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In this study, experimental work in the literature about friction on bird-feather like 

structures has been reviewed and one of these was modeled by using CFD 

(Computational Fluid Dynamics) to obtain minimum grid parameters. Coupled with 

obtained optimal grid parameters, the shear stresses of the two-dimensional models 

were investigated at the values of Reynolds number 110,000-470,000. Based on the 

concluded previous study, three-dimensional geometries were modeled with 

reference to two-dimensional models and analyzed with the determined grid 

structure. The results of the analysis are compared with those of the previous 

experimental study in the literature. In the final phase of the study, a drag reduction 

was found to be approximately 30% on the surfaces inspired by bird feathers. 

 
1. Introduction 

 

Reducing the friction at surfaces is an important 

problem for many industries especially in 

transportation where fuel consumption and speed 

are both important parameters. Total drag can be 

reduced not only by optimizing the form of the 

body, but also by changing the surface structure 

so as to reduce viscous friction. In this regard, 

there have been studies conducted with the 

inspiration coming from shark skin and bird 

feathers. Shark skin inspired surfaces reduce drag 

by up to 10%, while bird feather inspired surfaces 

are up to 20%. 

 

Reducing drag allows the objects to spend less 

energy, move faster and cover a longer distance 

and have higher efficiency. For example, the fuel 

consumption of land vehicles, air crafts and ships 

can be reduced by reducing drag. It was reported 

that covering 70% of the surfaces of Boeing and 

Airbus planes with the rough surface structures 

reduced fuel consumption by 1% [1]. 

 

Friction at surfaces can be reduced greatly by 

making micro-scale changes at the surface. Many 

methods have been developed for accomplishing 

this; micro-grooved surface structures employed 

by Pulles (1988), and micro-ballonet structures 

made by Kodama et al. (2005) can be given as 

examples. Many similar methods have been 

developed and each method reduces drag at 

various levels [2, 3]. 

 

It is a known fact that the surfaces of flying 

organisms evolved in the form of microstructures 

which would give the most appropriate shape for 

drag re- duction. For example, microstructures of 

shark skin influence reducing turbulence and 

drag on which much work has been done [4].  
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Longitudinal prominent and discrete surfaces at 

unusual sizes and angles which were designed 

and used at oil-channel experiments by Bechert 

et al. (1997) achieved maximum 8,7% drag 

reduction [1]. Walsh and Lindemann (1984) 

found that 8% drag reduction occurred by 

copying the microstructure of shark skin to the 

surfaces (at the value of s+=15) by his work 

which was also called the effect of shark skin. 

This s+ is the dimensionless distance among the 

micro riblets and calculated with the formula s+ 

= sVτ/v.s refers to the distance among the riblets, 

Vτ refers to the friction velocity and the ν denotes 

viscosity. Friction velocity is expressed as Vτ  = 

/(τ0/ρ), it is related to shear stress on smooth 

surfaces [5]. 

 

To examine the effect of the surface shape on the 

friction resistance, Bourisli and Al-Sahhaf 

(2008) analyzed friction coefficient and velocity 

by a series of simulation tests using riblets in 

three different directions, square, triangular and 

semi-circular. As a result, they found that three 

of the rough surfaces gave less resistance to 

smooth surfaces and that the triangular riblets 

provided the greatest drag reduction [6]. Using 

the simulation software, El-Samni et al. (2007) 

determined the pressure gradient to compensate 

for mass flow on smooth sur- faces such as 

curved surfaces at different protrusions and 

grooves. This system was used to geometrically 

optimize gaps between protrusions and 

protrusions in relation to drag reduction, and a 

reduction of 11% drag was achieved in these 

studies [7]. Ren et al. (2005) studied bionic 

smooth surface evaluation in bending surface 

design [8]. In different sizes, smooth surfaces 

carrying a convex body, pits and protrusions 

were subjected to low speed, subsonic and 

supersonic wind tunnel tests. The results show 

that all of the tested smooth surfaces give 

reduced resistance and the highest drag reduction 

rate is about 5%. To illuminate the mechanisms 

underlying drag reduction on smooth surfaces, 

Sirovich and Karlsson (1997) tested the change 

in drag reduction on V-shaped grooved surfaces 

in the wind tunnel. They have found that 

turbulence energy distribution is reduced by drag 

reduction and that a reduction in turbulence 

energy distribution may be a mechanism used by 

the rough surface approaches [9]. In their study, 

Bullen and McKenzie (2008) observed that 23 of 

bat species living in Western Australia could 

reduce the drag resistance of rough-surfaced 

areas on the head and body skin of high-speed 

flying species by 10% [10]. 

 

Birds are another class of organisms with micro-

structured surfaces. It is known that flight 

movements and soaring patterns of birds are in 

the form to minimize the drag force. The 

microstructure of birds feathers reduces drag 

significantly. Birds have developed excellent 

structures by means of evolution along millions 

of years such as hollow feather shafts and an 

aerodynamic shape for increasing the flying 

performance. The alignment of the riblets along 

the shafts on each wing is a typical feature of bird 

feathers. This provides the nerds of birds feathers 

to be attached perfectly especially for major and 

minor feathers of wings. It is assumed that riblets 

on such microstructures on feathers reduce drag 

strongly [11].  

 

Much work has been done on the prepared 

surfaces which have been inspired by the 

microstructures of the feathers. In the 

experimental work made by Tucker and Parrott 

(1970), Harris falcons floated freely in the air 

tunnel and they measured the minimum drag with 

trimming or without trimming the tip feathers of 

falcons. As a result, they found that trimmed 

falcons increased drag by 70-90% [12]. 

 

Nachtigall (1998) found that, the smooth starling 

model he used experimentally in the air tunnel 

has 14% lower drag than the starling model [13]. 

Figure 1 shows the Starling's position in the wind 

tunnel. In an experiment in the water tunnel, 

Chen et al. (2014) observed that the height/width 

ratio of the drag in three different geometric 

shapes and dimensions that was inspired by bird 

feather is the best at 0.6 and reduces the drag up 

to 21% [14]. Zhou (2006) examined the rough 

surface of pigeon feather. The placement of the 

smooth surfaces with protrusions behind the 

rotary gantry has resulted in a drag reduction of 

16.56% as measured by the simulation test [15]. 
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Figure 1. (a) Starling, flying horizontally in wind 

tunnel, (b) same starling and wind tunnel conditions, 

the starling wearing a respiration mask [13] 

 

The present study aims to examine micro-

grooved structures in varied sizes. The change in 

drag is examined in three stages on artificial 

surfaces inspired by the structure of pigeon 

feather. In the first stage, the experiment by Chen 

et al. (2013) were modeled in the CFD 

environment under the same inception and 

boundary conditions. The purpose of this step is 

to determine the differences between the 

experiment and CFD results [16]. In the second 

step, the effect of geometric dimensions and 

shapes of riblets on drag is examined by 

changing height, width and geometric shapes and 

dimensions, and the optimum parameters are 

determined. Finally, the change in drag by 

changing s+ rate is computed for this optimum 

shape. This study shows that designing new 

models of various sizes and geometries can 

further reduce the drag. 

 

1.1. The Structure of bird feathers 

 

Although the structure of bird feathers changes 

according to the species, the general features are 

similar. Feather geometry evolved according to 

the environmental conditions in different 

geographical regions and reached the most 

suitable structure. The wings covered with 

feathers are flighting mechanisms of birds. The 

wings have changing drag values on different 

wing surface and wing width ratios [17]. 

 

 
Figure 2. Microscopic  appearance  of  flight feather 

[18] 

 

Microscopic examination of the feather structure 

shows that feather nerds are aligned bilaterally 

along the shaft. The strings between the adjacent 

nerds run correspondingly along the nerd. As 

seen in Figure 2 by locating the inner and outer 

sides up to the shaft, the microstructure strings 

form the feather riblets. Due to the micro grooved 

protruding structures on the feather, riblets 

interact with the flow and crossflow velocity 

fluctuations occur through riblet holes. These 

fluctuations affect surface shear stress and 

momentum transfer positively and reduce drag. 

Although the distance between the strings, s, is 

the same everywhere, the height of strings, h, 

goes down as one moves away from the nerd. 

Generally, the rate of h/s of the feathers changes 

between 0.2 and 0.9. 

 

2. Numerical Methods 

 

2.1.  Turbulence model 

 

The turbulence model has immense importance 

in computational studies. The choice of 

turbulence model changes depending on flow 

geometry. A study comparing results obtained by 

using different turbulence models with the 

experimental results was carried out by Shi et al. 

(2016). The mentioned study concluded that 

RNG turbulence model with k-ε equations was 

the one that gave the closest results to the 

experimental values [19]. 

 

RNG turbulence model with k-ε equations gives 

better results for rapidly strained flows and 

swirling flows [19]. RNK k- ε model can be 

written as 

 
𝜕

𝜕𝑡
 (𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖 ) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘µ𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 +

𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘                                              (1) 
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∂

∂t
 (ρε) +

∂

∂xi
(ρεui ) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀µ𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) +

𝐶1𝜀
𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀           (2) 

 

C1ε, C2ε and C3ε are model constants. Gk 

represents the kinetic energy due to the average 

velocity. Ym represents the contribution of the 

fluctuating dilatation in compressible turbulence 

to the overall dissipation rate, the quantities αk 

and αε are the inverse effective Prandtl numbers 

for k and ε, respectively. Sk and Sε are user-

defined source terms. 

 

2.2.  Drag calculations 

 

The drag reduction is characterized by the 

surface friction coefficient differences between 

the selected reference surface and the tested 

surface. The drag reduction ratio (DR) is 

calculated by using the experimental value of 

Chen et al. (2013) and CFD value by the formula 

[16]: 

 

%𝐷𝑅 =
∆𝜏

𝜏
=

𝐹𝑐−𝐹𝑟

𝐹𝑟
                                        (3) 

 

Here, Fc is the friction coefficient of structured 

surface, Fr is the friction coefficient of reference 

surface (smooth surface). The difference 

between the shear stress on the reference surface 

and the shear stress on the tested surface is 

denoted ∆τ. The negative value of DR shows that 

drag decreases, while the positive value shows 

that drag increases. 

 

3. Numerical Methods 

 

3.1. Comparing the results of experiment 

and CFD  

 

This section compares the experimental data of 

Chen et al. (2013) using water tunnel with the 

CFD results under the same boundary and initial 

conditions which the structural parameters of 

bio-inspired herringbone was set as following 

values [16]: s=100m, h/s=0.6, = 60. And, the 

length of horizontal empirical surface 0.04 with 

the generated riblet surface which 0.03 riblet 

surface along. The water tunnel which was used 

for the experiment, the total test tube length was 

0.6 m and the distance between the two-low 

pressure measuring holes was 0.5 m, and the test 

surface was covered in the tube as bonding the 

skins.  

 

The turbulent tube flow that comes to the test 

room at constant temperature is completely 

improved. Figure 3 shows the computational 

environment of the models used along with 

representative figure experimental skin which 

was used in conducted tests. Also, the model 

test surface is considered flat and other 

boundary conditions were practically identical. 

The 1,5% margin of error inflicted of bending 

the test surface in the experiment is considered 

in the analysis results and while calculating this 

difference is also considered. 

 

 
Figure 3. Bird feather model (a) and traditional 

model, (b) used in Chens experiment 

 

For the different s+ values from the result of the 

analysis, changing the drag reduction values of 

the three models was compared with the results 

of the experiment. There is a 1-2% difference 

between the experimental results and the analysis 

results, this difference consists of the mesh 

number and variations inflicted on bonding the 

test surface in the experimental setup. 

Furthermore, the difference could occur due to an 

adverse effect of surface wrinkling. In this 

preliminary study, since the grid structure of the 

model captures the experimental results, this grid 

structure is also used in the newly developed 

models. 

 

The results obtained from two different models 

show that the amount of drag reduction changes 

depending on the surface skin riblet 

replacements. It has been evidently concluded 

that V-shaped skin has greater influence at 

reducing the drag force as calculated data derived 

with the same input values other than skin 

replacement. Consequently, with a higher value 

of drag reduction, V-shaped riblet skin is 

employed in subsequent analyses. In the work by 
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Dean and Bhushan (2010) the effects of variation 

of the h/s ratio on riblets were examined. Based 

on the result obtained by Dean and Bhushan 

(2010), h/s ratio critical impact, as well as skin 

replacement, led the research to focus in 

examination to various h/s ratio model with the 

same riblet adjustment as a support that the total 

amount of drag reduction can be increased by 

regenerating ratio [20]. The results of CFD and 

H. Chens experiment in Figure 4. 

 

 
Figure 4. The results of CFD and H. Chens 

experiment 

 

3.2. The effects of surface feature’s size and 

shapes on Drag - Dimension effects 

 

At this stage, firstly, models are designed as 2 

dimensional in varied sizes and shapes. 

According to the results obtained from 2-

dimensional analysis, the value of apical angle 

being kept constant, the effects of the dimensions 

and shapes of riblets on drag reduction is 

evaluated at the second stage. Models that gave 

reliable results at the end of analysis are 

redesigned as 3 dimensional models. Designed 3 

dimensional models were analyzed in computer 

environment and the reduction in drag for 

different s+ values examined. 

 

3.3. Examination on 2 dimensional 

geometries 

 

On prepared models inspired by the bird feather 

structure, drag values change by the geometric 

measures of the feather structure. The change in 

shear stress due to the geometric shape of the 

riblet, its height h and width s, was studied. The 

geometric features that would be used in 3 

dimensions were determined by optimizing 

geometries that were created on two dimensions 

(Figure 5). The geometric shapes of the models 

used are shown below. The total length of the 

models is all 0.0022 m. 

 

The change in shear stress with width and height 

are examined initially by changing width values 

s at constant height values h, and then with 

constant width and changing height of different 

prepared geometric shapes of models. 

Dimensions of the models are shown in Table 1.  

 
Figure 5. The schematic view of the 3D model 

 

3.4. 3D models 

 

E2 and B2 models which gave appropriate results 

in two-dimensional analysis were carried onto 3 

dimensional models and were analyzed using the 

Fluent program. The E2 model which was chosen 

among two-dimensional models was shaped 

identically and in different dimensions with the 

riblet of the micro-grooved V-shaped model used 

in Chen et al. (2013) experiment [16]. The B2 

model which gave the best results was formed in 

different geometric shapes and dimensions. The 

length and width of the models are taken as 0.035 

m. The type of the models are given in Figure 6 

and the dimensions are given in Table 2. The 

riblet of the apical angle in both models is 60 

degrees. The riblets were mutually aligned, and 

the angle denoted as φ is 60 degrees. The height 

of flow area was taken 20 times more than the 

height of riblet. 

 

 
Figure 6. (a) type A model (b) type B model (c) 

type C model (d) type D model (e) type E model (g) 

type G model 
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3.5 Mesh resolution 

 

Models were meshed by observing the y+ value 

was less than 1 with the analysis mesh and ICEM 

CFD. All 2-dimensional models are made up of 

about 100.000 calculation elements while 3 

dimensional models are made up of 5 million. 

The height of the calculation area was taken 20 

times more than the height of riblet of the model. 

The general mesh view of the models is shown in 

Figure 7 and the shear stresses of two-

dimensional models are shown in Figure 8. 

 

3.5.1 Mesh structure in two-dimensional 

model 

 

The Ansys-Mesh program was used for meshing 

the two-dimensional models. The mesh was 

created in two stages, first the large cells forming 

the control volume and then the small cells near 

the surface. The inlet, outlet and outer surfaces of 

the flow volume were formed by triangular cells. 

The middle volume of the flow volume was 

formed with rectangular cells. The numerical 

mesh structure was prepared with smaller and 

denser cells on the surface to be analyzed and 

larger and sparser cells towards the walls of the 

flow volume. The reason for creating cells with 

different sizes and shapes in the flow volume is 

to ensure faster convergence of the analysis.  

 

 
Figure 7. Mesh view of two-dimensional model

 

 

Figure 8. Shear stresses of two-dimensional models 

 

The mesh structure has an average mesh quality 

of 0.72, with a maximum quality of 1 and a 

minimum quality of 0.0260. Cells with low mesh 

quality will have no effect on the analysis since 

they are not on or near the walls of the flow 

volume, i.e. on or near the surface to be analyzed. 

 

3.5.2. Mesh structure of the three-

dimensional mode 

 

The dimensions of the flow volume were chosen 

small enough not to disturb the flow in order to 

reduce the computation time. At the same time, 

the side walls of the flow volume were taken as 

symmetry to reduce the computation time. Thus, 

the number of meshes was halved. Most of the 

cells in the numerical mesh structure were placed 

in the boundary layer of the surface to be 

analyzed. 

Mesh structures have an average mesh quality of 

0.6-0.7, with a maximum quality of 1 and a 

minimum quality of 0.00267. Cells with low 

mesh quality will have no effect on the analysis 

since they are not on the walls of the flow 

volume, i.e. on or near the surface to be analyzed 

(Figure 8). 

 

3.6. Analysis of  models 

 

Models were analyzed in the ansys-fluent 

program as time-independent. RNG k-was 

chosen as the turbulence model with enhanced 

wall treatment. Water has taken as fluid with the 

velocity of 1-5 m/s and analyzed separately for 

each case. The turbulence density taken 5% and 

the turbulence viscosity ratio taken 5. 
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Table 1 2D Dimensions of the models 

Constant s         

Model No. h1(µm) h2(µm) h3(µm) s(µm)       

A1 50 20 — 100       

A2 50 26 — 100 10 — B4 80 60 30 

A3 55 25 — 100 5 — B5 90 60 30 

A4 55 31 — 100 5 — B6 110 60 30 

B1 60 30 — 100 — — B7 120 60 30 

B2 60 36 — 100 — 
 
 
 

— C3 70 50 — 

C1 50 — — 100 10 
 
 
 
 

5 C4 80 50 — 

C2 55 — — 100 5 10 C5 90 50 — 

D1 60 58 — 100 — 
 
 
 
 

— C6 110 50 — 

E1 60 — — 100 — — C7 120 50 — 

E2 70 — — 100 — — E3 70 60 — 

F1 50 — — 100 10 — E4 80 60 — 

F2 70 — — 100 — 
 
 

— E5 90 60 — 

G1 60 30 30 100 — — E6 110 60 — 

G2 60 36 30 100 — — E7 120 60 — 

 

Table 2. 3D models dimension table 

Models L(m) s(µm) h1(µm) h2(µm) 

E2-3D 0.03 100 70 — 

B2-3D 0.03 100 60 36 

 

Fluid particles do not slip because the velocity of 

the fluid contacting parts of the wall is zero. For 

this reason, a no-slip condition is preferred for 

the flow volume walls and the surface to be 

analyzed. In 3D models, the sides are 

symmetrical and the outlet pressure is equalized 

to the atmospheric pressure (Figure 9). The 

SIMPLE algorithm was chosen as the solution 

method and the convergence criterion was taken 

as 10-5 (𝐶1𝜖 = 0,43; 𝐶2𝜖 = 1,92; 𝐶3𝜖 = 0,09). 

The shear stresses of the models were 

investigated at the values of Reynolds number 

110,000-470,000. Simulate the 3D geometry is 

shown in Figure 10. 

 

 

Figure 9. Simulation model of 3D geometries 

 

Figure 10. General cross-sectional image of 3D 

models 

 

4. Results 

 

The validity of the CFD study has been 

demonstrated by comparison with the 

experimental work in the literature. Shear 

stresses, one of the drag reduction parameters, 

were investigated in 2D models of 30 different 

sizes and shapes. The comparison of surface 

shear stresses in models from the analysis is 

given in Figure 9. It is found that the shear 

stresses of E2 and B2 models are lower than other 

models. The velocity vectors of E2 and B2 

models near the wall are shown in Figure 11. As 

seen in the figures swirls interact with the points 

of riblet and create low-velocity areas in the 

spaces of holes. These low-velocity areas create 

low shear stress with the cross-flow velocity 

fluctuations [3]. 
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Figure 11. Velocity of E2 and B2 models at the 

sections near the wall 

 

If these stress values are much at the points of 

riblet, they stay only in a very small area. Most 

of the surface area has low surface stress. In this 

study, in the analysis which has different 

parameters on geometries shear stresses, initially 

with the values of geometries which has constant 

width s, changing height h and constant height h, 

changing width s are examined. According to the 

results, it was pointed geometry gave the best 

results. It has been observed that, the analysis 

made on this geometry with the constant width 

and changing height by decreasing the value h 

provides better results on reducing drag of 

geometry. It has been observed that, as the height 

value increases, it affects negatively, and the best 

result has been taken on 60-70 micrometers. 

 

For the width values as the width increases better 

results increases parallelly while s value was 

found to give worse results than values were 

greater than 120 micrometers. On the prepared 

B2-3d and E2- 3d models which inspired of 2 

dimensional models, alternately from 18% to 

30% drag reduction has been found. In Figure 12, 

the results of Bechert et al. (1997) experimental 

work with the results of this study about how 

different s+ values change the drag was 

compared [1]. The drag reduction for both 

models was observed to be maximum at s+  ≈ 15 

value. 

 

 

Figure 12. DR/s+ comparison of CFD and Bechert’s 

experiment 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 13. Cross-section velocity contour graphics 

of the B2-3d and E2-3d models near the wall 

 

As it observed in the cross-section velocity 

contour, the viscous substratum of the E2-3d 

model is thicker than the B2-3d model. 

Consideration of the viscous lower layer removes 

turbulent swirls from the surface and it works as 

a drawing compound for the surface drag 

reduction. B2-3d and E2-3d near wall section 

velocity contour plots are shown in Figure 13. 

 

5. Conclusion 

 

The CFD studies which were made by using k-ε 

turbulence model are close to the experimental 

results. 2-dimensional studies show that riblets 

that have pointed geometry give better results 

than the rounded models. In 3-dimensional 

models drag was reduced by up to 30%. This 

B2 

E2 

E2-3d 

B2-3d 

E2-3d 
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study shows that optimizing surface shapes and 

dimensions achieves good drag reduction. 
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