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Abstract : In the flow around a circular cylinder, a sudden decrease in the drag force occurs at a 
high Reynolds number, but the same phenomenon occurs at a lower Reynolds number in the case 
where there exist grooves or roughness on the circular cylinder surface. In this paper, in order to 
make clear the flow characteristics around a circular cylinder in the case of changing the shapes 
of grooves, the drag coefficient, pressure distribution, velocity distribution and turbulent 
distribution were measured. Moreover the flow around the cylinder was analyzed by applying the 
RNG k - � turbulent model, and the surface flow pattern was investigated using the oil-film 
technique. From these results, it is clear that the drag coefficient of a circular cylinder with 
triangular grooves decreases by about 15% compared with that of a circular cylinder with arc 
grooves. 

Keywords : Circular Cylinder with Grooves, Flow Characteristics, Drag Coefficient, Flow 
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1. Introduction 
In the case of a circular cylinder in uniform flow, a sudden decrease in the drag force occurs at a high 
Reynolds number Re =3x105, but it is known that the same phenomenon occurs at a lower Reynolds 
number in the case where there exist grooves or roughness on the circular cylinder surface. Such a 
drag reduction phenomenon can be applied to a vessel, an airplane, an electricity line, etc. for 
improving energy efficiency, or reducing the wind load.  

A cylinder with roughness was examined experimentally by Achenbach and others (Achenbach, 
1971 and Achenbach et al., 1981) and Adachi and others (Adachi et al., 1989). A cylinder with grooves 
was examined by Oki and others (Oki et al., 1994 and Oki et al., 1999), Lee and others (Lee et al., 
1996) and Kimura and others (Kimura et al., 1991) and a flat plate and a sphere with grooves were 
examined by Aoki and others (Aoki et al., 2000 and Aoki et al., 2003). However, the effect of changing 
the shape of the grooves on the flow characteristics around a circular cylinder has yet to be 
completely clarified. 

 The purpose of this study is to investigate the mechanism underlying the flow of two cylinders 
with triangular grooves and arc grooves placed at the same intervals in the vertical direction using 
experiments, numerical analysis and visualization. 
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2. Experimental Apparatus and Method 
2.1 Experimental apparatus  
Figure 1(a) shows the circular cylinder with grooves used for this experiment. The circular cylinder 
with grooves is made of aluminum and is 420 mm in length and 48 mm in diameter. The triangular 
grooves and arc grooves of 3.6 mm in width and 0.5 mm in depth were attached to the surface of each 
circular cylinder at intervals of 11.25° in the vertical direction, and the number of grooves was 32, as 
shown in Figs.1 (b) and (c). Pressure holes 0.7mm in diameter were made on the convex and concave 
parts of the middle section 210mm from the end of the circular cylinder with grooves.  

    
 (A-A section) 

 (a) Circular cylinder with grooves (b) Triangular grooves (c) Arc grooves 

Fig. 1. Shape of grooves and location of the pressure holes (Unit : mm). 

A schematic diagram of the experimental apparatus is shown in Fig.2. The experiments were 
conducted in a 400mm x 400mm wind tunnel. The wind tunnel is a circulating type, with a 
turbulence intensity of about 0.65% and a maximum speed of around 35 m/s. The circular cylinder is 
placed vertically in the measuring section of the wind tunnel. The flow around the circular cylinder 
was examined for Reynolds numbers Re=Ud/� (d : diameter of cylinder, U : uniform flow velocity, � : 
kinematics viscosity) ranging from 1x104 to 1x105 . 

 
Fig. 2. Experimental apparatus. 

 
2.2 Measurement and visualization 
The drag is obtained from changing the momentum in front of and behind the cylinder. 
Measurements of the velocity were made using an IHW hot-wire anemometer by moving the hot-wire 
probe in the y-axis direction. The output signals were digitized on a personal computer. Previously, 
the drag coefficients CD of the smooth circular cylinder were obtained using this drag measurement 
method. Confirming that these drag coefficients CD equal the drag coefficients of a smooth cylinder 
shown by Wieselsberger (Wieselsberger, 1921), the drag coefficients CD of the circular cylinder with 
grooves were obtained. 

The circular cylinder is placed vertically in the measuring section of the wind tunnel and the 
convex part is set facing the direction of flow. The difference in pressure between the surface pressure 
of the circular cylinder and the static pressure of the tunnel wall was measured using a digital 
manometer and imported into a personal computer. 

For visualization, the surface of the circular cylinder was painted black and covered by a white 
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oil-film that was dissolved in a solution of titanium oxide composed of liquid paraffin and olein-acid. 
The photographs of the circular cylinder surface were taken using a digital camera. 

3. Numerical Analysis 
The numerical analysis was performed using the versatile fluid analysis software package Fluent 6.1 
using the finite volume method. The analysis was made in unsteady two-dimensional turbulent flow. 
The RNG k–� model was used as a turbulent model.  

A complete view of the mesh is shown in Fig.3. The boundary conditions are listed in Table 1. 
 

  Table 1. Boundary conditions. 

   
 Fig. 3. Whole meshes (Grid number=9x10

4
). 

4. Results and Consideration 
4.1 Drag coefficient  
The drag coefficient CD is given from the result of drag measurements. Figure 4 shows the variations 
in the drag coefficients CD with the Reynolds number Re for cylinders with grooves.  

 

Fig. 4. Drag coefficient of circular cylinders with grooves and a smooth cylinder. 

 
The measurement by Wieselsberger (Wieselsberger, 1921) on a smooth cylinder is also 

included for comparison. From this figure, the experimental value for the smooth cylinder agrees 
with the measurement of Wieselsberger (Wieselsberger, 1921)  in the range of Reynolds numbers Re 
=1x104 ~ 1x105. The drag coefficient CD for the cylinder with triangular grooves falls abruptly to a 
minimum value of about 0.59 at a Reynolds number Re =4x104, and then increases slightly, reaching 
a constant value of about 0.8. It is clear that the drag coefficient CD for a circular cylinder with 
triangular grooves decreases by about 15% compared with a circular cylinder with arc grooves in the 
range of the supercritical and hypercritical region from the critical region. Moreover, the results of 
numerical analysis show a tendency to agree well with the experimental values. 
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4.2 Pressure distribution 
The computational results of the pressure coefficient Cp distributions near the cylinder surface at Re 
=1x105 are shown in Figs.5 (a) and (b). From these results, it is clear that the pressure coefficient in 
the convex part of the circular cylinder with triangular grooves becomes smaller compared with that 
of the circular cylinder with arc grooves.  

The computational and experimental results of the pressure coefficients Cp on the cylinder 
surface at Re =1x105 are shown in Fig.6. The ordinate shows the pressure coefficients Cp and the 
abscissa shows the angle � from the stagnation point. The results of the numerical analysis show a 
tendency to agree well with the experimental values. From the cylinders with triangular grooves and 
arc grooves in the upstream (� =0~90°), it was found that the values of Cp change periodically, the 
pressure becomes large in the concave and small in the convex grooves. The backpressure coefficient 
Cpb in the downstream becomes almost constant. 

   
 (a) Triangular grooves (b) Arc grooves 

Fig. 5. Pressure distribution near each circular cylinder (Re=1x10
5
). 

 

 
Fig. 6. Pressure distribution on each circular cylinder (Re=1x10

5
). 

 
The computational results of the pressure distribution and streamlines near the surface of the 

triangular grooves for Re =1x105 (as in Fig.6) are shown in Fig.7. This figure shows the state of the 
streamlines along the surface of the cylinder. They are separated into parts in the convex part of the 
groove and reattach in the concave part of the groove. It was found that the position of reattachment 
is located near the point of maximum pressure from the pressure distribution. 

Figure 6 focuses on the details of the pressure coefficient distribution for the cylinder with each 
groove in the upstream side shown in Fig.8. From Fig.8, it is clear that the flow around the cylinders 
with triangular grooves and arc grooves display repeating partial separation and reattachment from 
upstream of the grooves to downstream; the reattachment position in the concave part of the groove 
shifts to the downstream side in the concave part of the groove. It is also clear that in the groove of 
the same angle from the stagnation point, the reattachment position of the cylinder with the 
triangular grooves is located on the upstream side compared with that of the arc grooves in the 
concave part of the groove.   
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 Fig. 7. Pressure distribution and streamlines Fig. 8. Pressure distribution on the surface 

 near the surface (Re=1x10
5
). (Re=1x10

5
). 

 
4.3 Visualization and velocity distribution 
Figures 9(a) and (b) show the flow patterns along the triangular grooves and arc grooves which were 
visualized using the oil-film technique and numerical analysis for Re =1x105.  
   

 (a) Triangular groves (b) Arc grooves 

Fig. 9. Oil-pattern and streamlines along the triangular grooves and arc grooves (Re=1x10
5
). 

 
It was found that the partial separation and reattachment are repeated by the effects of 

grooves for each of the cylinders and that the separation for the cylinder with triangular grooves 
occurs at about � =100°, although that with arc grooves occurs at about � =90°. The position of 
reattachment in the triangular groove is on the upstream side compared with the case in arc groove 
and the reverse flow inside the triangular groove is less than in the arc groove at the same angle � 
from a stagnation point. 

The velocity distributions near the cylinder surface at Re =1x105 are shown in Figs.10 (a) and 
(b). Figures 10(a) and (b) show that the high velocity region for the circular cylinder with triangular 
grooves becomes larger compared with the circular cylinder with arc grooves in the boundary layer. 

   
 (a) Triangular grooves (b) Arc grooves 

Fig. 10. Velocity distribution around each circular cylinder (Re=1x10
5
). 
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Figure 11 shows the variations in the velocity gradient (du/dy)y=surface on the surface of a 
cylinder with an angle � from the stagnation point at Re =1x105. The position of the grooves is shown 
in the lower part of this figure. The position of the velocity gradient (du/dy)y=surface=0 corresponds to 
the position of partial separation and reattachment. The velocity gradient (du/dy)y=surface<0 
corresponds to the reverse flow inside the groove. For the cylinder with triangular and arc grooves, 
repeating the partial separation and reattachment by the effects of the grooves, the separation for 
the cylinder with triangular grooves occurs at about � =100 ~ 103°, although that with arc grooves 
occurs at about � =89 ~ 92°. 

 
Fig. 11. Velocity gradient around the circular cylinder with triangular grooves and arc grooves (Re=1x10

5
). 

 
The experimental and computational results of the velocity distributions of the convex part at 

� =78.75° and 90° on the cylinder surface at Re =1x105 are shown in Figs.12 (a) and (b). The ordinate 
shows y/d (y : distance from the center of the cylinder to the measurement position, d : diameter of 
the cylinder) and the abscissa shows u/U (u : velocity component in the x direction, U : uniform 
velocity). 

   
 (a) �=78.75° (b) �=90° 

Fig. 12. Velocity distribution around each circular cylinder (Re=1x10
5
). 

 
The location of the surface of the cylinder is given by�y/d=0.5 at � =90°. The results of the 

numerical analysis show a tendency towards agreement with the experimental values. Figures 12(a) 
and (b) show that the velocity distribution for the circular cylinder with triangular grooves becomes 
larger compared with the circular cylinder with arc grooves in the boundary layer. Also, the velocity 
distribution at � =90° becomes smaller compared with the velocity distribution at � =78.75° in the 
boundary layer. It is clear that the separation point of the circular cylinder with triangular grooves 
shifts towards the downstream side since the convex part of the velocity becomes larger compared 
with that in the circular cylinder with arc grooves in the boundary layer. 

 
4.4 Turbulent distribution 
The turbulent kinetic energy k distributions near the cylinder surface at Re =1x105 are shown in Figs. 
13(a) and (b). The turbulent kinetic energy becomes large in the concave. 
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 (a)  Triangular grooves (b) Arc grooves 

Fig. 13. The turbulent kinetic energy distribution around each circular cylinder (Re=1x10
5
). 

 
The experimental results of the turbulent distribution ut/U (ut :turbulent velocity component in 

the x direction) and the computational results of the turbulent kinetic energy distribution k /U 2 of 
the convex part at � =73.1° on the cylinder surface at Re =1x105 are shown in Fig.14 and Fig 15. The 
tendency of the turbulent distribution and the turbulent kinetic energy distribution is well in 
agreement. 

 
   

 Fig. 14.  Turbulent distribution in the Fig. 15.  Turbulent kinetic energy distribution  

 concave part at �=73.1°(Re=1x10
5
). in the concave part at �=73.1°(Re=1x10

5
). 

5. Conclusions 
The results of experiments and numerical analysis around cylinders with grooves lead to the 
following conclusions: 
(1) The drag coefficient CD for circular cylinder with triangular grooves decreases by about 15% 
compared with circular cylinder with arc grooves. 
(2) From the pressure distribution, the position of reattachment in the groove was found to be located 
near the value of maximum pressure. 
(3) The position of reattachment for the triangular groove exists on the upstream side compared with 
that for arc groove and the reverse flow inside triangular groove is less than that for arc groove at the 
same angle � from a stagnation point.  
(4) For the cylinder with triangular and arc grooves, repeating the partial separation and 
reattachment by the effects of grooves, the separation for the cylinder with triangular grooves occurs 
at about � =100 ~ 103° although that with arc grooves occurs at about � =89 ~ 92°. 
(5) It was found that the separation point of the circular cylinder with triangular grooves shifts to the 
downstream side since the turbulent kinetic energy becomes large in the concave beyond � = 90°. 
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