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Abstract 5 

Various passive and active methods have been developed to control flow separation from 6 

bluff bodies. However, these methods require adjusting features of the solid surface, such as 7 

modifying its geometry or porosity, or applying external force or momentum. This paper 8 

develops an off-body-based method, without adjusting any features of the solid surface, for 9 

controlling the unsteady flow separation by fixing porous materials downstream of bluff bodies. 10 

Numerical study on flow past a circular cylinder at a subcritical Reynolds number is performed, 11 

and the result indicates that the added downstream porous material changes flow in the wake and 12 

re-laminarizes the turbulent flow around the curved cylinder surface, reducing the wall pressure 13 

fluctuation around the cylinder. therefore, the associated aerodynamic noise is reduced greatly. 14 
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Nomenclature 17 

d rmsC  = root-mean square of drag coefficient 18 

dC  = time-averaged drag coefficient  19 

l rmsC  = root-mean square of lift coefficient 20 

lC  = time-averaged lift coefficient 21 
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D = diameter of the circular cylinder 22 

dp = mean particle diameter 23 

r = distance between source and observer 24 

U = instantaneous velocity of local flow  25 

U∞ = mean flow velocity  26 

xU  = x-direction component of time-averaged flow velocity  27 

yU  = y-direction component of time-averaged flow velocity 28 

St = Strouhal number 29 

Re = Reynolds number  30 

   = porosity  31 

   = dynamic viscosity 32 

   = kinematic viscosity 33 

34 
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1. Introduction 35 

Phenomena of vortices shedding from bluff bodies widely exist in various engineering 36 

applications. Usually, these phenomena cause a significant increase in the time-averaged flow 37 

drag due to the pressure drop at the rear surface of the body. Moreover, these phenomena also 38 

result in a notable increase in lift and drag fluctuations as well as associated vibration and noise. 39 

Therefore, flow separation control is of great importance for many applications of fluid 40 

mechanics. 41 

Flow control methods have been explored for decades, and these methods can be classified 42 

into active control and passive control. The active control is based on influencing the flow by 43 

exerting external force or momentum, such as plasma actuators, injection and suction of fluids. 44 

The passive control is usually through modifications of bluff body geometry, such as serrations 45 

and splitter plates, to affect the formation of vortex shedding. 46 

Many studies on active and passive flow controls have been performed and comprehensive 47 

review can be found in [1-9].Therefore, only some representative studies are mentioned below. 48 

Active flow control, generates a secondary flow through, such as injection and suction of fluid. 49 

Control of turbulent boundary layers around a cylinder by using surface suction was performed 50 

experimentally by Seal and Smith [10], and the result showed that the surface suction can 51 

weaken both the instantaneous vortex-surface interaction and the downstream extension of the 52 

turbulent necklace vortex. Kim and Choi [11] applied a distributed forcing to flow over a circular 53 

cylinder for drag reduction, and the distributed forcing was realized by blowing and suction from 54 

slots placed at both the upper and lower surfaces of the cylinder. Tensi et al. [12] studied 55 

experimentally on controlling flow around an obstacle by means of unsteady blowing through a 56 

single slot disposed on the surface of the obstacle, in order to investigate the effect of the jet 57 
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injection on delaying separation and modifying the drag coefficient. Liu and Feng [13] 58 

investigated numerically to suppress lift fluctuations and to reduce the mean drag of a circular 59 

cylinder by using synthetic jets.  60 

Another promising active method for controlling flow is the excitation of plasma actuators. 61 

Post and Corke [14] applied plasma actuators to control flow separation from an airfoil. Two 62 

types of actuators were placed at the leading edge of the airfoil, one produced a spanwise array 63 

of streamwise vortices, and another produced a two-dimensional jet in the streamwise direction. 64 

The result showed that reattached flow created by the plasma actuators can result in a decrease in 65 

drag and suction-pressure recovery. Nati et al. [15] performed an experimental investigation on 66 

controlling of vortex shedding from a blunt trailing edge by fixing plasma actuators in the region 67 

of the trailing edge, and demonstrated that plasma actuators can greatly reduce the total kinetic 68 

energy due to suppressing vortex shedding from the trailing edge. Recently, Abbas et al. [16] 69 

investigated experimentally control of over an airfoil stall by using dual excitations and found 70 

that, compared with the approach of using a single plasma actuator at the trailing edge solely, the 71 

simultaneous excitation at both the trailing edge and on the suction side was more effective for a 72 

full stall control.  73 

On the other hand, passive flow control has also been studies extensively. Splitter plate, as a 74 

passive control method, was widely used to suppress vortex shedding and reduce the flow drag. 75 

Kwon [17] simulated the effect of splitter plates attached to a circular cylinder on controlling the 76 

vortex shedding from a cylinder. The result showed that the vortex shedding behind the circular 77 

cylinder completely disappeared when the length of the splitter plate was greater than a critical 78 

length, and the critical length was supposed to be proportional to the Reynolds number. Control 79 

of flow-induced fluctuating forces on a circular cylinder by means of a splitter plate was also 80 
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numerically investigated by Hwang et al [18]. Results indicated that the splitter plate can 81 

suppress the vortex shedding and efficiently reduces drag and lift fluctuations. 82 

For airfoils with a blunt leading and/or trailing edges, wavy or serrated shapes are usually 83 

effective to suppress the formation of vortex shedding. Pérez-Torró and Kim [19] performed a 84 

large-eddy simulation on a deep-stalled airfoil with a wavy leading edge, revealing that an 85 

increased lift and a decreased drag were achieved by using the wavy leading edge compared to 86 

the straight leading edge. Additionally, the wavy leading edge significantly reduced the 87 

fluctuating component of aerodynamic forces at the frequency of the periodic vortex shedding. 88 

Thomareis et al. [20] employed a dynamic mode decomposition to illustrate that the serrated 89 

trailing edge of a NACA 0012 airfoil can significantly reduce both the time-averaged and 90 

fluctuating components of the drag compared to the blunt trailing edge airfoil, due to attenuation 91 

of the turbulence energy by decorrelating the spanwise coherence of the vortices. 92 

Porous material covering on solid surfaces is also classified as a passive flow control method. 93 

Gozemen [21] suppressed vortex shedding from a circular cylinder by using a porous coating in 94 

deep water, showing that the turbulent intensity of the flow downstream the porous cylinder was 95 

much smaller than the rigid solid cylinder. Sueki et al. [22] measured the effect of different types 96 

of porous materials on flow around cylinder and the associated noise, it was found that the open- 97 

cell metal material is effective in delaying the vortex shedding, suppressing pressure fluctuations 98 

on the cylinder surface, and reducing aerodynamic noise. Liu et al. [23] numerically studied two- 99 

dimensional flow around a circular cylinder with coating open-cell metal foams, and analyzed 100 

influences of the porosity, pores per inch, thickness of a covering layer on the flow and noise. 101 

Results showed that porous material with high porosity can delay the vortex shedding. Liu et al. 102 
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[24] further studied the effectiveness of porous treatment on tandem cylinders to control and 103 

regularize the vortex shedding. 104 

Based on the preceding literature review of active and passive flow controls, we can find that 105 

all existing flow control methods are achieved by adjusting features of solid surfaces, modifying 106 

geometry (splitter plate and serration) or porosity (porous material), or exacting external force 107 

(plasma actuators) or momentum (injection and suction). However, some specific engineering 108 

applications, do not allow modification of any features of solid surfaces, thus all flow control 109 

methods mentioned above cannot be adopted. Therefore, it is meaningful to develop an off-body- 110 

based method for controlling flow separation from the bluff body. In this paper, in order to 111 

control flow separation from a circular cylinder at a subcritical Reynolds number, an off-body- 112 

based method, which is achieved by fixing porous materials downstream the cylinder, is 113 

developed to suppress the alternating vortex shedding. The developed off-body-based method 114 

aims at suppressing unsteady flow separation and reducing aerodynamic noise without changing 115 

any features of the solid surface. 116 

The remainder of this paper is organized as follows. Section 2 introduces mathematical 117 

methodology, including model description, numerical method and validation. In Section 3, the 118 

results are illustrated to analyze the effect of the downstream porous material to suppress the 119 

flow separation as well as to control noise. Conclusions are drawn in section 4. 120 

 121 
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2. Mathematical methodology and validation 122 

2.1 Model description 123 

Two cases are studied numerically to investigate the effect of the off-body porous material on 124 

the development of the mean flow and turbulence in the wake. The first case is a classic flow 125 

model, i.e., a uniform flow with a freestream velocity of U∞=2.18376m/s past a smooth circular 126 

cylinder with a diameter of D=25mm. The Reynolds number for this case is Re=3900, which is 127 

in the subcritical Reynolds number range for flow past a circular cylinder. This case has been 128 

studied numerically and experimentally by various investigators, such as Norberg [25], Breuer 129 

[26] and Meyer [27], thus abundant database can be used to validate the numerical method used 130 

in this paper as well as to investigate the feature of the wake development.  131 

In the second case, both the cylinder diameter and free stream velocity are the same as those 132 

used in the first case. However, a porous material with a thickness of 10mm (0.4D) is placed 133 

downstream of cylinder with the distance of 1.5D between the center of the cylinder and the 134 

porous material. This case aims at investigating the effect of the porous material on 135 

developments of both the wake mean flow and turbulence. In the current study, the porosity of 136 

the porous material is 96% and the pore per inch is 40, which performs best in reducing fan tonal 137 

noise as shown by the authors’ previous experimental study [28].  138 

The computational domain is 40D*20D*πD as shown in Fig. 1. The upstream and 139 

downstream boundaries are 10D and 30D away from the centre of cylinder surface, respectively. 140 

A spanwise length of πD is chosen according to previous numerical studies of Breuer [26] and 141 

Lysenko [29]. A uniform velocity is imposed at the inlet boundary without any perturbation, and 142 

a uniform pressure boundary condition is defined at the outlet boundary. No-slip boundary 143 



8 
 

condition is applied on the solid wall of the cylinder and periodic boundary conditions are used 144 

at the rest pairs of surfaces of the computational domain. 145 

 146 

Fig. 1 Outline view of the computational domain for flow simulation 147 

2.2 Numerical method 148 

Large eddy simulation (LES) is performed to simulate unsteady features of the flow past the 149 

circular cylinder. Outside the porous region, the following filtered incompressible Naiver-Stokes 150 

equations are applied to calculate unsteady flow  151 
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where 
iu  is the resolved velocity component, p  is pressure. i j is subgrid scale stress tensor 155 

resulting from filtering the non-linear convective fluxes and describing the influence of the small 156 

scale structure on the larger eddies. In the present LES, the well-known Smagorinsky [30] model 157 
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is used to consider the influence of small scale eddies and to calculate the subgrid scale tensor. 158 

All computations are carried out with a Smagorinsky constant of Cs=0.1, which is an empirical 159 

value mostly used for practical applications [31].  160 

Moreover, a volume-averaged method (VAM) is employed to describe the macroscopic flow 161 

in porous regions by modifying the Navier-Stokes equations [32], with an additional source term 162 

added on the right-hand side of the momentum equation to represent the pressure drop in the 163 

porous medium. The viscous and inertial resistances of the porous zone are described by the 164 

following Ergun’s equation [33]: 165 
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where dp and ε are the mean particle diameter and porosity, respectively, and U is the superficial 167 

velocity. This method has been widely used to study the flow characteristics of porous zones, 168 

such as Bhattacharyya [34] and Naito [35]. 169 

Different spatial and temporal discretization schemes are used for the governing equations, in 170 

which spatial discretization is achieved by using the bounded central differencing scheme for the 171 

convection terms and second-order central difference for the diffusion terms, and an implicit 172 

second-order scheme is utilized for the temporal discretization.  173 

The computational domain is discretized with hexahedral meshes and the total number of 174 

mesh cells is around 5.4 million, as shown in Fig. 2. The grids are highly clustered in the vicinity 175 

of the cylinder surface and in the near wake including the porous treatment region, and the 176 

normal distance between the first layer mesh nodes and the cylinder surface is set to be 0.004mm, 177 

with a stretching factor of 1.08. Moreover, 64 and 240 grids are distributed uniformly along the 178 

spanwise and circumferential directions, respectively, which are similar to the grid numbers and 179 

distributions utilized in previous simulations [29, 36, 37]. The above grid distribution ensures 180 
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that the non-dimensional nearest wall distance y  is smaller than 1. Fig. 3 reports the distribution 181 

of y , which satisfies the requirement for the LES. 182 

Time step 55 10t    s for the current simulation is used to ensure temporal resolution of the 183 

numerical result, which corresponds to the non-dimensional parameter 0.004U t D  , as 184 

suggested by Manoha et al.[38].  185 

 (a)   (b) 186 

Fig. 2 Computational mesh for the circular cylinder: (a) whole domain; (b) region near the wall 187 

 188 

Fig. 3 y distribution for the circular cylinder 189 
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2.3 Numerical validation and discussion 190 

For the flow past a smooth circular cylinder, both the time-averaged and fluctuating quantities 191 

calculated from the present simulation are compared with existing numerical and experimental 192 

results. Fig. 4 presents the time-averaged pressure coefficient along the cylinder surface, which is 193 

defined by 194 
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   (5) 195 

where p∞ and ρ∞ are the reference pressure and density, respectively, which are chosen as the 196 

incoming flow values. The present numerical result is in good agreement with the experimental 197 

data of Norberg [25] and has slight deviations from the numerical results obtained by Mittal [39] 198 

and Breuer[26] and Liyes[40].  199 

 200 

Fig. 4 Time-averaged pressure coefficient on the wall surface of the circular cylinder  201 

As shown in Fig. 5, the time-averaged streamwise velocity xU  along the centreline of the 202 

cylinder wake is compared with experimental results of Lourenco and Shih [41] and Parnaudeau 203 

et al.[42] as well as numerical results of Meyer[27], Kahll[43] and Liyes[40]. All experimental 204 
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measurements and numerical simulations reveal following features of the flow development 205 

downstream the cylinder. In the wake region very close to the cylinder (x/D<1), the mean flow 206 

velocity is negative and decreases with the flow development due to shed vortices in the 207 

recirculation zone, as shown in Fig. 5. In the region of 1<x/D<2, the mean flow velocity reaches 208 

the minimum and then recovers as the flow development further downstream. We can find the 209 

deficit velocity in this region is very large, implying that a strong shear stress and momentum 210 

exchange exist in this region. With the further development of the wake, the mean flow velocity 211 

xU  gradually recovers and approaches to the same order of the upstream mean flow velocity.  212 

 213 

Fig. 5 Time-averaged streamwise velocity along the centerline at y=0 214 

However, results from different studies do not collapse with each other, indicating that the 215 

streamwise velocity is very sensitive to experimental and numerical techniques. For experimental 216 

measurements, many factors, such as upstream disturbances and smoothness of the cylinder 217 

surface, can greatly affect the flow transition on the boundary layer and subsequent flow 218 

separation and development. For numerical simulations, it is still a challenge to accurately 219 
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simulate the flow development in the near wake region with turbulence models due to the low 220 

turbulence viscosity in this region. For example, Breuer [26] illustrated that discretization 221 

schemes, mesh distributions and subgrid models had a great influence on the prediction of the 222 

length of the recirculation zone.  223 

Fig. 6 displays time-averaged velocity contours and streamlines at the surface of z=0. The 224 

result further verifies that the low velocity zone downstream the circular cylinder is caused by 225 

the vortex shedding from the cylinder surface. 226 

 227 
Fig. 6 Time-averaged velocity contours at the surface of z=0 228 

Time-averaged streamwise velocity profiles at different downstream locations (x/D=0.58, 229 

1.06, 1.54, 2.02) are displayed in Fig. 7. At x/D=0.58, the streamwise velocity profile calculated 230 

from the present simulation is in good agreement with the previous experimental data of 231 

Parnaudeau et al.[42] and Lourenco and Shih [41] as well as numerical results of Meyer[27] and 232 

Liyes [40]. At downstream positions of x/D=1.06, 1.54 and 2.02, all experimental and numerical 233 

results indicate that both the maximum deficit velocity and velocity gradient reduce with the 234 
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wake development, but the detailed recovery of the deficit velocity has some deviations among 235 

all the data.  236 

 237 
Fig. 7 Mean flow velocity at different downstream locations 238 

Moreover, previous experimental and numerical studies have reported the time-averaged 239 

and root-mean square (RMS) values of lift and drag coefficients as well as the Strouhal number, 240 

and some of these data are listed in Table 1. Theoretically, the time-averaged lift coefficient 241 

should be equal to zero, and the present numerical and previous results show a consistency with 242 

this value. The time-averaged drag coefficient of collected experimental and numerical results 243 

ranges from 0.99 to 1.16, and the present numerical result is 1.09, indicating that the present 244 

simulation result is reasonable. The Strouhal number of the present simulation is 0.209, which 245 

also reaches a good agreement with previous experimental and numerical results ranging from 246 

0.202 to 0.223. 247 

On the RMS of the lift and drag coefficients, previous experimental and numerical studies 248 

suggest that their value are very sensitive to some factors. For instance, experimental results of 249 

Norberg [44] illustrate that the RMS lift coefficient changes significantly from 0.03 to 0.1 for 250 
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Reynolds number in the range from 3000 to 5000, and numerical studies of Ouvrard [45] show 251 

that, even at Re=3900, the calculated RMS lift coefficient varies from 0.051 to 0.060 and RMS 252 

drag coefficient fluctuates from 0.014 to 0.072, and this is affected by the SGS model used in 253 

LES and the grid resolution. Therefore, the RMS lift and drag coefficient is very sensitive at the 254 

subcritical Reynolds number. In the present simulation, the RMS lift and drag coefficients are 255 

0.274 and 0.025, respectively, both of which are reasonable compared with existing results.  256 

 Table 1 Comparison of main flow quantities  257 

 
dC

 d rmsC  
lC  l rmsC  St 

Present results 1.09 0.025 -2.7×10-3 0.274 0.209 

Lourenco and Shih [41] 0.98±0.05 - - - 0.215±0.005 

Norberg [46] 0.99±0.05 - - 0.09 - 

Breuer [26] 1.099 - -  - 

Kahil [39]  1.02 0.033 -8×10-5 0.137 0.207 

Frolich [47] 0.99~1.02 0.022~0.044 - 0.052~0.3 0.223 

Ouvrard [45] 1.16 0.014~0.072 - 0.051~0.604 0.212 

Liyes [40] 1.158 0.099 8×10-4 0.316 0.202 

3. Results and analysis 258 

In this section, the effect of the downstream porous material on the wake development as well 259 

as fluctuations of the lift and drag are studied. Hereafter the flow past the circular cylinder is 260 

named Case 1, and the flow past the circular cylinder and through the downstream porous 261 

material is named Case 2. 262 



16 
 

3.1 Time-averaged flow field 263 

The velocity distributions at four planes are compared to analyse the effect of porous material 264 

on the development of the wake mean flow. As shown in Fig. 8, Planes 1 (x/D=0.58) and 2 265 

(x/D=1.06) are located in the region between the cylinder and the porous material, Planes 3 266 

(x/D=1.54) is located inside the porous region (1.5＜x/D＜1.9)and Plane 4 (x/D=2.02) is 267 

downstream the porous material.  268 

The velocity profiles at Plane 1 are nearly identical between these two cases, indicating that 269 

the porous material has little effect on the mean flow of the initial wake. At Plane 2, Fig. 8(a) 270 

shows that the maximum deficit velocity is the same for these two cases, but the wake width in 271 

Case 2 is smaller than Case 1. Additionally, Fig. 8(b) shows that the transverse velocity becomes 272 

larger in Case 2, implying that the porous material is beneficial to enhance the momentum 273 

exchange between the free stream and the wake. At Plane 3 which is inside the porous material, 274 

not only the maximum deficit velocity but also the wake width in Case 2 are greatly smaller than 275 

those in Case 1, and the transverse velocity in Case 2 is significantly larger than that in Case 1. 276 

Therefore, the above flow features reveal that the porous material can help to recover the mean 277 

flow in the wake due to the enhanced momentum exchange between the wake and the free 278 

stream. Furthermore, the deficit velocity at Plane 4 almost disappears at Case 2 as shown in Fig. 279 

8(a), thus the momentum exchange becomes very weak and the transverse velocity is very small 280 

as shown in Fig. 8(b). 281 
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 282 

(a)                                                                       (b)  283 

Fig. 8 Mean streamwise velocity at different locations in the wake of a circular cylinder with 284 

porous and without porous: (a) xU U ; (b) yU U  285 

In addition, the separation angle can be determined based on the time-averaged mean flow. In 286 

Case 1, the separation angle 89.03° obtained from present numerical simulation is consistent 287 

with the values presented in literatures of Ma et al.[48], Meyer[27] and Lourenco and Shih [41]. 288 

In Case 2, the separation angle is 90.23, which is very close to that in Case 1, implying that the 289 

porous material actually does not affect the time-averaged flow around the cylinder surface. This 290 

conclusion is consistent with the results shown in Fig. 8, in which the time-averaged velocity 291 

profiles at surfaces of x/D=0.58 and x/D=1.06 are nearly the same for Case 1 and Case 2. 292 

The normalized Reynolds normal stresses 2 2u U
 , 2 2v U

  and Reynolds shear stress 293 

2u v U
  in the near wake region of the circular cylinder (x/D=0.58, 1.06, 1.54, 2.02) are 294 

presented in Fig. 9(a)-(c), respectively. At Case 1, the Reynolds normal stress 2 2u U
  has two 295 

sharp peaks at the x/D=0.58 and x/D=1.06 mainly due to the transitional state of the shear layers 296 

shown in Fig. 9(a). Concerning the Reynolds normal stress 2 2v U
 , Fig. 9(b) indicates that it is 297 
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nearly symmetrical to the wake centerline and the maximum value occurs at the centerline. Fig. 298 

9(c) illustrates that the Reynolds shear stress 
2u v U

   is antisymmetric. All these flow features 299 

are consistent with numerical simulations of Meyer [27]. For Case 2, all the profiles of the 300 

above-mentioned second order statistics are much smaller than that of Case 1, indicating that the 301 

porous material can greatly suppress both the turbulence kinetics and the Reynolds shear stress. 302 

  303 
(a)                                                                       (b) 304 

 305 
(c) 306 

Fig. 9 Reynolds stress in the wake region: (a) 2 2u U
 ; (b) 2 2v U

 ; (c) 
2u v U

   307 

Based on the preceding comprehensive analysis, we can conclude that effects of the applied 308 

porous material on mean and fluctuating flow fields are different. The porous material greatly 309 
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reduces the gradient of the time-averaged flow inside and downstream it, but the porous material 310 

does not affect the time-averaged flow upstream it. On the other hand, the porous material 311 

enables to significantly reduce both the turbulence kinetics and the Reynolds shear stress in the 312 

whole flow field downstream the cylinder, thus we can deduce that the off-body porous material 313 

reduces the turbulence viscosity 
T , which is defined by 314 

 = T

U
u v

y



 


       (6) 315 

3.2 Instantaneous flow field 316 

In order to get further insights into the effect of the off-body porous treatment on the flow 317 

around the circular cylinder, instantaneous contours of the velocity magnitude at z=0 plane are 318 

plotted for the cases with and without porous treatment in Fig. 10. As expected, Fig. 10(a) shows 319 

a low velocity zone downstream the circular cylinder as well as alternating shedding vortices. 320 

However, when the porous material is fixed downstream of the cylinder, Fig. 10(b) shows that 321 

the flow mode is totally different from that of the cylinder without porous treatment. Although 322 

low velocity zone still exists, alternating shedding vortices have been replaced by symmetric 323 

shedding vortices. As we know, laminar separation from the cylinder will induce two symmetric 324 

shedding vortices[49]. Therefore, we can speculate that the flow feature in Fig. 10(b) is laminar 325 

as well. Both the instantaneous vortices and subgird viscosity ratio are used to further confirm 326 

the flow status shown in Fig. 10(b). 327 

The instantaneous vortex based on the definition of Q criterion [50] is depicted in Fig. 11. 328 

Formation and development of vortices starting from the cylinder surface are visual in Fig. 11(a), 329 

but Fig. 11(b) indicates that nearly no vortex structures can be identified. 330 
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    (a) 331 

    (b) 332 

Fig. 10 Instantaneous contours of the velocity magnitude at Z=0 plane: (a) Case1; (b) Case2 333 

                       (a) 334 

                              (b) 335 

Fig. 11 Instantaneous contours of Q=0.2: (a) Case1; (b) Case2 336 

Contours of the subgrid viscosity ratio at z=0 plane are displayed in Fig. 12. Fig. 12(a) 337 

indicates the subgrid viscosity ratio inside the wake region is much larger than that outside the 338 

wake region, implying relatively strong turbulent features of free developed wake. However, the 339 
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subgrid viscosity ratio shown in Fig. 12(b) nearly approaches to zero, implying that the SGS 340 

model in the present simulation is actually inactive and the flow is almost laminar. 341 

                (a) 342 

               (b) 343 

Fig. 12 Subgird viscosity ratio at z=0 plane: (a) Case 1; (b) Case 2 344 

All the above features confirm that the flow with two symmetric steady separation bubbles is 345 

laminar. Owing to laminarization of the cylinder flow caused by the downstream porous 346 

material, we now can easily understand why profiles of the time-averaged velocity are nearly the 347 

same in these two cases but the turbulence intensity in Case 1 is much higher than that of Case 2. 348 

Moreover, the computational result from Case 2 also indicates that the time-averaged total 349 

pressure drop caused by the porous material is merely about 7Pa, and this flow loss can be 350 

negligible compared with the pressure drop caused by the vortex shedding from the circular 351 

cylinder.  352 

Another benefit contributed from the laminarization is that fluctuations of the lift and drag are 353 

greatly reduced, as shown in Fig. 13. At Case 1, periodic lift fluctuation can be observed due to 354 

alternating vortex shedding, but fluctuations of the lift and drag are very small at Case 2 due to 355 
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the nearly steady flow separation. Moreover, Fig. 14 compares spectra of the lift coefficient for 356 

these two cases. The result shows the vortex shedding frequency is fs = 18.33Hz at Case 1, which 357 

is in good agreement with previous studies (Strouhal number=0.209±0.001) listed in Table 1. At 358 

Case 2, not only the magtitude of lift coefficient is very small but also no singnificant peaks can 359 

be found in the spectrum. 360 

  361 
(a)                                                                     (b) 362 

Fig. 13 Time histories of lift and drag coefficients: (a) Case 1; (b) Case 2 363 

 364 
Fig. 14 Spectra of lift coefficients 365 

Fig. 15 plots the power spectral density of the transverse velocity at the centerline of the wake 366 

at four downstream planes of x/D=0.58, 3, 5, 10, covering a wide range from near wake to far 367 
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wake. At Case 1, the peak values of the spectra are very noticeable at the normalized frequency 368 

f/fs=1, due to the alternative vortex shedding from the cylinder surface. However, amplitudes of 369 

fluctuating velocities are very small and no peaks can be found for Case 2, further confirming 370 

that the flow is laminar. 371 

 372 
(a)                                                                      (b) 373 

 374 
(c)                                                                    (d) 375 

Fig. 15 Power spectral density of transverse velocity: (a) x/D=0.58; (b) x/D=3; (c) x/D=5; (d) 376 

x/D=10 377 

3.3 Aerodynamic noise 378 

The acoustic analogy proposed by Lighthill [51] and further developed by Curle [52] is used 379 

to calculate aerodynamic noise radiated from flow and its interaction with the solid surface. As 380 
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the flow Mach number is very small, noise contributed from quadrupole sources is much smaller 381 

than that from dipole sources, thus only the noise radiated from pressure fluctuations acting on 382 

the stationary solid surface is calculated with the Curle’s equation [52].  383 

Fig. 16 displays RMS of the wall surface pressure fluctuations. The RMS value of the Case 1 384 

is much larger than that of the Case 2, implying that noise generated from the Case 2 should be 385 

greatly lower than that from the Case 1.  386 

 387 
Fig. 16  RMS of the wall surface pressure fluctuations  388 

 389 

Fig. 17 Acoustic pressure spectra for noise radiated form dipole sources on the cylinder surface 390 
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Fig. 17 displays the sound pressure spectra of the observer at the position of (0, 1m, 0). It can 391 

be seen that the maximum value of the acoustic pressure for Case 1 occurs at vortex shedding 392 

frequency of 18.3Hz, which is consistent with that of the lift coefficient shown in Fig. 14. 393 

Compared with Case 1, the acoustic pressure of Case 2 has a great reduction over the entire 394 

range of frequencies. 395 

The research confirms that noise level can be greatly suppressed by fixing an off-body porous 396 

material downstream of the circular cylinder. It should be noted that this conclusion is only 397 

drawn from the present numerical simulation. As a potential method for controlling flow 398 

separation from blunt bodies and associated noise generation, more parametric studies, such as  399 

the porosity and downstream distance of the porous material as well as the flow Reynolds 400 

number, should be performed to test the its robustness and applicable range.   401 

4. Conclusions 402 

An off-body based passive flow control method is developed to suppress unsteady flow 403 

separation and the vortex shedding from a circular cylinder by placing the porous material 404 

downstream the cylinder. The following conclusions are drawn from the numerical study.  405 

(1)   At the subcritical Reynolds number Re=3900 studied in this paper, the unsteady turbulence 406 

vortex shedding from the cylinder surface is transmitted into the steady laminar vortex shedding 407 

by fixing the porous material downstream the circular cylinder, thus the porous material achieves 408 

a reverse transition from turbulence to laminar flow.  409 

(2) Laminarization caused by the downstream porous material has little effect on the time- 410 

averaged wake mean flow in the region close to the cylinder surface as well as the time-averaged 411 

flow drag, thus the downstream porous material is not a good choice to reduce the time-averaged 412 

flow drag. 413 
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(3) Laminarization caused by the downstream porous material greatly suppresses the lift and 414 

drag fluctuations, the turbulence kinetic energy and the noise level, thus the downstream porous 415 

material can be used as an efficient method to control the unsteady flow as well as the associated 416 

noise. 417 

The present study initials an off-body based passive flow control method and shows 418 

promising potential in engineering applications, it is planned to carry out further investigations 419 

on the following two aspects: 420 

(1) It is necessary to deepen the understanding of the flow control mechanism, i.e., the physical 421 

mechanism of reverse transition from turbulence to laminar flow caused by the porous material.  422 

(2) Parametric studies, such as the geometry and position of the porous material as well as the 423 

Reynolds number of the mean flow, are meaningful for applications in various engineering fields. 424 
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