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Abstract 

Flow characteristics around side by side square prisms with control rods are numerically investigated at 

different gap ratios (g*) changing between 0.5 and 6 for Re = 73. Four different flow patterns, which 

are single street mode, irregular street mode, regular street mode and two street mode, are identified 

based on the gap ratio. Maximum drag reduction (%52) is obtained at g* = 6. The mean lift coefficient 

has a symmetric variation between these gap ratios for the upper and lower square prisms. It can be 

concluded that the control rod is an effective flow control method in terms of drag reduction. 

 

Kontrol Çubukları Kullanarak Yan Yana Kare Prizmalar Etrafındaki Akış 
Kontrolü 

Anahtar kelimeler 

Kontrol çubuğu; Kare 

prizma; Yan yana; 

Sürükleme katsayısı 

Öz 

Kontrol çubuklu yan yana kare prizmalar etrafındaki akış karakteristikleri, Re= 73 için g* = 0.5 - 6 
aralığında değişen boşluk oranlarında nümerik olarak incelenmiştir. Tekli, ikili, düzensiz ve düzenli 
girdap caddesi olmak üzere dört farklı akış modeli boşluk oranlarına bağlı olarak tanımlanmıştır. 
Maksimum sürükleme azalması (%52) g* = 6’da elde edilmiştir. Ortalama kaldırma katsayısı, alt ve üst 
kare silindir için boşluk oranları arasında simetrik değişim göstermiştir. Kontrol çubuğunun sürükleme 
kuvvetini azaltması açısından etkili bir akış kontrol yöntemi olduğu sonucu çıkarılabilir.  
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1. Introduction 

Due to vortex-induced vibration caused mechanical 

resonance, the collapse of three cooling tower at 

Ferrybridge power station (Khanduri et al. 1998) has 

drawn attention to solving this problem by many 

researchers including academic and engineering 

participant. Flow around the bluff and aerodynamic 

bodies is also encountered in many engineering 

application areas such as cooling towers, 

skyscrapers, bridges, heat exchangers, wind turbine 

towers, gas line pipe, and so on. As it is well known, 

flow control, therefore, occupy an important place 

to reduce or eliminate vortex-induced vibration 

(VIV), fluctuating drag force etc. on the flow around 

aerodynamics and blunt bodies such as a square 

prism and a circular cylinder. The flow control is 

classified as active (requiring energy spending) and 

passive (not needing energy spending) flow control 

methods (Gad-el-Hak 1996). The active flow control 

(AFC) method include some processes such as 

dielectric barrier discharge (DBD) plasma actuator 

(Akbıyık et al. 2017, 2020), suction and blowing (Li 

et al. 2003, Müller et al. 2015), moving surface 

(Zhang et al. 2010) and so forth. Passive flow control 

(PFC) method consists of many different geometric 

modifications such as control rod (Sarioglu et al. 

2005, Akansu et al. 2011, Fırat et al. 2015), splitter 

plate (Mansingh and Oosthuizen 1990, Sarioglu et 

al. 2006), trip wire (Bearman and Harvey 1993) etc. 

So far, these flow control methods for the single 

blunt body such as a circular cylinder and a square 

prism has been broadly studied in the literature. 

However, the alone bluff body is not commonly 

encountered. Therefore, bluff body configurations 
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such as side by side (Kang 2003, Inoue et al. 2006, 

Zhao 2013, Durga and Dhiman 2014, Mizushima and 

Hatsuda 2014), tandem (Sohankar and Etminan 

2009, Chatterjee and Amiroudine 2010) and 

staggered (Hu and Zhou 2008, Zhou et al. 2009) are 

used. Comprehensive available literature to the 

square prism in side by side arrangement and 

control rod will be summarized in the following 

paragraphs. 

 

In PFC method including control rod, early studies 

on the flow around a square prism by using a rod 

was experimentally performed by Igarashi (1997). In 

this study, the effect of a control rod diameter (d) 

changing from 1 mm to 6 mm and a gap ratio 

between the rod and square prism was investigated 

at Re = 3.2 x 104. His results showed that reduction 

in drag is %70 when it is compared with square 

prism alone. Akansu et al. (2011) researched the 

effect of attack angle changing between 0º and 90º 

on the flow around a square prism via control rod 

for Re = 10000. They showed that there is a 

significant drag reduction as well as heat transfer 

enhancement at 0º. In the study of Fırat et al. 

(2015), the influence of control rod on the flow 

around the square prism is numerically investigated 

based on gap ratio and attack angle for Re = 50-100. 

They indicated that the seven different flow 

patterns observed depend on the attack angle. The 

total reduction in drag was %74 compared with 

square alone. In another geometric configuration, 

Yen and Liu (2011) experimentally researched the 

flow structure around the side by side square prisms 

at the range of 2262 < Re < 28000 and 0 ≤ g(gap 

ratio)≤ 12. Their results indicated three different 

flow structures that are couple vortex-shedding 

mode, gap-flow mode, and single mode. While flow 

structure is the gap-flow mode, maximum drag 

reduction is obtained due to base bleeds between 

two square prisms. Alam and Zhou (2013) 

investigated the flow structure of a couple of square 

prisms in side by side via the dye flow visualization 

technic at Re = 300. They defined four flow 

phenomena, that are single bluff body, narrow and 

wide street regime, transition regime and the 

coupled-street regime, based on gap ratio. In the 

study of Prasad and Dhiman (2014), enhancement 

of heat and momentum transfer around square 

prisms in side by side configuration is numerically 

investigated for steady and unsteady laminar flow at 

10 ≤ Re ≤ 100. Experimental parameters are chosen 

for Prandtl number changing from 0.5 to 50 and the 

gap ratio between square prisms varied from 1.5 to 

10. Flow structure around tandem and side by side 

configuration for the square prisms was numerically 

implemented by Kondo et al. (1996). Their results 

indicated that flow structure for side by side and 

tandem configuration is a more complicated than 

that of the bare square prism.  

 

As indicated above, studies were experimentally 

and numerically performed on the flow around a 

square prism with a control rod and a couple of 

square prisms for side by side configuration. But 

flow control around side by side square prisms with 

a control rod is not encountered in the literature. 

Therefore, the purpose of this study is to 

numerically elucidate the influence of the square 

prisms in side by side arrangement with two control 

rods and also fill this gap in the literature. The 

numerical study is performed for a constant center 

to center spacing ratio (L/D = 1.5), and different gap 

ratios between the square prisms (G/D = 0.5, 1, 1.5, 

2, 3, 4, 5 and 6) and Re = 73. 

 

2. Numerical Methods 

Governing equation of the incompressible unsteady 

two-dimensional Navier-Stokes equations are 

considered. The governing equations can be written 

as follows:  

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑖𝑥𝑗
 

here ui, and uj are, respectively, velocity vector at x 

and y directions in cartesian coordinates, ν is the 

kinematic viscosity of the air, ρ is the density of the 

air and p is the pressure. Velocity and viscosity 

values are 0.05 and 2.74x10-2, respectively, for the 

CFD computation. 

In the present study, FLUENT® is used to solve the 2D 

unsteady incompressible laminar flow. Reynolds 

number based on length of the square prism is 

(1) 

(2) 
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chosen as 73. In terms of comparability with the 

literature, this Reynolds number has been chosen 

due to the study of Burattini and Agrawal (2013) 

investigating the side by side square cylinders at 

Re=73. 

 Pressure- velocity coupling is adopted as a semi-

implicit pressure linked equation (SIMPLE). The time 

step is chosen as 0.01 s. Residuals for continuity, x 

and y velocity is smaller than 10-5 to stop the 

iteration. 

 

Figure 1. Schematic view of the computational domain. 

The computational domain, choosing 30D x 60D is 

illustrated in Fig. 1.  The Twin squares are positioned 

10D downstream and 50D upstream from the 

entrance. The models are centered 15D from lateral 

walls. In this numerical study, g*(gap ratio) = G/D = 

0.5, 1, 1.5 2, 3, 4, 5 and 6, and Re = 73 are considered 

as numerical parameter. The diameter ratio of the 

control rod (d) and the square prism (D) is d/D = 

0.25. The gap between the control rod and the 

square prism is chosen as L = 1.5D.  

 
Figure 2. Detail view of the mesh structures around the 

model. 

Boundary conditions for velocity inlet (u=U∞, v=0) 

and pressure outlet are set to the air inlet and 

outlet, respectively. As shown in Fig. 1, the no-slip 

boundary condition is applied to showing as a bold 

line including rods, squares and side walls (u=0 and 

v=0). Pressure outlet condition is applied as “0”. 

Unstructured mesh strategy is adopted for this 

model because of easy applicability for every 

geometrical model. Triangular mesh structure 

generated is shown in Fig. 2. Boundary layer mesh 

adaption is used for mesh structure around the 

square prisms and control rods. The first layer 

thickness of mesh near the wall of its is set as 

0.0001D. Mesh independence test is performed by 

using a mesh adaption feature of FLUENT.  

 

Initially, the coarse generated mesh is computed up 

to flow fully developed and after two times, the 

mesh adaption is applied. Discrepancies for Strouhal 

number, lift coefficient and drag coefficient are 

about %7.2, %2.7 and %0.5 with final mesh 

adaption. As shown in Table 1, these results show 

that the mesh size is sufficient to investigate the 

flow structure on the flow control around the side 

by side square prisms without the control rods. As 

given in table 1, the study of Burattini and Agrawal 

(2013), investigating control of flow around the side 

by side square prisms for g*=0.5 at Re=73 are used 

in order to verify this simulation. 

Table 1. Mesh independence test and numerical method 

validation for side by side square prisms without 

the control rod for g*=0.5 at Re=73. 
 Mesh Cd2s Cd1s CL2s CL1s St 

Present 
study 

127564 2.13 2.03 0.941 -1.055 0.082 

Present 
study 

453112 1.97 2.05 0.919 -1.009 0.085 

Present 
study 

580420 1.95 2.02 0.921 -0.997 0.097 

Burattini 
and 

Agrawal  
(2013) 

- - 2.01 - -0.97 0.095 

 
3. Numerical Results and Discussion  

In this study, the influence of the control rods on the 

flow control around side by side square prisms is 

numerically investigated in terms of mean drag and 

lift coefficient, and the vortex shedding pattern. 

Figure 3(a) shows changes in the mean lift 

coefficient versus gap ratio varied from 0.5 to 6 for 

the square prism. The mean lift coefficient has a 
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symmetric variation between these gap ratios for 

the upper (CL2s) and the lower (CL1s) squares. In other 

words, if the sign of CL1s inverts, these values show 

the same trend with CL2s. When increased the gap 

ratio, CL for each model decreases to a value close 

to 0. While gap ratio has the smallest value, up and 

downside the square periodically push each other 

because of increasing the pressure differences 

between the upper and lower side of its so the mean 

absolute lift coefficients for squares obtain as 0.9. 

The lower square lift coefficient variation shows 

nearly the same trend with the study of Burattini 

and Agrawal (2013) that is side by side square prism 

configuration without a rod. 
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Figure 3. Mean lift coefficient versus gap ratio for (a) square prisms and (b) control rod. 

 
Figure 3(b) indicates the averaged lift coefficient 

versus gap ratio changing between 1 and 6.5 for the 

control rod having a circular geometry. As it was in 

square lift coefficient variation based on g*, it has a 

symmetric variation between these gap ratios for 

the upper (CL2c) and the lower (CL1c) circular prisms. 

The mean absolute lift coefficient (<CL>) has the 

highest value that is 0.072 for g* = 1. While 

increasing g*, <CL> is almost close to 0.  
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Figure 4. Mean drag coefficient versus gap ratio changing 

between 0.5 and 6 for Re = 73. 

Effects of variation of the gap ratios on the mean 

drag coefficient and drag reduction (DR) are 

presented in Figure 4. When looking at this plot, on 

the one hand Cd of square prisms significantly 

decreases by increasing gap ratio, but on the other 

hand Cd of circular prisms slightly increases. The 

mean drag coefficient of the upper (Cd2s) and the 

lower (Cd1s) squares has nearly the same values for 

all gap ratio. The change in Cd for the study of  

Burattini and Agrawal (2013) is represented by 

green symbols and also DR is calculated using 

present and  Burattini and Agrawal (2013) study. 

Minimum drag reduction is obtained as %30 for g* 

= 0.5. While g* increase from 0.5 to 6, drag 

reduction indicates an increasing trend and also 

reaches the maximum value (%52) at g* = 0.5.  

 

In the study of Inoue et al. (2006), they indicated 

that flip-flopping flow pattern is obtained for side by 

side square prisms at g*= 1.5 and 2. Flip-flopping 

flow pattern expresses two asymmetric states in the 

wake region and symmetric instantaneous drag and 

lift coefficient distributions (Kang 2003, Inoue et al. 

2006). At g* = 2, Figure 5 (a and b) indicates the 

evolutions of the lift and drag coefficient, 

respectively. As stated by Kang (2003) and Inoue et 

al. (2006), Flip-flopping flow pattern is seen In these 
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figures. These results are also supported with vortex 

shedding flow pattern given in Figure 7. 
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Figure 5. Time history of (a) lift coefficient and (b) drag 

coefficient for square prisms at g* = 2 

Effects of side by side square prisms with the control 

rods on the Strouhal number, expressed by St = fD 

/u, according to variation of gap ratio between 

square prisms are presented in Figure 6. In the range 

of 0.5 < g* < 6, the Strouhal number of square prisms 

with control rod  is lower than that of square prisms 

without the control rod for the study of Burattini 

and Agrawal (2013). In addition, the variations of 

the St for the present study show similar trend with 

the study of Burattini and Agrawal (2013). At g* = 

0.5, reduction in the St number for square prism 

with the control rod is 20.8% as compared to square 

prism without the control rod. The St number for 

the square prism without the control rod are in good 

agreement with the results of Burattini and Agrawal 

(2013). The Strouhal number quickly increases with 

increasing g* between 0.5 and 1.5. The St number is 

nearly constant at a value around 0.15 in the range 

of 1.5 < g* < 6. Therefore, the distribution of 

Strouhal number is nearly independent from gap 

ratio (g*) between 1.5 and 6. The variation of the 

Strouhal number in these gap ratios is qualitatively 

almost similar to that obtained by Bearman and 

Wadcock (1973) and Burattini and Agrawal (2013).  

As a result, it was seen that the control rod generally 

reduces the Strouhal number. 
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Figure 6. Variation of the Strouhal number with g* 

changing between 0.5 and 6 for Re = 73. 

Figure 7 indicates the vortex shedding patterns on 

the flow control around side by side square prism 

with the control rod for g* = 0.5, 1, 1.5, 2, 3, 4, 5 and 

6. The vortex shedding around the model forms a 

single row vortex street for with/without rod at g* = 

0.5. But side by side squares with control rods 

significantly delay the vortex shedding and they 

have been clearly seen in Figure 6. This flow pattern 

is called a single street mode. Some vortices move 

across the centerline with close interaction with the 

other vortices at g* =1. While g* is 2, vortices behind 

the side by side prisms with control rod merge into 

the other vortices in the downstream wake. At 1 < 

g* < 2, there are irregular vortex street and this 

irregularity of vortex street increases while being 

increased the g*.  The flow pattern is named as an 

irregular street mode. After this gap ratio, regular 

and symmetric vortex streets in accordance with the 

centerline appear up to g* = 6. While g* is between 

3 and 5, the obtained flow pattern is called as 

regular vortex street mode. At g* = 6, there is two 

vortex streets behind the model, and also vortex 

shedding slightly shifts and loses the symmetry flow 

pattern that is named as two street mode. 
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Figure 7. Vortex shedding pattern on the flow control around side by side square prism with control rod for g* = 0.5, 1, 

1.5, 2, 3, 4, 5 and 63 
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4. Conclusion 

The flow control around the side by side square 

prisms with rods is conducted to investigate the 

flow characteristics such as vortex street patterns, 

drag and lift coefficients at Re = 73 and g* = 0.5, 1, 

1.5, 2, 3, 4, 5 and 6. The remarkable findings for the 

side by side square prisms with the rods can be 

summarized as follows; 

 

1.  For the square prisms with rods compared with 

the square prism alone, maximum and minimum 

drag reduction (%52 and 30) is obtained at g* = 6 

and 0.5, respectively. It could be inferred that the 

use of the control rod is an effective flow control 

method in terms of drag reduction. 

2.  Based on the gap ratio, four different flow 

patterns are described. These are single street 

mode, irregular street mode, regular street 

mode and two street mode.   

3.  It could be also inferred that the control rod is 

no significant effect on the mean lift coefficient 

acting on the square prism.   

4. The Strouhal number is independent of g* in the 

range of 1.5 < g* < 6 
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