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Abstract 

Our research focuses on contributing to the sizing study of riblets on multiform bodies 
in incompressible subsonic flow. We tackled this issue experimentally using a 
subsonic wind tunnel. The experiment involved measuring the drag on three smooth-
walled bodies (sphere, ogive, wing) at various flow velocities. By analyzing the 
experimental data, we were able to determine the optimal riblet dimensions to apply 
on the surfaces of the tested bodies. The primary goal was to assess the riblets' 
effectiveness in reducing drag. Our findings indicate a potential for significant drag 
reduction, which can improve the aerodynamic performance of these bodies in 
subsonic flow conditions. 
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1. Introduction 

Renewable energy sources, such as solar, wind, and hydroelectric power, are becoming 
increasingly important in the quest for sustainable development and environmental 
conservation.[1-3] Aerodynamics is one of the branches of fluid mechanics. It is specifically 
devoted to the study of air flow and, more practically, around obstacles. Examples of 
applications of aerodynamics include studying an airplane's movement in flight, analyzing 
wind forces on a building, and understanding the operation of a windmill. The development of 
aerodynamics has paralleled advancements in other sciences, such as computing, with 
increasingly powerful computers despite their cost, experimental techniques (wind tunnel 
testing), and of course, mathematics, with significant progress in numerical techniques for 
solving the generalized NAVIER-STOKES equations in fluid mechanics. 
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For several years, researchers in fluid mechanics and energy have made significant efforts to 
reduce friction drag, knowing that it represents about 40 to 50% of the total drag of a 
transonic transport aircraft. Among the passive methods generally studied, we find the control 
of shock wave/boundary layer interaction by implementing porous surfaces and cavities with 
different geometric characteristics and modifying the wall geometry using longitudinal 
grooves or "riblets." This second technique seems the most attractive because it is relatively 
easy to implement and very promising for aircraft application. In the following, we will 
present the important works and results conducted in various laboratories worldwide. For 
controlling shock wave/boundary layer interaction. Bur et al.[4] mentioned that this control 
technique was suggested by Bushnell Whicomb from the NASA Langley Research Center in 
1979. From 1980 onwards, these works were continued by Nagmatsu from the Rensselaer 
Polytechnic Institute. Thus, Bahi et al. [5] applied passive control to a supercritical profile 
mounted on the wall of a small transonic channel. A study conducted by Ider et al. [6]at 
CERT-ONERA, as part of transonic profile drag reduction, also implemented the passive 
control technique. Despite purely experimental difficulties, it seemed that significant gains 
were envisaged by reducing the hole diameter to the order of a tenth of a millimeter to ensure 
better distribution of transverse flows and having low roughness. Riblet structures usually 
have heights ranging from a few micrometers to several hundred micrometers. Their function 
is to inhibit the lateral movement of coherent turbulent structures near the wall (e.g., [7]). 

In addition to experimental efforts, several numerical simulations have provided a deep 
understanding of turbulent flow and the behavior of coherent vertical structures near riblets 
(e.g., [8-11]). Recently, Garcia-Mayoral and Jimenez [12], using direct numerical simulations, 
proposed a new parameter for evaluating riblet performance: the non-dimensional square root 
of the groove cross-section. This parameter appears to better unify the different results 
obtained by various researchers.Some experimental studies have focused on the performance 
of riblets on airfoils. Experiments using a NACA 0012 airfoil section at relatively low 
Reynolds numbers [13-15]have shown drag reduction. Although this airfoil section is not used 
in wind turbines, its well-documented performance makes it an excellent subject for 
comparative analysis with riblets. 

In this context, our work aims to contribute to the study of riblet sizing on multiform bodies in 
incompressible subsonic flow. This work is based on an experimental study of the drag of 
these bodies conducted in a subsonic wind tunnel. The primary objective is to determine the 
optimal dimensions and configurations of riblets that can be applied to the surfaces of 
different bodies to minimize drag. We conducted experiments on three different smooth-
walled bodies: a sphere, an ogive, and a wing. For each of these bodies, we measured drag at 
various flow velocities. The experimental setup included a subsonic wind tunnel equipped 
with precise measurement instruments to capture data on the aerodynamic forces acting on the 
bodies. By analyzing this data, we aimed to understand how riblets affect the flow dynamics 
and drag characteristics of each body type. 

Our analysis involved comparing the drag measurements of smooth-walled bodies with those 
modified with riblets. We examined how different riblet geometries influenced the drag 
reduction and identified the most effective configurations. This research has the potential to 
significantly enhance the aerodynamic performance of various structures, particularly in 
aviation, by reducing friction drag and improving overall efficiency. Our study provides 
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valuable insights into the design and application of riblets for drag reduction in 
incompressible subsonic flow. The experimental results highlight the importance of precise 
riblet sizing and configuration for maximizing their effectiveness. This research contributes to 
the broader field of aerodynamics and fluid mechanics, offering practical solutions for 
improving the performance of multiform bodies in subsonic flow conditions. 

2. Experimental set-up 

The machine utilized was specifically designed for testing and demonstrations in 
aerodynamics and fluid dynamics (see figure 1). It is an open-circuit subsonic wind tunnel 
with a square test section. With a wide range of available accessories, it enables a variety of 
tests to be performed, including: 
Comparing different methods for measuring velocity and pressure. 
Determining the drag coefficient of various bodies (disk, cone, aerodynamic bodies, half-
wing)(  see figure 2.). 
Measuring the resistance and thrust coefficients of half-wings at different angles of incidence. 
Studying boundary layers. 
 

                                 
 
 
        
 
 

Sphere                                      Ogive                                               wing 
 

Figure 1. different solid bodies used. 

 

Figure 2. Operation of the wind tunnel 

1. Model. 
2. Measurement section. 
3. Nozzle. 
4. Flow stabilizer. 
5. Inlet cone. 
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6. Diffuser. 
7. Axial fan. 
8. Two-component electronic force transducer. 
9. Measurement amplifier with force display. 
10. Inclined tube manometer for airspeed. 
11. Control box with fan speed adjustment. 
12. Guide for translatable nozzle. 
13. Laboratory cart with drawers. 

3. Drag measurement 

We conducted measurements on the bodies shown in Figure 1. Table 1 presents the key 
characteristics of our work measured on the wing. 

Table 1. Aerodynamic characteristics of the wing. 

Velocity  
V (m/s) 

Drag 
T (N) 

Pressure 
(m bars)

Mach 
number M 

Drag 
coefficient 

Cx

Reynolds 
number Re  

4 0 0,1 0,01174571 0 26490,0662 
5 0 0,175 0,01468213 0 33112,5828 
6 0 0,225 0,01761856 0 39735,0993 
7 0 0,325 0,02055498 0 46357,6159 
8 0,01 0,425 0,02349141 0,03125 52980,1325 
9 0,01 0,525 0,02642784 0,02469136 59602,649 
10 0,01 0,65 0,02936426 0,02 66225,1656 
11 0,02 0,775 0,03230069 0,03305785 72847,6821 
12 0,02 0,9 0,03523712 0,02777778 79470,1987 
13 0,02 1,05 0,03817354 0,02366864 86092,7152 
14 0,02 1,2 0,04110997 0,02040816 92715,2318 
15 0,02 1,4 0,0440464 0,01777778 99337,7483 
16 0,03 1,6 0,04698282 0,0234375 105960,265 
17 0,03 1,8 0,04991925 0,02076125 112582,781 
18 0,04 2 0,05285567 0,02469136 119205,298 
19 0,04 2,25 0,0557921 0,02216066 125827,815 
20 0,05 2,45 0,05872853 0,025 132450,331 
21 0,06 2,75 0,06166495 0,02721088 139072,848 
22 0,07 2,95 0,06460138 0,02892562 145695,364 
23 0,09 3,225 0,06753781 0,03402647 152317,881 
24 0,1 3,55 0,07047423 0,03472222 158940,397 
25 0,11 3,85 0,07341066 0,0352 165562,914 
26 0,12 4,15 0,07634709 0,03550296 172185,43 
27 0,13 4,455 0,07928351 0,03566529 178807,947 
28 0,15 4,8 0,08221994 0,03826531 185430,464 
29 0,16 5,15 0,08515636 0,03804994 192052,98 
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4. Designing "RIBLETS" 
 
It is important to note that a 20% reduction in aerodynamic drag of airplanes, trains, and 
automobiles results in a 10% reduction in energy consumption (this is an interesting 
percentage). 
Controlling turbulence increasingly involves manipulating coherent vortices to either intensify 
them (in combustion and chemical engineering) or reduce them (in hydrodynamics, 
aerodynamics, acoustics, and hydro-elasticity). 
In the absence of being able to eliminate vortices, efforts can be made to alter their shape and 
organization... Turbulence control remains an emerging and largely empirical science, but the 
rapid development of numerical simulations is certainly expected to advance it significantly. 
In aerodynamics, boundary layer suction delays boundary layer separation. To reduce drag, 
extensive research has also been conducted on self-adapting surfaces and polymer injections 
into the wall, which reduce turbulence. Indeed, the most effective method for reducing drag in 
aerodynamics and hydrodynamics appears to be "riblets." 
Riblets refer to flow-aligned grooved surfaces originally developed at NASA Langley 
Research Center in the early 1970s to reduce turbulent friction. They can also be defined as 
fine longitudinal ridges placed along the flow direction on the surface, resembling corduroy 
fabric (see Figure 4). Riblets are characterized by three essential geometric parameters: 
Base (b) 
Spacing (s) 
Height (h) 
The parameter L represents the manipulated boundary layer length. 

 

 
 

Figure 3. Diagram of "riblets" [16] 
 

The viscous drag D is given by the integral below: 
D ൌ  𝜏௪𝑑𝑆                                                               (1) 

 
When the frictional force is uniform, therefore:: 
 

D ൌ  𝜏௪. S                                                                    (2) 
 

With  
D : drag;    S : surface ;    𝜏w : Friction stress 
The friction speed is given by the expression below: 
 

U𝜏=ට
τ౭

ఘ
                                                                     (3) 

As per [17], the optimal passive control ensuring friction reduction occurs for the 
dimensionless parameters 𝑆ାand ℎା  close to 13. It is noted that a maximum of 8% reduction 
in friction drag compared to a smooth surface is achieved for these 𝑆ାand  ℎା.values. To 
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design riblets, it is necessary to consider the values of friction velocities found in the study of 
flow over a smooth wall, such as: 

Sା ൌ
ୗಜ


    et   hା ൌ

୦ಜ


                                                 (4) 

So, for the worst-case scenario corresponding to the maximum friction velocity value over the 
smooth surface case, we calculate the two geometric parameters S and h. For the maximum 
stress value U (see table 2 ).We calculate the crest dimensionsS. 
ௌτ

జ
   13                                                              (5) 

𝑆  ଵଷజ

τ
                                                                       (6) 

We have 
Uτ୫ୟ୶=3,63636364 (m/s) 

We take the value of S such that 
𝑆 0.053625mm. What we call micro-grooves 
Table 2. Calculations of frictional stress and friction velocity for the wing case. 

Velocity  
 V (m/s) 

Drag 
T (N) 

Friction stress 
𝜏w(N/m2)

Velocity of friction 
Uሺm/sሻ

4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 0,01 1 0,90909091
9 0,01 1 0,90909091
10 0,01 1 0,90909091
11 0,02 2 1,28564869
12 0,02 2 1,28564869
13 0,02 2 1,28564869
14 0,02 2 1,28564869
15 0,02 2 1,28564869
16 0,03 3 1,57264329
17 0,03 3 1,57459164
18 0,04 4 1,81818182
19 0,04 4 1,81818182
20 0,05 5 2,03278907
21 0,06 6 2,22680886
22 0,07 7 2,40522846
23 0,09 9 2,72727273
24 0,1 10 2,87479787
25 0,11 11 3,01511345
26 0,12 12 3,14918329
27 0,13 13 3,27777389
28 0,15 15 3,52089395
29 0,16 16 3,63636364
 

5. Results and discussions 
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Figure 4 illustrates the variation of drag as a function of flow speed. We notice that: as the 
speed increases, the drag increases. For comparison, we notice that: the drag of the wing is 
less than that of the ogive and the sphere due to the geometric shape. Therefore, it is 
preferable to choose suitable aerodynamic shapes. 

"Figures 5,6 and 7 represent the variation of the drag coefficient Cx as a function of the 
Reynolds number Re. As the Reynolds number increases, the drag coefficient increases. We 
also notice: 

If the Reynolds number reaches the value 105, where the air flow is in a transitional regime, 
the drag coefficient remains constant at a value close to 0.5 for the sphere and at 0.04 for the 
ogive. 

On the other hand, the drag coefficient of the wing increases up to the value of 0.035, 
stabilizing at this value when the Reynolds number is greater than or equal to 1.6 × 105." 

To clearly see the influence of the angle of inclination on the value of drag for different flow 
speed values, the corresponding variation laws are represented in Figure 8. 

Figure 8 provides a detailed visualization of how the drag changes with different angles of 
inclination relative to the horizontal plane for the wing. By examining these variation laws, 
one can better understand the aerodynamic behavior under varying conditions and make 
informed decisions about the optimal angles to minimize drag. This understanding is crucial 
for designing efficient aerodynamic shapes and improving overall performance in various 
applications. 

 

 

Figure 4. Variations in drag as a function of speed for different solid bodies 
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Figure 5. Variation of drag coefficient Cx as a function of Reynolds number (case of the 
ogive) 

 

Figure 6. Variation of drag coefficient Cx as a function of Reynolds number Re (case of the 
wing 
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Figure 7. Variation of drag coefficient Cx as a function of Reynolds number (case of the 
sphere) 

 

 

Figure 8. Variation of drag as a function of speed for different angles of inclination relative to 
the horizontal of the wing. 

6. Conclusion 

The initial focus of this study was on calculating drag based on measurements taken from 
three smooth bodies (sphere, ogive, wing). Riblets were designed using the calculated 
maximum friction velocities. Continuing this investigation, we explored the influence of two 
parameters, Reynolds number and inclination angle, on drag: drag increases with higher 
inclination angles and Reynolds numbers. 
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Finally, based on our findings, it is clear that grooves significantly reduce drag. This 
observation underscores the effective drag reduction capabilities of grooves, suggesting their 
potential for practical applications in minimizing aerodynamic resistance and enhancing 
overall efficiency in fluid dynamics. 

Nomenclature 

U, V Velocity component m/s 
S Surface m2 

𝑼ஶ  Axial velocity at infinity m/s 
𝒒ሬሬ⃗   Velocity vector m/s 
p Pressure Kg/ms2 
(x,y) Cartesian coordinates m 
D Drag N 
𝒏ሬሬ⃗   Unit normal vector to a surface element  
U 𝜏 Average friction velocity m/s 
𝜏w Friction stress N/ m2 

              

Greek characters 

𝛌   Thermal conductivity w/m k° s 
μ Dynamic viscosity Kg/ m s 
ν Kinematic viscosity m2/s 
     

Dimensionless numbers 

𝐂𝐱           Drag coefficient Fx/2 𝜌S𝑉ଶ 
Re Reynolds number 𝑉𝐷/𝜍 
M Mach number 𝑉/𝜍  
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