subgrid-scale (SGS) is chosen to model 

the unresolved small scale fluid motions. In DNS, all the flow scales are resolved for the entire 

spatial and temporal scales. By solving the equations at all scales, the greatest accuracy is 

obtained; however, a very fine mesh must be used in order to resolve the fluid flow down to the 

smallest dissipative scales and therefore a huge computational expense is required. 

Due to the computational requirement for DNS, which would have severely limited the 

number of test cases even at low turbulent Reynolds numbers, LES was chosen as the turbulence 

model. Because LES filters out the small scales, the computational expense is decreased 
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allowing for a parametric study. This filtering affects the results, but the small scales play a 

smaller role in the process of transporting mass and energy when compared to the large scales 

which play a greater role in drag change in riblets.  

The mesh size and time step were chosen to resolve the large scales with the SGS 

filtering out the small scales. In this work, the Smagorinsky-Lilly SGS was chosen which 

assumes that the small scale energy production and dissipation are in equilibrium. Several 

different SGS approaches to filter small scales were tested and compared to fit the law of the 

wall to best decide which SGS to choose.
44

 

3.2. Model set-up 

 Figure 4a shows the model design where the %, �, and � axes denote the streamwise, 

wall-normal, and spanwise directions, respectively. Similarly to y
+
 in Eq. 5, x

+
 and z

+
 are non-

dimensional parameters. The height, width, and length of the model are H, W, and L, 

respectively. The riblet surface is on the bottom wall and the flat surface is on the top wall, both 

prescribed with no-slip boundary conditions. The inlet and outlet surfaces and the left and right 

surfaces were prescribed with periodic boundary conditions so that wall effects would not 

interfere with the results. This closed channel model design allows for the flat and riblet surfaces 

to be directly compared for drag and vortex measurements. 

 In the streamwise direction, a constant instantaneous volume flux boundary condition 

was applied,  

& = '�	d*+ = 2
3*+�, (7) 

where *- = ./is the cross-sectional area, � is the average velocity in the streamwise direction, 

and �, is the centerline velocity of a laminar profile with the same volume flux. In Eq. 7, �, is 2/3 

of � because of the difference between average and maximum velocity in closed channel 

flows.
25

 The Reynolds number was calculated using 

01 = �,2/� (8) 

where 2 = ./2 is the channel half-width.
19

 

 The solution was initialized with a laminar velocity profile and turbulence fluctuations 

were added afterwards. The simulation was advanced until natural turbulence was developed by 

monitoring wall-shear stresses for quasi-periodic behavior upon which the simulation was 

continued for additional time to time average the results. The simulation had a computational 
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10 

time step of Δ3�,/2 = 0.05, where Δ3 is the dimensional time step. The time averaging period 

was at least 500 non-dimensional time steps (3�) where 3� = 3�,/2. After averaging the drag 

over 3� = 500 on a plane channel flow, the drag on the walls differed by ±2% of each other 

which agreed with the results by Walsh
14

 and Choi et al.
19

 

 The various configurations that were analyzed are shown in Figure 4b which include the 

continuous; aligned-segmented; and staggered-segmented configurations. In the segmented 

configurations, the spacing, height, and thickness parameters were kept constant and only the 

lengths, gaps, and offsets of the riblet were modified for drag and vortex comparison. 

 To compare drag, the difference between the time-averaged drag on the riblet and flat 

surface was divided by the time-averaged drag on the flat surface to calculate the percentage 

drag change. To compare vortices, y-z planes with vorticity contours and tangential velocity 

vectors were plotted and the height, width, diameter, and distance from the wall for the vortices 

in the buffer layer were measured on the riblet and smooth surfaces. These definitions of various 

vortex dimensions are shown schematically in Fig. 4c.  

3.3. Spatial discretization 

The computational domain dimensions were chosen to be large enough to include the 

expected scales of the flow structures and to be greater than the minimal flow unit (100 non-

dimensional units in the spanwise direction and 300 non-dimensional units in the streamwise 

direction where the length is non-dimensionalized similar to Eq. 1 using the spanwise or 

streamwise distance as the respective length scale) as determined by Jimenez and Moin.
46

 For the 

continuous models, the height H and width W remained constant at 0.02 m which corresponded 

to 206 non-dimensional units in the smallest case. For the segmented models, the height H and 

width W remained constant at 0.015 m and 0.02 m which corresponded to approximately 250 and 

333 non-dimensional units, respectively.  

For the continuous models, the length L changed for the cases to keep a structured grid 

spacing at %� ≈ 35 and with 16 nodes this corresponded to approximately 560 non-dimensional 

units. In the spanwise direction, the z
+
 grid spacing was between 0.4–2.0 with �� ≈ 0.7 for most 

cases. In the wall normal direction, there were 128 grid points with the first grid point on the 

smooth surface baseline case at �� = 0.16. Based on these inputs, the total number of 

hexahedral cells was around one million. For the segmented models, the length L changed for the 

cases in order to keep the periodic riblet pattern intact. In most cases, the length was 0.025 m 
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11 

which corresponded to approximately 415 non-dimensional units. An unstructured, tetrahedral 

mesh was used in order to mesh the various segmented riblet designs. The mesh was controlled 

with at least 150 grid points in the wall-normal direction, and the first grid point on the smooth 

surface at �� = 0.38. In the spanwise direction, at least 165 grid points were used with an 

approximate z
+
 grid spacing of 1.5. In the spanwise direction, at least 250 grid points were used 

with an approximate x
+
 grid spacing of 1. Based on these inputs, the total number of tetrahedral 

cells was around four million.  

In all models, the mesh was biased toward the riblets and flat surface in order to keep the 

first grid point below �� = 1 for all cases as required by the LES model and to more accurately 

resolve the flow near the walls. The grid resolution was kept the same on the smooth and riblet 

surfaces for drag comparison purposes and was much finer than the recommended requirements 

of %� = 40 and �� = 20 suggested by Anonymous.
44

 

To validate the simulation, the non-dimensional mean streamwise velocity profile over a 

flat surface was compared to Spalding’s law of the wall, shown in Fig. 5.
29

 The dashed lines 

refer to the linear law and the log-law with the log-law formulation of �/� 	= 2.5 ln �� + 5.5. 

The dotted line refers to Spalding’s law of the wall, and the solid line refers to the present study. 

The law of the wall and the present LES simulation are in good agreement, which validates the 

simulation. 

3.4. Riblet geometry models 

The continuous riblet cases had two fluid parameters (velocity V and viscosity �) and 

three riblet parameters (spacing s, height h, and thickness t) independently changed. These cases 

are presented in Table 1. In the table, the dimensional parameters are listed on the left and the 

resulting non-dimensional parameters are listed on the right.  

The values of the dimensional parameters were chosen to fulfill several requirements. 

First, the dimensional parameters were chosen so that the cases would cover a wide non-

dimensionalized range for the parameter. In addition, the values were chosen so that s
+
 of 15–20 

would be in the parameter's ranges. This range has been shown for optimal drag reduction. By 

centering the data on this range, it would allow for test cases on either side of this range to be 

investigated.  

Additionally, the velocity and viscosity values were selected to show the non-

dimensionalizing method is valid. By modifying the dimensional parameters and getting similar 
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12 

changes in drag for their non-dimensional parameters, it shows that only the non-dimensional 

values are important and any parameter in the equation can be modified. 

To better understand the relationship between riblet height and drag, two sets of riblet 

height cases were created. In the first set, only the height was modified with the other parameters 

matching the baseline case. In the second set, all of the parameters were modified to increase the 

Reynolds number, center s
+
 near 23, and h

+
 near 10.  

These continuous riblet cases were compared to the segmented riblet cases in which the 

length of each riblet (L1), the gap between the riblets (L2), and the offset between riblets (L3) 

were independently changed. These cases are presented in Table 2. In the table, the dimensional 

and non-dimensional parameters for the riblet geometry are listed at the top. To obtain �/�, =
2.4	!<, � = 1 × 10>?	<��>� was assumed, representative of water. The dimensional values for 

the segmented geometries are shown on the left, and the resulting non-dimensional values are 

shown on the right. The lengths were non-dimensionalized similar to Eq. 1 as @�� = @��/�, 

@�� = @��/�, and @A� = @A�/�, respectively. The dimensional numbers for the various 

parameters were scaled up from actual riblet dimensions due to limitations with ANSYS Fluent 

when working with small numbers. Even with double precision, rounding errors could 

accumulate if actual riblet dimensions were used. Scaling up the numbers does not affect the 

results since only non-dimensional numbers affect the results, and this conclusion will be 

presented later.  

In the segmented riblet cases, the spacing (s
+
 ≈ 16), height (h

+
 ≈ 8), thickness (t

+
 ≈ 0.3), 

and Reynolds number (Re = 4180) were kept constant. These cases were compared to the 

continuous case with these same riblet parameters showing a 9% drag reduction. In the aligned-

segmented test cases, the length of each riblet (L1) was varied from 2–6 times the length of the 

gap between riblets (L2) because these ratios can be seen in shark scales. Also in the aligned-

segmented test cases, the gap between the riblets (L2) ranged from 0.25–2.35 times the length of 

each riblet (L1) in order to get a wide range of non-dimensional riblet gaps. This wide range was 

necessary in order to examine streamwise vortices because they have a great effect on drag in 

riblets. In the staggered-segmented test cases, three different offsets were chosen in order to 

compare the effect of offset designs. 

4. Results and discussion 
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 In this section, the vortex dimensions and drag data will be presented for the continuous 

and segmented riblet configurations. This data will be used to compare the different 

configurations and show the differences between vortex dimensions and drag change for the 

different cases. The relationships between vortices and riblet geometry will also be presented. 

4.1. Continuous riblets 

 In order to understand the effect of Reynolds number on lateral vortex dimensions of 

height and width, the Reynolds number was changed through modifying the velocity term as in 

Eq. 8 and the resulting vortex dimensions were measured on the flat surface. In Fig. 6, images of 

typical streamwise vortices on the flat surface for each case are presented. It should be noted that 

y
+
 of interest in riblet modeling is less than about 30 referring to the viscous sublayer and buffer 

layer. The figure shows the streamwise vortices with the vortex centers located in the buffer 

layer increasing their lateral dimensions as the Reynolds number increases. The diameters 

increased from approximately 20 to 45 non-dimensional units from the smallest to largest 

Reynolds number of 2500 to 13,000.  

 Even though Fig. 7 shows an image of typical streamwise vortices, their lateral 

dimensions varied within each case. Figure 7a shows a wider view of the flat surface at 01 =
4180 showing more vortices with a wide variation in height and width. These vortices are 

generally all near the flat surface generating high drag as they produce burst and sweep motions. 

Figures 7b,c show a riblet surface with two different riblet spacings where Fig. 7b has �� = 16, 

ℎ� = 8, �� = 0.3, 01 = 4180  and Fig. 7c has �� = 41, ℎ� = 8, �� = 0.3, 01 = 4180. In Fig. 

7b, the smaller spacing, �� = 16, shows vortices being lifted up above the surface, whereas in 

Fig. 7c with the larger spacing, �� = 41, shows vortices not being lifted away from the surface. 

With the larger spacing, the vortices are able to fit within the riblet gaps generating high drag. 

Figure 7d shows a zoomed in view of one section of Fig. 7b. Because the vortex generates 

transverse velocity above the riblets, vortices in the riblet valleys can be created. These riblet 

valley vortices do not generate as much drag as the streamwise vortices because they do not 

produce as strong of burst and sweep motions since they are located below the higher velocity 

fluid in the channel. Vortex structures and their strength can be viewed by plotting normalized Q 

criterion which is the second invariant of the velocity gradient tensor and represents the local 

balance between vorticity magnitude and strain rate. This criterion can help to visualize 

turbulence and view vortices.
47

 The riblet valley vortices are not as strong as the streamwise 
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vortices as shown by the normalized Q criterion in Fig. 7e. The normalized Q criterion value for 

the riblet valley vortices is too small to view.  

 In Fig. 7, more velocity vector arrows protrude through the riblet surface wall than in the 

flat surface wall. This difference could be due to riblets creating riblet valley vortices (Fig. 3) 

which can create additional regions where the flow can be directed toward the wall. A flat 

surface will not have the flow run up against a projecting object to change the flow direction. 

The protruding arrows on the flat surface originate at locations where vortices interact.  

 In order to understand the effect of the parameters on drag change, each parameter was 

individually modified and the resulting drag change was calculated and shown in Fig. 8 where 

the negative drag change values indicate a drag reduction. In Fig. 8a, the models with different 

�� were plotted. The varying velocity and viscosity was plotted separately than the varying 

spacing because when velocity or viscosity changes so does the Reynolds number. Furthermore, 

the ℎ�/�� was kept constant in the varying velocity and viscosity models whereas in the varying 

spacing models the height was kept constant at ℎ� ≈ 8 and so the ℎ�/�� ratio varied between 

the cases. The varying velocity and viscosity curve has a maximum drag reduction at �� = 20 at 

10%. Because the varying velocity and viscosity data is similar, it shows that the riblet geometry 

does not depend on the dimensional parameters, but the non-dimensional parameters as given in 

Eq. 1 and 3–4. The non-dimensional parameters will give the same drag reduction regardless of 

which non-dimensional parameters are changed. The experimental data using blade riblets from 

Bechert et al.
5
 was also plotted to show the similarities between the modeling and experimental 

work. The Reynolds number plotted on the top axis refers to the data set in Martin and 

Bhushan.
23

  

 The maximum drag reduction for the varying spacing models was 11% at �� = 23. This 

change in �� location is due to the riblet height staying constant whereas in the previous models 

the riblet height varied. The differences between these curves is more apparent at the larger �� 

values because the height difference is greater. When the height is too large, the riblet protrude 

too far into the flow generating higher drag. This result caused the varying velocity and viscosity 

trendline to curve upward faster than the varying spacing trendline. When the riblet height 

remains constant and the spacing changes (Fig. 8a right), many riblet peaks contact vortices 

leading to less of a drag reduction at small spacing. At large spacing, the vortices can fit within 
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the valleys and are not lifted up leading to a drag increase. From these plots, it is apparent that 

both riblet spacing and height play a significant role in determining drag change.  

 Furthermore, in Fig. 8b with only varying riblet height, there is a dramatic drag change 

between the different cases. One curve shows �� = 16 whereas the other curve shows �� = 23; 

however, in both cases the maximum drag reduction occurred when ℎ� = 8 − 10 even with 

different Reynolds numbers and riblet spacings. Increasing outside of this range quickly led to a 

drag increasing state due to the riblets protruding too far into the higher velocity flow, and 

decreasing below this range led to a less efficient state due to the riblets unable to effectively 

repel the vortices.  

 When the riblet thickness was modified, little drag change occurred as shown in Fig. 8c. 

A roughly constant 9% drag reduction was found for thicknesses ranging from �� = 0.08 −
0.50. There were slight oscillations around this value, but because there was not a strong positive 

or negative relationship, the trend was reported as constant over this range. At much larger 

thicknesses, the width of the riblet valleys would decrease and the width of the riblet peaks 

would increase. It is expected that these changes would generate a weaker drag reduction, and 

eventually a drag increase. 

 With the wide variation in lateral vortex dimensions as shown in Fig. 7a, the dimensions 

of many vortices were measured using y-z planes with vorticity contours and tangential velocity 

vectors and averaged. In Fig. 9, the average vortex dimensions on the flat and riblet surfaces 

were plotted. Fig. 9a shows effect of Reynolds number as well as s
+
 changed by changing 

velocity (left) and effect of spacing for a constant Reynolds number (right). For varying velocity, 

as the velocity was increased, the height and width of the vortices became larger on both surfaces 

suggesting that an increase in Reynolds number increases the lateral dimensions of the vortices.  

Figures 9b and 9c show effect of h and t, respectively. In Fig. 9a-c for varying spacing, height, 

and thickness, the vortex lateral dimensions were fairly constant. These figures show that only 

when the Reynolds number increases does the lateral dimensions of the streamwise vortex 

change. In these figures, the smooth surface vortex width averaged 37 non-dimensional units; the 

riblet surface vortex width averaged 32 non-dimensional units; the smooth surface vortex height 

averaged 23 non-dimensional units; and the riblet surface vortex height averaged 19 non-

dimensional units.  
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 In all cases for both surfaces, the vortex width was larger than the vortex height and the 

flat surface had larger vortex dimensions than the riblet surface. Because the sides of the model 

used periodic conditions, the vortices could grow in the spanwise direction; however, the riblet 

and flat surfaces impeded the growth in the height direction. The vortex dimensions on the riblet 

surface were smaller than the flat surface because the riblets protruded sharply into the flow 

obstructing vortex rotation and growth.  

 The drag change and vortex size data were compared to determine when vortices were 

optimally lifted. The optimal drag reduction occurred at �� = 18 − 20 and �� = 23 from Fig. 

8a. By comparing these s
+
 values with the riblet surface vortex width on Fig. 9a, it was found 

that the average riblet surface vortex width was approximately 32 non-dimensional units. This 

corresponded to a vortex-width-to-spacing ratio of approximately 1.5. As the spacing and riblet 

surface vortex width approached the same value, drag became larger and eventually became a 

drag-increasing case. It is thought that this ratio is effective in lifting away the vortices from the 

surface and minimizing bursts and sweeps. As the size of the vortices and spacing approached 

the same value, there was a greater possibility of a vortex fitting within a riblet valley and 

increasing drag.  

4.2. Segmented riblets 

In order to compare continuous riblet results to segmented riblet results and better 

understand the riblet segmentation in sharks, various segmented riblet cases were modeled. The 

parameters for the length of each riblet (L1), the gap between the riblets (L2), and the offset 

between riblets (L3) were modified independently. In Fig. 10, a model with �� = 16, ℎ� = 8, 

�� = 0.3, 01 = 4180, @�� = 68, and @�� = 101 shows how vortices interact with an aligned-

segmented riblet surface. In Fig. 10a, a y-z plane was taken through the riblets and shows typical 

vortices near the flat surface and vortices of various sizes lifted on the riblet surface. In Fig. 10b, 

a y-z plane was taken through the gap between riblets. Again, typical vortices are shown near the 

flat surface. On the riblet surface, there are vortices that were lifted above the surface and others 

that sit below the riblet peaks. These vortices can be seen because the velocity vectors are shown 

going through the height of the riblet; however, because the plane does not have any riblets, it 

shows that the vortices are not being lifted. This figure shows that streamwise vortices can fit 

within the gaps between riblets with other vortices being lifted up above the riblets. 
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In order to better understand the role of riblet gap, Fig. 11 shows a model with a larger 

gap size compared to the model in Fig. 10 (@�� = 154 compared to @�� = 101 with the same 

�� = 16, ℎ� = 8, �� = 0.3, and 01 = 4180). This case has a similar riblet length (@�� = 66 

compared to @�� = 68), but a greater gap between the riblets. Figure 11a shows the same vortex 

patterns as in Figure 10a on both the flat and riblet surfaces. The flat surface has the vortices 

near the wall whereas the riblet surface has vortices that are lifted away. In Fig. 11b, the riblet 

surface shows more vortices not being lifted away from the surface when compared to Fig. 10b. 

By comparing Figs. 10 and 11, it shows that increasing the gap between the riblets increases the 

chance that a vortex will not be lifted in the gaps between the riblet surface. On the other hand, 

on a plane through the riblets, the vortices will still be lifted away.  

 By plotting the normalized Q criterion for all the models, the lengths and diameters of the 

streamwise vortices can be seen and measured. Figure 12a shows the normalized Q criterion 

plotted for �� = 16, ℎ� = 8, �� = 0.3, 01 = 4180, @�� = 67, and @�� = 17 with a streamwise 

vortex pointed out on the flat and riblet surface as an example case. Using these images, the 

lengths and diameters of the streamwise vortices could be calculated to understand the 

relationship between streamwise vortices and drag. In Figure 12b, the distribution of the vortex 

diameters was plotted for the flat and riblet surfaces. The riblet surface has a greater likelihood 

of a smaller diameter than the flat surface because the riblets sharp edges deter vortex growth. 

The average vortex diameter is predominately between �� = 20 − 50.  From Fig. 8a with 

optimal riblet spacing of �� ≈ 20, the spacing would lift the majority of the vortices from the 

surface. Figure 12c shows the distribution of the streamwise vortex lengths on the flat and riblet 

surfaces. For the vortex length of 100–200 non-dimensional units, over 80% of the vortices on 

both surfaces are within this range. This result is consistent with the findings by Lyons et al.
38

 

and Garcia-Mayoral and Jimenez.
40

 

The streamwise vortex length data helps to explain the trends found by plotting the drag 

change data for the models as shown in Fig. 13. In Fig. 13a, the aligned-segmented models were 

plotted for varying @�� with constant @�� and then also with constant @�� with varying @��. In the 

varying @�� with constant @�� data set, the drag change increases as the length of the riblets 

increase. As the lengths increase, fewer gaps on the riblet surface occur leading to more of a 

continuous case which showed a greater drag reduction. Fewer gaps lead to less chance of burst 

and ejection events in the gaps. In the constant @�� with varying @�� data set, the drag change 
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decreases to a drag reduction of 5.0% at @�� = 101 and then increases after that. With streamwise 

vortices predominately having non-dimensional lengths in the 100–200 range, once the gap 

becomes larger than 100 non-dimensional units, the streamwise vortex is not lifted, generating a 

lot of drag. In Fig. 13b, the staggered-segmented data set is plotted showing a constant drag 

reduction of 3.3%. For the values of @�� = 67 and @�� = 17, varying @A� did not affect the drag 

change.  

Modeling shows that aligned-segmented and staggered-segmented riblets result in drag 

reduction of approximately 5% and 3%, respectively, lower than that in the continuous riblet 

configuration of approximately 10%. Thus it raises the question why do sharks have segmented 

and/or staggered riblets? It is believed that segmented riblets help the shark to swim by creating a 

deformable surface and/or in ejection of contaminant particles. Because each scale can 

individually pivot, when the shark turns, the surface of the shark becomes a deformable surface. 

Staggered riblets give particles a path to be removed from the surface. Aligned-segmented riblets 

may have less of a chance for particles to be ejected. Whereas, continuous riblets may have the 

least chance for contaminants to be removed from the riblet valleys. By discouraging 

contaminant settlement and eventual growth, the riblet valleys in segmented configurations stay 

unpolluted and the drag reduction stays effective.  

5. Conclusions 

 Nature has produced geometrical structures on the scales of fast-swimming sharks that 

can reduce drag. The microscopic grooves found on these scales, known as riblets, have been 

shown to reduce drag compared to a flat surface on the order of 10%. These riblet structures need 

to have appropriately sized dimensions in order to lift streamwise vortices to minimize transverse 

shear stresses. Previously, continuous and segmented riblet configurations have been studied; 

however, no modeling has been completed for segmented configurations. Segmented 

configurations are commonly seen on the scales of sharks, and therefore, the reasons behind 

nature’s design should be understood. Furthermore, the relationship between vortex dimensions 

and riblet geometry needed to be explored both for continuous and segmented configurations. By 

understanding the continuous and segmented configurations and the relationship between vortex 

dimensions and riblet geometry the drag reduction mechanism can be better understand and 

better drag reduction surfaces can be created.  
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 In this research, gaps and offsets in a blade riblet geometry were independently changed 

to create various aligned-segmented and staggered-segmented, riblet configurations. The drag 

and vortex formations were analyzed and compared to a flat surface and other continuous riblet 

configurations. On a flat surface, streamwise vortices were observed in the buffer layer with 

average diameters ranging from 20 to 45 non-dimensional units depending on Reynolds number. 

These vortices had lengths that were predominately in the 100–200 non-dimensional unit range.  

 In the continuous configurations, it was found that when the vortices were approximately 

1.5 times as large as the riblet spacing, optimal drag reduction was seen. Drag reductions of 

approximately 10% occurred when �� ≈ 18 − 25 and ℎ� ≈ 8 − 10 which was similar to 

�� = 16 and ℎ� = 8 from Bechert et al.
5
 and �� = 18 and ℎ� = 9 from El-Samni et al.

24
 With 

these riblet dimensions, the streamwise vortices were lifted from the surface reducing the drag on 

the surface. These lifted vortices created riblet valley vortices due to the transverse velocity from 

the streamwise vortex, but the riblet valley vortices do not significantly affect drag due to their 

decreased strength and decreased ability in generating burst and sweep motions. To show that the 

non-dimensionalizing method was valid, the velocity and viscosity terms were independently 

changed and then the drag change was shown to have the same trend.  

 The aligned-segmented and staggered-segmented riblet configurations had maximum 

drag reductions of approximately 5% and 3%, respectively. The three parameters of riblet length, 

gap length, and riblet offset each changed the reported drag differently. When the lengths of the 

riblets increased with constant gap size, the drag reduction increased due to the configuration 

more closely approximating the continuous configuration. As the gap length approached 100 

non-dimensional units, the drag reduction increased with the drag increasing after due to the 

increased odds of streamwise vortices falling into the gaps between consecutive riblets. As the 

riblet offset increased, no differences in drag change were observed.  

Continuous configurations have a drag reduction of approximately 10% which is greater 

than aligned-segmented and staggered-segmented at approximately 5% and 3%, respectively. 

With the decreased drag reduction in staggered and segmented configurations, the question of 

why do sharks implement these designs is raised. First, it may help create a deformable surface 

by allowing the scales to pivot, helping the shark to swim. Second, it may help in contaminant 

removal by giving particles a path to be removed from the surface. 
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 The conclusions drawn from studying drag and vortex interactions on a flat surface and 

continuous and segmented riblet surfaces are presented in Fig. 14. Figure 14a shows a typical 

streamwise vortex near a flat surface, and in Fig. 14b with �� = 25.3 or �� = 41.2, ℎ� = 8, 

�� = 0.3, and 01 = 4180, the vortex can be lifted or not lifted depending on the riblet spacing. 

As the spacing decreases below the optimum, drag reduction becomes less optimal due to 

vortices interacting with many riblet peaks. As the spacing increases above the optimum, drag 

increases due to vortices not being lifted. An example drag reduction curve for varying riblet 

spacing is shown in Fig. 14c. Figure 14d with �� = 16, ℎ� = 8, �� = 0.3, 01 = 4180, 

@�� = 66, and @�� = 66 or @�� = 154 shows that choosing a gap size smaller than the length of the 

streamwise vortex allows for the vortices to be lifted from the surface reducing drag in a 

segmented configuration. 

Table 3 summarizes the effect of the continuous and segmented riblet parameters. The 

riblet spacing should be around 15–20 non-dimensional units to lift the vortices with the riblet 

height around 8–10 non-dimensional units. If the riblets are too tall, they protrude too far into the 

flow and increase drag. If they are too short, they do not effectively lift the vortices, which in 

both cases, increases drag. Thinner riblets are better because the majority of the drag is found at 

the riblet peaks; however, thin riblets below a certain value do not noticeably change the drag. 

Riblet gaps should be less than 100 non-dimensional units to repel the streamwise vortices that 

predominately are 100–200 non-dimensional units long. Riblet offsets do not noticeably affect 

drag when independently modified. Because continuous riblets have a greater drag reduction 

than aligned-segmented and staggered-segmented riblets, sharks may implement segmentation 

for two reasons. These configurations may help create a deformable surface for shark movement 

and/or in ejection of contaminant particles to keep the shark skin surface clean.  

Understanding different riblet configurations helps lead to a better understanding of the 

riblet mechanism which can be used as drag-reduction design principles for industrial 

applications in marine, medical, and industrial fields. Riblet dimensions are dependent on the 

component size and can range from the micro- to nanoscale. 
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Table 1  Test cases for the simulations of turbulent flow over continuous riblets 

 
s 

(mm) 
h  

(mm) 
t 

(µm) 

ν/VE (µm) 
s
+ h

+ t
+ Number 

of riblets Varying �, 
ν = 10

-6

 m
2

s
-1 

Varying � 

VE = 0.42 ms
-1 

Baseline 1.00 0.50 20.0 2.38 2.38 16.2 08.1 0.32 20 

Effect of V 
   

4.00 

2.38 

1.39 

0.98 

0.76 

 

10.3 
16.2 
24.5 
32.4 
46.8 

05.1 
08.1 
12.3 
16.2 
23.4 

0.21 
0.32 
0.49 
0.65 
0.94 

20 
20 
20 
20 
20 

Effect of � 
    

4.00 

2.38 

1.39 

0.77 

10.7 
16.2 
27.4 
46.7 

05.4 
08.1 
13.7 
23.3 

0.21 
0.32 
0.55 
0.93 

20 
20 
20 
20 

Effect of s 

0.50 
1.00 
1.50 
2.50 

    

08.4 
16.2 
25.3 
41.1 

08.4 
08.1 
08.4 
08.2 

0.34 
0.32 
0.34 
0.33 

40 
20 
13 
08 

Effect of h 

 

0.25 
0.50 
0.75 

   

16.2 
16.2 
16.6 

04.1 
08.1 
12.5 

0.32 
0.32 
0.33 

20 
20 
20 

0.75 
0.75 
0.75 

0.22 
0.32 
0.42 

15.0 
15.0 
15.0 

1.20 
1.20 
1.20 

 

22.9 
23.2 
23.2 

06.7 
09.9 
13.0 

0.46 
0.46 
0.46 

27 
27 
27 

Effect of t 
  

05.0 
10.0 
20.0 
30.0 

  

16.8 
17.0 
16.2 
16.6 

88.4 
08.5 
08.1 
08.3 

0.08 
0.17 
0.32 
0.50 

20 
20 
20 
20 
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Table 2  Test cases for the simulations of turbulent flow over segmented riblets 

 

Riblet geometry 

s = 1.0 mm, h = 0.5 mm, t = 20 µm, ν/VE = 2.4 µm for Re = 4180 
s
+

 ≈ 16, h
+

 ≈ 8, t
+

 ≈ 0.3 
L
1
 

(mm) 
L
2
  

(mm) 
L
3
 

(mm) L
1

+ L
2

+ L
3

+ Drag  
change 

Continuous blade 
(L = 0.035 m) ∞  0 0 ∞ 0 0 - 9% 

Aligned-segmented 

blade 

2.0 
4.0 
6.0 

1.0  0 
32 
67 
99 

16 
17 
17 

0 
- 2.1% 
- 3.3% 
- 4.3% 

4.0 

1.0 
2.0 
4.0 
6.0 
9.4 

 0 

67 
68 
66 
68 
66 

17 
34 
66 

101 
154 

0 

- 3.3% 
- 3.6% 
- 3.7% 
- 5.0% 
+ 5.2% 

Staggered-segmented 

blade 4.0 1.0 
0.0 
1.0 
2.0 

67 
67 
66 

17 
17 
17 

0 
17 
33 

 - 3.3% 
 - 3.2% 
 - 3.2% 
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Table 3  Summary of effect of riblet geometry on drag 

 
Notes: Vortex non-dimensional diameters increase with Re – 20 to 45 for Re from 2500 to 13,000. Vortex non-

dimensional lengths predominately range from 100 to 200. 
 

(a)  Continuous riblet conclusions 

Parameter Observation Basis 

Spacing 

(s
+

) 
Optimal riblet spacing should be around 
15–20 non-dimensional units. 

Vortices have a diameter of 30–40 non-
dimensional units. With optimal riblet spacing, 
these vortices can be lifted up away from the 
riblet surface decreasing overall drag. 

Height  
(h
+

) 
Optimal riblet height should be around 8–
10 non-dimensional units. 

Riblets that are too tall protrude too far into the 
flow increasing drag over the entire surface. 
Riblets that are too short do not effectively lift the 
vortices away from the surface decreasing 
sweeps and ejections. 

Thickness 

(t
+

) 
Thinner riblets are better; however, at 
very small thicknesses, little drag 
differences are seen. 

The majority of drag occurs at the riblet peaks 
and with thinner riblets, there is less drag at the 
peaks. Most of riblet surface area comes from the 
spacing and height parameters, and so, thickness 
plays a smaller overall role in drag change. 

 
(b)  Segmented riblet conclusions 

Parameter Observation Basis 

Riblet 
gaps 

Riblet gaps should be smaller than 
streamwise vortex lengths to increase 
chances of lifting vortices. Gaps should 
have lengths less than 100 non-
dimensional units. 

Streamwise vortices predominately have lengths 
of 100–200 non-dimensional units and as gap 
length increases, the likelihood of a vortex fitting 
within the gap increases along with increasing 
drag. 

Riblet 
offsets 

Riblet offsets by themselves have little 
effect on drag, but increase the chance 
for contaminant particles to be ejected 
from the channels. 

Riblets with offsets are still able to lift vortices 
from the surface decreasing sweep and ejection 
events associated with high drag. 

 
(c)  Continuous vs segmented configurations 

Observation Why segmented? 

Continuous riblets have a drag reduction on the 
order of 10% whereas aligned-segmented and 
staggered-segmented have drag reductions on the 
order of 5% and 3%, respectively. 

Segmented riblets may help sharks to swim by creating 
a deformable surface since the scales can individually 
pivot and/or in contaminant ejection to keep the shark 
clean by providing a path for particles to be removed 
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Figure Captions 

 

Figure 1 Scanning electron microscopy (SEM) micrographs of shark skin samples shown at two 

magnifications. Actual Mako
9
 (top) and replica Spiny Dogfish

8
 (bottom). This Mako shark has 

riblets that have little gaps and no offsets (referred to as aligned-segmented riblets), whereas this 

Spiny Dogfish has gaps and offsets between the riblets (referred to as staggered-segmented 

riblets). 

  

Figure 2 Turbulent flow visualization of streamwise vortices in a vertical cross-section over flat 

plate and riblet surfaces using atomized olive oil in air
21

 showing how vortices were lifted up 

above a surface with appropriate riblet dimensions in order to obtain a drag reduction. 

 

Figure 3 Model of vortex pair interaction on flat surface and single vortex interaction on riblet 

surface. A streamwise vortex has a diameter �� that ranges from 5–115 non-dimensional units
28

 

with an average diameter of 30 non-dimensional units
28,34,35,37

 for the streamwise vortices with 

the center of the vortex in the buffer layer 5 ≤ �� ≤ 30. Due to the streamwise vortices lifted 

above the riblets, vortices within the riblet valleys are formed. The longitudinal length of the 

streamwise vortex generally ranges from 100–200 non-dimensional units.
38,40

 

 

Figure 4 (a) Computational domain of the riblet model for an aligned-segmented case showing 

geometry and riblet dimensions. The flat surface is on the top wall, and the riblet surface is on 

the bottom wall. (b) Configurations for the riblet geometry cases showing continuous; aligned-

segmented; and staggered-segmented styles with the various riblet gap and offset parameters. (c) 

Vortex schematic showing lateral dimensions that were measured and analyzed. 

 

Figure 5 Non-dimensional mean streamwise velocity profile over a flat surface in order to 

validate the simulation. The dashed lines refer to the linear law and the log-law with the log-law 

formulation of �/� 	= 2.5 ln �� + 5.5. The dotted line refers to Spalding’s law of the wall, and 

the solid line refers to the present study.  

 

Figure 6 Streamwise vortices for Reynolds numbers ranging from 2500–13,000 showing vortex 

lateral dimensions with the diameter increasing as Reynolds number. The diameters increased 

from approximately 20 to 45 non-dimensional units. 

 

Figure 7 Vortices on a flat surface compared to a riblet surface. (a) On a flat surface where 

01 = 4180, vortices are near the surface, (b) (�� = 16, ℎ� = 8, �� = 0.3, 01 = 4180) whereas 

on a riblet surface with a riblet spacing smaller than the vortex diameter, vortices are lifted up. 

(c) (�� = 41, ℎ� = 8, �� = 0.3, 01 = 4180) When the riblet spacing is larger than the vortex 

lateral dimensions, the vortices are not lifted from the surface, and fit within the riblet valleys 

increasing drag. (d) Due to transverse velocity from the vortices, there may be vortices within the 

riblet valleys. (e) The vortices above the riblets have a greater effect on drag due to the stronger 

rotation.  

 

Figure 8 Drag change for the various models plotted against their non-dimensionalized 

parameter. (a) In the models with varying spacing, the varying velocity and viscosity curve 

shows an optimal drag reduction at s
+
 ≈ 20. (b) From the models with varying height, optimal 
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height was found to be at ℎ� 	≈ 	8 − 10. (c) The s
+ 

and h
+
 terms affect drag significantly, 

whereas this range of t
+
 did not affect drag notably.  

  

Figure 9 Vortex lateral dimensions of height and width on the riblet and flat surfaces for the 

various models. With increasing velocity (a), Reynolds number based on channel height 

increases and vortex lateral dimensions also increases. In the models with varying s, h, or t (b-d), 

vortex lateral dimensions remains approximately constant. Average vortices have a greater width 

than height, and vortices on the flat surface are larger than on the riblet surface. Riblets pin the 

vortex keeping them from growing and becoming the same size as the vortices on the flat 

surface. 

 

Figure 10 Vortices are shown on a flat and riblet surface with �� = 16, ℎ� = 8, �� = 0.3, 

01 = 4180, @�� = 68, and @�� = 101. (a) Above the riblets, the vortices are lifted from the riblet 

surface. (b) In the gaps between the riblets, vortices can fall within the gaps or be lifted. On both 

planes, vortices on the flat surface are close to the flat surface.  

 

Figure 11 Vortices are shown on a flat and riblet surface with �� = 16, ℎ� = 8, �� = 0.3, 

01 = 4180, @�� = 66, and @�� = 154. When the gap between riblets becomes large enough, the 

streamwise vortices can fit within the gaps between riblets. (a) The vortices are shown lifted 

above the riblets. (b) The vortices are seen to have fallen below the riblets. The centers of the 

vortices are closer to the wall similar to the flat surfaces.  

 

Figure 12 (a) Normalized Q criterion plotted on the computational domain to show streamwise 

vortices on the flat and riblet surfaces with �� = 16, ℎ� = 8, �� = 0.3, 01 = 4180, @�� = 67, 

and @�� = 17. The lengths and diameters of the streamwise vortices were measured to determine 

their distribution. (b) Distribution of the average diameter of streamwise vortices on flat and 

riblet surfaces. The average vortex diameter is between �� = 20 − 50. The flat surface has 

larger vortex diameters than the riblet surface because the riblets stop the vortices from 

becoming as large as they could become. (c) Distribution of the average length of streamwise 

vortices on flat and riblet surfaces. For the vortex length of 100–200 non-dimensional units, over 

80% of the vortices on both surfaces are within this range. 

 

Figure 13 (a) Drag change for the aligned-segmented cases. As L1
+
 increases, the riblet geometry 

approaches the continuous case and the drag reduction increases. As L2
+
 increases, the riblet 

geometry has greater gaps between the riblets, but the surface is still able to lift the streamwise 

vortices. The drag reduction stays constant and then increases to a drag increasing case once the 

gaps become on the order of the length of the streamwise vortex. (b) Drag change for the 

staggered-segmented cases. As L3
+
 increases, no difference in drag change is seen. It is thought 

that staggered-segmented riblets occur to help create a deformable surface for shark movement 

and in ejection of contaminant particles in the riblet valleys.  

 

 

Figure 14 (a) On a flat surface, vortices are near the surface and generate a lot of drag. (b) 

(�� = 25.3 or �� = 41.2, ℎ� = 8, �� = 0.3, and 01 = 4180) With adequate riblet spacing size, 

streamwise vortices are lifted away from the surface reducing drag and creating an overall drag 

reduction surface. (c) Optimal drag reduction occurred when riblet spacing was approximately 
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23. (d) (�� = 16, ℎ� = 8, �� = 0.3, 01 = 4180, @�� = 66, and @�� = 66 or @�� = 154) Gaps 

between the riblets can be created as long as the gaps remain shorter than the common 

streamwise vortex lengths of 100–200 non-dimensional units.  
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