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Abstract: The fluid force reduction characteristics with respect to changes in the diameter and gap ratios between two cylinders 

in a flow field were experimentally investigated by installing two cylinders in a circulating tank in which the Reynolds number 

was maintained at 10,000. The velocity vector fields were examined through flow visualization with particle image velocimetry 

(PIV). The temporal drag and lift variation measurement results showed that the magnitude of the drag and the amplitude of the 

lift were reduced when a smaller cylinder was present, as compared to the reference case without the smaller cylinder. The 

optimum gap ratio for which the drag reduction was the greatest differed with the diameter ratio of the two cylinders. The mean 

drag coefficient was the smallest when the diameter ratio was 0.4 and the gap ratio was 0.5. The mean absolute values of lift 

coefficient decreased near the optimum gap ratio in all cases, but this tendency was not observed as the gap ratio increased. PIV 

visualization showed the correlation between the velocity distribution and drag reduction characteristics of the stagnant region 

between the two cylinders. 
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1. Introduction 
Relative motion between a circular cylinder and a fluid 

generates typical flow patterns, such as stagnation, separation, 

secondary flows, and periodic Kalman vortices in the wake 

region. In particular, as the vortex shedding in the cylinder 

wake region significantly affects the dynamic stability of the 

flow structure, a lot of research has been conducted on 

controlling the flow field around a circular cylinder or square 

prism to improve the dynamic stability and reduce drag. A 

horizontal plate in the wake region can suppress the turbulence 

intensity and the deflection of the lower flow. Various studies 

have reported that the flow separation and reattachment 

characteristics vary depending on the shape of the structures in 

the fluid [1]-[6]. Another approach to fluid force control is to 

install cylinders or splitters upstream of the structure rather than 

downstream. It has been shown that these additionally installed 

structures have an important effect on the flow characteristics 

and fluid force changes [7]-[9]. In this study, experiments were 

conducted to investigate the effects of the diameter ratio and  

distance between two circular cylinders arranged in tandem 

on the lift and drag reduction characteristics around the 

cylinders. The correlations between velocity distribution and 

fluid force variation were investigated using particle image 

velocimetry (PIV) visualization techniques. 

 

2. Experimental Setup and Procedures 

2.1 Experimental Model 

Figure 1 shows a schematic of the experimental model used 

in this study. An external flow of mean velocity U was formed 

around two cylinders of different sizes to measure the changes 

in lift and drag acting on the larger cylinder located 

downstream, with varying distances G between the two 

cylinders, and to visualize the flow field around the two 

cylinders. The drag force D acting on the large cylinder refers to 

the fluid force component acting in the flow direction, and the 

lift force L refers to the fluid force component acting in the 

direction normal to the flow. 
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Figure 1: Schematic of the experimental model 

 

2.2 Lift and Drag Measurements 
Figure 2 shows the experimental device fabricated for 

measuring the lift and drag acting on the larger cylinder located 

downstream. The apparatus consisted of a circular cylinder, a 

fixed plate, and a measuring axis. The downstream larger 

cylinder is 50 mm in diameter and 180 mm in height, and the 

upper and lower covers are made of 10 mm thick acrylic plates. 

The measuring axis was fabricated by machining an aluminum 

rod with a diameter of 8 mm and a length of 345 mm. The 

lower 190 mm of the rod was machined to fix the rod and the 

cylinder. To measure the fluid force acting on the cylinder, two 

strain gauges in the flow direction and another two strain 

gauges in the normal direction were attached to the upper part 

of the rod, and a bridge circuit was formed to measure the lift 

and drag from the amount of strain. The output waveforms from 

the bridge circuit of each of the two channels were transmitted 

through the strain amplifier and AD converter and then pre-

calibrated by a PC. 
 

 
Figure 2: Photograph of the experimental device 

 

This study was conducted with an average flow velocity U of 

0.182 m/s. The Reynolds number (Re) calculated using the 

characteristic length B was about 10,000. The diameter B of the 

large cylinder was fixed at 50 mm. Three cases with different 

diameters of the small cylinder located upstream H were 

considered, and the experiments were performed with seven 

values of G for each value of H as shown in Table 1. 

Table 1: Test cases 

Type H [mm] G [mm] 

A 10 

12.5 25 50 75 100 125 150 B 20 

C 30 
 

2.3 Lift and Drag Calibration 
Equation (1) and Equation (2) show the linear relationships 

between the strain and the fluid force. After measuring the 

output voltage (V) generated by applying loads at 0.05 N 

intervals for the lift (L) and drag (D), the linear relations 

between the loads and output voltages were obtained using the 

least-squares method. 
 

V = 0.3082 + 1.5168L                                                       (1) 

V = 0.2833 + 13.8621D                                                    (2) 
 

2.4 PIV Visualization 
Figure 3 shows the experimental setup for PIV visualization. 

To perform flow visualization on the experimental model, 

obstacles entering the field of view of the high-speed camera 

located in the upper part of the tank must be removed. The size 

of the cylinder for the visualization was the same as that of the 

lift and drag experiment. The cylinder was made of a 

transparent acrylic plate with a thickness of 2 mm. 
 

 
Figure 3: Experimental devices for PIV visualization 

 

For each experimental condition, the cylinder was installed in 

the channel and illuminated by continuous laser light, and the 

flow field was photographed with a high speed camera 

vertically down from the top of the cylinder. The tracer particles 

were polyvinyl chloride (PVC) spheres with an average 

diameter of 100 μm and a specific gravity of 1.02. The average 

flow velocity of the visualization circulating tank U = 0.182 
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m/s, and the Reynolds number (Re), which was calculated by 

taking the diameter of the cylinder as the characteristic length, 

was about 10,000, which gave the same conditions as the lift 

and drag measurement experiment. The continuous shooting 

time for each set of experimental variables was 16.37 seconds. 

2048 frames were obtained at 1/125 second intervals, and 1024 

velocity fields were tracked between two consecutive frames at 

1/62.5 seconds intervals. The main specifications of the PIV 

system used in this study are shown in Table 2. 

Table 2: Main specifications of the PIV system 

Item Specification 

Image board Fast Cam-X panel link board drive 

Light source 8 W continuous wave laser 

Sheet light Cylindrical lens: ϕ 3.8 × 11.4 mm 

Resolution 1280 × 1024 pixels 

Software CACTUS 3.2 

Error vector (%) Average: about 0.1 % 

3. Results and Discussion

3.1 Lift and Drag Characteristics 
The fluid forces acting on an object due to external flow can 

be divided into lift and drag according to the direction of action. 

The drag coefficient CD and lift coefficient CL defined in 

Equation (3) and Equation (4) can be used to understand the 

flow characteristics.  

CD = D
1
2ρU

2S
    (3) 

CL = L
1
2ρU

2S
    (4) 

The drag force D and lift force L are the fluid force 

components acting in the parallel and perpendicular directions 

to the fluid motion around the cylinder, respectively. ρ denotes 

the density of the fluid and S is the projected area of the 

cylinder submerged below the surface of the water in the 

direction of the flow.  

Figure 4 shows the temporal variation of the drag coefficient 

CD for various H/B ratios, including a reference case without 

the small cylinder, at the optimal G/B ratio with the maximum 

drag reduction. The horizontal axis represents a dimensionless 

time based on the measurement time t, the average flow 

velocity U, and the diameter B of the large cylinder. 

Experimental data points were obtained at 0.01 second intervals 

for 10.24 seconds. Figure 4 shows that the drag acting on the 

large cylinder was smaller when the smaller cylinder was 

installed compared to the reference case. It is observed that the 

temporal variations of the drag coefficient have a constant 

period. However, the magnitudes of the drag coefficient 

variation for different H/B ratios do not show much difference.  

Figure 5 shows the variation of the mean drag coefficient 

with the change of G/B ratios for various diameter ratios H/B of 

the two cylinders. The mean drag coefficient is the simple 

average of the drag coefficients calculated using Equation (3) 

from the 1024 data points. The mean drag coefficient decreased 

at all G/B ratios when a small cylinder was installed upstream 

of the large cylinder. The trends in the variation of mean drag 

coefficient with G/B are similar for various H/B ratios. 

Figure 4: Temporal variation of drag coefficient at the optimum 

G/B ratio for various H/B ratios 

Figure 5: Variations of 𝐶𝐶𝐷𝐷���� and 𝐶𝐶𝐷𝐷����/𝐶𝐶𝐷𝐷,𝑟𝑟𝑟𝑟𝑟𝑟�������� for various H/B ratios 
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Table 3 shows the ratios of the mean drag coefficient at the 

optimum G/B ratio to the mean drag coefficient of the reference 

case. The optimal spacing of the two cylinders was the largest 

when the diameter of the small cylinder was the smallest. This 

is considered to be related to the size of the wake region formed 

by the small cylinder. In other words, the pressure difference 

between the upstream and downstream of the large cylinder was 

influenced by the stagnant region formed between the two 

cylinders, which means that there is a correlation between the 

G/B and H/B ratios. In this study, the drag reduction effect was 

the greatest when H/B = 0.4 and G/B = 0.5, for which is there 

was a decrease of approximately 41.7% from the reference case. 

Table 3: Mean drag coefficients at the optimum G/B ratio 

Type H/B G/B CD���� CD����/CD,ref������� 

A 0.2 1.0 0.921 0.768 

B 0.4 0.5 0.699 0.583 

C 0.6 0.5 0.878 0.732 

The lift coefficient CL, shown in Figure 6, at the optimum 

G/B ratio oscillated around zero in all cases, but the amplitude 

was smaller than the reference case when a small cylinder was 

installed. This can be understood from the improved dynamic 

stability of the structure through the reduction of the drag force 

and lift variation amplitude when the small cylinder was 

installed upstream of the large cylinder. 

Figure 6: Temporal variations of lift coefficient at the optimum 

G/B ratio for various H/B ratios 

Figure 7 shows the mean absolute value of the lift coefficient 

|CL|����� for various diameter ratios H/B of the two cylinders and the 

decrease in |CL|����� relative to the reference case. As the experimental 

model was axisymmetric and the time average of the lift 

coefficient was almost zero, the absolute value of the lift 

coefficient was obtained to determine the dynamic stability of the 

large cylinder. At the optimal G/B ratio, |CL|����� was measured for all 

H/B ratios smaller than the reference case. However, when H/B = 

0.2, the trend in variation of |CL|����� was different from the other 

values of H/B. At H/B = 0.2, the amplitude of the variation in the 

mean lift coefficient increased at G/B = 1.5 and above, while at 

H/B = 0.4 or 0.6, the amplitude increased at G/B = 1.0 and above. 

In other words, near the optimal G/B, the mean absolute value of 

the lift coefficient was decreased from the reference case, but 

when the distance between the two cylinders exceeded a certain 

value, the mean absolute value of the lift coefficient was hardly 

affected by the small cylinder. As a result, the lift was less affected 

than the drag by the wake region of the smaller cylinder located in 

the upstream of the flow, and the mean lift coefficient changed 

rapidly near the optimum G/B ratio between the two cylinders. 

Thus, the positioning of the upstream cylinder is important in 

order to improve the dynamic stability of the submerged structure. 

Figure 7: Variations of the |CL|�����  and |CL|�����/�CL,ref����������  for various

H/B ratios 

Table 4 shows the mean absolute values of the lift 

coefficients at the optimum G/B ratio with the maximum lift 

reduction, and illustrates how the lift was reduced compared to 

the reference case. As H/B increased at the optimal G/B ratio, 

the absolute value of the lift coefficient decreased. In this study, 

the lift reduction effect was the greatest when H/B = 0.6 and 

G/B = 0.5, for which there was a decrease of approximately 

28% from the reference case. 
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Figure 8: Mean flow patterns for B-type small cylinder at different G/B ratios 

Figure 9: Mean flow patterns at the optimum G/B ratio 
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Table 4: Mean lift coefficients at the optimum G/B 

Type H/B G/B |CL|����� |CL|�����/�CL,ref����������

A 0.2 1.0 0.186 0.899 

B 0.4 0.5 0.174 0.841 

C 0.6 0.5 0.149 0.720 

3.2 Characteristics of Flow Field 
Figure 8 shows the time averaged flow fields around the two 

cylinders at different G/B gap ratios when the diameter ratio 

H/B = 0.4. The path lines show that a stagnant region was 

formed between two cylinders regardless of the G/B ratio. The 

wakes formed downstream of the large cylinder had similar 

sizes irrespective of G/B, but the sizes of the stagnant regions 

depended on the G/B ratio. The mean velocity vector showed a 

similar distribution in the wake region of the large cylinder 

irrespective of G/B, and the horizontal velocity component of 

the flow increased in the stagnant region adjacent to the large 

cylinder as G/B increased. 

Figure 9 shows the time averaged flow fields at the optimal 

G/B ratio for various H/B ratios. The path lines show that in all 

cases, vortices existed above and below the large cylinder wake 

region, and the direction of the vortices were clockwise at the 

top of the wake and counterclockwise at the bottom. The 

vortices can be seen more clearly from the mean velocity 

distribution, where small cylinders were installed and stagnant 

regions appeared between the two cylinders and in the wake 

region of the large cylinder. In addition, it can be seen that the 

size of the stagnant region increased as H/B increased. 

4. Conclusion
In this study, the drag and lift reduction characteristics around 

two cylinders of different diameters arranged in tandem were 

investigated through experiments, and PIV visualization was 

performed to determine the flow field characteristics. The flow 

conditions were fixed at Re = 10,000 and experiments were 

conducted over the range of gap ratios G/B = 0.25 –3.0 for two 

cylinders with diameter ratios H/B = 0.2, 0.4, and 0.6. 

1) Measurements of the temporal variation of drag and lift show

that the magnitude of drag and lift were significantly reduced 

when a small cylinder was installed upstream of a large 

cylinder. 

2) The optimum gap ratio that maximized drag reduction

depended on the diameter ratio of the cylinders, and as the gap 

ratio increased, the effect of the small cylinder decreased. 

3) The average drag coefficient was the smallest when the

diameter ratio between the two cylinders was 0.4 and the gap 

ratio was 0.5, and the drag reduction effect was about 42% 

compared to the reference case. 

4) The mean absolute values of the lift coefficient decreased

relative to the reference case near the optimum gap ratio in all 

cases. Although the trend of the lift coefficient absolute value 

variation with increased gap ratio is unknown, the absolute 

value increased compared to the reference case. 

5) Through PIV visualization, the shape and size of the stagnant

region between the two cylinders could be confirmed, and the 

correlation between the size and velocity distribution of the 

stagnant region and the drag reduction characteristics could be 

identified. 

As the fluid force reduction characteristics may differ 

depending on the Reynolds number, even for the same shape, it 

is necessary to supplement the experimental results obtained in 

this study by performing additional experiments in a wide range 

of Reynolds numbers in a future study. 
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