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Abstract 

Several control methods for the flow around a bluff body have been proposed in previous 
studies. One such method is the forced reattachment method, which is a type of separated 
shear layer control that uses a small rod. The small rod is placed in the optimal position on the 
shear layer from a circular cylinder, thus dividing the shear layer into upper and lower parts. 
The upper shear layer is supported and elongated by the small rod, and the lower shear layer 
reattaches and adheres to the rear side of the cylinder. A large stagnant region forms behind 
the cylinder. This method reduces drag and generates a lift, and is promising for bluff body 
flow control. However, the forced reattachment phenomenon occurs only under certain 
conditions. The aim of the present study was to clarify the rod position and diameter required 
for forced reattachment. 
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Introduction 

Forced reattachment has been reported in previous papers as a unique flow control method 
[1 5]. Figure 1 (a) is a flow visualization photograph demonstrating this phenomenon. 
Figure 1 (b) shows a schematic of the forced reattachment phenomenon. A small rod is 
positioned on the shear layer separated from the upper side of a circular cylinder. In this 
setup, the upper shear layer is supported and elongated by the small rod, and the lower shear 
layer reattaches and adheres to the rear side of the cylinder. A large stagnant region forms 
behind the cylinder. This forced reattachment phenomenon is not an intermittent 
phenomenon, and the wake motion is thus not active than that of a single circular cylinder [5]. 

Applying this control method, a drag is reduced and a lift force is generated. These facts 
regarding the forced reattachment phenomenon have been numerically simulated in a previous 
study [3]. Recently, the instantaneous characteristics of this method have been reported [5]. 

The forced reattachment phenomenon occurs only under certain conditions. The aim of this 
study was to elucidate these conditions, which are related to the position and diameter of the 
small rod. This paper presents the effect of the position and diameter of the small rod and a 
mathematical representation of the condition for forced reattachment. 

1 Experimental Device and Methods 

The coordinate systems and notation used in the present study are shown in Figure 2. The 
diameter D of the circular cylinder was 40 mm, and the diameter d of the small rod was varied 
from 2 to 18 mm. The gap G between the cylinder and small rod was varied from 2 to 7 mm. 
The angular position  of the rod was varied f  
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Experiments were carried out in a low-speed wind tunnel, the working section of which has a 
height of 1,000 mm, a width of 150 mm, and a length of 1,200 mm. The free-stream velocity 
U was varied from 6 to 20 m/s, and the turbulent intensity was approximately 0.4% in this 
velocity range. The Reynolds number based on D 4 4. In the 
experiment, d, G, and were systematically changed, and the surface pressure of the circular 
cylinder and the vortex shedding frequency were measured. The drag and lift coefficients 
were obtained by integrating the pressure distribution. The vortex shedding frequencies 
behind the circular cylinder were obtained from frequency analysis of the velocity fluctuation 
of an I-type hot-wire anemometer. Flow visualization was conducted using a smoke tunnel. 

 
Fig. 1: Forced reattachment. 

 
Fig. 2: Coordinate system and notation. 

2 Results and Discussion 

2.1 Flow Patterns 

Typical flow patterns are presented in Figure 3. It shows the pressure distributions and flow 
visualization photographs for several angular positions of the small rod. The open circle and 
the dotted line indicate the pressure distribution of the cylinder with and without small rod 
respectively. Two types of photographs, a long exposure (1 s) photograph and an 
instantaneous exposure photograph, are included in Figure 3. 

At  = 115 , the small rod was outside of the separated shear layer from the circular cylinder 
and had little effect on the pressure distribution. 

At  = 121 reattachment phenomenon occurred. The separated shear layer was 
divided by the small rod, and the lower side of the shear layer reattached at the rear face of the 
cylinder. In this case, the value of Cp, pressure coefficient, near the separation point at 
approximately  = 75  than that in the pressure distribution with no rod. The 
value of Cp then increased suddenly and reached a local maximum in the range of  = 145  to 
150 ree stream velocity 
and separated under these conditions [4]. The value of Cp on the rear lower face of the 
cylinder was higher than that in the case of the lone cylinder because of the stagnant region 
near the rear lower side of the cylinder. 
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Fig. 3: Flow pattern, pressure distribution and flow visualization photograph at different 

value of  4) 

At  
reattachment phenomenon did not occur, but the separated shear layer was elongated by the 
support of the small rod. This phenomenon has been described in previous papers [1, 2]. The 
value of Cp on the rear face was higher than that of the lone circular cylinder. 

At  = 130  the small rod was inside the separated shear layer and had little effect on the 
pressure distribution. 

The features of the flow patterns are shown in Figure 4. The drag coefficient CD, the lift 
coefficient CL, and the Strouhal number St are plotted against  in Figure 4. The Strouhal 
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number is defined as St = f D / U, where f is the frequency of vortex shedding from the 
cylinder. Under the conditions d = 2 mm and G = 6 mm, forced reattachment occurred at  = 
121 case, CD and CL reached their minimum and maximum recorded values in the 
range  = 122  124 . The change in St with  was dramatic. In the range  = 90  to 110
vortex shedding was suppressed by the small rod. At  = 121  value of St decreased as a 
result of forced reattachment. Just after that, at  = 12 St increased; at this position, forced 
reattachment did not occur, but the upper separated shear layer was elongated by the support 
of the small rod, causing the vortex shedding frequency to increase. When  was increased 
further, St took a constant value of 2.05, which is standard St value for single circular 
cylinder. 

 
Fig. 4: Drag, lift and Strouhal number plotted against the angular position of the small rod 

4) 

2.2 Effect of Rod Diameter 

The forced reattachment phenomenon occurred with several small rods of different diameters. 
Figure 5 shows the pressure distributions and flow visualization photographs for d = 6, 10, 
and 18 mm. The open circle and the dotted line indicate the pressure distribution of the 
cylinder with and without small rod respectively. 

For d = 6 and 10 mm, the pressure distributions were similar and had features similar to the 
case with d = 2 mm shown in Fig. 3 (b). 

For d = 18 mm, the pressure distribution was different from that for d = 2, 6, and 10 mm. 
From  Cp was higher than that in the case of single circular 
cylinder and with d = 2, 6, and 10 mm because the separated shear layer was dammed by the 
small rod. Furthermore, from  Cp was lower than those in the 
other cases. On the basis of this pressure distribution, a reduced drag and the generation of lift 
cannot be expected. In this case, the forced reattachment phenomenon occurs intermittently 
intermittently [3]; that is, its occurrence is unstable. 

Figure 6 shows the effect of the small rod diameter on the drag and lift coefficients. The value 
of CD was approximately 1.1 and remained almost constant from d / D = 0.04 to 0.25; over d / 
D = 0.25, the value of CD increased with increasing d / D. At d / D = 0.45, the value of CD 
was 1.6, which exceeds that of single circular cylinder. The value of CL decreased with 
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increasing d / D. At d / D = 0.45, the value of CL was negative. These results indicate that 
there is an optimal rod size for forced reattachment. 

 
Fig. 5: Effect of small ro 4) 

 
Fig. 6: Effect of rod diameter on drag a lift coefficients 
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2.3 Optimal Conditions for Forced Reattachment 

Figure 7 shows the small rod positions at which the forced reattachment phenomenon occurs. 
The dotted line indicates the separated shear layer obtained from the photograph of the lone 
circular cylinder. The open circles show the positions and sizes of the small rod. For forced 
reattachment to occur, the small rod must be located along the dotted line. 

 
Fig. 7: Location of the small rod 

To derive a formula for the angular position , a simple analysis was performed. The 
separated shear layer was assumed to lie along the line tangent to the surface of the circular 
cylinder passing through the separation point, as shown in Figure 8. 

 
Fig. 8: Analysis of optimum rod position 

The forced reattachment phenomenon occurs when the center of the small rod is on this 
tangent line. The angular position was derived as function of D, d, and G based on the 
separation point s as 

 = s +  s = 78  (1) 

 cos (D / 2) / (D / 2 + G + d / 2) (2) 

 D = 40 mm, d = 2  10 mm, G = 2  7 mm.  

Figure 9 shows the experimental data and the analytical lines for  at different values of D, d, 
and G. The open circles indicate the experimental conditions under which the forced 
reattachment phenomenon occurred, and the dotted lines represent the values of  obtained 
from Equations (1) and (2). The analytical form of  corresponds reasonably well with the 
experimental data. 
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Fig. 9: Optimal rod position 

Conclusions 

A unique flow control method, the forced reattachment method, was considered in this study. 
The features of this phenomenon, the effect of the rod size, and the optimal rod size and 
position were investigated. An equation that can be used to determine the conditions required 
for occurrence of the forced reattachment phenomenon was successfully derived. The 
equation was found to be reasonably well with the experimental data. However, if the 
diameter of the rod is large, reduced drag and the generation of lift cannot be expected. 
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O  

 

 

STEUERUNG DER DURCHFLUSSMENGEN UM DIE KRESIWALZE DURCH EINE KLEINE 

STANGE 

wiederholten Zuordnung, was einen Typ der separaten Steuerung der Rutschschicht darstellt, 
welche sich einer kleinen Stange bedient. Die kleine Stange wird in einer optimalen Position 
auf der Rutschschicht aus der Kreiswalze heraus gelagert, wodurch die Rutschschicht in einen 
oberen und einen unteren Teil geteilt wird. Die obere Rutschschicht wird getragen und 

vermindert den Zug und schafft eine Hebung und hilft der Steuerung des Flusses um den 

des Durchschnitts der Stange, welche 
ist. 

K YLINDRA PRZY POMOCY 

 

d jest metoda wymuszonego ponownego 

w wa ta jest podzielona na 

a 

powstaje jednak tylko w pewnych warunkach. Celem opisywanych bad
ownego przyczepienia. 


