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Abstract. This document presents a research article on the control of fluid flow around three heated square cylinders placed side by side 

in a 2D horizontal channel using a flat plate. The objective of this research is to examine the effect of the position, length and height of a 

flat plate on fluid flow and heat transfer. For this purpose, numerical simulations are performed by using the Boltzmann double relaxation 

time multiple network method (DMRT-LBM). The MRT-D2Q9 and MRT-D2Q5 models are used to treat the flow and temperature fields 

respectively. In contrast to several existing investigations in the literature in this domain which study the passive control of the flow 

using a horizontal or vertical plate around a single cylinder, this work presents a numerical study on the effect of the position, length and 

height of a flat plate (horizontal and vertical) on three heated square cylinders on the flow and temperature fields. First, the effect of the 

position and length of the horizontal flat plate is examined. This study shows that the implementation of a flat plate of length Lp = 4D at 

a position g=3 behind the central cylinder reduces the amplitude of the Von Karman Street and allows large and regular heat exchange.  

Thus, in the second part, the effect of the position and height of the vertical flat plate is studied. The results obtained show that the 

implementation of a flat plate of height h=2D at a position g=3 behind the central cylinder improves the thermal exchange between the 

incoming fluid and the heated cylinders. This numerical work could lead to the prediction of the cooling of the electronic components: The 

cooling of the obstacles is all the better when the control plate is arranged at g = 3 and its height h = 2D in the case of the vertical plate 

or its length Lp equal to 4D in the case where the plate is implemented horizontally. 
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1. Introduction 

Due to its intrinsic complexities and importance of the 

fluid flow and heat transfer and more specifically, the 

suppression of the vortices shedding around a bluff body 

has been the subject of several studies in many practical 

engineering applications, such as flows past an air-plane, 

a submarine, and an automobile, heat exchanger systems, 

electronic cooling, gas turbine blades (Florides et al., 2007; 

Harte et al., 2007; Monat et al., 2018; Shamsoddini et al., 

2014). Thus, a host of experimental and numerical 

investigations has been carried out, during the last years, 

to understand the flow and heat transfer past of square 

cylinders, circular or any other geometric shapes of a 

cylinder in cross flows with or without a control plate 

(Abbasi et al., 2014; Dey, 2021; Dhiman et al., 2005; 

Doolan, 2009; Guo et al., 2020; Islam et al., 2015; Koutmos 

et al., 2004; Kumar et al., 2015; Moussaoui et al. 2010; 

Moussaoui et al., 2010; Rashidi et al., 2015; Rashidi et al., 

2016; Sohankar et al., 2018; Turki, 2008; Vamsee et al., 

2014). Nevertheless, few works have addressed the 
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interference effects between multiple cylinders and the 

number of publications available becomes drastically 

smaller as the number of cylinders involved increases 

(Aboueian et al., 2017; Nazeer et al., 2019; Nguyen et al., 

2021; Sumner, 2010; Tong et al., 2015). As well, there is 

very little investigation into the coupling between fluid 

flow and heat transfer around several cylinders (Admi et 

al., 2022; Admi et al., 2020; Chatterjee et al., 2012; 

Moussaoui et al., 2009). 

      In general, many control methods are categorized 

into two different categories: passive and active control. 

Passive control techniques also named vortex suppression 

equipment, which controls the vortex shedding by 

modifying the shape of the bluff body or by including 

additional equipment placed upstream or downstream. 

This equipment disrupts or prevents the formation of 

vortex shedding. While, if external energy is provided in 

the flow field to control vortex shedding, this type of 

control no longer becomes passive: it is a type of control 

that has been recently developed, called active control. 

Noted that the methods of the latter type of control (active 
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control) are more difficult to implement than the passive 

methods. Adding the plate allows to control or supreme the 

fluid force acting on a body placed in the channel. This 

allows for reducing flow-induced structural drag or 

vibration (Dash et al., 2020; Islam et al., 2015; Kumar et 

al., 2015; Kumar et al., 2021; Moussaoui et al., 2010; 

Rabiee et al., 2021; Rashidi et al., 2016; Tamimi et al., 

2017; Yang et al., 2020).  

The lattice Boltzmann method (LBM) (Mohamad, 

2011; Mezrhab et al., 2010; Adeeb et al., 2018; Admi et al., 

2022; Admi et al., 2021, 2022; Benhamou et al., 2020, 2022; 

Breuer et al., 2000; S. Ul Islam et al., 2015; Lahmer, et al., 

2022; Lahmer et al., 2022; Lahmer et al., 2019; Moussaoui 

et al., 2011, 2019, 2021; Rahim et al., 2020; Rashidi et al., 

2016) based on multi-relaxation time (DMRT-LBM) is 

used in numerical simulation because of its intrinsic 

parallelism of the algorithm, stability compared with the 

single relaxation time model (BGK) (Bhatnagar et al., 

1954; Humières, 2002; Lallemand et al., 2000; McNamara 

et al., 1988), simplicity of implementation, and ease of 

incorporating microscopic or mesoscopic interactions. 

Unlike traditional numerical methods that solve the 

macroscopic variables such as velocity and density 

directly, these variables are obtained using the MRT-LBE 

by moment integrations of the particle distribution 

function. 

The objective of this research is to examine the effect of 

the position, length and height of a flat plate on the fluid 

flow and heat transfer around three square cylinders 

located in a horizontal channel. Firstly, the effect of the 

position and length of the horizontal flat plate is examined. 

While in the second study, the effect of the position and 

height of the vertical flat plate is investigated. 

2. Description of the physical problem Boundary 

conditions  

2.1 Statement of the physical problem 

The physical problem studied is shown schematically in 

Fig. 2 where three identical heated square cylinders 

(blocks) of width D are arranged side-by-side vertically in 

a 2D dimensional horizontal channel and spaced from an 

equal dimensionless distance a. An upstream control 

partition is inserted horizontally and vertically, as 

illustrated in Fig. 2 a and b. The blockage ratio is fixed to 

β = D/H =1/8. In order to reduce the influence of the input 

and output boundary conditions, the channel length is set 

to L = 24D. The heat transfer fluid considered in this study 

is air (Pr = 0.71) and its physical properties, except the 

density, are supposed to be constant. 

 The cylinders are placed at a distance Xin upstream from 

the inlet section of the channel and Xout downstream from 

the outlet section of the channel. An infinitely thin 

partition with different lengths and positions is placed 

horizontally and vertically behind the central square 

cylinder. The top and bottom channel walls are assumed to 

be adiabatic, the airflow incoming with cold temperature 

which is fixed to θc = - 0.5, each cylinder at a constant hot 

temperature equal to θh = 0,5. The flow is fully developed 

with a parabolic velocity profile at the temperature and 

velocity gradients are assumed to be zero in the outlet. 

 

2.2. Boundary conditions 

In the LBM method, the implementation of the boundary 

conditions occupied a very important place, it’s 

characterized by the simplicity of integrating into the 

simulation code and plays an important role in the 

stability and accuracy of the model. In our simulation, for 

the inlet and outlet of the domain flow, the Zou & He 

boundary conditions (Zou et al., 1997) are implemented. 

While the bounce-back boundary conditions are 

used(Bouzidi et al., 2001) about the solid walls of cylinders 

and those of the plate.  

      For the thermal problem, the heat flux boundary 

conditions are treated by the method originally proposed 

by Mezrhab et al. (Mezrhab et al., 2010). They considered 

the necessity to move from the macroscopic scale to the 

mesoscopic scale, which is related to the general term of 

the distribution function gi (Mezrhab et al., 2010): 

  𝑔𝑗 = ∑ (𝑀−14
𝑘=0 )𝑗𝑘  𝑚𝑘      𝑒𝑡  𝑔1 + 𝑔3 = 2𝑇 (1 +

𝑎

4
) /5       (1)                                                             

Where 𝑀−1   is the inverse matrix of the moment and 𝑎 is 

calculated by the preceding formula 𝛼 =
√3(4+𝑎)

60
.  

   This condition  𝑔1 = −𝑔3 + 2Ѳ𝑐 (1 +
𝑎

4
) /5  is applied in 

the inlet of the channel as well as to the channel input. 

Whereas for the obstacle limits, we use the same condition, 

replacing Ѳc with Ѳh because the limits of the obstacles are 

considered hot. Then, adding the condition  𝑔2 = −𝑔4 +

2Ѳ𝑐 (1 +
𝑎

4
) /5 for the lower and upper faces of obstacles. 

Similarly, the adiabatic conditions are used for the canal 

walls. 

 

 

                                        

(a)                                                                            (b) 

Fig. 1. The physical configuration studied. (a) partition horizontal.  (b) partition vertical 
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3. Multi-Relaxation-Time lattice Boltzmann 

Method 

The Multi-relaxation Time Lattice-Boltzmann-Method 

(LBM-MRT) is a mesoscopic approach that has attracted a 

lot of attention in the last decades to simulate numerically 

various problems in many domains: physics, chemistry, 

biology, medicine etc. This is due to its major advantages 

such as its high precision, its simplicity, efficiency, and 

flexibility for most physical problem fluid flow and heat 

transfer in different geometries, and also, the reduced 

computational time compared to classical CFD methods. 

Because of its convergence and compatibility, the MRT-

D2Q9 model and the MRT-D2Q5 model are chosen to treat 

the flow and the temperature fields respectively(A. A. 

Mohamad, 2011).  

In general, the Boltzmann transport equation for a system 

without external forces can be written as:  

𝜕𝑓

𝜕𝑡
+ 𝑐

𝜕𝑓

𝜕𝑟
= (𝑓)                                                                           (2) 

where Ω is the collision operator developed by D’Humières 

(Humières, 2002) using the LBM-BGK model. 

This equation consists of two parts: the left part 

represents the advection (propagation) step while the right 

part represents the collision step. In general, at time t, the 

state of the system is known. That is, at each node, the 

value of fi is known. We seek to know the state of the 

system at the next time  𝑡 +  ∆𝑡. For this purpose, a space-

time discretization of the function fi which represents the 

density distribution of the particles is necessary. Equation 

2 illustrates the discretized Boltzmann equation:   

 
𝑓𝑖(𝑥 + 𝑒𝑖 , 𝑡 +  ∆𝑡) − 𝑓𝑖(𝑥, 𝑡) = Ω𝑖(𝑓)         𝑖 = 0,… . , 8              (3) 

During the propagation phase, each particle moves 

towards the adjacent node following its velocity direction. 

Only one particle is allowed per node, therefore, when 

several particles arrive at the same location, the collision 

phase determines their interactions and how they change 

position. The particles thus move synchronously on a 

regular network by satisfying several assumptions:  

Introducing the evolution proposed by D'Humières 

the previous expression will be written as follows 

(Humières, 2002). 

   𝑓𝑖(𝑥 + 𝑒𝑖 , 𝑡 + 1) − 𝑓𝑖(𝑥, 𝑡) = 𝑀𝑓
−1 × 𝑆𝑓[𝑚𝑓(𝑥, 𝑡) − 𝑚𝑓

𝑒𝑞
(𝑥, 𝑡)]    

 𝑖 = 0, … , 8                                                                             (4) 

With  𝑚 and 𝑚𝑒𝑞  are the moment’s vector, and the 

equilibrium momentum, respectively: 

 𝑚 = (𝑚0, 𝑚1, 𝑚2, , 𝑚𝑛)
𝑇 ;  

 𝑚𝑒𝑞 = (𝜌, 𝑒𝑒𝑞 , 𝜀𝑒𝑞 , 𝑗𝑥, 𝑞𝑥
𝑒𝑞
, 𝑗𝑦, 𝑞𝑦

𝑒𝑞
, 𝑝𝑥𝑥
𝑒𝑞
, 𝑝𝑥𝑦
𝑒𝑞
)𝑇                          (5) 

The choice of the equilibrium functions 𝑚𝑖
𝑒𝑞
 will determine 

the equivalent macroscopic equations. 

𝑚0
𝑒𝑞
= 𝜌 

𝑚1
𝑒𝑞
= 𝑗𝑥  

𝑚2
𝑒𝑞
= 𝑗𝑦 

 𝑚3
𝑒𝑞
= −2𝜌 + 3(𝑗𝑥

2 + 𝑗𝑦
2) 

                             𝑚4
𝑒𝑞
= 𝜌 − 3(𝑗𝑥

2 + 𝑗𝑦
2)                                  (6) 

              𝑚5
𝑒𝑞
= −𝑗𝑥  

              𝑚6
𝑒𝑞
= −𝑗𝑦 

              𝑚7
𝑒𝑞
= (𝑗𝑥

2 − 𝑗𝑦
2) 

              𝑚8
𝑒𝑞
= 𝑗𝑥𝑗𝑦 

Where  

𝑗𝑥 = 𝜌𝑢𝑥 = ∑ 𝑓𝑖
𝑒𝑞
𝑐𝑖𝑥𝑖                                                            (7)                               

𝑗𝑦 = 𝜌𝑢𝑦 = ∑ 𝑓𝑖
𝑒𝑞
𝑐𝑖𝑦𝑖 . 

The transformation Matrix M denotes the correspondence 

between the velocity and moment spaces. where:    𝑚 = 𝑀𝑓   

and    𝑓 = 𝑀−1𝑚. The matrix M of order 9 is given by (A. A. 

Mohamad, 2011): 

                               

M=

(

 
 
 
 
 
 
 

1 1 1 1 1 1 1 1 1

0 1 0 −1 0 1 −1 −1 1

0 0 1 0 −1 1 1 −1 −1

−4 −1 −1 −1 −1 2 2 2 2

4 −2 −2 −2 −2 1 1 1 1

0 −2 0 2 0 1 −1 −1 1

0 0 −2 0 2 1 1 −1 −1

0 1 −1 1 −1 0 0 0 0

0 0 0 0 0 1 −1 1 −1)

 
 
 
 
 
 
 

    (8)                 

        Likewise, the MRT-LBM is implemented to compute 

the advection-diffusion equation of temperature, using the 

second function of distributions 𝒈𝒊.  For the reason of 

simplicity and compatibility, it is recommended to use the 

D2Q5 model (Fig.2).  In this model (D2Q5) the evolution of 

the fluid particles from one node of the grid to an adjacent 

node with discrete velocities is given by: 

 𝑔𝑖(𝑥 + 𝑐𝑖  ∆𝑡, 𝑡 + ∆𝑡) = 𝑔𝑖(𝑥, 𝑡),                𝑖 = 1,2,3,4             (9)                                     

      For thermal boundary conditions, the following 

expressions (8) are used to convert them from the 

macroscopic scale to the mesoscopic level in distribution 

function(A. Mezrhab, M. A. Moussaoui, M. Jami, H. Naji, 

M. H. Bouzidi, 2010): 

 𝑔𝑗 = ∑ (𝑀−14
𝑘=0 )𝑗𝑘  𝑚𝑘       𝑒𝑡     𝑔1 + 𝑔3 =

2𝑇(1+
𝑎

4
)

5
                (10)                                    

Where 𝑀−1  is the inverse matrix of the moment and 𝑎 is 

calculated by the preceding formula  𝛼 =
√3(4+𝑎)

60
. 

For the thermal problem, the distribution functions 𝑔𝑖 are 

expressed: 

 𝑔𝑖(𝑥 + 𝑒𝑖 , 𝑡 + 1) − 𝑔𝑖(𝑥, 𝑡) = Ω𝑖(𝑔)     𝑖 = 0,… , 8                (11)                                  

The collision step could be presented by the MRT-TLBM 

model:  

 𝑔𝑖(𝑥 + 𝑒𝑖 , 𝑡 + 1) − 𝑔𝑖(𝑥, 𝑡) = 𝑀𝑔
−1 × 𝑆𝑔[𝑚𝑔(𝑥, 𝑡) −  𝑚𝑔

𝑒𝑞(𝑥, 𝑡)]      

𝑖 = 0,… , 8                                                                               (12) 

𝑀−1 designates the inverse of the transformation matrix 

for the D2Q5 model in which the matrix M is of order 5. 

This matrix M is given by (A. A. Mohamad, 2011) :  

                             M =

(

 
 

  1
  0
  0
−4
  0

1
1
0
1
1

  1
   0
   1
   1
−1

  1
−1
0
1
1

   1
   0
−1
   1
−1)

 
 

           (13)                                                         
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         However, for the D2Q5 model, the dimensionless 

temperature 𝜃 is the only conserved quantity and is 

obtained by: 

                                 𝜃 = ∑ 𝑔𝑖
𝑁
𝑖=0                                         (14) 

 

4. Validation of the simulation code  

      The present code is validated with the work obtained 

by Breuer et al. (Breuer et al., 2000). They realized 

numerical research using the finite volume method and 

LBM method to simulate the flow past a single square 

cylinder for different values of the Reynolds number (Re = 

5 - 200). Figure 3 shows the velocity components along the 

centerline for a Reynolds number equal to 100. The 

comparison of these components is an excellent agreement 

between our results and the results presented by Breuer et 

al.(Breuer et al., 2000). 

We have already carried out a study of laminar flow and 

heat transfer in a horizontal channel containing three 

heated obstacles (Fig. 4) (Youssef Admi et al., 2019) but 

without a control device. Figure (4) presents the 

streamlines and isotherms for Re = 100.
 

 

 

 
(a)                                                              (b)                        

 
  Fig. 2. (a) The two-dimensional D2Q9 velocity. (b) The D2Q5 for thermal problem. 

 

 

 

(a)                                                                                              (b) 

 

(c)                                                                                                (d) 

Fig. 3. Velocity profiles along the centerline at Re = 100: (a) and (c) Present work, (b) and (d):(Breuer et al., 2000)  
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(a)                                                                             (b) 

Fig. 4. Streamlines (a) and isotherms (b) for the case without partition 

 

5. Result and Discussion 

In the literature, several investigations have been 

performed with study the flow of a fluid coupled to heat 

transfer around an obstacle. However, a small number of 

studies have been carried out around several obstacles 

compared to those carried out around a single obstacle.  

In this paper, numerical calculations were realized for a 

fluid flow around three side-by-side square cylinders 

equally spaced and controlled by a horizontal and vertical 

partition respectively. These investigations are performed 

at fixed Reynolds number Re = 100. This number is based 

on the cylinder diameter D and the maximum flow velocity 

Umax of the parabolic inlet profile. For the two states of the 

partition (horizontal or vertical), the effect of the location 

of the partition behind the central block is firstly studied 

by fixing its length (Lp = D). Then, the effect of the length 

of the partition is examined while fixing its position. 

5.1. Effects of horizontal partition location 

As mentioned earlier, several studies exist in the 

literature that treats the flow of fluids around one or more 

obstacles(Ali et al., 2012; Chatterjee et al., 2013; Dey, 2021; 

Dhiman et al., 2005; Guo et al., 2020; Han et al., 2013; 

Islam et al., 2016; Kumar et al., 2015; Malekzadeh et al., 

2012; Manzoor et al., 2020; Rashidi et al., 2015; Sohankar 

et al., 2018; Wu et al., 2006; Zhou et al., 2005). Han et al. 

(Han et al., 2013)used the finite element scheme (CBS) to 

study the flow around two square cylinders arranged 

horizontally side by side at a fixed Reynolds number. The 

study of the effect of the spacing between the two cylinders 

shows the existence of three flow models. Likewise, Islam 

et al. (Islam et al., 2016) performed a numerical study to 

analyze the effect of low Reynolds number "Re" and 

spacing "g" on the flow around three-square cylinders 

aligned in line without implementing any control 

instrument. These authors used the MRT-LBM and 

observed seven different flow patterns for different values 

of "Re" and "g". 

In the first part of this investigation, the effect of 

the gap spacing between the central block and partition 

has been studied. To this end, four cases (0 ≤ g ≤ 3) are 

treated of which the dimensionless length of the partition 

remains fixed (Lp/D = 1). 

Figures 5a-d show an asymmetric distribution (with 

regard to the central axis of the channel) of streamlines 

around the three cylinders. A recirculation and a 

stagnation zone are clearly visualized in all cases behind 

the block at the top and the block at the bottom, whereas 

two recirculations are observed behind the central block. 

These two recirculations are either located on the upper 

and lower sides of the partition as shown in figures 5.a-c, 

or they appear to belong to the gap between the block and 

the partition. Then, they interact with the shear layers of 

the upper and lower blocks and form a large circulation 

behind the control partition except in the last case where 

there is a small area of stagnation on the trailing edge of 

the partition. his large recirculation will disturb the flow 

along the channel. The amplitude of this recirculation 

decreases with increasing separation distance and the flow 

pattern is characterized by the alternate shedding vortices 

behind the control plate. This phenomenon is well known 

as the von Karman vortex streets. 

Note that for very small values of Re (not shown 

here), a creeping flow is obtained for each obstacle, and the 

flow around an obstacle is not affected either by the 

presence of nearby obstacles or by the presence of the 

control partition. Cancellation of this symmetry is 

observed while increasing the Reynolds number. 

        The coupling between fluid flow and heat transfer 

around multiple cylinders is poorly studied in the 

literature (Admi et al., 2022; Admi et al., 2022; Chatterjee 

et al., 2013; Lahmer et al., 2022; Moussaoui et al., 2021; 

Wu et al., 2006). Chatterjee et al. (Chatterjee et al., 2013) 

present a 2D numerical study of fluid flow and heat 

transfer by mixed convection around two heated square 

cylinders placed in tandem for Reynolds number range 50 

≤ Re ≤ 150. The relationship between the spacing and the 

size of the cylinders S/d is studied. Also, the effect of 

superimposed thermal thrust on the flow and isothermal 

patterns is presented and discussed. Global flow and heat 

transfer quantities such as global drag and lift coefficients, 

local and area-averaged Nusselt numbers, and Strouhal 

numbers are calculated and discussed for different 

Reynolds and Richardson numbers and spacing ratios. The 

notable contribution is the quantification of the critical 

spacing ratio, which is observed to decrease with the 

increasing thermal buoyancy effect for a specific Reynolds 

number. Also, Wu et al. (Wu et al., 2006) use a semi-

implicit finite element method to study the effect of the 

interaction of the transient mixed convective flow between 

the circular cylinders and the channel walls on the heat 

transfer. They found that the isotherms are affected by 

different space/diameter ratios "S", Reynolds numbers 

"Re". Also, they observed that maximum heat transfer 

exists between the three circular cylinders and the channel 

walls in the case where S=0.75.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Streamlines for different horizontal partition positions at Lp/D =1 and Re = 100: (a) g = 0; (b) g =1; (c) g = 2; (d) g 

= 3. 

 

 

Fig. 6 shows the isotherms around the three cylinders for 

Re = 100 and for spacing gaps varying from g = 0 to g = 3, 

the isothermal contours are more strongly affected 

downstream than upstream by the presence of obstacles. 

In addition, the presence of the partition has also an 

influence on the isothermal lines, while forming a jet flow 

along the channel. Downstream of the cylinder, the wake 

becomes narrow and depends on the position of the 

partition. In the case where the partition is attached to the 

central obstacle (fig. 6a) or if there is no control partition 

(fig. 4), a significant formation of vortices and a  large wake 

is observed. This flow can be locally accelerated to improve 

heat transfer. An intense temperature gradient forms 

around the obstacles, indicating the existence of important 

heat exchange in these regions. However, when increasing 

the distance between the central cylinder and the control 

partition, the number of vortices formed decreases and the 

wake becomes narrower but remains unstable and 

asymmetrical. 

Note that in all cases, a large temperature gradient 

is visible from the contours, particularly near the front 

face, which has thinner thermal boundary layers around 

which the highest heat transfer rates occur near this face. 

The transport of thermal energy is performed by the flow 

in the wake 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6.  Isotherms for different horizontal partition positions at Lp/D =1 and Re =100: (a) g= 0; (b) g = 1; (c) g = 2; (d) g = 

3. 
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(b) 

 
(c) 

 
(d) 

Fig. 7. Streamlines for different partition length at g=3 and Re = 100: (a) Lp = 1D; (b) Lp = 2D; (c) Lp = 3D; (d) Lp = 4D 

 

 

5.2. Effects of horizontal partition length  

       Very limited research has been conducted on flow 

control coupled with heat transfer around multiple 

cylinders. While there are numerical and experimental 

investigations (Ali et al., 2012; Manzoor et al., 2020; Turki, 

2008) that study flow control with or without coupling to 

heat transfer around a single cylinder using simple control 

instruments (passive control). Turki et al. (Turki, 2008) 

using a splitter plate for passive control of vortex shedding 

behind a square cylinder in laminar flow. Numerical 

calculations were performed at different Reynolds 

numbers 110 ≤ Re ≤ 200 and for a blocking ratio β = h/H = 

1/4. They investigated the effect of the length of the splitter 

plate and its location in the wake region on the 

instantaneous flow fields. They found that the 

disappearance of vortex shedding corresponds to a critical 

length of the splitter plate Lc = 2.2. 

Likewise, numerical simulations were conducted by 

Manzoor et al. (Manzoor et al., 2020)  to examine the effect 

of control rod size (4 ≤ d1 ≤ 20) and spacing ratio (1 ≤ g ≤ 5) 

on the flow around a square cylinder at a fixed Reynolds 

number (Re = 160) using the lattice Boltzmann method 

(LBM). They found that vortex shedding is completely 

suppressed at (g, d1) = (1, 12), (2, 12), and (2, 16) where the 

stable flow mode exists. In addition, they found that at a 

large spacing, where g = 5, the effect of the control rods on 

the main cylinder disappears. 

In the second investigation, the effect of the partition 

length has been studied by fixing the gap spacing between 

the central block and the control partition at g = 3 for Re = 

100. Four cases are realized in this study whose length of 

the partition Lp is varied from 1D to 4D. 

Fig. 6 shows the instantaneous streamlines 

visualization plots in which a recirculation in the space 

between the central cylinder and the control plate is 
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observed in all cases studied, the size of this recirculation 

increases with the increasing distance between the 

obstacle and the control partition. The shear layers 

delivered by the ends of the obstacles form recirculation on 

the upper and lower faces of the control plate. These 

recirculation either produce undulations along the channel 

and produce Von Karman vortices (fig. 6a-b) or they are 

partially or totally peeled off and amortized along with the 

faces of the plate as shown in fig. 6 c-d.  

       Two flow models are obtained. A flow model in 

which a strong vortex shedding is induced, as shown in Fig. 

6(a-b). In this pattern, a big vortex, in the formation region,  

is distended and interacted significantly along the 

horizontal axis, resulting in a large formation region in 

terms of shed vortices just behind the control partition. 

These shed vortices are stronger because of the small length 

of the control partition. In the second model, the flow is 

characterized by a slightly undulating wake. The big vortex 

formed in the region spacing the middle cylinder and the 

control partitions distended and interacted with the vortex 

formed around the control plate. Thanks to the increase in 

the length of the partition, these interactions are damped 

along the upper and lower surface of this control partition. 

Consequently, an almost complete suppression of the 

vortices was observed in the last case studied. In this case, 

the flow regime becomes almost stable and symmetrical.  

In this investigation, the effect of the partition length 

has been studied. For this reason, four cases (Lp=1D-4D) 

are treated where the gap spacing between the central 

block and partition is fixed at g = 3.   

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 8.  Isotherms for different partition lengths at g = 3 and Re = 100: (a) Lp = 1D; (b) Lp = 2D; (c) Lp = 3D; (d) Lp = 4D 
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              (a) 

 
              (b) 

 
             (c) 

 
            (d) 

Fig. 9. Streamlines for different vertical partition positions at h = D and Re = 100: (a)g=2; (b) g = 3; (c) g = 4; (d) g = 5 

Fig. 8 shows the isotherms contours of the flow 

controlled by a plate positioned at g=3 with various 

lengths. Likewise, the isothermal contours are affected by 

the presence of obstacles and by the presence of the 

partition. This influence is observed by the formation of a 

jet flow along the channel. When Lp = 1D-2D (Figs. 8a-b), 

alternate vortex shedding behind the square cylinder is 

observed. The width of the Karman vortex street becomes 

gradually narrower as the control plate length increases. 

An intense temperature gradient forms around the 

obstacles, indicating the existence of important heat 

exchange in these regions. However, when Lp = 3D-4D 

(Fig. 8 c-d), the vortex shedding becomes weak and the flow 

becomes quasi-stable and symmetrical in the last case.  

This indicates that the vortex shedding behind the square 

cylinders is effective and can be annulled or its amplitude 

decreases if the control plate is placed at a suitable position 

with the proper length. It can be seen that the isotherms 

are elongated in the direction of flow and the regime 

becomes quasi-stable and symmetrical with respect to the 

channel axis and show a thermal boundary layer close to 

the walls of the three obstacles. A temperature gradient 

induced more in the rear face of the obstacles is visible 

from the contours, especially in the last case 

5.3. Effects of vertical partition location 

          In this section, the control flat plate is arranged 

vertically behind the square obstacles. Indeed, the effect of 

the position and length of the control flat plate on 

streamlines and isotherms is investigated at fixed 
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Reynolds number Re =100. In each study, four cases are 

presented. 

         Fig. 9 presents the streamlines for spacing gaps 

ranging from g = 2 to g = 5. This figure shows that the size 

of the recirculation behind the central obstacle increases 

with increasing spacing up to g = 4D, whereas after this 

spacing (g ≥ 4) the size of the recirculation decreases, while 

the size of the recirculation behind the top and bottom 

obstacle increases. Indeed, the sheer layers delivered by 

the extremity of the central block have enough space by 

forming a recirculation behind the central block. This 

provokes undulations in the gap space between the central 

obstacle and the control plate. These undulations, of large 

amplitudes, disturb the flow downstream of the partition 

and result in an unstable and asymmetric regime. In 

Figure 9a-c, a recirculation formed behind the control plate 

interacts with the shear layers delivered by the extremity 

obstacles and results in an almost symmetrical and weakly 

perturbed Von Karman Street flow compared to the cases 

where g ≥ 4. 

Figure 10 shows the visualization of the isotherm 

contours around the three heated square obstacles 

followed by a flat plate. In this isotherm contour, the vortex 

shedding tends to dissipate more rapidly and intensely 

behind the obstacles, especially in the case where the 

position of the plate 3 < g ≤ 5. Indeed, for this gap, the 

layers delivered by the top and bottom edge of the obstacle 

strike the control plate and consequently form small 

vortices in the intermediate zone allowing a strong heat 

exchange in these cases. Whereas in the closest case where 

2 ≤ g ≤ 3, a large part of the shear layers dip behind the 

partition (the central obstacle and the partition are 

considered as one body), resulting in weak heat exchange. 

Likewise, in the case of g = 4, the totality of the shear 

layers plunges into the intermediate space by encountering 

the control plate, which strongly disturbs the flow in the 

intermediate zone. This increases the heat exchange 

between the fluid and the blocks, especially with the backs 

of the blocks. 

 

 

 

 
          (a) 

 
(b) 

 
          (c) 

 
        (d) 

Fig. 10.  Isotherms for different partition positions at h = D and Re = 100: (a)g = 2; (b) g = 3; (c) g = 4; (d) g = 5. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. Streamlines for different partition heights at g = 3 and Re = 100: (a) h = 1D; (b) h =2D; (c) h = 3D; (d) h = 4D  

 

5.4. Effects of vertical partition length  

         The purpose of this last investigation is to study the 

influence of the height of the plate on the flow and the heat 

transfer. Indeed, in the literature, there are investigations 

that study the effect of the height of the control plates on 

the flow field and isotherms around a square cylinder. 

Malekzadeh et al. (Malekzadeh et al., 2012) perform a 

numerical study to examine the effect of the position "g" 

and width "S" of the control plate on laminar flow coupled 

with heat transfer around a square cylinder. The results of 

this study show that the optimal position and width for the 

control plate are a distance of 3W from the cylinder and 

width of 0.5W, respectively, where almost maximum 

reduction in fluid forces and minimum reduction in heat 

transfer are provided. Similarly, Zhou et al. (Zhou et al., 

2005) use a flat control plate to control the flow around the 

square cylinder in a two-dimensional channel at a fixed 

Reynolds number Re = 250. The effects of the control plate 

height on the streamlines and on the fluid forces acting on 

the square cylinder have been studied. This study shows 

that there is a significant reduction in these fluid forces. 

while in this article, Figures11 and 12 illustrate 

respectively the streamlines and the isotherms for various 

heights 1D ≤ h ≤ 4D at Re = 100. From these figures, one 

can note that, in all cases, the presence of plate after the 

square obstacles induce unstable vortices, which promote 

heat transfer.  
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          (a) 

 
          (b) 

 
          (c) 

 
          (d) 

Fig. 12. Isotherms for different partition heights at g = 3 and Re = 100: (a) h = 1D; (b) h = 2D; (c h = 3D; (d) h = 4D  

 

 

      For the first case where the length of the plate h = 

1D (Fig.12a andFig.13a), we observe that there is a 

recirculation followed by a stagnation behind the top and 

bottom obstacles.  While there are two recirculations 

behind the central obstacle, these recirculations interact 

with the part of the thermal layers issued from the 

obstacle's extremity and which has confronted the control 

plate, thus allowing a rather weak thermal exchange. On 

contrary, when h = 2D, two recirculations are observed 

behind each obstacle. Similarly, the thermal layers behind 

the top and bottom obstacle have the same size and the 

wakes oscillate in-phase mode. A large temperature 

gradient is observed behind each obstacle, which means 

that there is a large heat exchange between the fluid and 

the heated obstacles. Note that the general behavior of the 

flow fields and isotherms appear regular and symmetrical 

around obstacles. 

For h = 3D-4D (Fig.12c-d, Fig.13c-d), An alternating 

Karman Vortex Street is observed in the wake region 

downstream of the control partition. These structures are 

certainly due to the strong jet interaction between the 

obstacles and control partition. Intense temperature 

gradients are formed between the obstacles and the control 

plate indicating the existence of significant fluidic forces 

exerted on the obstacles. While the large recirculation is 

seen in the case where h = 4D, which indicates that the 

fluid is locked in the intermediate area. This can weaken 

the rate of heat exchange.   

 

6. Conclusions  

The present work presents the results of a numerical 

investigation on the control of fluid flow around three 

heated square cylinders situated side by side in a 2D 
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horizontal channel using a flat plate at a fixed Reynolds 

number of 100 by using the MRT-LBM. The developed code 

has been validated with previous work and the results 

obtained show a good agreement with those available in 

the literature. The study of the effect of the gap spacing g, 

the length Lp and the height h of the control plate 

implemented horizontally or vertically is presented in the 

form of the streamlines and isotherms around these three 

obstacle squares. First, the effect of the position and length 

of the horizontal flat plate is examined. This study shows 

that the implementation of a flat plate significantly 

increases the thermal exchange between the fluid and the 

rear face of the cylinders. Likewise, the results obtained 

show that the use of a horizontal flat plate of length Lp = 

4D at a position g=3 behind the central cylinder reduces 

the amplitude of the Von Karman Street and allows 

significant and regular heat exchange. Thus, in the second 

part, the effect of the position and height of the vertical flat 

plate is studied. The results obtained show that the 

implementation of a vertical flat plate disturbs the flow 

along the channel. Also, the results show that the use of a 

flat plate of height h=2D at a position g=3 behind the 

central cylinder improves the heat exchange between the 

incoming fluid and the heated cylinders. This numerical 

work could lead to the prediction of the cooling of the 

electronic components: The cooling of the obstacles is all 

the better when the control plate is placed at g = 3 and its 

height h = 2D in the case of the vertical plate or its length 

Lp equal to 4D in the case where the plate is placed 

horizontally.   
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