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Abstract : In a circular cylinder with uniform flow, a sudden decrease in the drag force occurs at�a 
high Reynolds numbers;�however, 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. To clarify the flow characteristics around a circular cylinder in the case of changing the 
shape of grooves we analyzed the drag coefficient, lift coefficient, turbulent kinetic energy, 
vorticity and pressure by applying the RNG k –��turbulent model. The shapes of the grooves were 
arced, triangulated and curved. The results showed that the separation point for a circular 
cylinder with curved sectional grooves shifts to the most downstream side and the drag 
coefficient becomes the smallest among circular cylinders with grooves. 

Keywords : Circular Cylinder with Grooves, Curved Sectional Grooves, Flow Characteristics, 
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1. Introduction 
In the case of a circular cylinder with uniform flow, a sudden decrease in the drag force occurs at a 
high Reynolds number Re = 3 x 105; however, 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 vessels, airplanes and electricity lines 
for example, to improve energy efficiency, or to reduce wind load. A circular cylinder with roughness 
was examined experimentally (Achenbach et al., 1971 and 1981; Adachi et al., 1989). A circular 
cylinder with grooves was examined�(Kimura et al., 1991; Lee et al., 1996; Oki et al., 1994 and 1999; 
Takayama et al., 2005; Yamagishi et al., 2005-1). A flat plate and a sphere with grooves were 
examined (Aoki et al., 2000 and 2003).  

Recently, we clarified that the drag coefficient of a circular cylinder with triangular grooves 
decreases by about 11 % compared with circular cylinder with arc grooves and about 33 % compared 
with smooth cylinder (Yamagishi et al., 2004). Moreover, the mechanism of the drag decrease was 
also clarified. The separation bubble becomes smaller in the triangular groove since the geometrical 
space of a triangular groove is smaller than that of an arc groove. Therefore, the large value of the 
turbulent kinetic energy of a circular cylinder with triangular grooves adheres to the surface of the 
cylinder from the upstream to the downstream side. So 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 
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(Yamagishi et al., 2005). This study aimed to investigate the shape of the groove that becomes 
smaller than the drag for triangular grooves based on the mechanism of drag decrease. 

2. Numerical Analysis 
2.1 Analytic Model 
Figure 1(a) shows the circular cylinder with grooves used for this study; it is 48 mm in diameter. 
Grooves of 3.7 mm width and 0.5 mm depth were attached to the surface of each cylinder at intervals 
of 11.25° in the vertical direction, and the number of grooves was 32. Figure 1(b)-1) shows an arc 
groove (Model A). Figure 1(b)-2) shows a triangular groove (Model B). Figure 1(b)-3) shows the 
curved sectional shape I (Model C) which had the corners of triangular groove rounded with a 1 mm 
radius. Figure 1(b)-4) shows curved sectional shape II (Model D) which had the sides of model C 
rounded with a 4.5mm radius to reduce the region of separation bubbles in the grooves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Analytic Method 
Numerical analysis was performed using a versatile fluid analysis software package Fluent 6.2. 
Analyses were made in an unsteady two-dimensional turbulent flow. The RNG k–� model was used 
as the turbulent model. Whole meshes of the analytic region and meshes near the circular cylinder 
surface are shown in Fig. 2. The boundary conditions are listed in Table 1. 
 
 
 
 
 
 
 
 
 
   
 
 
 

(a) Circular cylinder with grooves [Unit : mm]                              (A-A section) 

1) Arc (Model A)                                                 2) Triangle (Model B) 

      3) Curved sectional shape I (Model C)              4) Curved sectional shape II (Model D) 
(b) Sectional shapes of grooves [Unit : mm]

Fig. 1. Circular cylinder with grooves.

(a) Whole meshes (Grid number = 8 x 104)           (b) Meshes near the circular cylinder surface 

Fig. 2. Whole meshes and meshes near the Model D surface. 
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3. Results and Discussion 
3.1 Drag Property 
Figure 3 shows the variations in the drag coefficients CD with Reynolds number Re for Model A (�), B 
(�), C (�) and D (�) by numerical analysis. Experimental results of Model A (�), B (�) and a smooth 
cylinder (	) by drag measurements are shown in this figure. The drag measurements were obtained 
by a wake traverse method based on momentum theory (Yamagishi et al. , 2003, 2004 and 2005). The 
results of numerical analysis were carried out the time average of the results of unsteady analysis. 

For comparison, the measurements on a smooth cylinder (-----) are also included�
( Wieselsberger, 1921). From this figure, the experimental value for the smooth cylinder (-�-) agrees 
with the measurement of Wieselsberger in the range of Reynolds numbers Re = 1 x 104 ~ 10 x 104. It 
is clear that the appropriateness of this drag measurement was proven. The results of numerical 
analysis of Models A (�) and B (�) show a tendency to agree well with the experimental values (� and 
�). It is clear that appropriateness of this numerical analysis was proven. The drag coefficients of 
Models C and D were then calculated using the same numerical analysis method. 

Curve of the drag coefficient can be divided into subcritical, critical, supercritical and 
transcritical region. There is no difference in change of the drag coefficient in respect to the shapes of 
the grooves in the range of the critical region from the subcritical region (Re  = 1 x 104 ~ 3 x 104). But 
the drag coefficient becomes small in the order of Models A, B, C and D in the range of the 
transcritical region (Re = 5 x 104 ~ 10 x 104). It is clear that the drag coefficient CD for Model D  (�) 
decreases by about 20 % compared with that for Model A�(�), and about 40 % compared with the 
smooth cylinder(	). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Boundary conditions. 

Fig. 3. Drag coefficients.
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3.2 Separation Point 
The computational results of the streamlines near the surface of the circular cylinder with grooves at 
Re =10 x 104 are shown in Figs. 4(a), (b), (c) and (d), which show streamlines from 
 = 90° to the 
downstream side (
 : angle from the stagnation point ). The flow is from left to right. The separation 
points of Models A and B occur at the corner, although the separation points of Models C and D shift 
toward the downstream side since the corner is rounded. The separation bubble becomes smaller in 
the groove of Model D since the geometrical space of Model D is smaller than those of the others. The 
separation point shifts towards the downstream side in the order of Models A, B, C and D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The computational results of the turbulent kinetic energy distributions near Models A and D 
surfaces at Re = 10 x 104 are shown in Figs. 5(a) and (b), respectively. The flow is from left to right. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

(a) Model A                                                                      (b) Model B 

(c) Model C                                                                     (d) Model D 

Fig. 4. Streamlines near the circular cylinders with grooves (Re = 10 x 104). 

(a) Model A                                                                   (b) Model D 

 Fig. 5. Turbulent kinetic energy distribution near the circular cylinders with grooves (Re = 10 x 104).
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This figure shows the turbulent kinetic energy distributions from 
 = 90° to the downstream 
side. Since the separation bubbles become smaller in the grooves of Model D, the position of 
reattachment for Model D is inside the groove compared with Model A. Therefore, the large value of 
the turbulent kinetic energy of Model D adheres to the surface of the cylinder from the upstream to 
the downstream side. Thus the separation point of Model D shifts towards the downstream side and 
the drag coefficient is small. 

The computational results of the vorticity distributions near Models A and D surfaces at Re = 
10 x 104 are shown in Figs. 6(a) and (b), respectively. The flow is from left to right. The red range of 
the activity of the generating vortex exists near the surface of Model D from the upstream to the 
downstream side. We found that partial separation and reattachment are repeated in the range 
shown in red and that separation occurs beyond the range shown in red.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The computational results of the pressure distributions on Models A and D surfaces at Re = 10 
x 104 are shown in Fig. 7. And the experimental results of Model A are shown too. The ordinate shows 
the pressure coefficients Cp and the abscissa shows the angle 
 from the forward stagnation point. 
The positions of separation point are shown. The backpressure coefficient Cpb for Model D becomes 
larger compared with that for Model A.�The positions of the grooves are shown in the lower part of 
this figure.�The pressure distribution of Model A is sharp at the corner of grooves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Model A                                                                 (b) Model D 

Fig. 6. The vorticity distribution near the circular cylinders with grooves (Re = 10 x 104). 

Fig. 7. Pressure distribution around the cylinder with grooves (Re = 10 x 104). 
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Figure 8 shows the computational results of 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 = 10 x 104. The angles 
�of 
the grooves are shown on the right side of Fig. 8. The position of the velocity gradient (du/dy)y = surface  

= 0 corresponds to the position of partial separation or reattachment. The velocity gradient 
(du/dy)y = surface < 0 corresponds to the reverse flow. The velocity gradient (du/dy)y = surfacee > 0 
corresponds to the attached flow.�For the circular cylinder with grooves, the partial separation and 
reattachment is repeated by the effects of the grooves; so that the separation for Model A occurs at 
about 
 = 102°, Model B at about 
 = 103°, Model C at about 
 = 104°, and Model D at about 
 = 112°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Lift Property 
The computational results of the vorticity distributions behind Models A and D at Re = 10 x 104 are 
shown in Figs. 9(a) and (b), respectively. The flow is from left to right. It is clear that the value of 
vorticity and the region of wake for Model D become smaller compared with that for Model A since 
the position of separation point becomes downstream side. 

 
 
 
 

Fig. 8. Velocity gradient around circular cylinders with grooves (Re = 10 x 104). 

 Fig. 9. Vorticity distribution behind circular cylinders with grooves (Re = 10 x 104). 
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Figure 10 shows the numerical results of the fluctuation of the lift coefficient CL at Re = 10 x 104. The 
abscissa shows non-dimensional time t* ( t* = t/�(d/U), t�: time, d�: diameter of the circular cylinder, 
and U�: uniform velocity ) and the ordinate shows CL. It is clear that the amplitude and period of the 
fluctuation of lift coefficient for Model D become smaller compared with those for Model A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 shows the variations in Strouhal number St with Reynolds number Re for Models A 
and D.�The results of numerical analysis of Model A show a tendency to agree well with experimental 
values. The frequency of the generating vortex f is calculated from the fluctuation of the lift 
coefficient. The frequency of Model A is f �=163 and that of Model D is f� =181. Therefore, Strouhal 
number St ( St = fd/U, f: frequency, d�: diameter of the circular cylinder, and U�: uniform velocity ) of 
Model A is St = 0.249 and that of Model D is St = 0.276. It is clear that the drag coefficient of Model D 
becomes small compared with that of Model A, since the Strouhal number of Model D becomes larger 
compared with that of Model A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        Fig. 11. Strouhal vs. Reynolds numbers.

Fig. 10. Time history of lift coefficient (Re = 10 x 104).
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4. Conclusion 
The results of this study lead to the following conclusions: 
(1)  The separation points of Models A and B occur at the corner, although the separation points of 

Models C and D shift toward the downstream side since the corner is rounded and the separation 
bubbles becomes smaller in the grooves of Model D since the region of the separation babbles of 
Model D is smaller than those of the other grooves. The drag coefficient becomes small in the 
order of Models A, B, C and D in the range of transcritical region (Re = 5 x 104 ~ 10 x 104). The 
drag coefficient for Model D decreases by about 40% compared with a smooth cylinder. 

(2)  The amplitude and period of the fluctuation of the lift coefficient for Model D become smaller 
compared with that for Model A. The Strouhal number of Model D becomes larger compared 
with that of Model A in the transcritical region. 
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