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ABSTRACT 

 This thesis presented experimental results on the wake characteristics of a screen 

cylinder (of 67% porosity) as well as that of a circular cylinder enclosed by the screen 

cylinder, or the so-called shrouded cylinder. The objective of the studies was to gain an 

understanding on turbulent structures and vortex shedding mechanism behind such 

cylinders through experimental investigations. The wake of a solid cylinder was also 

studied to provide benchmark for the screen cylinder and the shrouded cylinder. Phase-

averaged analysis was the major technique used to extract the coherent turbulent 

structures in the cylinder wakes and to quantify their contributions to the Reynolds 

stresses. The wavelet multiresolution technique was also used to educe the turbulent 

structures of various scales. Flow visualization using a smoke wire was conducted to 

further illustrate the vortex formation mechanisms in the wakes of the screen cylinder 

and solid cylinder. Four topics were studied in this thesis.  

 Firstly, the statistical characteristics of the wake parameters behind a screen 

cylinder and a solid cylinder were discussed. Based on the streamwise evolution of 

these parameters, vortex formation mechanisms in the two wakes were proposed. These 

results were supported by flow visualisations using a smoke wire in a low speed wind 

tunnel. Secondly, analyses on the flow structures and momentum transport were further 

carried out. Both studies were conducted in the range of x/d = 560 at a Reynolds 

number of 7000 using X-type hotwire probes. The two studies uncovered two different 

regions behind the screen cylinder; the growth region and decay region of vortices. The 

first region revealed an increasing size of the vortex structures, where the shear layer 

vortices resulting from Kelvin-Helmholtz instabilities amalgamated as evolving in the 

streamwise direction. The second region involved a gradual decay of the fully-formed 
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vortices.  The transition location between the two regions depended upon the change of 

the wake profile of the root-mean-square of the lateral velocity component, from a twin-

peak profile of the developing shear layer to a single peak profile. The latter was an 

indication of the occurrence of a single vortex street. The formation of the large-scale 

vortices was delayed until this location and the formation length was extended 

significantly, i.e. up to about 40d downstream in the present study. The phase-averaged 

sectional streamlines and the vorticity contours displayed distinct vortex structures from 

that of Kármán vortices behind a solid cylinder. The transport of vorticity and 

momentum were summarized for the two cylinder wakes through the proposed 

conceptual models of vortex formation and decay processes.  

 Following the investigation of the coherent flow structures behind the screen 

cylinder, turbulent structures of various scales were examined. The wavelet 

multiresolution analysis was used for this purpose to examine the velocity and vorticity 

characteristics in the streamwise direction. A one-dimensional vorticity probe consisting 

of an X-probe straddled by a pair of parallel hot wires was used to measure the velocity 

fluctuations which were later used to calculate the spanwise vorticity. The wavelet 

results conform the phase-averaged analysis which reflected different formation 

mechanism and decay of the organized structures behind a screen cylinder compared to 

that behind a solid cylinder. At x/d=10, the dominant contributors to the Reynolds 

stresses came from the intermediate-scale structures in the screen cylinder wake, 

whereas this was the large-scale structures in the solid cylinder wake. The dominant 

roles of the large-scale structures in contributing to the Reynolds stresses was perceived 

after x/d=10 in the screen cylinder wake. The wake vorticity was significantly 

dominated by the intermediate-scale structures and had the smallest values at the large-

scale structures, indicating that vorticity also mostly resided in the intermediate-scale 

structures for the screen cylinder wake.  
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 Finally, the screen shroud effect on the wake characteristics and vortex shedding 

of a circular cylinder was studied. A circular cylinder with a diameter of 12.7 mm was 

enclosed by a screen cylinder of 26 mm diameter, yielding an outer-to-inner diameter 

ratio of 2.0. Measurements were conducted at x/d = 5, 10, 20 and 40 at a Reynolds 

number of 7000, based on the inner cylinder diameter d. The coherent fields were 

investigated using the phase-averaged technique. It was found that the shrouded 

cylinder impaired vortex shedding in the near-wake where large-scale vortices only 

formed approximately 10𝑑 downstream. These vortices were less energetic than that in 

the solid cylinder wake and decayed at a comparable rate in the two wakes after initially 

observed. It is conjectured that the above effects of the shroud result in the reduction of 

vortex-induced vibration of a bare cylinder. 
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Introduction 

 

1.1 Overview 

Vortex shedding from bluff bodies has been a subject of great interest and remains a 

challenging and interesting problem. These types of flows involve complex two- or 

three-dimensional wakes. Alternating vortices formed and shed behind these bodies 

cause a sinuous wake downstream and gives rise to the fluctuating lift and drag force. A 

bluff body is typically considered as a non-streamlined body where the pressure drag is 

dominant over viscous drag. Representative examples include circular cylinder, sphere, 

square and rectangle bodies. Fluid flow past a circular cylinder is a problem of 

fundamental interest as it resembles many practical engineering applications. The 

significance of this flow has led to a large number of studies, as discussed in the 

comprehensive reviews of Berger and Wille (1972), King (1977), Williamson (1996), 

Norberg (2003) and Sarpkaya (2004) and in books by Zdravkovich (1997, 2003) and 

Zdravkovich (2003). The problem of flow past a circular cylinder and its wake control 

is of interest to various parties who are concerned with and affected by the vortex-

induced oscillation. This phenomenon is often encountered in the design of towers, 

buildings, oil rigs, offshore structures, bridges, pipelines, heat exchangers, etc. 
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The flow around a smooth circular cylinder is described by Reynolds number Re=U∞d/v 

in which d is the diameter of the cylinder, U∞ is the flow velocity, and v is the kinematic 

viscosity. The characteristics of this flow depend strongly on Re where flow regimes 

undergo tremendous changes as Re increases (Blevins 1990, Sumer and Fredsøe 2006, 

Williamson 1996). At a very low Re, the flow of fluid follows the cylinder contour. In 

the range of 5 ≤ Re ≤ 45, the flow separates from the back of the cylinder surface and a 

symmetric pair of vortices is formed in the near wake. As Re is further increased, the 

wake becomes unstable and one of the vortices breaks away forming a periodic laminar 

wake with staggered vortices of opposite sign. The vortices become turbulent when Re 

is in the range of 150 and 300, but the boundary layer on the cylinder remains laminar. 

When Reynolds number is in the range of 300 and 3×105, the so-called subcritical 

regime, the boundary layer separates from the cylinder surface at about 80 aft of the 

nose of the cylinder. Vortex shedding is strong and periodic and is fully turbulent. The 

transition of the boundary layer from laminar to turbulent takes place at Re in the range 

of 1.5×105 to 3.5×106. In this transitional regime, the wake is narrow and disorganized. 

The separation points move aft to 140 and the drag coefficient drops to 0.3. The 

laminar separation bubbles and three-dimensional effects disrupt the regular vortex 

shedding process and broaden the spectrum of shedding frequency. Finally, when Re >

6105.3  , the so-called supercritical flow regime, the turbulent vortex street is re-

established with both sides of boundary layer being completely turbulent.  

 

As the vortices are shed from one side of the cylinder and the other, surface pressure is 

imposed on the cylinder and results in periodic variations in the force components, 

namely the drag (force parallel to the flow) and lift (force perpendicular to the flow). 

The oscillating forces of drag and lift result from the vortex shedding process cause an 

elastic cylinder to vibrate.  If the cylinder is flexibly mounted, and the frequency of the 
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resulting oscillating transverse force closely approximates the natural frequency of the 

cylinder, vibration of large amplitude is likely to occur which leads to the lock-in 

phenomenon. These vibrations are generally termed the vortex-induced vibrations 

(VIV). VIV should be avoided as continuous periodic vibration of a structure could 

make it susceptible to fatigue failures, hence will influence both capital investment and 

expenses for maintenance. Progress on the study of VIV over the past 40 years has been 

summarised by various reviews available in the literatures (Sarpkaya 1979, Bearman 

1984, Williamson and Govardhan 2004, Gabbai and Benaroya 2005, Williamson and 

Govardhan 2008, Bearman 2011, Wu et al 2012). 

 

Vortex-induced vibration can be suppressed by using methods suggested by Blevins 

(1990): increase reduced damping, avoid resonance, streamline a body and add a 

suppression device. Zdravkovich (1981) gave a very comprehensive review of the 

suppression devices from a static cylinder and classified the solutions according to the 

way they affect the shedding mechanism: (i) Surface protrusions affect separation lines 

or separated shear layers e.g. helical strakes, surface bumps, among others. (ii) Shrouds 

affect the entrainment layers around the body. Perforated shrouds and axial slats are two 

examples. (iii) Near-wake stabilisers prevent the lateral interaction between the shear 

layers. Splitter plates, guiding vanes and base-bleed are common examples. These 

categories were further sub-classified into omnidirectional (independence of the flow 

direction) and unidirectional (effective only in one flow direction).  A slight change in 

geometry of the suppression devices might enhance the oscillation which exceeds those 

found from a plain cylinder (Zdravkovich 1971, Gartshore et al 1978). A widely used 

method for suppressing VIV of long slender bodies of circular cross section is the 

attachment of helical strakes (Willis 2000, Vandiver et al 2006). Developed originally 

in the wind engineering field by Scruton and Walshe (1957), the problems with strakes 
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are that they increase the drag and for a given strake height, their effectiveness reduces 

with a reduction in mass damping. A strake height of 10% of the cylinder diameter is 

usually sufficient to suppress VIV in air but the height need to be doubled in water, and 

this increase in height will further increase the drag. In addition, Korkischko et al 

(2007) showed that strakes lost its effectiveness when it is immersed in the wake 

interference region.  

 

Shrouds are one of the suppression devices that are seldom unemployed. Price (1956) 

pioneered the work in circular-holed shroud postulated that it would break up the flow 

into large number of small vortices. The shroud had a diameter of 1.25d (d is the 

diameter of the plain cylinder), with a porosity of 37% and hole diameter of 0.1d. He 

showed that row of vortices streaming behind the shrouded cylinder are smaller, closely 

spaced and formed several diameters further downstream along a stable near wake in 

comparison with vortices behind the plain cylinder. He confirmed that by increasing the 

hole diameter to 0.125 d, the shroud became slightly more effective.  Furthermore, 

shroud with the rows of holes parallel and perpendicular to the axis performed better 

than rows inclined at 45 degrees. In an additional test of higher Re (105 to 4.5×105), he 

found that the drag coefficient remained substantially constant throughout the tested Re 

range, a highly advantageous asset implying an unchanged nature of flow about a 

shrouded cylinder. Extensive research that followed was dedicated to chimneys 

application (Walshe 1968, Knell 1969). Further evolution of the geometry and 

confirmation of effectiveness of the shroud in the post-critical regime was made with 

different hole shapes, porosities and hole sizes (Knell 1969, Wooton and Yates 1970). 

Those experiments were carried out at a reduced velocity, Vr, below 10, at which the 

oscillation amplitude of the plain cylinder subsided to a low level. Zdravkovich and 

Volk (1972) extended the shroud test at high reduced velocities for three types of 
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shroud; the square-holed, circular-holed and fine-mesh gauze, all having 36% porosity. 

All three shrouds were almost equally effective in suppressing vibration; the fine-mesh 

gauze shroud was the most effective, although with a drag penalty. Zdravkovich and 

Southworth (1973) conducted a study on the effect of shroud eccentricity in comparison 

to the concentric positioning of the shroud. The range of the reduced velocities was also 

high (20< Vr <120) and the shrouds were of 63% porosity. They found that all 

eccentrically shrouded cylinders marked an amplitude response lower than that of the 

concentrically shrouded cylinder. In addition to the perforated shroud types, other kinds 

of shroud including axial rod shroud (Zdravkovich 1971) and axial-slat shroud (Wong 

1977) were also examined. Wong (1977) claimed that axial slat shroud gave the best 

overall result as it worked for a wider range of reduced velocity with acceptable drag in 

comparison to helical strakes and square-holed shroud. Nevertheless, an incomplete 

axial slat shroud behaved the worst resulting in 40 times increase in amplitude when the 

slat openings were not aligned with the flow direction in comparison with that in the 

aligned one (Wong 1979). In the last decade, a study on a deep-ocean mining pipe 

reported perforated shroud as one of the successful means in reducing the vibration of 

the pipe in comparison to a straight-downpower-cable configuration. The tested shroud 

lowered the vortex shedding intensity, showed the least increase in drag and had 

minimum unsteady lift compared to a bare pipe (Chung et al 1994). A perforated shroud 

has also been used to suppress vortex shedding in bridge pylons (Larose et al 1993, 

Larose et al 1995). More recently, it has been patented for use in the offshore industry 

on very long submerged cables (Allen and Henning 2004). 

 

A screen is a device used to manipulate fluid flow in which flow direction, time-mean 

velocity non uniformities and turbulence can be controlled. Common examples of 

screen are an array of parallel rods, honeycombs, perforated plates and wire-mesh 
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screens. Various aspects of flow through screens can be found in the classical review of 

Laws and Livesey (1978). Large number of published works on the porous screen 

mostly concerned with characterizing the flow properties. In addition, the influence of a 

screen on time-mean velocity distribution was also investigated, for example in the 

production of a uniform flow from non-uniform upstream conditions and vice versa. 

The effect of a gauze screen on the downstream turbulence level that involved the 

complicated interactions between different turbulence profiles was also a main concern 

of existing studies. The flow through screens is significant in engineering applications 

where flow control is concerned. As an example discussed previously, a wire-mesh 

gauze shroud is used to suppress vibration of a cylinder (Zdravkovich and Volk 1972). 

The wide areas of studies in vast engineering applications of the porous screens cannot 

be completely covered here, few recent examples are included. For example, Wu et al 

(2005) quantified the pressure drop across woven screens of high porosity which was 

useful for heat exchanger applications. In a kitchen ventilation and indoor air quality 

study, transoms were replaced by screens to understand the influence of the porous 

screens on the temperature fields, flow fields and ventilation rates within the kitchen 

(Chiang et al 2006). Teitel (2007) examined the effect of screens on the microclimates 

of greenhouses and summarized the methods for characterizing the pressure drop 

through screens and screened openings. In the medical field, Kim et al (2008) studied 

the influence of endovascular stents (a mesh-like device) on the hemodynamics in 

aneurysms. Jaouen and Bécot (2011) estimated the acoustical parameters of perforated 

facings or screens in noise control applications. Some studies also used porous screen 

mesh as a basic model to represent the real prototypes to aid in understanding the 

complex flows. For instance, Loudon and Davis (2005) used a submerged screen to 

understand the behaviour of a pectinate insect antenna in a diverging flow. Levy et al 

(2014) modelled a porous cylinder which had similar geometries and porosities to those 
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of aquaculture pens used in aquaculture industry. Other applications using screens in the 

ventilation study, noise control and aquaculture industries can be found from selected 

literatures (e.g. Lin et al 2005, Malcolm et al 2010, Xu et al 2010, Lars C Gansel et al 

2012a, Lars C Gansel et al 2012b). 

 

One of the important characteristics of a porous element is its ability to mitigate the 

impact of vortex shedding. The porosity of a surface could also modify the wake 

formation. Alridge et al (1978) examined the drag coefficient, 𝐶𝐷 , of a perforated 

circular cylinder of porosity of about 60% with variable aspect ratio 𝑙/𝑑 at Reynolds 

number 𝑅𝑒 between 104 to 2.6 × 105. The findings showed that the drag of the finite-

aspect-ratio perforated cylinder was 20% more than that of the solid cylinder. The flow 

visualisation test conducted at 𝑅𝑒 of 3000 in water, however, showed the existence of 

smaller scale vortices and lack of correlation between the vortices. Castro (1971) 

studied the wake characteristics of perforated plates in subcritical regime for a range of 

porosity. He showed that when porosity was greater than 0.2, the plate did not shed 

Karman vortices at all, but there was dominant frequency present which he attributed to 

the far wake instability. Zhou and Antonia (1992) studied the vortices behind a screen 

strip of 50% porosity using arrays of X-wires in the near wake. They found that the 

vortex strength was only about 50-60% of that of solid body wakes. Zhou and Antonia 

(1995) carried out test of the screen strip in the near and far wakes to further highlight 

the difference in behaviour between the screen and various solid body wakes. Spectrum 

of lateral velocity in the near wake showed that the magnitude of the peak frequency 

was smaller and widely spread for the screen mesh, reflecting the absence of primary 

vortex but in the far wake, the spectrum was approximately the same for all bodies. 

Cannon et al (1993) conducted a flow visualization study to investigate the wake of 

axisymmetric bodies which include three screen disks of 50%, 40% and 15% porosity at 
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Reynolds numbers, Re, based on the momentum thickness θ, of 3.6 × 103. The large 

scale structures associated with vortex shedding in the low porosity screen disks were 

more apparent both in the near and far wakes. The wakes of higher porosity screen 

disks, however, were less irregular or contorted. Huang and Keffer (1996) studied the 

turbulent wake of a mesh strip of 40% porosity and discovered that the large scale 

vortices developed at the location of 𝑥/𝑑 = 20 was due to the merging and interaction 

of the small scale eddies. Takeuchi et al (2007) measured the airflow around permeable 

cylinders made of squared meshed sheet rolled in circle. The flow just behind the 

permeable cylinders had forward velocity due to the permeability which relaxed near 

field excitation of Karman vortex shedding and the reattachment point behind the 

cylinder displaced several times with that of the solid cylinder case. Gansel et al (2012) 

tested cylinders made from metal mesh of various porosities. The results indicated that 

the wake characteristics changed toward the wake characteristics of a solid cylinder at a 

porosity just below 75%. Several numerical works were also done on the wake of 

porous body. Bhattacharyya et al (2006) studied the flow and concentration field in and 

around a permeable cylinder and found that the flow field remains steady for the range 

of low Reynolds number considered. The drag experienced by the porous cylinder 

reduces monotonically with the increase of Reynolds number and decrease of Darcy 

number (Darcy number is defined as Da=K/d2 where K is the permeability of the 

medium). The vorticity contours at Darcy number of 10-2 showed weak vortices strength 

in comparison with that of a solid cylinder case. Analyses on the flow structures around 

square and circular permeable cylinders were also conducted for a range of Reynolds 

numbers, Darcy numbers and porosities (Yu et al 2010, Yu et al 2011). The result 

showed that the recirculating wake existing downstream of the cylinders was 

completely detached from the bodies under a certain range of parameters.  
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The concept of vortex suppression via a porous element is also used in an effort to 

regularize the flow from a bluff body by surrounding a solid core with the porous 

element. Oruç (2012) studied a circular cylinder near-wake fitted with a screen of 

streamlined shape and found that vortex suppression was significantly achieved with the 

control element. The turbulent statistics such as turbulence intensity, Reynolds shear 

stress and turbulent kinetic energy were drastically diminished in comparison to the 

bare cylinder case. Azmi et al (2012) found that the vibrational amplitude of the bare 

cylinder was suppressed by about 50% by using a screen shroud of 72% porosity. 

Gozmen et al (2013) proved that turbulent intensity was reduced by at least 45% using 

an outer porous cylinder in comparison to the bare cylinder case, with 40-50% porosity 

as the most effective case for a diameter ratio of 2.0. Ozkan et al (2012) examined the 

effect of porosity and diameter of the outer cylinder on the flow characteristics of inner 

cylinder. They suggested that a better flow control was achieved with the diameter ratio 

range of 1.6 − 2.0 and porosity range of 40 − 60%. Ozkan et al (2013) even showed 

that with a high screen porosity of 70%, flow modification has been achieved where the 

peak magnitudes of the turbulent kinetic energy and Reynolds shear stresses decreased 

remarkably. Several numerical works also reported the use of porous sheath in altering 

the boundary layer characteristics and reducing drag of bodies immerse in a flow. 

Separation of the solid body by a porous interface also drastically regularized the flow 

hence substantially reducing vortex-induced vibrations (Bruneau and Mortazavi 2008, 

Bruneau et al 2007, Bruneau et al 2008). Sueki et al (2010) studied the control effect of 

porous media on the flow around a circular cylinder aiming at noise reduction of the 

pantograph used for bullet trains. They discovered that the sound was reduced by 

suppressing the motion of vortices as aerodynamic sound was induced by the unstable 

motion of vortices. Bhattacharyya and Singh (2011) numerically studied the drag 

reduction and laminar vortex shedding influence of a porous-wrapped solid cylinder and 
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found that the wrap produced significant drag reduction and oscillation damping. The 

porous wrapper reduces the pressure drop and skin friction which leads to a reduction in 

drag compared with a solid cylinder of equal radius.  Mimeau et al (2014) proposed 

efficient strategies to regularize the flow around a side-view mirror. The addition of a 

porous medium between the solid obstacles and incompressible fluid promised to 

reduce drag forces and regularize the flow.   

 

1.2 Motivations and Objectives 

The use of a screen mesh as shroud was first reported by Zdravkovich and Volk (1972) 

who found that cylinders fitted with a fine-mesh gauze shroud was the most effective in 

suppressing VIV in comparison to the square-holed and circular-holed shrouds, all of 

36% porosity. However, the study is confined to the amplitude test and the mean static 

pressure measurement for low porosity shroud. The screen mesh shroud studies have 

resurfaced in the recent years, tested only for application in the shallow water (Oruç 

2012, Ozkan et al 2012, Ozkan et al 2013). These studies were conducted in the near-

wake region, at a streamwise location of 𝑥/𝑑 ≤ 4, in which the full development of the 

large-organised structures could not be captured in the controlled wake. Apparently, a 

suppression device of a screen mesh shroud is largely unexplored and knowledge in 

this area is fragmentary. In addition, there is a lack of studies so far in examining the 

vortex structures evolution and vortex formation mechanism in the wake of a single 

screen cylinder. Before one can study the vortex suppression from a shrouded cylinder, 

it is pertinent to have a solid understanding of the mechanism involved in creating the 

wake in the first place. There is also a gap in the knowledge of how turbulence 

parameters, such as Reynolds stresses, vary across and along the wake. In addition, 

porous structures made of metallic wire mesh screens are receiving renewed interests 

due to their large potential in many fields. The study of porous screen cylinder will 



  11 
 

definitely help in understanding and solving various other problems in industries. 

These issues were the motivation of the study. In the early part of the thesis (Chapter 2 

and 3), attempt is made to quantify the coherent structures and understand their 

formation mechanism, in the near and intermediate regions of a turbulent wake of a 

screen cylinder. As a preliminary study, screen cylinder of 67% porosity is chosen. 

Furthermore, despite common findings that porous bodies mitigate the vortex shedding 

impact from a circular cylinder, results from recent research proved otherwise (Abdi et 

al 2014, Gözmen and Akıllı 2015). Obviously, our understanding of the wake 

dynamics from a shrouded cylinder is comparatively scarce. The effect of a screen 

shroud on the vortex shedding and the turbulent wake behind a circular cylinder is then 

investigated in Chapter 5. A thorough understanding of the evolution of vortex 

structures and their characteristics could further assist in alleviating problems 

associated with flow-induced vibration and noise and lead to an improvement in heat 

and momentum transfer. In both studies, a phase-averaging technique developed by 

Kiya and Matsumura (1985) is used to study the topology of the coherent flow 

structures behind both the screen cylinder wake and the screen shrouded cylinder wake.  

 

Turbulent structures consist of a wide range of scales; the large-scale spanwise 

structures, the secondary vortices (Wei and Smith 1986), Kelvin–Helmholtz vortices 

(Lin et al 1996), longitudinal rib-like structures (Hussain and Hayakawa 1987), and the 

three-dimensional wake structures (Scarano and Poelma 2009). Turbulent structures of 

various scales have been extensively studied in the wakes of circular cylinders 

(Rinoshika and Zhou 2005, Rinoshika et al 2006, Zhou et al 2006, Razali et al 2010) 

but have not yet been studied in details in wakes generated by a screen cylinder wake. It 

is interesting to understand the formation of the large-scale vortices, the effect of the 

intermediate-scale as well as the relatively small-scale structures in this wake and to 
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compare the results with those obtained in bare cylinder wake. This first attempt to 

study the turbulent structures of various scales and their evolution in a screen cylinder 

wake is documented in Chapter 4. A discrete wavelet transform (DWT) method is used 

to extract the turbulent structures by decomposing the velocity signals into a number of 

subsets based on their characteristic central frequencies or scales.  The motivation of 

this chapter is to understand the behaviour of the turbulent structures of various sizes (or 

frequencies) and their streamwise evolution in the screen cylinder wake. 

  

In this context, by comparing the results with those obtained in circular cylinder wakes, 

the objectives of this study are as follows: 

i) To examine the vortex formation process and mechanism behind a screen 

cylinder wake; 

ii) To quantify the large-scale coherent structures in the near and intermediate 

regions of a screen cylinder wake; 

iii) To understand the behaviour of the turbulent structures of various scales and 

their streamwise evolution in the screen cylinder wake; and 

iv) To investigate the effect of a screen shroud on the vortex shedding and turbulent 

wake characteristics from a circular cylinder. 

 

1.3 Thesis Outlines 

This thesis is in accordance with postgraduate and research scholarships regulation 

31(1) of the University of Western Australia, presented as a series of scientific papers 

resulting from the study. It comprises six chapters. The five main chapters of the thesis 

consist of an introductory account of the research, and followed by four chapters, 

written as scientific papers submitted for publications. The four chapters are structured 

according to the submitted journals format. Each of these four chapters covers an 
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independent introduction, literature review, methods, results and discussions. Some 

overlapping is inevitable since each chapter is concerned with related research issues. A 

general conclusion chapter closes the thesis. The organization of this thesis is as 

follows: 

 In Chapter 1, the background, motivations and objectives of the study as well as 

the outlines of the thesis are presented. 

 In Chapter 2, statistics in the wake of a screen cylinder in the streamwise range 

of x/d = 560 are preliminary investigated.  

 In Chapter 3, a study of the coherent structures in a screen cylinder wake is 

carried out by using phase-averaging analysis. The vortex formation mechanism 

and the formation region are also examined. The contributions of the coherent 

structures to Reynolds stresses are quantified. 

 In Chapter 4, wavelet analysis is performed to extract various scales of turbulent 

structures in order to understand their roles and streamwise evolution in the 

screen cylinder wake. The velocity and vorticity characteristics at different 

wavelet scales are also examined. 

 In Chapter 5, the effect of the screen shroud on the vortex shedding and the 

turbulent wake from a circular cylinder is investigated in the wake region of x/d 

= 540.  

 In Chapter 6, concluding remarks of this study and suggestions for future work 

are presented. It points out to new questions open for further research as a result 

of the thesis. 
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Abstract 

The evolution of a screen cylinder wake was studied by analysing its statistical 

properties over a streamwise range of 𝑥/𝑑 = 560. The screen cylinder was made of a 

stainless steel screen mesh of 67% porosity. The experiments were conducted in a wind 

tunnel at a Reynolds number of 7000 using an X-type hot wire probe. The results were 

compared with those obtained in the wake generated by a solid cylinder. It was 

observed that the evolution of the statistics in the wake of the screen cylinder was 

different from that of a solid cylinder, reflecting the differences in the formation of the 

organized large-scale vortices in both wakes. The streamwise evolution of the Reynolds 

stresses, velocity spectra and cross-correlation coefficients indicated that there exists a 

critical location which differentiates the screen cylinder wake into two regions over the 

measured streamwise range. The formation of the fully-formed large-scale vortices was 

delayed until this critical location. Comparison made with existing studies of screen 
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strips showed that although the near-wake characteristics and the vortex formation 

mechanism were similar, the Strouhal frequencies varied and the self-preservation states 

were non-universal between the screen body wakes. 

 

2.1 Introduction  

Flow through screens is significant in engineering applications where flow control is 

important, for example, for the purpose of suppressing flow-induced structural 

vibration, acoustic noise and hydrodynamic forces (Klebert et al 2013, Jaouen and 

Bécot 2011, Zdravkovich and Volk 1972). A screen is a device used to manipulate fluid 

flow in which flow direction, time-averaged velocity non-uniformities and turbulence 

can be controlled. Common examples of screen are an array of parallel rods, 

honeycombs, perforated plates and wire-mesh screens. Various aspects of flow through 

screens can be found in the classical review of  Laws and Livesey (1978). Porous 

screens are the subject of different studies in vast areas of practical applications. For 

example, Wu et al (2005) quantified the pressure drop across woven screens of high 

porosity which is useful for heat exchanger applications. Loudon and Davis (2005) 

investigated a submerged screen at low porosities in reference to the behaviour of a 

pectinate insect antenna to study the divergence of the approaching flow. In a kitchen 

ventilation and indoor air quality study, transoms were replaced by screens to 

understand the influence of the porous screens on the temperature fields, flow fields and 

ventilation rates within the kitchen (Chiang et al 2006). Teitel (2007) examined the 

effect of screens on the microclimates of greenhouses and summarized the methods for 

characterizing the pressure drop through screens and screened openings. In noise control 

applications, Jaouen and Bécot (2011) proposed an experimental method to estimate the 

acoustical parameters of perforated facings or screens. Other screens application in the 

ventilation study, noise control and aquaculture industries can be found from selected 
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literatures (Lin et al 2005, Malcolm et al 2010, Xu et al 2010, Gansel et al 2012a, 

Gansel et al 2012b). 

 

It is well-known that the porosity of a surface could modify the wake formation and 

reduces the intensity of vortex shedding. One of the earliest studies was done by Castro 

(1971) who found that by increasing a plate porosity, the recirculation bubble became 

detached from the plate and moved farther downstream. Two distinct flow regimes were 

identified; 1) at low porosity, where vortex street dominated the wakes, and 2) at 

porosity greater than 0.2 where the plate did not shed Karman vortices.  Alridge et al 

(1978) examined a perforated circular cylinder of 60% porosity with variable aspect 

ratio 𝑙/𝑑 at 𝑅𝑒 between 104 to 2.6 × 105. The flow visualisation test conducted at 𝑅𝑒 

of 3000 in water showed the existence of smaller scale vortices and lack of correlation 

between the vortices in its wake. The studies on vortices behind a screen strip of 50% 

porosity indicated that the interaction of vortices appeared to be very weak and the 

coherent contribution to Reynolds shear stress is significant (Zhou and Antonia 1992, 

Zhou and Antonia 1995). Cannon et al (1993) conducted a flow visualization study to 

investigate the wake of axisymmetric bodies of three screen disks of 50%, 40% and 

15% porosity and found that the wakes of higher porosity screen disks were less 

irregular or contorted. Huang and Keffer (1996) reported that the formation region of 

the large-scale structures of their mesh strip of 40% porosity can be extended to a 

location 20 diameter downstream. Several numerical works were also done on the wake 

of porous body. Bhattacharyya et al (2006) studied the flow and concentration field in 

and around a permeable cylinder and found that the flow field remains steady for the 

range of low Reynolds number considered. The drag experienced by the porous cylinder 

reduces monotonically with the increase of Reynolds number and decrease of Darcy 

number. The vorticity contours at Darcy number of 10-2 showed weak vortex strength in 
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comparison with that of a solid cylinder case. Analyses on the flow structures around 

square and circular permeable cylinders were also conducted for a range of Reynolds 

numbers, Darcy numbers and porosities (Yu et al 2010, Yu et al 2011). The results 

showed that the recirculating wake existing downstream of the cylinders was 

completely detached from the bodies under a certain range of parameters. 

 

The various studies on perforated and porous bodies proved the low strength of vortices 

shed from these bodies. However, little studies have been made so far in understanding 

a screen cylinder wake, yet to examine the evolution of its basic flow parameters in the 

streamwise direction, albeit there are some studies in the literature on cylinder wake 

manipulation using screen shroud (Oruç 2012, Gozmen et al 2013). In addition, Antonia 

et al (2002) speculated that it was unlikely for a screen cylinder to exhibit the same flow 

topology as a screen strip although their autocorrelation coefficient distributions 𝜌𝑣 

result showed some strong quasi-periodicity in the screen strip and the screen cylinder 

wakes. In order to get an initial insight into this kind of flow, a high-porosity (67%) 

screen cylinder wake has been investigated by analysing its flow statistics and the 

streamwise evolution. Comparison is made with the wakes obtained from a solid 

cylinder as well as from existing studies of screen strips. More detailed investigations 

on the formation and streamwise evolution of the vortical structures in the screen 

cylinder wake using phase-averaged analysis will be reported in Azmi et al (2015).  

 

 
2.2 Experimental Details 

The experiments were conducted in an open circuit type wind tunnel with a test section 

of 380 mm (width) × 255 mm (height) and 1.8 m (long).  All interior surfaces of the test 

section were made of smooth acrylic to minimise any boundary layer effects. The free 

stream velocity in the test section was uniform to 0.2%, and the longitudinal turbulence 
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intensity was less than 0.5%. Two types of cylinders were used for the purpose of this 

study, i.e. a solid cylinder and a screen cylinder. Both of them had an outer diameter 𝑑 

of 23mm and a length 𝑙 of 380mm, giving an aspect ratio of 𝑙 𝑑⁄ = 16.5. The solid 

cylinder was a plain and smooth cylinder made of polished aluminium. It was served as 

a reference cylinder. The screen cylinder was made of a stainless steel mesh of square-

cross-section of 0.45 mm wire diameter with porosity 𝛽 = 67% (solidity 𝜎 = 33%) and 

an aperture of 2 mm. The screen cylinder was made by enfolding a 380mm x 75mm 

length of the screen mesh into a cylindrical form. The two longer edges of the mesh 

section were then tied off into a weave with the excess wire, while maintaining a square 

cross-section of 2 mm at the joint. The excess wires were then trimmed off properly and 

these joints were orientated at the location of cylinder trailing edge to minimize the 

weaving effect at the joints when measuring the flow field. Both cylinders spanned the 

whole width of the wind tunnel. Figure 2-1 shows the screen cylinder, the wake profile 

and the sketches of the multi hot-wire vorticity probe. The coordinate system is defined 

such that the x-axis is in the same direction of the incoming flow, y-axis is in the 

vertical plane through the cylinder and normal to the x-axis and z-axis is normal to both 

the x and y-axes. All measurements were performed at a free stream velocity 𝑈∞ of 4.56 

m/s, corresponding to a 𝑅𝑒 ≈ 7000. This Reynolds number is chosen to allow 

comparison with that of screen strips of existing literatures in the subcritical regime. For 

the solid cylinder wake, measurements were conducted at three downstream locations, 

i.e., 𝑥/𝑑 = 10, 20 and 40 while for the screen cylinder wake the measurement locations 

were at 𝑥

𝑑
= 5 60 with an increment of 5. To avoid crowding the figures, results will be 

shown mostly at 𝑥

𝑑
= 10, 20,30, 40, 50 and 60. For the purpose of examining the 

streamwise evolution of the wakes, an X-type hot wire probe was used to measure the 

longitudinal and transverse velocity fluctuations u and v, respectively. In order to 

examine the evolution of the correlation length of the large-scale structures in the 
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spanwise direction, two X-wire probes were placed at 𝑦/𝑑 = 0.5 with one probe being 

fixed at 11cm from the left side wall of the tunnel and the other moved along the 

cylinder length direction. The separation between the probes was in the range of 5 mm 

to 155 mm. 

 

The hot wires were etched to an active length of 1 mm from Wollaston (Pt-10% Rh) 

wires. Each of the two wires in the X-wire probe had a diameter of 5 m. The angle 

calibration was performed over ± 20°. The effective angles of the inclined wires in the 

X-probe were 34° and 31° respectively. The hot wires were operated with in-house 

constant temperature circuits at an over heat ratio of 1.5. The output signals were low-

pass filtered at a cut-off frequency 𝑓𝑐 set at 2.8 kHz. The filtered signals were sampled 

at a frequency 𝑓𝑠 = 2𝑓𝑐 into a PC using a 16-bit A/D converter (National Instrument). 

The sampling period 𝑇𝑠  was 30s. Experimental uncertainties were inferred from the hot-

wire calibration data errors as well as the scatter observed in repeating the experiments a 

number of times. The uncertainty for the time-average velocity, �̅�, was estimated to be 

about ±2% while for the root-mean-square values of the fluctuation velocities u and v 

and the Reynolds shear stress 〈𝑢𝑣〉, the uncertainties were about ±5%, ±6% and ±8%, 

respectively, where angular brackets denote time-averaging. 

 

A smoke wire flow visualization in the same wind tunnel were also carried out using a 

high speed camera to gain an understanding on the evolution of vortices of the flow 

through the studied screen cylinder. The visualization was done at Reynolds numbers of 

about 1240 and 1920. Such low Reynolds numbers were chosen in order to avoid quick 

smoke dispersion in the wake so that better quality images can be obtained. As 

visualizations cannot be done at 𝑅𝑒 ≈ 7000, the difference in Reynolds numbers used 

between the hot-wire experiments and the flow visualizations should be treated with 
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cautions and will be explained in the respective sections. 

 

2.3 Results and discussion 

2.3.1 Mean and root-mean-square (rms) velocities 

The maximum velocity defect is defined as 𝑈𝑜 = 𝑈 − 𝑈𝑚𝑖𝑛 and the wake half-width L 

is defined as the distance from the wake centerline to the point where the velocity defect 

is 𝑈𝑜/2 (Figure 2-1). Table 2-1 gives the values of  𝑈𝑜 and L for both cylinder wakes, 

normalised by U∞ and d as denoted by a superscript asterisk. Results from Antonia and 

Mi (1998) for wakes of a solid cylinder and a screen strip (50% porosity) at 𝑅𝑒 = 3000 

are also included in the table. These results are included to examine the differences (or 

similarities) between the wakes of the screen cylinder and the screen strip. They are also 

helpful in understanding the general flow pattern of the screen bodies, although the 

Reynolds number and the porosity are slightly lower in their study in comparison to 

ours. The study by Antonia and Mi (1998) suggested that their screen strip wake 

approaches self-preservation much more rapidly than the solid cylinder wake. The 

screen cylinder wake is studied in a similar manner as that of Antonia and Mi (1998). 

The normalized velocity defects (𝑈∞ − �̅�)/𝑈𝑜 for the wakes of the solid and screen 

cylinders are shown in Figure 2-2. The mean velocity defect distribution obtained in the 

far-wake (𝑥∗ = 420) of a circular cylinder by Browne et al (1987) is also included. 

There is reasonable agreement of the data at different streamwise locations, especially 

in the region of y/L< 1.5. However, the agreement of the distributions (𝑈∞ − �̅�)/𝑈𝑜 in 

different wakes at the centreline is forced due to the normalisation. As pointed out by 

Antonia and Mi (1998), it is difficult to infer whether self-preservation has been 

attained in the flows, especially in the near wake region, due to the existence of the 

large-scale structures in the solid cylinder wake. As a result, we can say that the mean 

velocity defect is at least not a sensitive indicator of self-preservation. A more sensitive 



  30 
 

indicator of self-preservation may be provided by the Reynolds stresses.  

 

Results of 𝑢′/𝑈𝑜 , 𝑣′/𝑈𝑜 and < 𝑢𝑣 >/𝑈𝑜
2 at different downstream locations are shown 

in Figures 2-3, 2-4 and 2-5, respectively, where a prime indicates the root-mean-square 

(rms) values. The results of Browne et al (1987) obtained in the far-wake of a solid 

cylinder are also shown in these figures. For the solid cylinder wake, 𝑢′/𝑈𝑜 decreases 

with 𝑥∗, indicating a decay trend of the turbulence intensity in the solid cylinder wake, 

consistent with the trend of Antonia and Mi (1998). Unfortunately, in the present study, 

the measurements were only conducted up to 𝑥∗ = 40 due to the limitation of the wind 

tunnel height and the cylinder diameter. It is therefore difficult to make a definitive 

statement regarding the self-preservation of the solid cylinder based on the present data 

alone. Antonia and Mi (1998), however, showed that even at 𝑥∗ = 70, self-preservation 

had not been reached in the solid cylinder wake. They predicted that the asymptotic 

state was likely to be reached at several hundred diameters downstream as the values of 

the rms velocity were still developing at each location, which were significantly larger 

than the distribution of Browne et al (1987). For the screen cylinder wake (Figure 2-

3(b)), this trend is in the opposite, i.e., 𝑢′/𝑈𝑜 increases with the increase of x*, at least 

up to 𝑥∗ = 50, indicating enhancement of the turbulent intensity and expansion of the 

wake region as evolving downstream. Considering the experimental uncertainty of 

𝑢′, which is about ±5%, it seems that self-preservation has been attained in the context 

of 𝑢′/𝑈𝑜 at 𝑥∗  50. The distributions of  𝑢′/𝑈𝑜 in the screen strip wake of Antonia and 

Mi (1998) overlap at 𝑥∗ ≥ 60. The values of 𝑢′/𝑈𝑜 beyond these locations in both 

screen cylinder and screen strip wakes show reasonable agreement with the solid 

cylinder far wake of Browne et al (1987) at the self-preservation region, especially in 

the central part of the wake, implying that self-preservation was achieved at these 

respective locations. 
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For the distributions of 𝑣′/𝑈𝑜 in the screen cylinder wake (Figure 2-4(b)), similar 

to 𝑢′/𝑈𝑜, they increase with 𝑥∗, which is in contrast to that of the solid cylinder wake 

(Figure 2-4(a)). The agreement of 𝑣′/𝑈𝑜 for 𝑥∗ ≥ 40 is very satisfactory, indicating that 

self-preservation might be attained in the context of 𝑣′/𝑈𝑜. The magnitudes of  𝑣′/𝑈𝑜 in 

the present study for 𝑥∗ ≥ 40 are about 25% larger than that obtained in the screen strip 

wake after self-preservation is attained (Antonia and Mi 1998) and the distributions are 

noticeably larger than that for the solid cylinder far-wake of Browne et al (1987). This 

result indicates that even though self-preservation state is achieved in different wakes, 

this state does not necessarily have a universal expression. It should also reflect the 

influence of the initial conditions or the type of wake generators.  

 

The normalized Reynolds shear stress < 𝑢𝑣 >/𝑈𝑜
2(Figure 2-5(a)) for the solid cylinder 

wake indicates that self-preservation is far to be achieved. For the screen cylinder wake 

(Figure 2-5(b)), however, it shows that self-preservation is likely to be attained at 𝑥∗ =

30. It can be observed that the shear stress distribution slightly overshoots at  𝑥∗ = 40. 

This overshoot trend was also evident in Antonia and Mi (1998). In addition, the 

magnitude of < 𝑢𝑣 >/𝑈𝑜
2 of the screen cylinder wake at locations 𝑥∗ = 10 and 20 are 

significantly smaller than that at other locations. It is interesting to note that while the 

Reynolds shear stress distributions of the screen cylinder wake at  𝑥∗ ≥ 30 agree quite 

well with those of Browne et al (1987), the distributions in the screen strip wake 

(Antonia and Mi 1998) were significantly smaller than the solid cylinder far-wake, 

again proving the non-universality of the self-preservation state of different wake 

generators. 

 

Before examining other statistical results, it is pertinent to discuss the streamwise 
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variation of U0 and L. The present maximum velocity defect and the wake half-width 

for the solid cylinder are comparable with those reported by Antonia and Mi (1998) in 

Figure 2-6. The maximum velocity defect is significantly larger in the screen cylinder 

wake than that in the solid cylinder wake in the wake region of 𝑥∗ < 30 (Figure 2-6(a)). 

These 𝑈0
∗ values decrease with 𝑥∗ and the decrease is sharp at 𝑥∗ < 30. Interestingly, 

the decreasing trend is similar to that of the screen strip wake of Antonia and Mi (1998). 

The half-width of the screen cylinder wake is about half of that the solid cylinder wake 

at the measured locations 𝑥∗ = 10, 20 and 40. The distributions of the wake half-width 

show that 𝐿∗ increases linearly with 𝑥∗ in all the wakes examined here (Figure 2-6(b)). 

However, the linear regions for the screen strip wake and the screen cylinder wake 

appear to start at 𝑥∗ = 20. The slope of 𝐿∗ in the solid cylinder wake (0.028) is much 

higher than that in the screen cylinder wake (0.0154) and the screen strip wake (0.012), 

indicating that the wake region of the solid cylinder expands much faster than the other 

two wakes. 

 

Figure 2-7 presents the streamwise evolution of the rms values 𝑢′ and 𝑣′ on the 

centreline of the wakes normalized by the velocity deficit to show the self-preservation 

behaviour. The values of Browne et al (1987) in the far-wake region after self-

preservation is achieved are also included in the figure. Interestingly, the values for 

𝑥∗ < 30  fall on different sides of the far-wake self-preserved counterparts (Browne et 

al. 1987), one above (solid cylinder) and the other below (screen cylinder and screen 

strip). The values of 𝑢′/𝑈𝑜 and 𝑣′/𝑈𝑜 decrease non-linearly with 𝑥∗ in the former wake 

but increases nearly linearly in the latter wakes. The slope of the linear fit to the screen 

cylinder wake results appear to be comparable to that in the screen strip wake (even 

though only two data points are available). This observation cannot be accidental. It 

might imply the same mechanism for the development in the Reynolds normal stresses 
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of the two wakes. This is also indicative of structural differences between the respective 

studied wakes. While the Kármán vortices in the solid cylinder wake are decaying, the 

vortices in the screen cylinder wakes are developing up to a location of 𝑥∗ = 30 −  40. 

After this location, vortices in the screen cylinder wakes are fully developed. The above 

results also highlight the differences in the approach to self-preservation in the solid 

cylinder wake and the two screen wakes, in which the latter achieve self-preservation 

much more rapidly than the former. The values of 𝑢′/𝑈𝑜 and 𝑣′/𝑈𝑜 in the screen 

cylinder wake are larger than that in the screen strip wake (more evident in the lateral 

normal stress) after self-preservation is achieved, which is expected owing to the 

difference in porosity and 𝑅𝑒 between the two screen wakes. The higher values of 

𝑢′/𝑈𝑜 and 𝑣′/𝑈𝑜 in the screen cylinder wakes (𝑥∗ ≥ 40) than that in the solid cylinder 

far-wake (Browne et al 1987) suggest the non-universality of self-preserving state for 

different wake generators. 

 

2.3.2 Velocity signals and energy spectra 

Figure 2-8 shows the velocity signals for  obtained at 𝑦∗ = 0.5 in the solid cylinder 

and screen cylinder wakes at  𝑥∗ = 10 . Apparent periodicity is evident in the solid 

cylinder wake (Figure 2-8(a)), implying a noticeable periodic shedding of vortices 

whereas for the screen cylinder wake (Figure 2-8(b)), the signal exhibits strong 

fluctuation at high frequency. In addition to the figures above, the signal in the screen 

cylinder wake at 𝑥∗ = 40 (Figure 2-8(c)) is also shown to highlight the differences of 

the  signals at different streamwise locations. The periodicity with low frequency is 

evident at 𝑥∗ = 40, implying the shedding of organized-vortices although with much 

smaller strength in comparison to the strong Karman Vortex Street in the solid cylinder 

wake. 

 



  34 
 

The vortex shedding frequency 𝑓 can be determined from the energy spectral density 

function obtained by calculating the Fast Fourier Transform (FFT) of the velocity 

signals. The normalized spectral density function, 
𝜈
, is defined such 

that ∫ 
𝜈

∞

0
(𝑥)𝑑𝑥 = 〈(𝑣′/𝑈∞)2〉, where x represents frequency. The spectra 

𝜈
 for both 

wakes at various streamwise locations are shown in Figure 2-9, which are obtained 

at 𝑦∗ = 0.5 . This is in accordance with the previous study of Zhou et al (2003) who 

showed that the vortex centre of a solid cylinder wake for 𝑥∗ = 10 was located at y* = 

0.5. The spectra obtained along the outer edge of the screen cylinder wake are also 

displayed in Figure 2-9(c) to highlight the vortex merging process. Each spectrum has 

been shifted downward by one order relative to the one above it for easy viewing. For 

the solid cylinder wake (Figure 2-9(a)), Kármán vortex shedding at 𝑥∗ = 10 is apparent 

at a frequency 𝑓 of 41 Hz, corresponding to 𝑓∗ = 𝑆𝑡 = 0.21, consistent with existing 

literatures of a solid cylinder wake at subcritical Reynolds numbers. At farther 

downstream location, e.g.𝑥∗ = 20, the peak height reduces although 𝑓 remains the 

same, and only a very minor peak is visible at 𝑥∗ = 40. This trend indicates that 

Kármán vortices are decaying as evolving downstream. On the other hand, the energy 

spectra of the screen cylinder wake (Figure 2-9(b)) reveal no apparent peaks at 𝑥∗ = 5, 

suggesting that there are no organised structures at this location, which highlights the 

difference in the near-wake behaviour of the two wakes.  Only a minor peak is visible 

at 𝑥∗ = 10. At 𝑥∗ = 15 (Figure 2-9(b)), a small broad-band peak at 𝑓∗ = 0.3 starts to 

emerge, indicating the occurrence of some periodicity of the organised structures. At 

𝑥∗ = 20, the broadband peak on the energy spectrum becomes more pronounced, 

occurring at a frequency 𝑓∗ ≈ 0.277. These nominal frequencies associated with the 

peak in the screen cylinder wake represent the characteristic frequencies of the vortices 

in the shear layers as will be discussed later. The peak frequency decreases quite 

noticeably to 0.257 at 𝑥∗ = 30. For 𝑥∗ = 30~60, the peak frequency ranges from 0.257 
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to 0.234. On the other hand, the spectra along the outer edge (Figure 2-9(c)) display 

broad-band peaks (even in the near wake), indicating the existence of periodicity at all 

measured downstream locations. At 𝑥∗ = 5, a distinct broad band peak of 𝑓∗ ≈ 0.8 (159 

Hz) is discernible, signifying some frequency-centred activity within the shear layer.  

Huang and Keffer (1996) reported the same behaviour for their screen strip wake (𝛽 =

40% and 𝑅𝑒 = 1.1 × 104) at 𝑥∗ = 1 and attributed this to the Kelvin-Helmholtz 

instability of vortex sheets generated at the mesh edge and the subsequent rolled up of 

the sheets into discrete vortices, similar to the single shear layer development. The 

characteristic frequency in the screen cylinder wake decreases to 𝑓∗ ≈ 0.4 (79 Hz) at 

𝑥∗ = 10 and continues to decrease downstream. The periodicity becomes more apparent 

and the peak magnitude becomes larger from 𝑥∗ = 10 − 30. The decrease of the broad 

peak location towards lower frequencies along the streamwise direction indicates the 

growth of the vortical structures within the shear layers. The above process implies that 

the merging of these vortices do take place and are accounted for the formation of the 

large-scale structures. The delay in the formation of the large-scale structures is similar 

to the available literatures on the wake of a porous body (Wygnanski et al 1986, 

Cimbala et al 1988). Huang and Keffer (1996) found that the formation region of the 

large-scale structures in their screen strip wake can be extended to 𝑥∗ = 20. They 

reported that at 𝑥∗ = 24, the predominate broad-band peak on the spectra resulting from 

the quasi-periodic occurrence of the large-scale structures occurred at 𝑓∗ = 0.188, 

while in the present experiment for our screen cylinder, the predominant peak occurs at 

𝑥∗ = 40 with 𝑓∗ = 0.26. The differences in the formation length and the vortex 

shedding frequency of both the screen strip and the screen cylinder wakes obviously 

related to their underlying differences in mesh geometry, porosity and/or Reynolds 

number (in the former). 
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The streamwise variations of the peak frequency in various wakes are shown in Figure 

2-10. The Strouhal frequency in the solid cylinder wake is constant (0.21) over 𝑥∗ =

10 → 40. Previous studies (Zhou et al 2003) on a solid cylinder wake have shown that 

the Kármán vortices decay nearly completely at 𝑥∗ = 40. However, in the screen 

cylinder wake, frequency decay can be observed. It is believed that the apparent 

decrease of the peak frequency in the screen cylinder wake is attributed to the merging 

of the small-scale vortices in the shear layers to form the large ones (which will also be 

discussed later based on flow visualisation result). After the formation of the large-scale 

structures, they evolve downstream at a slightly decreased frequency. The results of the 

screen strip inferred from Antonia and Mi (1998) and the screen strip of Huang and 

Keffer (1996) are also included in Figure 2-10. Both results show that the peak 

frequency continues to shift to lower values as 𝑥∗ increases. It seems that the decrease 

of the peak frequency in the screen cylinder and the screen strip wakes can be classified 

into two regimes. In the first regime, a quick decrease in peak frequency implies a 

merging process of the small-scale vortices to form relatively larger ones. In the second 

regime, the frequency decrease is much slower than that in the first one. This gradual 

decrease should be related with the decay of the organised structures due to viscous 

effect.  

 

2.3.3 Autocorrelation Coefficients 

The autocorrelation coefficients 𝜌𝛽 can also be used to examine the periodicity and 

highlight the differences of the organized structures in both the solid cylinder and the 

screen cylinder wakes. 𝜌𝛽 is defined as: 

 

 𝜌𝛽 = 〈𝛽(𝑥)𝛽(𝑥 + 𝑟)〉/〈𝛽2〉 (2-1) 
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where 𝛽 represents any velocity components and r is the longitudinal separation 

between two points. The values of r are calculated based on Taylor’s frozen hypothesis 

by converting the time delay 𝜏 to a streamwise separation through 𝑟 = 𝜏𝑈∞. The 

autocorrelation coefficients 𝜌𝑣 obtained in both solid cylinder and screen cylinder 

wakes are shown in Figure 2-11. 𝜌 for the solid cylinder wake shows more apparent 

periodicity with a much larger magnitude than that in the screen cylinder wake, 

especially at 𝑥∗ = 10. The regular oscillation of 𝜌 indicates that a well-defined 

Kármán vortex street characterizes the near-wake region. By contrast, at this location, 

𝜌 in the screen cylinder wake approaches zero quickly at about 𝑟∗ = 2 in comparison 

with that of the solid cylinder. The decay to zero is even faster for 𝑥∗ = 5 (𝑟 < 1), 

indicating the absence of the large coherent structures immediately downstream of the 

screen cylinder. The periodicity starts to become noticeable at 𝑥∗ = 20, but with a much 

less magnitude than that in the solid cylinder wake and approaches to zero at about 𝑟∗ =

50 in comparison to that in the solid cylinder wake where marked periodicity still 

continues over a long distance. For 𝑥∗ ≥ 30, the periodicity of 𝜌 in the screen cylinder 

wake is more apparent with large magnitude and the distributions collapse really well 

with each other. 

 

2.3.4 Cross-correlation coefficients 

The cross-correlation coefficients can be used to quantify the three-dimensional flow 

characteristics of the vortical structures in the spanwise direction. The cross-correlation 

coefficient between two velocity signals separated by a distance z is defined as: 

 

 
𝜌𝑣1,𝑣2

= max {
|〈𝑣1(𝑧, 𝑡). 𝑣2(𝑧 + Δ𝑧, 𝑡 + 𝜏)〉|

𝜎𝑣1
𝜎𝑣2

} 
(2-2) 
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where the time delay 𝜏  lies on the domain [−0.5/𝑓, 0.5/𝑓], 𝑓 is the vortex shedding 

frequency, 𝜎𝑣1
 and 𝜎𝑣2

 are the standard deviations of 𝑣1 and 𝑣2, respectively, and z is 

the separation between the two probes. The cross-correlation coefficients between 𝑣1 

and 𝑣2 at various downstream locations are shown in Figure 2-12. The distributions of 

𝜌𝑣1,𝑣2
 for both the solid cylinder and the screen cylinder wakes illustrate a decreasing 

correlation with the increase of probe separation. Moreover, this decrease appears to be 

the larger the farther downstream of the measurement locations in the wake of the solid 

cylinder due to the breakdown of the large-scale vortical structures. In regards to this 

characteristic, however, the screen cylinder wake behaves in quite the opposite manner 

– the correlation coefficient increases with the increase of the downstream locations. 

For example, at 𝑥∗ = 5 and 10, there is nearly no correlation between the two velocity 

signals, which is consistent with the finding that there are no large-scale vortical 

structures detected in the near wake at 𝑦∗ = 0.5. There seems a sudden increase in the 

correlation coefficient at 𝑥∗ = 20, which indicates that at this location, the small-scale 

vortices in the shear layers may have started to merge together to form the large-scale 

organised structures. This result is consistent with that shown in Figures 2-9(b) and 2-

9(c). The different trends of 𝜌𝑣1,𝑣2
 in the two wakes are indicative of decreasing size of 

the vortex structures in the solid cylinder wake and increasing size in the screen cylinder 

wake when evolving downstream. At downstream locations of 𝑥∗ 30, the cross-

correlation coefficient remains unchanged, which likely shows the existence of the 

large-scale structures in this region.  

 

Previous studies have shown that vortices shed from a cylinder are in cells in the 

turbulent regime. The average length of the cells can be quantified using the so-called 

correlation length. There are a few definitions for it, the most common one is that by 

Norberg (2003) as 𝛬1 = ∫ 𝜌𝑣1,𝑣2
𝑑𝑧

∞

0
. There are also some other definitions about the 
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correlation length, such as the one by Xu et al (2008) who defined it as the separation 

when the cross-correlation coefficient is equal to 0.5. In the present paper, the 

correlation length is calculated using Norberg’s definition and the results are shown in 

Figure 2-13. It can be seen that Λ1 in the solid cylinder wake decreases quickly, 

especially between 𝑥∗ = 10  and 20, decreasing from 3.6d to 1.8d. For Λ1 in the screen 

cylinder wake, it is roughly a small constant value for 𝑥∗ = 5~10, which is in 

agreement with the previous discussions and the visualisation result (which will be 

shown in the next section) that there exist only small-scale eddies in the shear layers. 

The correlation length increases quickly between x*= 10 and 40, indicating the merging 

process of the small-scale structures to form the larger-scale ones in the wake. At 𝑥∗ ≥

40, Λ1 is approximately a constant value. The gradient of  Λ1 in the streamwise 

direction,  
𝑑Λ1

𝑑𝑥
,  for the screen cylinder is also shown in Figure 2-13 on the right 

ordinate. It can be seen that the maximum rate of increase of Λ1 occurs at around 𝑥∗ =

20, which indicates the transition from the small-scale shear layer vortices to the large-

scale vortices which eventually result in a vortex street. In addition, even at 𝑥∗ ≥ 40, 

the correlation length in the screen cylinder wake is smaller than that in the solid 

cylinder wake at 𝑥∗ = 10 and 20, indicating a more three-dimensionality nature of the 

flow in the former wake than that in the latter. 

 

2.3.5 Flow visualization in both cylinder wakes 

To confirm the above results related with spectra and cross-correlation coefficients, 

flow visualisation using smoke wire in a wind tunnel are also conducted at Reynolds 

numbers of about 1240 and 1920 as shown in Figure 2-14. Such low Reynolds numbers 

are chosen for flow visualization in order to obtain better quality images. The flow 

pattern may be indicative to the one at Re=7000, but the formation length may be 

different as will be discussed later. For the solid cylinder wake (Figure 2-14(a)), the 
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large-scale organized vortices can be seen clearly with two rows of counter-rotating 

vortex structures connected by the streamwise rib-like structures. The rib-like structures 

are stretched due to the counter-rotating vortices. The two rows of vortices also interact 

with each other when evolve downstream by penetrating to the opposite side across the 

wake centreline. The formation length of the Kármán vortices is about 2d, which is in 

agreement with that reported by Unal and Rockwell (1988). The screen cylinder wake 

clearly shows two shear layers separated by a buffer layer, where small-scale vortices 

are formed at about 8𝑑 (Figure 2-14(b)). These vortex structures are much smaller in 

size and higher in frequency than the Kármán vortices in the solid cylinder wake. They 

do not roll up quickly to form the large-scale structures. As evolving downstream, the 

small-scale structures become larger in size. When their sizes are large enough, they 

engulf the one next to them, resulting in amalgamation. At the same time, the buffer 

layer is caused to undulate, representing the onset of the interaction between the two 

shear layers at about 𝑥∗ = 13. At 𝑥∗ = 20, the smoke in the buffer layer disappears due 

to dispersion and the large-scale structures are completely formed (Figure 2-14(c)). 

Another flow visualization conducted at Re = 1920 (Figure 2-14(d)) shows small-scale 

structures slightly farther downstream (𝑥∗ = 10) compared with that at Re = 1240. The 

buffer layer remains undisturbed till about 𝑥∗ = 16, indicating that the formation length 

becomes larger as Re increases. Cimbala et al (1988) reported a similar flow pattern for 

their screen strip wake of 53% porosity at 𝑅𝑒 = 6000. They noticed a fairly regular 

vortex street pattern at 𝑥∗ ≈ 30 in the screen strip wake. Obviously these types of flows 

show similar pattern of the growth of vortices from small-scale to the large ones, with 

the difference being in the formation length/region. The latter is expected to depend on 

factors such as the geometry of the porous/perforated body, porosity and Reynolds 

number. From the visualization results, it can be conjectured that the formation length 

becomes larger as Re increases. Nevertheless, the above visualization supports the 
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statistical analyses which show the vortex merging process and the delay of the large-

scale organized structures in the screen cylinder wake.  

 

2.4 Conclusions 

Statistical characteristics in the wake of a screen cylinder made of a stainless steel mesh 

of 67% porosity are investigated in a wind tunnel using an X-type hot-wire probe over a 

region of 𝑥∗ = 560. The main aim of this study is to gain some general insight about 

the wake formation and evolution in the streamwise direction. The results are also 

compared with those of solid cylinder and screen strip wakes. The main conclusions are 

summarized as follows: 

(1) The rms values u and  on the centreline of the screen cylinder wake increase 

linearly towards the self-preserving state. While the Kármán vortices in the solid 

cylinder wake are decaying, the vortices in the screen cylinder wake are 

developing up to a critical location (𝑥∗ = 30 − 40), beyond which the vortices 

are fully formed and the values for u and  fall on the same side as the solid 

cylinder wake. 

(2) The peak frequency on the energy spectra for the screen cylinder wake shifts to 

lower values with increasing downstream locations, similar to that in a screen 

strip wake. This phenomenon corresponds with the amalgamation of the small-

scale vortices and the formation of the larger-scale vortices although there are 

differences in vortex shedding frequency observed in all the screen body wakes, 

which is expected due to the difference in porosity, screen geometry and 

Reynolds number. 

(3) The autocorrelation coefficients of v show no periodic characteristics in the 

screen cylinder wake for 𝑥∗ ≤ 10. After this location, there is some quasi-

periodicity which subsides over time in contrast to the apparent periodicity 
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exhibited by the solid cylinder wake that persists over a long distance.  

(4) The increase of the cross-correlation coefficients between two velocity signals 

𝑣1 and 𝑣2 and the spanwise correlation length with downstream distance 

indicates the transition from the small-scale shear layer vortices to the large-

scale vortices in the screen cylinder wake. The maximum increasing rate of the 

spanwise correlation length occurs at 𝑥∗ = 20, which may mark the initial 

interaction between the shear layers at this location.  

(5) The mechanism of vortex formation in a screen cylinder wake is similar to that 

of a screen strip which involves the vortex merging process although the flow 

details downstream of the formation region may probably be different. The 

studied screen cylinder of 67% porosity is effective in subduing and delaying the 

formation of the large-scale vortex structures in its wake and should have the 

potential to suppress vortex-induced vibration of a cylindrical structure.  
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Table 2-1. Maximum velocity defect and wake half-width 

 
 
 
 

 
Velocity defect, 
𝑈𝑜

∗ = 𝑈𝑜/𝑈∞ 

 
Wake half-width,  

𝐿∗ = 𝐿/𝑑 

 
𝑥∗ 

Solid 
cylinder 
(Antonia 
and Mi 
1998) 

 
Present 
solid  
cylinder 

Screen 
strip 
(Antonia 
and Mi 
1998) 

 
Present  
screen  
cylinder 

Solid 
cylinder 
(Antonia 
and Mi 
1998) 

 
Present 
solid 
cylinder  

 
Screen 
strip 
(Antonia 
and Mi 
1998) 

 
Present 
screen  
cylinder 

 
10 

 
0.22 

 
0.24 

 
0.56 

 
0.50 

 
0.68 

 
0.86 

 
0.41 

 
0.54 

20 0.19 0.24 0.30 0.36 0.87 1.16 0.63 0.60 
30    0.24    0.77 
40 0.16 0.17 0.16 0.19 1.50 1.70 0.88 0.94 
50    0.16    1.07 
60   0.13 0.14   1.08 1.22 
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Figure 2-1. Screen cylinder, wake profile and probe arrangement 
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Figure 2-2. Streamwise evolution of the normalized mean velocity defect. (a) solid 

cylinder; (b) screen cylinder. 
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Figure 2-3. Streamwise evolution of the normalized rms longitudinal velocity. (a) solid 

cylinder; (b) screen cylinder. 
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Figure 2-4. Streamwise evolution of the normalized rms lateral velocity. (a) solid 

cylinder; (b) screen cylinder. 
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Figure 2-5. Streamwise evolution of the normalized Reynolds shear stress. (a) solid 

cylinder; (b) screen cylinder. 
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Figure 2-6. Streamwise evolution of the (a) velocity deficit and (b) wake half-width in 

the solid cylinders, screen strip and screen cylinder wakes. The dashed lines are linear 

fits to the measured data. 
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Figure 2-7. Streamwise variation of (a) u’/Uo; and (b) v’/Uo on the centreline of the 

wakes of the solid cylinders, screen cylinder and screen strip. The horizontal dash 

dotted lines represent values in the far wake of the solid cylinder (Browne et.al, 1987). 
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Figure 2-8. Velocity signals obtained at y*≈0.5 for (a) solid cylinder wake at x*=10; (b) 

screen cylinder wake at x*=10 and (c) screen cylinder wake at x*=40. 
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Figure 2-9. Energy spectra ν in the wake of (a) solid cylinder measured at y*=0.5; (b) 

screen cylinder measured at y*=0.5 and (c) screen cylinder measured at the wake edge. 
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Figure 2-10. Streamwise variation of the peak frequency in the solid cylinder, screen 

cylinder and screen strip wakes. 
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Figure 2-11. Autocorrelation coefficient ρv for (a) solid cylinder and (b) screen cylinder. 
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Figure 2-12. Cross-correlation coefficient at different downstream locations in the wake 

of (a) solid cylinder and (b) screen cylinder. 
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Figure 2-13. Streamwise variation of the correlation length Λ1 in the wakes of the solid 

cylinder and the screen cylinder and the gradient of Λ1 in the screen cylinder wake. 
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Figure 2-13. Flow visualization in the wakes of (a) solid cylinder (Re = 1240); (b) 

screen cylinder (1240), x* = 0 - 16; (c) screen cylinder (1240), x* = 20 – 36 and (d) 

screen cylinder (1920). 
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Abstract  

Coherent structures in a screen cylinder wake were investigated in a wind tunnel over 

the range of 5 x/d 60 (where d is the diameter of the screen cylinder) at a Reynolds 

number of 7000. The screen cylinder was made of a stainless steel wire mesh with 

porosity 𝛽 = 67% (or solidity 𝜎 = 33%).The study showed that the screen cylinder 

wake could be classified into two distinct regions. The first region was characterised by 

the growth of the shear layer vortices which resulted from Kelvin-Helmholtz instability. 

The change from a twin-peak to a single peak profile of the root-mean-square transverse 

velocity marked the second region where the large-scale structures had completely 

formed. The vortex formation region was extended significantly further downstream 

compared with the solid cylinder wake. A gradual decay of the large-scale structures 

was observed thereafter evidenced by the weak vorticity exchange across the wake 

centreline. Momentum transfer was much stronger downstream than upstream of the 

large-scale vortex centre in the screen cylinder wake. Conceptual models were proposed 

mailto:tongming.zhou@uwa.edu.au


62 
 

to illustrate the vortex formation and decay processes and momentum transport in the 

screen cylinder wake by comparing with that of the solid cylinder wake.  

 

3.1 Introduction 

Fluid flow past a circular cylinder has been studied extensively in the past due to its 

significance in engineering applications. It is well established that this kind of flow is 

characterised by vortex shedding phenomena when Reynolds number, Re (= 𝑈∞𝑑/𝜈), 

where d is the diameter of the cylinder, 𝑈∞ is the free stream velocity and v is the 

kinematic viscosity of the fluid), exceeds 49 (Williamson 1996). As the vortices are 

shed regularly and alternatively from the cylinder, pressure distribution on the surface 

of the cylinder varies, resulting in periodic variation in the force components, namely 

the drag (force parallel to the flow) and the lift (force perpendicular to the flow). It is 

not only the magnitudes of the forces but also the variation of the frequencies that 

concern the engineers. If a cylinder is flexibly mounted and the frequency of shed 

vortices approaches its natural frequency, vibration of large amplitude will occur, which 

leads to the lock-in phenomenon. This vibration is generally termed as the vortex-

induced vibrations (VIV). VIV of cylindrical structures should be avoided as it will lead 

to fatigue damage of them. 

 

VIV can be suppressed using passive methods by increasing structural damping through 

the use of dampers or visco-elastic materials, avoiding resonance, streamlining a body 

and applying an add-on device (Blevins 1990). Shroud is one of the add-on devices 

which are found to be effective in suppressing VIV (Zdravkovich 1981). A screen gauze 

is one of the shroud geometries used in addition to the perforated circular hole, axial slat 

and axial rod. Zdravkovich and Volk (1972) conducted a test for three different shroud 

types; the square-holed, circular-holed and a fine-mesh gauze, all having 36% porosity, 
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where the porosity is defined as the percentage of the open area over the total area. They 

found that the shroud made of fine-mesh gauze was the most effective in suppressing 

vibration of the cylinder, giving the highest reduction in the double-amplitude of 

vibration. The gauze shroud affected the pressure distribution more significantly than 

the other shrouds for which there was a radical departure in the pressure distribution 

over the rear portion of the cylinder (between 80° and 160°). In a recent study by Oruç 

(2012), a circular cylinder wake was controlled by using a screen with a porosity of 

50% formed in a streamlined geometry enclosing the cylinder. The PIV results over the 

region of x/d 4 showed that the existence of the control screen around the cylinder 

significantly suppressed the interaction of the shear layers and hence the vortex 

shedding from the surface of the cylinder, resulting in a significant reduction in 

turbulence intensity, Reynolds shear stress and turbulent kinetic energy. Whereas 

existing studies proved that shroud is effective in suppressing VIV, this type of 

suppression device is largely unexplored, especially one that is made of a screen gauze. 

Before one can study the vortex suppression from a shrouded cylinder, it is pertinent to 

understand of the mechanism involved in creating the wake in the first place to 

effectively control the wake. Thus, we intend to study the wake of a screen cylinder 

which can be used as a screen shroud. Details of this knowledge are important in 

understanding the mechanism of vortex shedding and in proposing new techniques on 

VIV suppression.  

 

Flow past a cylindrical body made of a screen gauze has not been largely studied, 

although there are numerous studies pertaining to the characteristics of flow through a 

screen gauze as reviewed by Laws and Livesey (1978). Miyata and Komeda (2001) 

investigated the flow behind hollow cylinders of fine screen gauze and reported that the 

flow was governed by the instability process of the shear layer between the potential 
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region and the very small turbulence region. They concluded that rolling-up process 

depends both on solidity and free stream velocity. Antonia et al. (2002) studied different 

wake generators at x/d = 70 which include a screen strip and a screen cylinder of 46% 

porosity. Although a strong quasi-periodicity was found in the auto-correlation 

coefficient distribution for both screen wakes, they speculated that the flow over the 

screen cylinder might not be dominated by the evolution of vortices in the mixing 

layers, a feature that uniquely characterized the flow in the screen strip wake (Antonia 

and Mi 1998, Huang and Keffer 1996, Zhou and Antonia 1994). Takeuchi et al. (2007) 

measured the airflows around cylinders of squared meshed sheet rolled in circle. The 

flow just behind the permeable cylinders (> 50% porosity) had forward velocity due to 

the permeability which relaxed the near field excitation of Karman vortex shedding and 

the reattachment point behind the cylinder displaced several times with that of the solid 

cylinder case. Gansel et al. (2012) tested cylinders made from metal mesh of various 

porosities. The results indicated that the wake characteristics changed toward the wake 

characteristics of a solid cylinder at a porosity just below 75%. Levy et al. (2014) 

argued that the surface porosity is not the key parameter in defining the flow topology 

of a porous screen, rather, a non-dimensional parameter based on the twine thickness, 

mesh void and cylinder diameter that collapsed most of their experimental data at 

Re=800.  

 

Similar flows such as the ones through perforated circular cylinders have long been 

documented. For example, Mair and Maull (1971) summarized experimental works of 

Valensi and Zeytoun who reported that there was a dominant frequency in the wake of 

the perforated cylinder for porosity less than 50%. The Strouhal number first decreased 

and then increased with increasing porosity. Alridge et al. (1978) examined the drag 

coefficient, 𝐶𝐷 , of a finite perforated circular cylinder of 60% porosity and reported that 
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the drag of the perforated cylinder was 20% more than that of a solid cylinder. In the 

recent years, Ikeda and Takaishi (2004) studied a cylinder with periodic holes and found 

that the large momentum injected into the wake by the jet holes prevented the shear 

layers interaction, thus no distinct vortex in the wake. Pinar et al. (2015) investigated 

flow structure around perforated cylinders in shallow water and showed that the jet-

alike flow through the holes prevented the formation of a vortex street. All of the 

studies on the screen cylinder and perforated cylinder were conducted in the near-wake 

mostly at x/d<5~10, where the location might have been too small to examine the full 

development of the large-scale organised structures. In addition, the nature of flow 

through a screen cylinder might be different from that of a perforated cylinder in which 

the former involves additional parameter of the mesh geometry.  

 

In the present study, the primary aim is to explore the vortex formation mechanism in a 

screen cylinder wake (of 67% porosity) by examining the streamwise evolution of the 

vortical structures through the use of the phase-averaging analysis. The second aim is to 

quantify the contributions of the coherent structures to Reynolds stresses and their 

evolution in the streamwise direction. The above results will be compared with those 

obtained in wakes generated by a solid cylinder and a screen strip. To our knowledge, 

this is the first attempt to quantify the large-scale structures in the near and intermediate 

regions of a screen cylinder wake.  

 

3.2 Experimental Details 

The experiments were conducted in a blower type wind tunnel with a test section of 380 

mm (width) × 255 mm (height) and 1.8m (long).  The free stream velocity was uniform 

to 0.1% and the longitudinal turbulence intensity was less than 0.2%. Two types of 

cylinders were used, namely, a solid cylinder and a screen cylinder. Both of them had a 
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diameter 𝑑 of 23 mm and a length 𝑙 of 380mm, giving an aspect ratio 𝑙 𝑑⁄ = 16.5. All 

measurements were performed at a free stream velocity 𝑈∞ of 4.57 m/s, corresponding 

to 𝑅𝑒 = 7000. The solid cylinder was a plain and smooth cylinder made of polished 

aluminium. The screen cylinder was made of a stainless steel wire mesh of 2 mm 

square-cross-section with porosity 𝛽 = 67% (or solidity 𝜎 = 33%). The diameter of the 

wire was 0.45 mm, which yields a Reynolds number based on the wire diameter, Redwire 

of 130. Both cylinders were located 20cm downstream of the entrance of the test section 

and installed in the mid-plane and spanned the whole width of the wind tunnel. Plastic 

plugs were inserted and flush with the tunnel inner wall to prevent leakage at the ends. 

As a result, no end plates were used for the cylinders. Figure 3-1 shows the definition of 

the co-ordinate system, wake profile and the photo of the screen cylinder. For the solid 

cylinder wake, measurements were conducted at three downstream locations, i.e., 

𝑥/𝑑 = 10, 20 and 40  whereas for the screen cylinder wake, the measurement locations 

were at 𝑥/𝑑 = 5 60 with an increment of 5. To avoid crowding the figures, only 

results at 10, 20, 30, 40, 50 and 60 will be mostly shown. To examine the streamwise 

evolution of the wakes, an X-type hot wire probe was moved across the wake in the y-

direction to measure the longitudinal and transverse velocity components, u and v, 

respectively. The separation between the two wires of the X-probe was about 1.5mm. 

Another X-probe was fixed at the wake edge and at the same streamwise location as the 

first X-probe to provide a phase reference to the measured velocity signals for phase-

averaged analysis of the large-scale structures.  

 

The hot wires were etched to a sensor length of 1mm from Wollaston (Pt-10% Rh) 

wires with a wire diameter of 5 m, which is long enough to neglect the heat loss at the 

ends of the sensors. The hot wires were operated with in-house constant temperature 

circuits at an overheat ratio of 1.5. Angle calibration of the X-probes was performed 
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over ± 20°.  The effective angles of the inclined wires in the two X-probes were 34°, 

31°, 37° and 43°. The output signals from the anemometers were low-pass filtered at a 

cut-off frequency 𝑓𝑐 of 2800 Hz. The filtered signals were sampled at a frequency 𝑓𝑠 of 

5600 Hz into a PC using a 16-bit A/D converter (National Instrument). The sampling 

period 𝑇𝑠 was 30s. Experimental uncertainties were inferred from the estimated 

inaccuracies in hot-wire calibration data as well as the scatter observed in repeating the 

experiments a number of times. The uncertainty for the time-average velocity �̅� was 

estimated to be about ±2% while for the fluctuating velocities u and v the uncertainties 

of their rms values were about ±5% and ±6%, respectively. The uncertainty for 

Reynolds shear stress < 𝑢𝑣 > was about 8%, where angular brackets denote time 

averaging.  

 

3.3 Phase and structural averaging 

A turbulent signal B can be decomposed into a mean value, �̅�, and a fluctuation 

component 𝛽 which can further be decomposed into a coherent component β̃ and an 

incoherent component 𝛽𝑟 (Hussain and Reynolds 1970), i.e.  

 

 𝐵 =  �̅� + 𝛽 = �̅� + (�̃� + 𝛽𝑟)     (3-1) 

 

Phase average allows the separation of the coherent and incoherent components. In 

order to use the phase-averaging analysis, the v-signal measured by the reference X-

probe was band-pass filtered with the central frequency set at the peak frequency 

identified on the energy spectra. A fourth-order Butterworth filter was used. The filtered 

signal was then used to condition the v-signal measured by the movable probe. 

Examples of the measured and filtered velocity signals are given in Figure 3-2. The two 

phases of particular interest are identified on the filtered signal vf, viz.  
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𝑃ℎ𝑎𝑠𝑒 𝐴 ∶    𝑣𝑓 = 0   for  

𝑑𝑣𝑓

𝑑𝑡
> 0 

    (3-2) 

 
𝑃ℎ𝑎𝑠𝑒 𝐵 ∶    𝑣𝑓 = 0   for  

𝑑𝑣𝑓

𝑑𝑡
< 0 

    (3-3) 

 

The two phases correspond to time 𝑡𝐴,𝑖 and 𝑡𝐵,𝑖 (measured from an arbitrary time 

origin), respectively. The phase 𝜙, calculated between the times 𝑡𝐴,𝑖 and 𝑡𝐵,𝑖, 

corresponds to the longitudinal distance in terms of the average vortex wavelength, viz. 

 

 
𝜙 = 𝜋

𝑡 − 𝑡𝐴,𝑖

𝑡𝐵,𝑖 − 𝑡𝐴,𝑖
 ,                   𝑡𝐴,𝑖  ≤ 𝑡 ≤   𝑡𝐵,𝑖  

    (3-4) 

 
𝜙 = 𝜋

𝑡 − 𝑡𝐵,𝑖

𝑡𝐴,𝑖+1 − 𝑡𝐵,𝑖
+ 𝜋,         𝑡𝐵,𝑖  <  𝑡 ≤  𝑡𝐴,𝑖+1     (3-5) 

 

The interval between phases A and B is transformed so that 𝑡𝐵,𝑖 −  𝑡𝐴,𝑖 = 0.5/𝑓𝑠. This 

interval is further divided into 30 subintervals. The difference between the local phase at 

each y-location of the movable probe and the reference phase of the fixed X-wire is 

used to produce the phase-averaged sectional streamlines and contours of the coherent 

and incoherent quantities in the (, y)-plane.  The phase-average of an instantaneous 

quantity 𝐵 can be calculated by 

 

 
〈𝐵〉𝑘 =

1

𝑁
∑ 𝐵𝑘,𝑖

𝑁

𝑖=1

  
    (3-6) 

 

where 𝐵 can be any quantities such as velocity or vorticity, N (>1200) is the number of 

vortex shedding for each measurement and 𝑘 represents the considered phase. The 

phase-averaged Reynolds shear stress �̃��̃� can also be calculated viz. 
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 〈𝛽𝛾〉 = 𝛽�̃� + 〈𝛽𝑟𝛾𝑟〉     (3-7) 

 

where 𝛽 and 𝛾 can each either be 𝑢 or 𝑣.  

 

The transport characteristics of the vortical structures can be described by structural 

averaging of a quantity. After extracting the coherent component of the desired 

quantities, the velocities, for example, the coherent and incoherent contributions to 

Reynolds stresses can be obtained in terms of the structural average. The structural 

average (denoted by a double overbar) is defined by 

 

 
𝛽�̃�̿̿̿̿ =

1

𝑘1 + 𝑘2 + 1 
∑ 𝛽�̃�

𝑘2

−𝑘1

 
    (3-8) 

 

where 𝑘1 = 𝑘2 = 30 is equal to the number of intervals used for phase-averaging. 

Detailed descriptions of the phase and structural averaging can be found in (Matsumura 

and Antonia 1993).  

 

3.4 Results and discussion 

3.4.1 Mean velocity, Reynolds stresses and Spectra 

The distributions of the time-average velocity in the streamwise direction, �̅�, are 

presented in Figure 3-3 for both wakes at different downstream locations. Hereafter, the 

superscript asterisk indicates normalization by the free stream velocity and/or cylinder 

diameter. The distributions appear generally symmetrical about the centreline 𝑦 ∗ = 0. 

The profiles for the solid cylinder (Figure 3-3a) agree quite well with those shown in 

Wang et al. (2011), validating the present measurement. The maximum velocity 

deficit, 𝑈0
∗, as shown by the peak value, decreases as 𝑥∗ increases. The mean velocity 
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profiles in the screen cylinder wake (Figure 3-3b) reveal a much larger velocity deficit 

for 𝑥∗ < 30. The velocity gradients in the shear layers over this region are considerably 

larger than that at other wake locations, associated with the shear layer development. 

For 𝑥∗ ≥  30, the values of 𝑈0
∗  are comparable to that in the solid cylinder wake and the 

velocity profiles become slightly flatter in the central region.  

 

The distributions of the root-mean-square (rms) values of the longitudinal velocity, 𝑢, 

and transverse velocity 𝑣,  are given in Figures 3-4 and 3-5 respectively. The profiles of 

𝑢′/𝑈∞ in the solid cylinder wake (Figure 3-4a) are symmetric about  𝑦∗ = 0 and show a 

twin-peak, consistent with Zhou et al. (2003). The magnitude of u decays in the 

streamwise direction. The twin-peak profile is also distinctly evident for 𝑥∗ ≤ 30 in the 

screen cylinder wake (Figure 3-4b). The rms values gradually increase from the 

centreline (𝑦∗ = 0) to the highest rms value in the shear layers, reflecting the 

intensifying activities within the shear region. The twin-peak becomes flatter in the 

screen cylinder wake from 𝑥∗ = 40. The differences in the distributions of 𝑣′/𝑈∞ in 

both wakes are obvious (Figure 3-5). The 𝑣′/𝑈∞ values in the solid cylinder wake 

(Figure 3-5a) are maxima on the centreline of the wake, and decreases monotonically 

toward the edge of the wake, indicating a signature of a vortex street. At the centreline, 

the maximum value of 𝑣′/𝑈∞ decreases with downstream distance due to the decay of 

the vortex structures. In contrast to the solid body wake, the 𝑣′/𝑈∞ distributions in the 

screen cylinder wake (Figure 3-5b) can be clearly divided into two regions. At 𝑥∗ ≤ 30, 

the twin-peak is evident where there is a gradual increase of rms value in the wake, 

from the lowest value at the centreline to the maximum in the shear layers (𝑦∗ ≈ 0.5). 

As 𝑥∗ increases, the peaks become wider, indicating the growth of the shear layer. 

At 𝑥∗ ≥ 40, the 𝑣′/𝑈∞ values have a plateau in the central part of the wake, indicating 

that the two shear layers merge at the centre, interacting to form a single vortex street, 
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similar to that in the solid cylinder wake. However, the plateaus are much lower in 

magnitude than that in the solid cylinder wake, signifying a weak vortex intensity in the 

screen cylinder wake. This will be evident later from the phase-averaged flow pattern in 

section 4.2.  

 

The spectra 
𝜈

  for both cylinders at various downstream locations are shown in Figure 

3-6. Both spectra are obtained at 𝑦∗ = 0.5  in the two wakes by calculating the Fast 

Fourier Transform (FFT) of the velocity signals. The normalized spectral density 

function is defined such that ∫ 
𝜈

 
∞

0
(𝑥)𝑑𝑥 = 〈(𝜐/𝑈∞)2〉, where x represents the 

frequency, which is normalized by 𝑈∞and d i.e. 𝑥 = 𝑓∗ = 𝑓𝑑/𝑈∞. With this 

normalization, the peak frequency on the spectrum corresponds to the Strouhal number. 

Each spectrum has been shifted downward by one order relative to the one above it for 

easy viewing. For the solid cylinder wake (Figure 3-6a), vortex shedding at 𝑥∗ = 10 is 

apparent at a single frequency 𝑓 of 41 Hz, which corresponds to  𝑓∗ = 0.21 as indicated 

by the sharp peak. This peak location is consistent with previous literatures at 

subcritical Reynolds numbers. The ratio between the peak height and the plateau region 

reduces with 𝑥∗ although 𝑓 remains the same. This trend indicates that the vortices are 

decaying in the streamwise direction. On the other hand, the energy spectra of the 

screen cylinder wake reveal no significant peaks at locations immediately downstream 

of the cylinder (at 𝑥∗ = 5 and 𝑥∗ = 10). This result suggests that vortex shedding is not 

apparent, which highlights the difference in the near-wake behaviour of both cylinders. 

Small broad-band peaks at 𝑓∗ = 0.277 start to emerge at 𝑥∗ = 20, indicating 

emergence of some periodicity of the organised fluid structures in the wake. The broad-

band peak location continues to shift to lower frequencies, commensurate with the 

merging of small-scale vortices and the formation of larger scale vortices as also 

observed by Huang and Keffer (1996) and Antonia and Mi (1998). A predominant peak 
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of 𝑓∗ ≈ 0.26 occur at 𝑥∗ = 40. Details of the vortex shedding behaviour can be found 

from Azmi et al. (2015), which highlight the vortex merging process in the screen 

cylinder wake. 

 

3.4.2 Phase-averaged coherent vorticity field and sectional streamlines 

After the detection of the coherent signals �̃� and �̃�, the phase-averaged vorticity �̃�𝑧 is 

obtained using the following relationship 

 

 
�̃�𝑧 =

𝜕(�̅� + �̃�)

𝜕𝑥
−

𝜕(�̅� + �̃�)

𝜕𝑦
≈

∆�̃�

∆𝑥
−

∆(�̅� + �̃�)

∆𝑦
, 

    (3-9) 

 

where ∆𝑥 = −𝑈𝑐∆𝑡 = −𝑈𝑐/𝑓𝑠 is the separation in the streamwise direction and can be 

obtained using Taylor’s hypothesis. The average convection velocity 𝑈𝑐 of the vortices 

is given by the velocity �̅� + �̃� at the vortex centre, which is identified with the location 

of the maximum phase-averaged vorticity,  �̃� 𝑚𝑎𝑥. Meanwhile ∆𝑦 is the distance 

between two adjacent measurement locations across the wake. The uncertainty for ∆𝑥 is 

about ±4% and that for ∆𝑦 is about ±5%. Using these values, the uncertainties for the 

vorticity component is estimated by the method of propagation of errors. The resulting 

uncertainty for �̃�𝑧 is about ±10%, at  𝑥/𝑑 = 10. 

 

Table 1 lists some of the characteristic properties of the vortices for both wakes, which 

include the location of the vortex centre 𝑦𝑐, the average convection velocity 𝑈𝑐 and the 

phase shift between velocity signals u and , 
𝑢𝑣

(𝑓). The phase shift at the vortex 

shedding frequency between velocity signals 𝑢 and 𝑣 is given by 
𝑢𝑣

(𝑓) =

tan−1[𝑄𝑢𝑣/𝐶𝑢𝑣], where 𝑄𝑢𝑣 is the quadrature spectrum and 𝐶𝑢𝑣 is the co-spectrum of 𝑢 
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and 𝑣. The experimental errors in 𝑦𝑐 and 𝑈𝑐 at 𝑥/𝑑 = 10 are about 3%. The errors are 

expected to be bigger further downstream due to the increased uncertainty in 

determining the vortex centre. Results from Zhou and Antonia (1994) on the wakes of a 

solid cylinder and a screen strip of 50% porosity at 𝑥/𝑑 = 20 and 𝑅𝑒 = 5600 are also 

included in the brackets. The 𝑦𝑐/𝑑 values increase by about 160% in the solid cylinder 

wake from 𝑥/𝑑 = 10 to 40. The vortex centre in the screen cylinder wake, however, 

lies around  𝑦𝑐

𝑑
  0.5~0.6 in the wake region 𝑥/𝑑 = 10 → 30. Its value increases from 

𝑥/𝑑 = 40 to 60 by 60%. The 𝑈𝑐/𝑈∞ value increases with 𝑥/𝑑 in the solid cylinder 

wake. This trend agrees well with that reported by Zhou and Antonia (1992). The same 

trend is found for 𝑈𝑐 in the screen cylinder wake. In addition, the difference of vortices 

between different wakes can also be quantified in terms of the phase shift. Zhou and 

Antonia (1994) reported a phase shift of 94° in the solid cylinder wake at 𝑥/𝑑 = 20. 

This is indicative of the occurrence of alternating periodic vortex shedding in the form 

of Kármán vortices. In the present experiment, it is about 100° at 𝑥/𝑑 = 10 and 20, 

agrees reasonably well with that of Zhou and Antonia (1994). In the screen cylinder 

wake, a phase shift close to 180° is found at 𝑥/𝑑 = 10 and 20. This result agrees very 

well with that of a screen strip (169°) at 𝑥/𝑑 = 20 reported by Zhou and Antonia 

(1994). A phase shift around 180° could be attributed to the formation of the quasi-

periodic vortices alternating on each side of the shear layers as will be reflected in the 

sectional streamlines described later. Notice that for 𝑥/𝑑 ≥ 30, the phase shift starts to 

decrease gradually and lies over the range of 140°. 

 

The iso-contours for the phased-averaged vorticity of the solid cylinder and the screen 

cylinder wakes are shown in Figures 3-7 and 3-8, respectively. The phase 𝜙, ranging 

from −2𝜋 to +2𝜋, can be interpreted in terms of a streamwise distance and 𝜙 = 2𝜋 

corresponds to the vortex wavelength 𝜆. The flow direction is from left to right. The 
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positions of the foci and the saddle points associated with the vortices are determined 

from the sectional streamlines (Figures 3-9 and 3-10) and denoted by ‘+’ and ‘×’, 

respectively. The diverging separatrices are shown as dashed lines passing through the 

saddle points. In general, the foci correspond well to the maximum vorticity. There are 

significant variations in terms of the evolution of the shape, strength and size of the 

vortices in the two wakes. The phase-averaged coherent vorticity contours in the solid 

cylinder wake (Figure 3-7) clearly depict the large-scale vortical structures and their 

evolution in the streamwise direction, consistent with Zhou et al. (2003), verifying the 

experimental result of the solid cylinder wake. For example, at 𝑥∗ = 10, the �̃�𝑧
∗ 

contours display the well-known Kármán vortex street. The maximum concentration for 

�̃�𝑧
∗ is 1.0 (the negative value of the vorticity contours represents the clockwise 

vorticity indicated by the dash contour lines) occurring at 𝑦∗ ≅ 0.3. The positive and 

negative vortices penetrate across the wake centreline to the other side of the wake, 

showing a staggered vortex pattern. The �̃�𝑧
∗ contours at 𝑥∗ = 20 display similar vortex 

structures but with a lower maximum concentration of 0.4. This maximum 

concentration decreases to 0.14 at 𝑥∗ = 40, reflecting an apparent reduction in vortex 

strength as 𝑥∗ increases. Furthermore, at 𝑥∗ = 40, the staggered pattern of the 

alternating counter-rotating vortices starts to diminish. For the screen cylinder wake 

(Figure 3-8), the contours of �̃�𝑧
∗ at 𝑥∗ < 30 are less organized. There are small-scale 

vortices in the two shear layers, separated by a core or buffer layer at the central region. 

The interaction between the opposite signed vortices starts at 𝑥∗ =  20  and this will be 

emphasized later in the next section. At 𝑥∗ = 30, the spanwise vorticity contours 

become more apparent and regular than that in the region closer to the cylinder, 

implying an amalgamation process at 𝑥∗ < 30. The formation of the so-called large-

scale structures in the screen cylinder wake takes place at 𝑥∗ > 20 and the vortices still 

grow thereafter until 𝑥∗ = 40, where the large-scale structures are most evident and 
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regular. At 𝑥∗ = 50 and 60, the vortex patterns are still very apparent. Considering the 

coherent vorticity contours at 𝑥∗ ≥ 40, where the large-scale structures are fully 

formed, the above results suggest that the decay rate of the large-scale vortices in the 

screen cylinder wake is much smaller than that in the solid cylinder wake. For instance, 

the maximum vorticity concentration decays by about 25% from 𝑥∗ = 40 to 60 in the 

screen cylinder wake whereas in the solid cylinder wake, a large decay of 60% is 

evident, only from 𝑥∗ = 10 to 20. It can be surmised that due to this slow decay, 

vortical structures in the screen cylinder wake will persist a long distance downstream. 

It is interesting to note that at all downstream locations of the screen cylinder wake, 

there are contours enveloping the vortex cores on each side of the wake and a small 

amount of vorticity is also found between vortex cores, a feature that is absent in the 

solid cylinder wake. Huang et al. (1996) also noticed this feature in the screen strip 

wake on the coherent vorticity contours through pattern-recognition analysis. They 

noticed that farther downstream at 𝑥∗ = 50 and 100, however, the envelopes were 

absent and the periodicity was less prominent. The current work indicates that the 

envelopes are still present at 𝑥∗ = 50 and 𝑥∗ = 60, consistent with the discussion on the 

persistence of structures downstream in the screen cylinder wake.  

 

Calculation of the circulation values, Γ, is performed for the two wakes where the 

circulation is calculated from a surface integral of the vorticity field over an area of 

integration. The area of integration in both wakes is based on the criterion of a cut-off 

value of 20% of the maximum concentration of the vorticity contours. The results are 

tabulated in Table 1. For the solid cylinder wake, the circulation decreases 

monotonically, indicating a monotonic decaying process due to vortex cancellation 

across the wake centreline. However, for the screen cylinder wake, the circulation 

increases till 𝑥∗ =  20 and then decreases monotonically at a rate much smaller than that 
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in the solid cylinder wake. This is probably attributed to the initial interaction between 

the shear layers that occurs at 𝑥∗ =  20. 

 

The phased-averaged sectional streamlines of the two wakes at different streamwise 

locations are shown in Figures 3-9 and 3-10, respectively. They are constructed based 

on the velocity signals. The solid cylinder wake reveals apparent Kármán vortex streets 

(Figure 3-9). For the screen cylinder wake, elliptical structures are evident (Figure 3-10) 

and occur on both sides of the centreline. It can be observed that small-scale vortices 

exist within the shear layers at 𝑥∗ = 10 and 𝑥∗ = 20, consistent with the vorticity 

contours in Figure 3-8. The size of these structures increases when evolving 

downstream. There is a buffer layer at the central region separating the two shear layers, 

similar to the finding of Huang and Keffer (1996) in a screen strip wake. The buffer 

layer is not disturbed especially at 𝑥∗ = 10.  At 𝑥∗ = 20, the size of the vortices is large 

enough to cause the buffer layer to undulate slightly. The undulation of the buffer layer 

becomes more apparent with 𝑥∗. Evidently, the lateral spacing between saddle points or 

vortex centres are different in the two wakes.  For example, the spacing between foci is 

approximately 0.6, 1.0 and 1.5 for 𝑥∗ = 10, 20 and 40 respectively in the solid cylinder 

wake. The corresponding foci spacing is relatively large (1.1, 1.2, 1.2, 1.4, 1.6 and 2.0 

at x* = 10, 20, 30, 40, 50 and 60, respectively) and start to increase gradually from 𝑥∗ =

40 in the screen cylinder wake. The longitudinal spacing or vortex wavelength at 𝑥∗ >

40, however, is comparable to that in the solid cylinder wake. In addition, the diverging 

separatrices in the solid cylinder wake extends across the wake centreline which 

indicates the rib-like structures connecting the counter-rotating vortices on the opposite 

sides. This is in contrast to that in the screen cylinder wake where the separatrices are 

elongated in the streamwise direction between the same rotating vortices.  
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3.4.3 Vorticity transport 

It is mentioned earlier that interaction of vortical structures in the screen cylinder wake 

starts at 𝑥∗ = 20 and a slow decay of vortices is observed after 𝑥∗ = 40.  In order to 

understand the interaction between vortices and the vorticity decay in the two wakes, 

the effective turbulent vorticity flux density vector,  𝑱, as introduced by Kolar et al. 

(1997), is examined. The vector provides a measure for the vorticity transport and is 

defined by 𝑱 = {𝐽𝑥, 𝐽𝑦}, where,      

             

 
𝐽𝑥 =

𝜕

𝜕𝑦
[
〈𝑣𝑟

2〉 − 〈𝑢𝑟
2〉

2
] +  

𝜕

𝜕𝑥
〈𝑢𝑟𝑣𝑟〉, 

    (3-10) 

 
𝐽𝑦 =

𝜕

𝜕𝑥
[
〈𝑣𝑟

2〉 − 〈𝑢𝑟
2〉

2
] −  

𝜕

𝜕𝑦
〈𝑢𝑟𝑣𝑟〉 

    (3-11) 

 

Figures 3-11 and 3-12 show the effective vorticity flux density vectors �̃�∗ at different 

streamwise locations.  �̃�∗ is directed from higher to lower coherent vorticity 

concentration and its length indicates the strength of the flux density. The thick solid 

lines denote the outermost vorticity contours as seen in Figures 3-7 and 3-8. Note the 

vector and the number on the upper left-hand side of the figure. They provide the 

correspondence between the vector length and the vorticity magnitude. In the solid 

cylinder wake at 𝑥∗ = 10, the relatively long vectors direct towards and cross the vortex 

borders, illustrating the strength of vorticity exchange thus vorticity cancellation 

between the opposite-signed vortices, which is responsible for the fast decay of vortices, 

decaying by 60% from 𝑥∗ = 10 to 20. At 𝑥∗ = 20, the exchange of vorticity is still 

evident although less vigorous than that at  𝑥∗ = 10 as indicated by the shorter vector 

length. At 𝑥∗ = 40, the vectors are very weak and the interactions between the counter-

rotating vortices almost completely disappear. In the screen cylinder wake (Fig. 12), 

however, the evolution of the vorticity transport is completely different. At 𝑥∗ = 10, the 
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vectors of generally intermediate length mostly concentrate in the upper and lower shear 

layers and only a few vectors are directed towards the centreline. There is no interaction 

between the upper and lower vortices. The interaction is evident at 𝑥∗ = 20 where the 

relatively long vectors direct towards and move across the centreline. Further 

downstream at 𝑥∗ ≥ 30, the long vectors tend to occur along the diverging separatrices 

but they do not appear to interact strongly with those from adjacent vortex, indicating a 

weak exchange of vorticity which results in a slow decay of the vorticity concentration. 

Whereas the long vectors from one border move across the adjacent vortex border 

at 𝑥∗ = 30, this seems not so evident at 𝑥∗ ≥ 40. Note also that the maximum vector 

length at 𝑥∗ = 30 is more than that at 𝑥∗ ≥ 40 as indicated by the arrow magnitude in 

the figure.  

 

3.4.4 Coherent fluctuating velocities 

The iso-contours of the phase-averaged streamwise and lateral velocities (�̃� and �̃�) are 

depicted in Figures 3-(13-16). It can be seen in the solid cylinder wake that the 

�̃�∗contours display approximate up-down antisymmetry about the vortex centre (Fig. 

13) while the �̃�∗ contours display antisymmetry about 𝜙 = 0 (Figure 3-15). 

Qualitatively the structures are similar to those reported by Wang et al. (2011). The 

approximate anti-symmetry of the �̃�∗contours and the �̃�∗contours is also evident in the 

screen cylinder wake (Figures 3-14 and 3-16). But again, the significant differences 

between the two wakes lie in the structures’ strength, size and shapes.  Both the 

maximum concentrations of  �̃�∗ and �̃�∗ at 𝑥∗ = 10 in the solid cylinder wake are about 

more than 90% higher than that in the screen cylinder wake at the same location. In fact, 

the concentration of the former is still about more than 60% higher than the latter 

at 𝑥∗ = 20.  While in the solid cylinder wake the maximum concentration decreases 

with downstream distance, the screen cylinder wake exhibits a different pattern; in the 
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�̃�∗ contours, the concentration increases until up to 𝑥∗ = 30 before decreases thereafter 

(only slightly) and in the �̃�∗contours, this location is at 𝑥∗ = 40  . For the solid cylinder 

wake, the centre of the �̃�∗ contours at 𝑥∗ = 10 is located at 𝑦∗ ≈ ±1 which increases 

with 𝑥∗ while the centre of �̃�∗ contours is at 𝑦∗ = 0. The screen cylinder wake also 

shows that the centre of the �̃�∗ contours is located at 𝑦∗ ≈ ±1 for 𝑥∗ ≥ 30 but 𝑦∗ ≈

±0.5 for 𝑥∗ < 30 . Similarly, the centre of the �̃�∗ contours is also located in the vicinity 

of 𝑦∗ = 0 for 𝑥∗ ≥ 40 but 𝑦∗ ≈ ±0.5 for 𝑥∗ < 40. These results indicate the existence 

of two distinct regions in the screen cylinder wake. One is the growth/developing region 

where the small-scale structures are growing and merging and the other is the developed 

region where the large-scale structures have completely formed. The developed region 

is consistent with the previous discussion from the phase-averaged vorticity contours on 

the gradual decay of the large-scale vortices, hereafter referred to as the decaying 

region. This decaying region is clearly evident from the Reynolds shear stress contours 

which will be discussed in the next section. 

 

3.4.5 Coherent and incoherent Reynolds shear stress 

The �̃�∗�̃�∗ contours in the solid cylinder wake at 𝑥∗ = 10 and 20 (Figure 3-17) display 

the well-established clover-leaf pattern about the vortex centre as reported previously 

(Matsumura and Antonia 1993, Zhou and Antonia 1995). The decay of the organised 

structures from 𝑥∗ = 10 → 40 is apparent. While the �̃�∗�̃�∗ contours in the solid cylinder 

wake show a near antisymmetry about both 𝜙 = 0 and 𝑦∗ = 0 (except at 𝑥∗ = 40), the 

screen cylinder wake displays a near antisymmetry only about 𝑦∗ = 0 (Figure 3-18). 

Obviously, �̃�∗�̃�∗ in the screen cylinder wake exhibit quite different contours both in the 

region 𝑥∗ = 1030 and 𝑥∗ = 4060, conforming the two distinct regions as described 

previously from the  �̃�∗ and �̃�∗ contours. In the wake region of 𝑥∗ = 1030, the 

development of the structures is apparent and the positive contours are on the lower side 
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and the negative contours are on the upper side of the wake. Note also the marked 

increase of the �̃�∗�̃�∗ magnitude (about 300% increase) from 𝑥∗ = 10 to 𝑥∗ = 20. 

Further downstream at 𝑥∗ ≥ 40, both the positive and negative contours are present in 

the lower and upper sides, indicating that the vortex structures have completely 

developed at these locations. The negative �̃�∗�̃�∗ contours, however, overwhelm the 

positive ones in the upper wake while the positive contours overwhelm the negative 

ones in the lower wake. The contours at the locations where the large-scale structures 

are evident show no regular clover-leaf pattern as that of the solid cylinder wake that 

separates the vortices equally into four quadrants according to the sign of �̃�∗�̃�∗. Instead, 

the contours are antisymmetric only about y*=0. This is illustrated in the vortex 

topology shown in Figure 3-24 later. Interestingly, this behaviour of momentum 

transport is also different to that in the screen strip. The anti-symmetry about 𝑦∗ = 0 

found from the �̃�∗�̃�∗ contours in the screen cylinder wake was not present in the screen 

strip wake as reported by Zhou and Antonia (1995). In the screen strip wake, the �̃�∗�̃�∗ 

contours resemble the clover-leaf pattern but the size and the concentration of the 

negative contours are bigger than the positive contours. This asymmetry exhibited in 

both the near wake of the screen strip at 𝑥∗ = 20  as well as in the far wake (𝑥∗ = 220) 

albeit in the far-wake the asymmetry is much more prominent. They concluded that the 

asymmetrical behaviour resulted in a relatively large contribution to the shear stress in 

comparison to the circular cylinder wake, as evidenced in their calculation of maximum 

coherent contributions to the shear stress  �̃��̃�̿̿̿̿ /𝑢𝑣̅̅̅̅ . This is different from the present 

screen cylinder wake where the contribution to the shear stress is much smaller than that 

in the solid cylinder wake as will be demonstrated in the next section. 

 

In general, the contours of the incoherent Reynolds shear stress 〈𝑢𝑟
∗𝑣𝑟

∗〉 in the solid 

cylinder wake (Figure 3-19) resemble those of Matsumura and Antonia (1993) where 
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they are stretched at an angle along the diverging separatrix and the extrema are located 

mostly near the saddles. The angles  at different downstream locations, as listed in 

Table 1, are around 45. The extrema of the 〈𝑢𝑟
∗𝑣𝑟

∗〉 contours at 𝑥∗ = 10 tend to be near 

the foci too. The contours penetrate across the centerline to the opposite side, indicating 

vigorous momentum transport. The maximum level of 〈𝑢𝑟
∗𝑣𝑟

∗〉 contours at 𝑥∗ = 10  is 

slightly smaller than that of their coherent counterparts. At 𝑥∗ = 40, the negative and 

positive  〈𝑢𝑟
∗𝑣𝑟

∗〉 contours dominate the upper and lower wake, respectively, strikingly 

similar to the contours exhibited in the screen cylinder wake (Figure 3-20), apparently 

due to the weak vortex strength. The zigzag pattern of the 〈𝑢𝑟
∗𝑣𝑟

∗〉 contours is more 

obvious in the screen cylinder wake at 𝑥∗ > 30. The stretching angle  changes from 

45 at 𝑥∗ = 10 to 33 at 𝑥∗ = 40 and keeps constant thereafter. It is pertinent to point 

out that the maximum magnitude of the 〈𝑢𝑟
∗𝑣𝑟

∗〉 contours in the screen cylinder wake is 

about one order of magnitude larger than their coherent counterpart (Figure 3-18). In 

comparing the magnitude of 〈𝑢𝑟
∗𝑣𝑟

∗〉 in both wakes at 𝑥∗ = 10, that in the solid cylinder 

wake is about one order higher than that in the screen cylinder wake, but at other 

locations, they are of the same order.  

 

3.4.6 Coherent and incoherent contributions to Reynolds stresses 

Figures 3-21 and 3-22 illustrate the results of the time-averaged values, coherent and 

incoherent contributions to the Reynolds Stresses for both the solid cylinder and the 

screen cylinder wakes. The timeaveraged distributions in the solid cylinder wake 

(Figure 3-21) are either symmetrical (𝑢∗2̅̅ ̅̅  and 𝑣∗2̅̅ ̅̅ ) or anti-symmetrical (𝑢∗𝑣∗̅̅ ̅̅ ̅̅ ) about 

𝑦∗ = 0 at all locations. The distributions in the screen cylinder wake (Figure 3-22) also 

exhibit symmetrical and anti-symmetrical behaviour. Generally, the magnitudes of the 

velocity variances are much smaller in the screen cylinder wake than that in the solid 

cylinder wake, in the order of about 1/10. The coherent contributions to 𝑢∗2̅̅ ̅̅  and 𝑣∗2̅̅ ̅̅  of 
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the solid cylinder wake at 𝑥∗ = 10 are very significant in comparison to their 

counterparts in the screen cylinder wake, which are almost negligible at this location. In 

fact, the major contribution to 𝑣∗2̅̅ ̅̅  in the central region of the solid cylinder wake comes 

from the coherent motion, which is also true for 𝑢∗𝑣∗̅̅ ̅̅ ̅̅ . These results indicate the strong 

coherent motion in the form of regular periodic vortex shedding in the near-wake of the 

solid cylinder. The coherent motion depletes with downstream distance and at 𝑥∗ = 40, 

the coherent contributions are almost zero. In contrast, for the screen cylinder wake, the 

incoherent motion largely accounts to 𝑢2̅̅ ̅ , 𝑣∗2̅̅ ̅̅  and 𝑢𝑣̅̅̅̅ . It is obvious that the coherent 

contribution to 𝑣∗2̅̅ ̅̅  increases with  𝑥∗  with the largest contribution occurring at 𝑥∗ =

40, before slowly decay thereafter. The twin peak coherent profiles of �̃�∗̿̿ ̿ (and 𝑣∗2̅̅ ̅̅ ) 

evident in the screen cylinder wake for 𝑥∗ ≤ 30 are replaced by a single peak profile at 

𝑥∗ ≥ 40, which is also the profile possessed by the solid cylinder wake albeit less 

sharper. The twin peak behaviour should indicate the small-scale vortices in the upper 

and lower shear layers, which is evident in the sectional streamlines (Figure 3-10). This 

result suggests that in the screen cylinder wake, there exists a ‘critical’ location where 

the large-scale structures have fully formed. In contrast to the profiles of �̃�∗̿̿ ̿ in the solid 

cylinder wake, which decay quickly, the decay of �̃�∗̿̿ ̿ at 𝑥∗ ≥ 40 in the screen cylinder 

wake is slow. 

  

To quantify the coherent contribution to the Reynolds stresses, the dependence of the 

ratio 𝛽�̃�̿̿̿̿  / 𝛽𝛾̅̅̅̅  on 𝑥∗ is examined. Since this ratio varies with 𝑦∗, the averaged 

contribution across the wake from the vortical structures is used, which is defined as:  

 

 ( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 = ∫ |𝛽�̃�̿̿̿̿ | 𝑑𝑦∗ 
∞

−∞
∫ |𝛽𝛾̅̅̅̅ |𝑑𝑦∗ 

∞

−∞
⁄ .     (3-12) 
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The above results are given in Table 2. Generally, the averaged coherent contribution to 

𝑣2̅̅ ̅ is greater than that to 𝑢2̅̅ ̅ in the solid cylinder wake. The coherent contributions 

to 𝑢2̅̅ ̅, 𝑣2̅̅ ̅ and 𝑢𝑣̅̅̅̅  in the solid cylinder wake at 𝑥∗ = 10 and 20 are significant, much 

larger than that in the screen cylinder wake at all locations. This result indicates that the 

vortices generated in the former are much stronger than that in the latter. The larger 

contribution to 𝑣2̅̅ ̅ than to 𝑢2̅̅ ̅ is also depicted in the screen cylinder wake. While the 

values ( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 in the solid cylinder wake decrease with 𝑥∗, the ratio shows a 

different trend in the screen cylinder wake, i.e. (�̿̃� / 𝑣2̅̅ ̅)
𝑚

 increases till 𝑥∗ = 40 while 

(�̿̃� / 𝑢2̅̅ ̅)
𝑚

 and (�̃��̃�̿̿̿̿  / 𝑢𝑣̅̅̅̅ )
𝑚

 increase till 𝑥∗ = 30 before decrease slowly thereafter, 

consistent with the contours of  �̃�∗, �̃�∗ and �̃�∗�̃�∗ shown previously.  

 

3.4.7 Conceptual models of vortex formation and decay processes in the cylinder 

wakes  

To illustrate the differences in the formation and decay of the vortices in the solid and 

screen cylinder wake, Figure 3-23 shows the conceptual models of the vortex formation 

and decay processes in both wakes. In the present study, the Reynolds number Re is 

7000, which is in the shear-layer transition regime (Re=1032×105) as classified by 

Williamson (1996). A crucial feature of the flow structure over a plain circular cylinder 

in this regime is the onset of the Kelvin-Helmholtz instability in the free shear layers 

formed from the surface of the cylinder before forming a vortex street. Since the 

measurement in the present experiment is not conducted in the near-wake (𝑥∗ < 5), this 

feature cannot be captured. The vortex formation process that occurs in the very near-

wake of this regime can be found, for example, in Lin et al. (1995) and Williamson 

(1996). Briefly, Lin et al. (1995) found that shear layer vortices were evident at Re = 

4000, 5000 and even more so at Re=10,000, both in the shear layer and embedded in 
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large-scale Kármán vortex. These shear layer vortices interacted with each other across 

the wake centreline in the near-wake to form the Kármán vortices. There was a 

reduction in the vortex formation length as Re increased; for example, from 2d at Re = 

1000 to 1d at Re = 10,000 (Lin et al. 1995, Unal and Rockwell 1988). Schiller and 

Linke (1933) also reported a decrease in the formation length of the mean recirculation 

region in a solid cylinder wake from 1.4d to 0.7d as 𝑅𝑒 was increased from 3500 to 

8000. Once formed, the vortices decay quickly due to the interaction and stretching 

between the opposite signed vortices across the centreline, resulting in the vorticity 

cancellation as can be inferred from the present study.  

 

In the screen cylinder wake, the small-scale vortices in the shear layers are generated at 

the mesh edge due to the Kelvin-Helmholtz (KH) instability (Figure 3-23b). These shear 

layer vortices grow as evolving downstream. This process resembles the effect of vortex 

pairing in a mixing layer through amalgamation process (Roshko 1976). In pairing, two 

adjacent vortices of the same rotation spin around each other, come closer and then 

merge. The upper and lower vortices are separated by a core region. As the Reynolds 

number through the screen is 129 (based on the diameter of the mesh wire), vortices on 

the scale of the wire are also shed. Concurrently, there are jets emerging from the screen 

pores. These vortices and jets would likely to interact with each other and eventually 

diffuse. It is believed that the combined effects of the eddies and jets (or whichever 

effect is more dominant) characterize the core region that prevent the shear layers from 

interacting and ultimately increase the formation length.  At 𝑥∗ 20, the vortices in the 

shear layers may be large enough, causing the core region to undulate, resulting in the 

interactions between them across the wake centreline. The successive pairing process of 

the paired-vortices in the shear layers continues until 𝑥∗ = 40, where the vortices have 

completely formed, resulting in the formation of a single vortex street thereafter. Vortex 
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decays much slower than that in the solid cylinder wake, which is mainly due to the 

weak interaction between the opposite-signed vortices across the wake centreline.  

 

The most salient features based on the phase-averaged contours are summarized in the 

topologies shown in Figure 3-24. For convenience, the discussion is focused at 𝑥∗ = 10 

and 40 for the solid and the screen cylinder wakes, respectively. There are significant 

differences between the solid cylinder wake topology and that of a screen cylinder. 

Firstly, the difference in the locations of the foci and saddles in the two wakes is 

obvious. The foci in the solid cylinder wake are closer to the centreline in contrast to its 

counterpart. Secondly, the outermost of the vorticity contours for the solid cylinder 

wake extends across the centreline whereas for the screen cylinder wake, the outermost 

of the vorticity contours is separated by an undulated buffer region around the 

centreline. Interestingly, the vortex structures in the screen cylinder wake are 

qualitatively very similar to that in the solid cylinder far-wake of Antonia et al. (1987) 

measured at 𝑥∗ = 420 and 𝑅𝑒 = 1200, where the large-scale structures (elliptical in 

shape) oscillated on either side of the flow centreline and the critical points (foci and 

saddles) were alternatingly located at 𝑦∗ ≈ ±1 , although quantitatively, the magnitudes 

of the turbulent quantities and their distributions may be different  in the two wakes. 

Thirdly, for both negative and positive vortices in the solid cylinder wake, the first and 

third quadrant yields �̃�∗�̃�∗ < 0 while in the screen cylinder wake, the region of  �̃�∗�̃�∗ <

0 in the upper wake (or region of  �̃�∗�̃�∗ > 0 in the lower wake) overwhelms 

downstream of the vortex centre, indicating that the coherent motion transfer 

momentum much stronger downstream than upstream of the vortex centre. However, 

the coherent motion within the vortices in the screen cylinder wake does not contribute 

strongly to the shear stress as it does in the solid cylinder wake; the incoherent motion 

plays a more dominant role in the transfer of momentum (reflected by the concentration 
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values of 10 times higher in comparison to the coherent motion). Regions of significant 

shear stress associated with the incoherent motion are oriented mostly along the 

separatrices, as shown by the shaded areas in Figure 3-24. Finally, while the vorticity 

flux mainly aligns along the diverging separatrix in the screen cylinder wake, that of the 

large magnitude crosses the borders of the oppositely-signed vortices in the solid 

cylinder wake, resulting in a fast vortex decay process in the latter case.  

 

3.5  Concluding remarks  

The vortical structures in the near and intermediate regions (5 ≤ 𝑥∗ ≤ 60) of a screen 

cylinder (with 67% porosity) wake are studied in a wind tunnel using a phase-averaged 

analysis at a Reynolds number of about 7000. Significant differences about the vortex 

formation, streamwise evolution and momentum transport between the wakes of a 

screen cylinder and a solid cylinder are found. The main conclusions are summarised as 

follows: 

1) The differences in structures and formation mechanism of the vortices in the 

wakes of a solid cylinder and a screen cylinder are quantitatively reflected by the 

phase shift at the shedding frequency between 𝑢 and 𝑣. In the near-wake of the 

solid cylinder, the phase shift is near 90° whereas it is close to 180° for the screen 

cylinder wake. In the intermediate region (𝑥∗ ≥ 30), the phase shift lies between 

120° to 150°. Structures in the screen cylinder wake alternate above and below 

the centreline and are separated by a core region, similar to that in the screen strip 

wake. Interestingly, these structures are qualitatively similar to those of the solid 

cylinder far-wake reported by Antonia et al. (1987). 

2) The vortex formation region in the screen cylinder wake has been extended to 

𝑥∗ = 40. Before this location, small-scale vortices are formed in the shear layers 

due to Kelvin-Helmholtz instability. When evolving downstream, these shear 
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layer vortices merge together, grow in size and decrease in frequency. For about 

𝑥∗  20, the size of the vortices in the shear layers are large enough and they 

interact with each other across the centreline, forming the large-scale coherent 

structures. These structures are most pronounced at 𝑥∗ = 40 indicating the 

completion of the vortex formation process, where vortices are fully formed.  

3) After the complete formation of the large-scale structures, vortices decay at a 

much slower rate compared with those in the solid cylinder wake, a decay by only 

about 25% from 𝑥∗ = 40 to 60 in the former, in comparison to a decay of about 

85% from 𝑥∗ = 10 to 40 in the latter, implying the longer persistence of the large-

scale structures in the screen cylinder wake. The transport of vorticity shows that 

vortices in the solid cylinder wake interact vigorously with those across the 

centreline, which greatly accelerates its decay, while in the screen cylinder wake, 

the vorticity exchange across the adjacent vortex border is weak where vorticity 

vectors mostly occur along the diverging separatrices, accounting for the slow 

decay in the streamwise direction. 

4) The coherent motion transfer momentum much stronger downstream than 

upstream of the vortex centre of the screen cylinder wake whereas momentum 

transfer occurs evenly upstream and downstream of the vortex structures in the 

solid cylinder wake. The incoherent motion plays a more dominant role in the 

transfer of momentum in the screen cylinder wake, where the transfer 

pronouncedly occurs along the separatrices. 

5) The values of ( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 in the solid cylinder wake at 𝑥∗ = 10 and 20 are 

substantially higher (in the range of 9% ~ 53%) than that in the screen cylinder 

wake at all locations (in the range of 2.5% ~ 23%). The former decrease rapidly 

from 𝑥∗ = 10 to 40, whilst the later increase up to a certain location in the wake, 

before decrease at a much slower rate compared with the former.  
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6) The above results support the two regions of structural evolution in the screen 

cylinder wake which involve the growth of the shear layer vortices and the slow 

decay of the fully-formed ‘large-scale’ vortices in comparison to the rapid decay 

of coherent vortices throughout the solid cylinder wake.  
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Table 3-1. Characteristic properties of vortices in the wake of the solid cylinder and the 

screen cylinder. Values in the brackets are from Zhou and Antonia (1994). 

 
x/d 

Solid cylinder 
yc/d Uc/U∞ fd/ U∞ uv(f) �̃�𝑧

∗
𝑚𝑎𝑥

 Γ/U∞d  
10 0.30 0.82 0.21 -99 1.0 1.271 42 
20 0.50 [0.50] 0.85 [0.87] 0.21 [0.21] -107 [-94] 0.4 0.823 45 
40 0.80 0.87 0.21 -143 0.15 0.510 26.5 
 

x/d 
Screen cylinder 

yc /d Uc/U∞ fd/ U∞ uv(f) �̃�𝑧
∗

𝑚𝑎𝑥
 Γ/U∞d  

10 0.50 0.78 0.35 -175 0.8 1.055 4.5 
20 0.60 [0.7] 0.85 [0.78] 0.28 [0.28] -167 [-169] 0.6 1.09 9 
30 0.60 0.83 0.26 -148 0.3 0.674 17 
40 0.70 0.89 0.26 -151 0.2 0.506 33 
50 0.75 0.91 0.24 -147 0.2 0.457 33 
60 1.00 0.94 0.24 -126 0.15 0.398 33 
 

 

Table 3-2. Percentage of averaged contributions from the coherent motion to the 

Reynolds stresses in the wakes of the solid cylinder and the screen cylinder. 

 
 

𝑥/𝑑 

Solid cylinder  

(�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 (�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 (�̃��̃�̿̿̿̿  / 𝑢𝑣̅̅̅̅ )
𝑚

 

10 28 53 36 
20 9 27 18 
40 1.1 2 1.5 
 
 

𝑥/𝑑 

Screen cylinder  

(�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 (�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 (�̃��̃�̿̿̿̿  / 𝑢𝑣̅̅̅̅ )
𝑚

 

10 2.5 5 11 
20 7.5 11 13 
30 11 17 14 
40 8 23 13 
50 5 20 10 
60 4 18 7 
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Figure 3-1. Co-ordinate system, wake profile, probe arrangement and the screen 

cylinder. 

 

 

 

Figure 3-2. Examples of the measured (red) and filtered (blue) velocity signals from the 

X-probe at y*≈0.5. The signal is from solid cylinder at x*=10. 
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Figure 3-3. Normalized distribution of mean velocity in the wake of (a) solid cylinder 

and (b) screen cylinder. 
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Figure 3-4. Normalized distribution of rms longitudinal velocity in the wake of (a) solid 

cylinder and (b) screen cylinder. 
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Figure 3-5. Normalized distribution of rms transverse velocity in the wake of (a) solid 

cylinder and (b) screen cylinder. 
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Figure 3-6. Energy spectra ν in the wake of (a) solid cylinder and (b) screen cylinder 

measured at y*=0.5. 
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Figure 3-7. Phase-averaged coherent spanwise vorticity, *~
z  for the solid cylinder wake 

at x*=10 (minimum contour value -1, maximum contour value 1, contour interval 0.2); 

x*=20 (-0.4,0.4,0.1) and x*=40 (-0.15,0.1,0.05). Vortex centers and saddles are marked 

by a plus and a cross, respectively. The thick dashed lines represent the diverging 

separatrices which pass through the saddles. 

 
 

 
 

Figure 3-8. Phase-averaged coherent vorticity, *~
z , for the screen cylinder wake at x* 

=10 (-0.6,0.8,0.2); x*=20 (-0.6,0.4,0.2); x*=30 (-0.3,0.3,0.05); x*=40 (-0.2,0.2,0.05); 

x*=50 (-0.2,0.2,0.05) and x*=60 (-0.15,0.15,0.05). 
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Figure 3-9. Phase-averaged sectional streamlines for the solid cylinder wake. 

 

 

 
 

Figure 3-10. Phase-averaged sectional streamlines for the screen cylinder wake. 
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Figure 3-11. Spanwise vorticity flux density vectors for the solid cylinder wake at (a) 

x*=10, (b) 20 and (c) 40. The solid lines represent the outermost of the vorticity 

contours. 

 

 
 

 
 

Figure 3-12. Spanwise vorticity flux density vectors for the screen cylinder wake at (a) 

x*=10, (b) 20, (c) 30, (d) 40, (e) 50 and (f) 60. The solid lines represent the outermost of 

the vorticity contours. 
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Figure 3-13. Phase-averaged velocity, *~u for the solid cylinder wake at x*=10 

(minimum contour value -0.12, maximum contour value 0.16, contour interval 0.02); 

x*=20 (-0.04,0.06,0.01) and x*=40 (-0.006,0.012,0.002). 

 

 

 

Figure 3-14. Phase-averaged velocity, *~u for the screen cylinder wake at x*=10 (-

0.01,0.01,0.005); x*=20 (-0.025,0.02,0.005); x*=30 (-0.025,0.025,0.005); x*=40 (-

0.015,0.015,0.005); x*=50 (-0.015,0.015,0.005) and x*=60 (-0.01,0.01,0.005). 
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Figure 3-15. Phase-averaged velocity, *~v for the solid cylinder wake at x*=10 

(minimum contour value -0.3, maximum contour value 0.3, contour interval 0.04); 

x*=20 (-0.12,0.12,0.02) and x*=40 (-0.03,0.04,0.01). 

 

 

 

 

Figure 3-16. Phase-averaged velocity, *~v for the screen cylinder wake at x*=10 (-

0.02,0.02,0.05); x*=20 (-0.03,0.04,0.01); x*=30 (-0.04,0.04,0.01); x*=40 (-

0.05,0.05,0.01); x*=50 (-0.04,0.04,0.01) and x*=60 (-0.03,0.04,0.01). 

 



104 
 

 

Figure 3-17. Phase-averaged Reynolds shear stress, **~~ vu for solid cylinder wake at 

x*=10 (minimum contour value -0.025, maximum contour value 0.025, contour interval 

0.005); x*=20 (-0.003,0.003,0.001) and x*=40 (-0.0002,0.0003,0.00005). 

 

 

 
 

Figure 3-18. Phase-averaged Reynolds shear stress, **~~ vu for the screen cylinder wake at 

x*=10 (-0.0002,0.0003,0.0001); x*=20 (-0.0008,0.0008,0.0002); x*=30 (-

0.0008,0.0008,0.002); x*=40 (-0.0007,0.0007,0.001); x*=50 (-0.0004,0.0004,0.0001); 

x*=60 (-0.0002,0.0003,0.0001).  
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Figure 3-19. Phase-averaged incoherent Reynolds shear stress, 
**~~

rr vu  for the solid 

cylinder wake at x*=10 (-0.014, 0.014, contour interval = 0.002); x*=20 (-0.007, 0.007, 

0.002) and x*=40 (-0.002, 0.002, 0.0005). The stretching angles α are given in Table 2. 

 
 
 

 
 

Figure 3-20. Phase-averaged incoherent Reynolds shear stress, 
**~~

rr vu  for the screen 

cylinder wake at x*=10 (-0.0012, 0.0016, contour interval = 0.0004); x*=20 (-0.003, 

0.002, 0.0005); x*=30 (-0.002, 0.002, 0.0005); x*=40 (-0.0018, 0.0015, 0.0003); x*=50 (-

0.0012, 0.0012, 0.0003); x*=60 (-0.0009, 0.0009, 0.0003). The stretching angles α are 

given in Table 2.  
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Figure 3-21. Coherent (○) and incoherent (Δ) contributions to time-averaged (●) 

Reynold stresses at different downstream locations for the solid cylinder wake. 

 
 

 

 

 

Figure 3-22. Coherent (○) and incoherent (Δ) contributions to time-averaged (●) 

Reynold stresses at different downstream locations for the screen cylinder wake. 
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Figure 3-23. Conceptual models of vortex formation and decay processes in wakes of 

(a) solid cylinder and (b) screen cylinder.  Sketches are not drawn to scale. 
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Figure 3-24. Summary sketches of topology of (a) solid cylinder at x*=10 and (b) screen 

cylinder at x*=40.  

 

 

 

Vorticity 
flux 

<  

high 〈  
∗  

∗〉 

<  

high 〈  
∗  

∗〉 

Flow 
direction 

Non-turbulent fluid (a) 

Flow 
direction 

 ̃∗ ̃∗ <   

 ̃∗ ̃∗ >   

high 〈  
∗  

∗〉 

 

Vorticity 
flux 

(b) 

Centerline 

Centerline 

 ̃∗ ̃∗ >   

high 〈  
∗  

∗〉 

 

      regions with positive �̃�∗�̃�∗       

      regions of high 〈𝑢𝑟
∗𝑣𝑟

∗〉 

           vorticity flux. 

  undulated buffer layer

 



109 
 

  

Wavelet analysis of the turbulent wake generated by a screen 

cylinder 

Azlin Mohd Azmi1,2, Tongming Zhou*1, Akira Rinoshika3 and Liang Cheng1 
1School of Civil, Environmental and Mining Engineering 

The University of Western Australia, 35 Stirling Highway, WA6009, Australia 
2Faculty of Mechanical Engineering 

Universiti Teknologi MARA, Shah Alam, Selangor, Malaysia 
3Department of Mechanical Systems Engineering,  

Yamagata University, Yamagata 992-8510, Japan 

*Email: tongming.zhou@uwa.edu.au 

 

Abstract  

Turbulent structures of various scales in the wake of a screen cylinder of 67% porosity 

were educed using a wavelet multi-resolution technique to understand their behaviour as 

evolving downstream. The measurements were conducted over a range of x/d = 10 60 

(𝑥 is in the streamwise direction and 𝑑 is the cylinder diameter) using a 1D spanwise 

vorticity probe at a Reynolds number, Re, of 7000, and the results were compared with 

those obtained in a solid circular cylinder wake. The wavelet multi-resolution technique 

was used to decompose the flow structures into a number of wavelet components or 

levels based on their central frequencies, which represent the small-, intermediate- and 

large-scale turbulent structures. Noticeable differences were observed in the 

contributions to the Reynolds stresses and spanwise vorticity variance of the various 

mailto:tongming.zhou@uwa.edu.au
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scale structures, especially in the near-wake, reflecting the differences in the vortex 

formation and decay mechanisms in the two wakes. In the solid cylinder wake, the 

large-scale structures of level 7, followed by level 6, made the largest contribution to the 

Reynolds stresses although their contributions decreased significantly after 𝑥/𝑑 > 20. 

In the screen cylinder wake, however, at 𝑥/𝑑 = 10, the intermediate-scale structures 

(level 5) contributed the most to the Reynolds stresses before being taken over after 

𝑥/𝑑 ≥ 20 by the large-scale structures of level 6 and followed by level 7, where these 

large-scale structures were most energetic at a certain location in the wake. This result 

was supported by flow visualisations in the two wakes. Furthermore, the behaviour of 

different wavelet levels of vorticity in the two wakes also exhibited discernible 

dissimilarities. 

 

4.1 Introduction  

Solid cylinder wakes are characterised by organised vortex structures when Reynolds 

number Re is higher than 49, where Re is defined as 𝑈∞𝑑/𝜈, with 𝑑 being the diameter 

of the cylinder, 𝑈∞ the free stream and v the kinematic viscosity of the fluid. As vortices 

are shed regularly and alternatively from the cylinder, periodic drag (force parallel to 

the flow) and lift (force perpendicular to the flow) are generated. If a cylinder is flexibly 

mounted and the vortex shedding frequency approaches its natural frequency, the lock-

in phenomena will occur, resulting in large amplitude vibration of the structures 

(Zdravkovich 1997). This substantial vibration is generally termed as the vortex-

induced vibrations (VIV). In most cases, VIV of cylindrical structures should be 

reduced or even avoided as it will lead to fatigue failure of the structures. In this 

context, extensive studies have been conducted to understand the physics of this kind of 

flow at various range of Re due to its widespread applications in engineering, for 
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example, in the design of offshore cylindrical structures, heat exchanger, bridges and 

power transmission lines. 

 

One of the methods to reduce VIV is to disrupt the correlation of vortex shedding along 

the length of the structure through boundary layer modifications. This method involves 

the inclusion of an add-on device such as the helical strakes, axial rod shrouds and 

perforated shrouds (Kleissl and Georgakis 2011). The work on perforated shrouds was 

pioneered by Price (1956) who postulated that a shroud would break up the flow into 

large number of vortices. Further experiments on the effectiveness of the shrouds were 

conducted with different geometry, eccentricity, porosity, holes size, and at 

various 𝑅𝑒 range (Zdravkovich 1981, Zdravkovich and Southworth 1973, Wong 1977). 

Zdravkovich and Volk (1972) tested a fine-mesh screen shroud along with the 

conventional square-holed and circular-holed shroud, all having 36% porosity. They 

found that the shroud made of fine-mesh screen (with wire diameter of 0.102 mm and 

hole size of 0.152 mm) was the most effective in suppressing the vibration of a cylinder. 

In a recent study (Azmi et al 2012), the effectiveness of a screen cylinder in VIV 

reduction was investigated and it was found that the VIV amplitude was reduced by 

about 50%. The screen cylinder wake was further studied and compared with a solid 

cylinder wake to examine its vortex formation mechanism using a phase-averaging 

technique which decomposes the turbulent signals into coherent and incoherent 

structures according to their energy and phase values, respectively (Azmi et al 2015b). 

Significant differences of flow structures and momentum transport characteristics 

between the two wakes were observed. However, the information in the above study is 

only limited to the large-scale coherent structures for the screen cylinder wake.  
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Wavelet analysis has recently appeared as a useful technique in extracting various scale 

structures in turbulent flows, e.g. Farge (1992), Farge and Rabreau (1988), Meneveau 

(1991) and Seena and Sung (2011). This method allows the measured time-frequency 

data to be analysed in time-domain, frequency-domain and a combination of the two, 

which cannot be done by other techniques. The ability of the wavelet method to identify 

and isolate the localized structures such as vortices, combined with the mathematical 

rigor of multi-resolution analysis, makes it an attractive tool for educing various 

turbulent structures. Rinoshika and Zhou (2005) developed a one-dimensional 

orthogonal wavelet multi-resolution technique to study the turbulent structures of 

various scales in the near wake of a circular cylinder. Using this technique, turbulent 

structures can be separated into a number of wavelet components based on their central 

frequencies. For the first time, a secondary spanwise structure was observed near the 

saddle point in the near wake of a circular cylinder from the spanwise vorticity contours 

of the wavelet component obtained at the shedding frequency of the Karman vortices. 

The dependence of these structures on wake generators (circular cylinder, screen strip, 

square cylinder, triangular cylinder) or Reynolds numbers in both the near and far 

wakes were further examined (Rinoshika and Zhou 2005, Rinoshika and Zhou 2007, 

Rinoshika and Zhou 2009, Rinoshika and Omori 2011).  With regards to the study on 

the wake generated by the screen strip, Rinoshika and Zhou (2005) found that there was 

a considerable difference in the contribution to the Reynolds stresses between the large- 

and the intermediate-scale structures in the screen strip wake while these two structures 

made the most significant contributions to Reynolds stresses in the circular cylinder 

wake. In addition, the multiresolution technique was also used to examine the three-

dimensional velocity and vorticity characteristics in the wake generated by an inclined 

circular cylinder (Zhou et al 2006, Razali et al 2010) and recently that generated by an 

asymmetric body (Rinoshika and Zheng 2014, Fujimoto and Rinoshika 2015).  



113 
 

 

Turbulent structures have been extensively studied in the wakes of circular cylinders 

and only briefly in the screen strip wakes, but have not yet been studied in details in the 

screen cylinder wake. Many aspects of these structures in the screen cylinder wake, 

including the roles of various wavelet components in momentum transport, relation of 

these structures with the large-scale structures and especially their evolution in the 

streamwise direction have not yet been understood.  It is interesting to understand the 

effect of the intermediate-scale as well as the relatively small-scale structures on the 

wake dynamics and the roles these structures play. It would also be worthwhile to 

examine the differences between the screen strip wake and the screen cylinder wake 

with regards to these aspects. In this context, the main objective of the present work is 

to clarify the roles of the turbulent structures of various sizes (or frequencies) and their 

evolution in the streamwise direction in the screen cylinder wake. The wavelet analysis 

technique is used to decompose the velocity signals into a number of subsets based on 

their characteristic central frequencies or scales. The results are then compared with that 

of a solid cylinder wake and a screen strip wake in terms of the behaviour from the 

different scales. The comparisons are quantified in terms of the contributions from 

various wavelet components (which correspond to different scale structures) to the time-

averaged Reynolds stresses and the spanwise vorticity variance.   

 

4.2 Experimental Details 

The experiments were conducted in a blower type wind tunnel with a test section of 380 

mm (width) × 255 mm (height) and 1.8 m long.  All interior surfaces of the test section 

were made of smooth acrylic to minimise any boundary layer effects. The free stream 

velocity in the test section was uniform to 0.1%, and the longitudinal turbulence 

intensity was less than 0.2%. A solid circular cylinder and a screen cylinder were used 
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to generate the turbulent wakes. Both of them have an outer diameter 𝑑 of 23mm and a 

length 𝑙 of 380mm, giving an aspect ratio of 𝑙 𝑑⁄ = 16.5. The solid cylinder was a plain, 

smooth cylinder made of polished aluminium. The screen cylinder was made of a 

stainless steel mesh of square-cross-section with solidity 𝜎 = 33% (porosity 𝛽 = 67%). 

The diameter of the mesh wire is 0.45 mm. Both cylinders spanned the whole width of 

the wind tunnel. Each was mounted in the mid-plane and placed 20cm downstream of 

the entrance of the test section.  Figure 4-1 shows the sketch of the wake profile and the 

probe arrangement in the experiment. The coordinate system is defined such that the x-

axis is in the flow direction, the y-axis is in the vertical plane through the cylinder and 

normal to the x-axis and the z-axis is normal to both the x and y-axes. All measurements 

were performed at a free stream velocity 𝑈∞ of 4.57 m/s, corresponding to Re ≈ 7000. 

For the solid cylinder wake, measurements were conducted at three downstream 

locations, i.e. 𝑥

𝑑
= 10, 20 and 40 while for the screen cylinder wake the measurement 

locations were at 𝑥

𝑑
= 10 60 with an increment of 5. A vorticity probe was used to 

measure the longitudinal and transverse velocity fluctuations, u and v, respectively, 

which were later used to calculate the spanwise vorticity. The vorticity probe consists of 

an X-probe straddled by a pair of parallel hot wires (Figure 4-1). Wires a and b denote 

the two inclined wires of the X-probe for u and v measurements while wires c and d 

denote the two parallel hot wires for u measurements. The separations between both 

wires a and b, and c and d were 1.6mm. This separation corresponds to about 19η, 

where η is the Kolmogorov length scale estimated using η ≡ (ν3/<ε>)1/4, <ε> is the mean 

energy dissipation rate and can be obtained using <ε>= 15ν<(∂u/∂x)2> based on the 

isotropic assumption and the Taylor’s hypothesis. 

 

The hot wires were etched to an active length of 1 mm from Wollaston (Pt-10% Rh) 

wires with a wire diameter of 5 m. Angle calibration of the X-probe was performed 
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over ± 20°.  The effective angles of the inclined wires in the X-probe were 34° and 31°, 

respectively. The hot wires were operated with in-house constant temperature circuits at 

an over heat ratio of 1.5. The output signals were low-pass filtered at a cut-off 

frequency 𝑓𝑐 of 2800Hz. The filtered signals were sampled at a frequency fs = 5600Hz 

into a PC using a 16-bit A/D converter (National Instrument). The sampling period 𝑇𝑠  

was 30s. Experimental uncertainties were inferred from the hot-wire calibration data 

errors as well as the scatter observed in repeating the experiments a number of times. 

The uncertainty for the time-average velocity �̅� was estimated to be about ±2% while 

those of the root-mean-square (rms) values of the fluctuating velocities u and v were 

about ±5% and ±6%, respectively. 

 

Since the measurements indicated that �̅� ≈ 0 , the spanwise vorticity, 𝜔𝑧, is computed 

based on the measured velocity signals, 𝑈 and 𝑉, and may be approximated by  

 

 

 
𝜔𝑧 =

𝜕𝑉

𝜕𝑥
−

𝜕𝑈

𝜕𝑦
=

𝜕(�̅� + 𝑣)

𝜕𝑥
−

𝜕(�̅� + 𝑢)

𝜕𝑦
≈

∆𝑣

∆𝑥
−

∆(�̅� + 𝑢)

∆𝑦
 

(4-1) 

 

where ∆𝑢 is the difference between the velocity signals measured by the two parallel 

hot wires c and d and ∆𝑦 is the separation between them; ∆𝑣/∆𝑥 is the velocity gradient 

in the streamwise direction obtained by the central difference scheme to the time series 

of the velocity signal  i.e. ∆𝑣

∆𝑥
= [𝑣(𝑗 + 1) − 𝑣(𝑗 − 1)]/2∆𝑥 and ∆𝑥 is the spatial 

separation estimated from Taylor’s hypothesis, i.e.  ∆𝑥 = −�̅�∆𝑡 = −�̅�/𝑓𝑠 where ∆𝑡 is 

the time interval between two consecutive points in the time series .  

 

Smoke wire flow visualizations in the same wind tunnel as above were also carried out 

using a high speed camera to gain insight on the streamwise evolution of vortices. The 
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visualizations were conducted at Reynolds numbers of about 1240 and 1920, which 

were much lower than that in the hot wire experiments for the purpose of getting high 

quality images and to examine the possible dependence of the vortex formation length 

on Re.  

 

4.3 Wavelet analysis and decomposition of signals  

The wavelet analysis may be classified into continuous and discrete wavelet transforms. 

The continuous wavelet transform is conducted in a smooth continuous fashion and has 

been extensively used to study various turbulence flows (e.g. Argoul et al (1989), de 

Souza et al (1999), Li and Nozaki (1995), Li (1998), Bonnet et al (1998), Ruppert-

Felsot et al (2009), Narasimha and Bhattacharyya (2010) and Seena and Sung (2011)). 

The discrete wavelet transform on the other hand, is carried-out in discrete steps through 

the discrete orthogonal wavelet basis. The method has been applied to analyse the 

turbulent structures of various scales, for instance, by Meneveau (1991) and Mouri et al 

(1999). As an orthogonal transform, the discrete wavelet transform has its inverse 

transform and the original function can be reconstructed from the inversion of the 

transform. Based on the discrete wavelet transform, Mallat (1989) developed an 

orthogonal wavelet multi-resolution technique which allowed an event in the signal to 

be decomposed into a number of events with fine details, i.e. it is capable of not just 

decomposing but quantitatively characterizing turbulent structures based on their 

characteristic frequencies (or scales) in the time (or spatial) domain. In the present 

paper, we apply the orthogonal wavelet multi resolution technique and use the same 

method as performed by Razali et al (2010) in the turbulent wake of an inclined circular 

cylinder. The Daubechies family (Daubechies 1992) with an order of 20 is chosen as the 

wavelet basis due to its satisfactory frequency localization.  
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The wavelet decomposition of the velocity signal is done in the following way. An 

instantaneous velocity component, 𝑈 (or 𝑉), can be written as the sum of a time-

averaging component, �̅�, and a fluctuation component, 𝑢, viz., 

 

 𝑈 = �̅� + 𝑢 (4-2) 

 

Using the wavelet multi-resolution technique, the fluctuation component 𝑢 is 

decomposed further into a number of orthogonal wavelet components based on the 

central frequencies/wavelet levels. These central frequencies are directly linked to the 

turbulent structure scales. The number of wavelet levels will not affect the original data 

as each wavelet component represents the turbulent structures of a certain range of 

frequencies. Thus information of any scales contained in the original data will be 

preserved. The original fluctuation velocity data can be reconstructed by the summation 

of all fluctuation velocity of each wavelet level as follows 

 
𝑢 = ∑ 𝑢𝑖

𝑛

𝑖=1

 
(4-3) 

where 𝑢𝑖 is the velocity fluctuation at the ith wavelet level and n is the total number of 

wavelet levels. The instantaneous velocity component as in Eq. (2) can also be written 

as  

 
𝑈 = �̅� + ∑ 𝑢𝑖

𝑛

𝑖=1

 
(4-4) 

The instantaneous wavelet components of velocity in the x- and y-direction, 𝑈𝑖 and 𝑉𝑖, 

respectively, are therefore written as,  
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 𝑈𝑖 = �̅� + 𝑢𝑖 (4-5) 

 𝑉𝑖 = �̅� + 𝑣𝑖 ≈ 𝑣𝑖 (4-6) 

 

due to the small magnitude of 𝑉 in the wake. In addition, the vorticity signal wavelet 

decomposition may be done accordingly and the original vorticity data can be 

reconstructed by the summation of all the vorticity vector of all wavelet levels through 

the following 

 
𝜔𝑧 = ∑ 𝜔𝑧𝑖

𝑛

𝑖=1

 
(4-7) 

 

where 𝜔𝑧𝑖
 is the spanwise vorticity of the ith wavelet level and n is the total number of 

wavelet levels. 

 

4.4 Results and discussions 

4.4.1 The dominant frequencies in the wakes 

Prior to the wavelet multi-resolution analysis, the dominant frequency of the turbulent 

structures has to be determined. This frequency is selected as the average frequency of 

the organised structures obtained from the power spectral density function 𝜓𝑣 of the 

velocity signal 𝑣 at 𝑦∗ = 0.5, which is approximately on the vortex path. Hereafter, a 

superscript asterisk denotes normalization by 𝑑 for the length scale and/or 𝑈∞ for the 

velocity scale. The spectra 𝜓𝑣 for both the solid and the screen cylinder wakes are 

shown in Figure 4-2. Each spectrum has been shifted downward by one order relative to 

the one above it for easy viewing. The spectra for solid cylinder wake (Figure 4-2(a)) 

show a distinct peak at the frequency of 41 Hz, corresponding to 𝑓0
∗ = 𝑓0𝑑/𝑈∞ ≈ 0.21 
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at all streamwise locations, especially in the near wake (𝑥∗ = 10 and 20). This 

frequency is known as the vortex shedding frequency or the Strouhal frequency in a 

circular cylinder wake as a result of Kármán vortices. Thus, the frequency, 𝑓0 = 41Hz, 

is specified as the dominant central frequency in the solid cylinder wake at all measured 

locations. It can be seen that the maximum energy of the measured spectra decreases 

with  𝑥∗, indicating a reduction in the vortex shedding intensity further downstream of 

the solid cylinder. On the other hand, the spectrum in the screen cylinder wake (Figure 

4-2(b)) at 𝑥∗ = 10 does not display apparent peak and only shows a noticeable peak at 

𝑥∗ ≥ 20 although much less sharper than the solid cylinder spectra, indicating the event 

of the large-scale vortical structures. The identified dominant frequencies at 𝑥∗ = 10,

20, 30, 40, 50 and 60 in the screen cylinder wake are 63, 55, 51, 52, 49 and 

47 Hz, respectively (note that since the spectra is measured at 𝑦∗ = 0.5, there is no 

dominant frequency at 𝑥∗ = 10, the value included here is obtained where the slightest 

‘peak’ is observed, which will be used later for classification of structures). The peak 

magnitude increases with downstream locations until 𝑥∗ = 40; thereafter it decreases 

only slightly, indicating an initial vortex growth in the streamwise direction due to the 

vortex-pairing process and gradually decaying due to viscous effect, a complete 

opposite trend to that of the solid cylinder wake (Azmi et al 2015b). Note also that the 

highest peak magnitude in the screen cylinder wake (𝑥∗ = 40) is only about one-tenth 

of that in the solid cylinder wake (𝑥∗ = 10), implying a much weaker vortex strength in 

the former. Details of the streamwise evolution of the velocity spectra and the organised 

structures are reported in Azmi et al (2015a). 

 

4.4.2 Frequency characteristics of wavelet components 

The spectral characteristics of each wavelet component are obtained by analysing the 

velocity signal 𝑣 at 𝑦∗ = 0.5  using the wavelet multi-resolution technique. The velocity 
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signal is decomposed into 17 wavelet levels i. Figures 4-3 and 4-4 display the spectra of 

wavelet levels 1 to 8 for the solid cylinder and the screen cylinder wakes respectively at 

all measured locations. Only the spectra of wavelet levels 1 to 8 are shown as the 

contributions to the measured velocity from wavelet levels higher than 8 is very small 

(only about 1% for V-signals) at 𝑥∗ = 10 in the solid cylinder wake. This will be used 

as the basis for comparing the different components in the different wakes and also at 

different streamwise locations. The spectrum of each wavelet level displays a peak, 

which represents the central frequency. Each wavelet level covers a range of frequency. 

These central frequencies and their bandwidths are tabulated in Table 1. The higher the 

wavelet levels, the lower the frequency bands, indicating the larger the vortical 

structures. It can be seen from both Figures 4-3 and 4-4 that the most pronounced peaks 

that correspond to a certain wavelet level are distinctly obvious in both wakes, except in 

the screen cylinder wake at 𝑥∗ = 10 (the most-pronounced peak in the solid cylinder 

wake at 𝑥∗ = 40 is imperceptible due to the scale used in Figure 4-3). The central 

frequency associated with the most pronounced peak in the solid cylinder wake 

corresponds to wavelet level 7 (Figure 4-3) and in the screen cylinder wake, this 

corresponds to level 6 (Figure 4-4). These central frequencies coincide perfectly with 

the peak frequency of the measured 𝑣–signal. Thus, the central frequencies of wavelet 

level 7 (for solid cylinder) and level 6 (for screen cylinder) correspond to the dominant 

frequency 𝑓0  of the solid and screen cylinder wakes at their respective downstream 

locations. Using a method similar to that in Rinoshika and Zhou (2005) and Razali et al 

(2010) a rough classification of the scales in the present experiment for the solid 

cylinder and screen cylinder wakes is also done. Those at wavelet levels 1, 2 and 3 

represent the small-scales, levels 4 and 5 represent the intermediate-scales and levels 6, 

7 and 8 represent the large-scales. 
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Referring back to Figure 4-3, for the solid cylinder wake, it appears that the wavelet 

levels 7 and 6 are the only two components that are dominant throughout the wake 

although in the intermediate region (𝑥∗ = 40), other structures are also energy 

containing. It is evident that structures in the near-wake of the solid cylinder (𝑥∗ = 10 

and 20) are dominated by the large-scales (levels 6 and 7) although the strength of these 

structures decay significantly with streamwise distance indicated by the decreased peak 

magnitude on energy spectra in the figure. In the near-wake of the screen cylinder at 

𝑥∗ = 10 (Figure 4-4), the dominancy of the organized large-scale structures found in 

the solid cylinder wake is completely absent here; those of levels 5, 7 and 8 are 

comparable with that of level 6. This result implies that structures of various scales exist 

in the screen cylinder wake at the measured location 𝑦∗ = 0.5 and they are significantly 

weak in strength. This also highlights the structural difference and shedding mechanism 

possessed by the two wakes in which the former consists of primarily Kelvin-Helmholtz 

vortices as a result of the shear-layer instability while the latter consists of Kármán 

vortices resulting from boundary layer separation from the cylinder (Azmi et al 2015b). 

Interactions between various scale structures at 𝑥∗ = 10 resulting in the dominance of 

the large-scale structures at 𝑥∗ > 10, implying an amalgamation process (See also 

Figure 4-13). The large-scale structures of levels 6,7 and 8 increase in strength up to a 

certain location in the wake; this is 𝑥∗ = 40, 50 and 20, respectively and these 

structures decay gradually thereafter, obeying the growth-decay process. Those of the 

intermediate- and small-scales structures decay throughout the wake, also in a gradual 

manner. It seems that there are vigorous interactions between all the structures from 

𝑥∗ = 10 to 30, whereas at 𝑥∗ ≥ 40, the interactions are only obvious between structures 

of levels 6 and 7, resulting in the slow decay process of the large-scale structures. With 

regards to the organized structures of level 6, Azmi et al (2015b) reported that these 

coherent structures grew in the streamwise direction before completely formed at 𝑥∗ =
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40 and decay slowly thereafter, which is in line with the wavelet analysis presented 

here. Apparently, this is applied to the structures of levels 7 and 8, albeit at different 

locations. It also conforms to the two regions discussed in Azmi et al (2015b), i.e. the 

development of vortices due to merging and the slow decay process of the completely-

formed large-scale vortices.  

 

4.4.3  Contributions to Reynolds Stresses from different wavelet components 

The contributions from various scales to Reynolds stresses are represented by the time-

averaged product of 𝛽𝑖 and 𝛾𝑖, which are calculated using  

 

 
〈𝛽𝑖𝛾𝑖〉 =

1

𝑘
∑ 𝛽𝑖𝛾𝑖

𝑘

𝑗=1

 
(4-8) 

 

where k is the total number of data point and 𝛽𝑖 and 𝛾𝑖 represent the wavelet 

components of the fluctuating velocities 𝑢𝑖 and/or 𝑣𝑖. The calculated 〈𝛽𝑖𝛾𝑖〉 is 

normalized by the maximum value, 〈𝛽𝛾〉𝑚𝑎𝑥, of the measured  〈𝛽𝛾〉 to compare the 

contribution from each component to the Reynolds stresses. The 〈𝛽𝛾〉𝑚𝑎𝑥 values are 

tabulated in Table 2. The values measured by Rinoshika and Zhou (2005) in wakes of a 

circular cylinder and a screen strip at 𝑥/ℎ = 20 (h is the characteristic length) at 

Re=5600 are also included in the brackets.  

 

Figures 4-5 to 4-10 show the lateral distributions of 〈𝑢𝑖
2〉, 〈𝑣𝑖

2〉 and 〈𝑢𝑖𝑣𝑖〉 at various 

wavelet levels as compared with the measured 〈𝑢2〉, 〈𝑣2〉 and 〈𝑢𝑣〉 for the solid cylinder 

and the screen cylinder wakes respectively at different streamwise locations. The total 

contributions from wavelet components 1 to 8 to the total Reynolds stresses in both 

wakes at 𝑦∗ = 0.5 are tabulated in Table 3. The contributions from components 1 to 8 
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account for about 69%~86% of 〈𝑢2〉, 92%~98% of 〈𝑣2〉 and 77%~87% of 〈𝑢𝑣〉 in 

the solid cylinder wake and  73%~95% of 〈𝑢2〉, 95%~98% of 〈𝑣2〉 and 85%~95% of 

〈𝑢𝑣〉 in the screen cylinder wake at the respective measured locations. In both wakes, 

however, the values of 〈𝑣𝑖
2〉 of components 1 to 8 contribute for about more than 95% 

to  〈𝑣2〉, indicating that these 8 components are reasonable representative of the flow in 

terms of 〈𝑣2〉. 

 

For the solid cylinder wake (Figure 4-5), the trend of 〈𝑢𝑖
2〉/〈𝑢2〉𝑚𝑎𝑥 for wavelet levels 7 

and 6 are similar to that of the measured data, especially at 𝑥∗ = 10. The highest 

contribution to the measured variance comes from the large-scale structures (level 7 of 

about 40%), followed by level 6 (26%) at 𝑥∗ = 10. These two levels are the most 

energy containing as depicted in the figure at all locations, consistent with the spectra 

(Figure 4-3). At  𝑥∗ = 20, these wavelet components account for almost the same 

contributions to the measured data (about 20%), particularly at 𝑦∗ < 0.7. At  𝑥∗ = 40, 

the contributions from the large-scale structures reduce and are almost similar near the 

centreline. It can be seen that, although the contribution from the organized large-scale 

structures (level 7) is the highest at 𝑥∗ = 10, the effect from the wavelet component 6 is 

comparable to level 7 at 𝑥∗ ≥ 20. In fact, the former slightly exceeds the latter near the 

centreline at 𝑥∗ = 20. The contributions to 〈𝑢2〉𝑚𝑎𝑥 from the wavelet components 4 and 

5 gradually increase from 𝑥∗ = 10 to 20, but remain almost the same values as that 

at 𝑥∗ = 40. The wavelet component 8 reveals an increasing contribution with x*. It 

seems that the contributions from levels 1, 2 and 3 (the small-scale structures) are 

insignificant and remain very small (about 5% total) throughout the solid cylinder wake. 

For the screen cylinder wake, the trends of 〈𝑢𝑖
2〉/〈𝑢2〉𝑚𝑎𝑥 (Figure 4-6) follow the time-

averaged data particularly for wavelet components 6 and 7 at 𝑥∗ ≥ 20. The most 

significant contribution at 𝑥∗ = 10 comes from wavelet levels 6 (the structures at 𝑓𝑜) 
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and 5 (intermediate-scale structures) with each comparably contributing to 〈𝑢2〉𝑚𝑎𝑥 of 

about 26% followed by levels 7 and 4 of about 17%. Other levels contribute less than 

10% individually. This indicates that the intermediate scale structures (i = 5 and 4) play 

a major role in the near-wake of the screen cylinder at 𝑥∗ = 10 and this will further be 

demonstrated in the distributions of 〈𝑣𝑖
2〉/〈𝑣2〉𝑚𝑎𝑥 (Figure 4-8) later, which is more 

representative of the flow. However, at 𝑥∗ = 20 the contributions from levels 5 and 4 

drop significantly to 17% and 8%, respectively. Level 6 contributes the most at 𝑥∗ = 20 

(32%), indicating the significant role of the organized large-scale structures at this 

location, followed by level 7 (25%). At 𝑥∗ = 30, the contributions from these two levels 

are almost equal. At 𝑥∗ > 40, level 7 exceeds level 6 to be the highest contributor, 

although very slightly. While the contributions to 〈𝑢2〉𝑚𝑎𝑥 from level 6 decrease with 𝑥∗ 

(after 𝑥∗ = 20), those of levels 7 and 8 increase throughout the wake until 𝑥∗ = 30 and 

at 𝑥∗ ≥ 40, the values remain almost constant. For 𝑥∗ 50, the contribution from level 8 

is comparable to that of level 6. The contributions from the small-scale structures 

(levels 1, 2 and 3) are negligible in the screen cylinder wake.  

 

With regards to 〈𝑣𝑖
2〉/〈𝑣2〉𝑚𝑎𝑥 in the solid cylinder wake (Figure 4-7), the figure clearly 

shows the dominance of wavelet levels 7 and 6 at all downstream locations, giving the 

highest combined contributions to 〈𝑣2〉𝑚𝑎𝑥 of about 86%, 71% and 51% at 𝑥∗ = 10, 20 

and 40 respectively, more than the contribution to 〈𝑢2〉𝑚𝑎𝑥. This obviously proves that 

the large-scale structures (levels 6 and 7) contain most energy at the measured locations 

although they lose their energy considerably with downstream distance. While the 

contributions from levels 7 and 6 decrease with 𝑥∗ (level 7 shows much significant drop 

by about 50% from 𝑥∗ = 10 to 40, implying apparent decay of Kármán vortices), those 

of levels 3, 4 and 5 gradually increase with 𝑥∗, indicating that the contributions from 

these structures may be appreciable downstream. This is in-line with the findings of the 



125 
 

breakdown of the large-scale vortices into relatively smaller-scale vortices with 

downstream distance. The contribution from other small-scale structures (levels 1 and 

2) seems insignificant. Regarding the distributions of 〈𝑣𝑖
2〉/〈𝑣2〉𝑚𝑎𝑥 in the screen 

cylinder wake (Figure 4-8), they follow closely the measured data, particularly those 

related with the large and intermediate-scale structures at 𝑥∗ ≥ 20. Evidently, at 𝑥∗ =

10, the role of the intermediate-scale structures (levels 5 and 4) can be clearly seen with 

a combined contribution of 49% to 〈𝑣2〉𝑚𝑎𝑥 (27% from level 5 and 22% from level 4). 

Structures of level 6 are also important (about 19%) to 〈𝑣2〉𝑚𝑎𝑥 and the contribution 

from the organized structures is comparable to the intermediate-scales at about 𝑦∗ <

0.5. The intermediate-scale structures start to lose their roles downstream the wake as 

their contributions to 〈𝑣2〉𝑚𝑎𝑥 decrease with 𝑥∗. For 𝑥∗ ≥ 20, the organized large-scale 

structures (level 6) increase in energy and contribute the most to 〈𝑣2〉𝑚𝑎𝑥. These 

structures are predominant and have the highest energy at 𝑥∗ = 40, with the highest 

contribution to 〈𝑣2〉𝑚𝑎𝑥 of 54% compared to other locations. This is consistent with our 

phase-averaged result which showed that the large-scale vortices started to form at 𝑥∗ =

20 and become fully developed at 𝑥∗ =  40 (Azmi et al 2015b). From 𝑥∗ > 40, the 

contribution to 〈𝑣2〉𝑚𝑎𝑥 from level 6 decreases while that of level 7 increases. The 

contributions from the small-scale structures (levels 3, 2, 1) and the large-scale 

structures (level 8) also decrease gradually with 𝑥∗. Notice also that for 𝑥∗ ≥ 40, the 

only two wavelet components that play substantial roles in the wake are levels 6 and 7. 

The distributions of other levels remain practically the same at these locations.  

 

For the distribution of  〈𝑢𝑖𝑣𝑖〉/〈𝑢𝑣〉𝑚𝑎𝑥  in the solid cylinder wake (Figure 4-9), the 

behaviour is a bit different from that of 〈𝑢𝑖
2〉/〈𝑢2〉𝑚𝑎𝑥 and 〈𝑣𝑖

2〉/〈𝑣2〉𝑚𝑎𝑥 in terms of the 

dominating components throughout the wake although it follows the same hierarchy of 

descending contribution from each component except for components 7 and 8. The 
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wavelet component 8 is predominant at 𝑥∗ = 10, giving the highest contribution of 

about 50% to the Reynolds shear stress.  Component 7 contributes only about 27%. A 

similar behaviour was reported by Kiya and Matsumura (1988) in the near wake of a 

normal plate at x/h = 8 (h is the height of the plate), where the largest contributions to 

the Reynolds shear stress came from a frequency component near half the shedding 

frequency based on the co-spectrum of u and v. The organized structures of level 7 

contribute the most to 〈𝑢𝑣〉𝑚𝑎𝑥, about 38% at 𝑥∗ = 20, which is comparable with 

component 8 at 𝑥∗ = 40. Components 4, 5 and 6 gradually gain energy with 

downstream distance. Other components seem insignificant in the wake. For the 

distribution of 〈𝑢𝑖𝑣𝑖〉/〈𝑢𝑣〉𝑚𝑎𝑥 in the screen cylinder wake (Figure 4-10), at 𝑥∗ = 10, 

the values of 〈𝑢𝑖𝑣𝑖〉/〈𝑢𝑣〉𝑚𝑎𝑥 at level 5 (intermediate-scale structures) in the vicinity of 

𝑦∗ ≈ 0.6 are higher than the other components although these values are comparable to 

that of component 6 at 𝑦∗ ≤ 0.5 (and component 4 at 𝑦∗ ≈ 0.8). The small differences 

of 〈𝑢𝑖𝑣𝑖〉/〈𝑢𝑣〉𝑚𝑎𝑥 between components 5 and 6 (as well as 4) display the non-

predominance of energy by any individual structures, which is consistent with the 

〈𝑣𝑖
2〉/〈𝑣2〉𝑚𝑎𝑥 distribution described earlier. At 𝑥∗ = 20, the predominant energy by the 

organized large-scale structures (component 6) is obvious, contributing about 42% to 

the shear stress. These organized large-scale structures have the highest energy starting 

at 𝑥∗ = 20 until 𝑥∗ = 40, whereby component 7 starts to dominate for 𝑥∗ > 40.  

 

4.4.4 Contributions to the spanwise vorticity variance from different wavelet 

components 

Figures 4-11 and 4-12 show the normalized measured spanwise vorticity variances 

〈𝜔𝑧
2〉/〈𝜔𝑧

2〉𝑚𝑎𝑥 and 〈𝜔𝑧𝑖
2〉/〈𝜔𝑧

2〉𝑚𝑎𝑥  at wavelet levels 1 to 8 in both wakes at different 

streamwise locations. The spanwise vorticity variances of wavelet components 〈𝜔𝑧𝑖
2〉 

are calculated by 
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〈𝜔𝑧𝑖

2〉 =
1

𝑘
∑ 𝜔𝑧𝑖

2

𝑘

𝑗=1

 
(4-9) 

 

The total contributions from wavelet components 1 to 8 to the measured vorticity 

variance at 𝑦∗ = 0.5 in both wakes are also listed in Table 3. They are about 98%. The 

maximum value of the measured vorticity variance 〈𝜔𝑧
2〉𝑚𝑎𝑥 is shown in Table 2, 

together with that from Li and Zhou (2003) at 𝑥∗ = 20 for the screen strip wake. For the 

solid cylinder wake (Figure 4-11), the measured spanwise vorticity variance peaks at the 

wake centreline, which is the same for all the wavelet components. The large-scale 

structures (level 7) contribute only about 10% to the total vorticity variance at 𝑥∗ = 10.  

This is reduced to 5% at  𝑥∗ = 20 and 40. The most significant contributors are levels 3 

and 2 (small-scale structures) with a total contribution of 47%.  At 𝑥∗ ≥ 20, level 3 

becomes the highest, contributing around 30% to the variance. The distributions of 

〈𝜔𝑧𝑖
2〉/〈𝜔𝑧

2〉𝑚𝑎𝑥 of intermediate scales structures (levels 4 and 5) also show a gradual 

increase with location and at 𝑥∗ = 40 and the value of level 4 surpasses level 2. Perhaps 

the intermediate-scale structures play important roles in the intermediate-wake and 

possibly far-wake of the solid cylinder. With regards to levels 6 and 1, their 

contributions to the total variance decrease slowly with 𝑥∗ and the values lay around 

10% and 5%, respectively, in the wake. The contribution from level 8 is almost 

negligible as the 〈𝜔𝑧𝑖
2〉/〈𝜔𝑧

2〉𝑚𝑎𝑥 values are around 2% at all locations. 

 

In the screen cylinder wake (Figure 4-12), the measured vorticity variances peak at 𝑦∗= 

0.5~0.6 for 𝑥∗ ≤ 30. This result is consistent with our phase-averaged results (Azmi et 

al 2015b) which show the developing process of the large-scale structures over the 

above region. After the wake are fully developed, the vorticity variance peaks at the 
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wake centreline. Throughout the wake, the most significant contributions to 〈𝜔𝑧
2〉𝑚𝑎𝑥 

come from the intermediate-scale structures of levels 3 and 4 (around 27% and 25%, 

respectively). The next important contributors are levels 5, 2 and 6. At 𝑥∗ = 2040, 

levels 5 and 2 comparably contribute around 16% each to 〈𝜔𝑧
2〉𝑚𝑎𝑥, thereafter the 

contribution from level 2 decreases and becomes comparable with level 6 (around 12% 

contributions from each). Li and Zhou (2003) reported a different trend from their 

wavelet analysis on the screen strip wake at 𝑥∗ = 20. The calculated contribution from 

the organized structure is quite comparable to that of the intermediate- and small-scale 

structures. It is worthwhile mentioning that the spanwise vorticity of each wavelet 

component in the present study is calculated by decomposing the measured 

instantaneous vorticity signals while in Li and Zhou (2003), the vorticity of the wavelet 

component was calculated based on the instantaneous velocities of the wavelet 

components using Eq. (1). Nevertheless, they reported that at y* > 0.5, the intermediate-

scale structures made the highest contribution to the vorticity variance although very 

slightly. As for levels 7, 8 and 1, their contributions seem trivial and remain essentially 

constant at all locations. While the most significant contribution to 〈𝜔𝑧
2〉𝑚𝑎𝑥 in the 

solid cylinder wake comes from the small-scale structures (about 30% from level 3), 

that in the screen cylinder wake comes from the small (level 3) and intermediate-scale 

(level 4) structures (about 50% combined). The organized large-scale structures 

contribute less than 5% to 〈𝜔𝑧
2〉𝑚𝑎𝑥  in the solid cylinder wake and about 10% in the 

screen cylinder wake. Those of other small- and large-scale structures seem to have 

little influence in contributing to the total vorticity variance in both wakes. 

 

4.4.5 Flow visualisation of the cylinder wakes 

The above results using wavelet analysis suggest different trends of variation of the 

Reynolds stresses and the spanwise vorticity between the wakes generated by a solid 
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cylinder and a screen cylinder. To support the above discussion, smoke wire flow 

visualisations (Figure 4-13) at a Reynolds number of about 1240 was conducted in the 

same wind tunnel as for the hot wire experiments. Such a low Reynolds number was 

chosen in order to avoid quick smoke dispersion in the wake so that better quality 

images can be obtained using a high speed camera. For the solid cylinder wake (Figure 

4-13(a)), Kármán vortices can be seen clearly with two rows of counter-rotating vortex 

structures connected by the streamwise rib-like structures. The rib-like structures are 

stretched due to the counter-rotating vortices. The two rows of the vortices also interact 

with each other when evolve downstream by penetrating to the opposite side across the 

wake centreline. The formation length of the Kármán vortices is about 2d, which is in 

agreement with that reported by Unal and Rockwell (1988). The screen cylinder wake 

clearly shows two shear layers separated by a buffer core region, where small-scale 

vortices are formed at about 8d (Figure 4-13(b)). These vortex structures were much 

smaller in size and higher in frequency than the Kármán vortices in the solid cylinder 

wake. They do not roll up quickly to form the large-scale structures. As evolving 

downstream, the small-scale structures become larger in size. When their sizes are large 

enough, they engulf the one next to them, resulting in amalgamation. At the same time, 

the buffer layer is caused to undulate, representing the onset of the interaction between 

the two shear layers (at 𝑥∗ = 13). At 𝑥∗ = 20, the smoke in the buffer layer disappears 

due to dispersion and the large-scale structures are completely formed. In order to 

examine the dependence of the vortex formation length on Re, flow visualization was 

also conducted at Re = 1920 (Figure 4-13d). The image clearly shows small-scale 

structures in the shear layers, albeit slightly further downstream (𝑥∗ = 10) compared 

with that at Re = 1240. The buffer layer remains undisturbed till about 𝑥∗ = 18 (this 

region is not shown here), indicating that the formation length becomes larger as Re 

increases. The above visualization is in line with our wavelet analysis results which 
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show that the large-scale organized structures in the screen cylinder wake are fully 

formed later in the wake, by about 𝑥∗ = 40 at Re = 7000. Cimbala et al (1988) noticed a 

fairly regular vortex street pattern at 𝑥∗ ≈ 30 in a screen strip wake of 53% porosity 

at 𝑅𝑒 = 6000. The difference in the formation length between the wavelet analysis and 

the flow visualisation should be caused by the difference in the Reynolds numbers. 

Obviously these types of flow show similar pattern of the growth of vortices from 

small-scale to the large-scale ones, the difference being in the formation length. This of 

course depends on factors such as the geometry of the porous/perforated body, porosity 

and Reynolds number. From the visualization results, it can be seen that the formation 

length becomes larger as Re increases.  

 

4.5 Conclusions 

The wake generated by a screen cylinder of 67% porosity has been examined using the 

wavelet multi-resolution technique in order to study the characteristics and behaviour of 

turbulence structures of various scales and their evolution in the streamwise direction. 

The contributions to the Reynolds stresses and the spanwise vorticity variance from 

various scales have been calculated. By comparing with results obtained in a solid 

cylinder wake, differences in the formation of the large-scale vortices between the two 

wakes can be educed. The following conclusions can be drawn.  

1. Throughout the measured streamwise range, in the solid cylinder wake, the 

large-scale structures of levels 7 and 6 are the two most energetic structures, 

although the strength of these structures are largely enervated at 𝑥∗ = 40, 

consistent with the fast decay of the vortex strength as 𝑥∗ increases. In the screen 

cylinder wake, however, at 𝑥∗ = 10, the intermediate- (levels 4 and 5) and the 

organized structures (level 6) are comparably energetic whereas starting from 

𝑥∗ = 20, the large-scale structures of level 6, followed by level 7, are the most 
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energy containing, depicting the difference in the scale of structures in the two 

wakes. The large-scale structures in the screen cylinder wake exhibit the growth-

decay behaviour, i.e. the structures of levels 6,7 and 8 are developing in the 

streamwise direction up to the critical location of 𝑥∗ = 40, 𝑥∗ = 50 and 𝑥∗ =

20, respectively, where the energy of the turbulent structures are most 

pronounced, followed by a slow decay process thereafter. The intermediate- and 

small scale structures decay (also gradually) throughout the screen cylinder 

wake.  

2. The most significant contributions to the Reynolds stresses come from the 

structures of levels 7 and 6 throughout the solid cylinder wake even though the 

contribution from level 7 drops significantly by about 50% at 𝑥∗ = 40 where the 

intermediate-scale structures start to dominate in the solid cylinder wake. In the 

screen cylinder wake, the organized structures (level 6) are dominant at 𝑥∗ ≥

20, with the highest contribution to 〈𝑣2〉𝑚𝑎𝑥 occurring at 𝑥∗ = 40 (54%) before 

contributing slightly less thereafter. Structures of level 7 start to become 

dominant at 𝑥∗ > 40. 

3. In the solid cylinder wake, the small-scale structures (levels 3 and 2) jointly 

contribute the most to the spanwise vorticity variance at 𝑥∗ = 10 (about 47%), 

but thereafter, structures at level 3 dominate and contribute the most (about 

30%). The large-scale structures (levels 7 and 6) contribute about 15%-20% to 

〈𝜔𝑧
2〉𝑚𝑎𝑥 throughout the wake. This is different in the screen cylinder wake. 

The highest contributions to 〈𝜔𝑧
2〉𝑚𝑎𝑥 come from the relatively intermediate-

scale structures (levels 4 and 3), with a combined contribution of about 50%, 

indicating that vorticity mostly resides in the intermediate-scale structures. 

Structures at level 6 contribute about 10% to 〈𝜔𝑧
2〉𝑚𝑎𝑥 in the screen cylinder. 
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4.  The above results obtained with wavelet analysis are supported by flow 

visualisations although at a different Reynolds number. It is shown that with the 

increase of Reynolds number, the vortex formation length in the screen cylinder 

wake is increased. 
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Table 4-1. Central frequencies (measured at y/d=0.5) and bandwidths of various wavelet 

levels in the solid cylinder wake and the screen cylinder wake at different streamwise 

locations. 

Solid cylinder 

Wavelet 

Level 

i 

Central frequency (Hz) 

 
 

Frequency bandwidth 

(Hz) x/d =10 20 40 

1 1630 1480 1540 600-2800 

2 766 766 766 300-2400 

3 395 427 443 140-1200 

4 208 193 233 70-600 

5 98 98 99 35-300 

6 47 47 53 18-140 

7 𝑓0 = 41 41 41 8-70 

8 16 19 16 4-35 

Screen cylinder 

Wavelet 

Level 

i 

Central frequency (Hz) 

 

 

Frequency bandwidth 

(Hz) 

10 20 30 40 50 60  

1 1484 1569 1556 1626 1586 1534 600-2800 
2 762 787 780 824 823 782 300-2400 

3 439 387 428 396 359 393 140-1200 

4 244 234 228 244 198 223 70-600 

5 113 106 103 110 95 101 35-300 

6 𝑓0 = 63 55 51 52 49 47 18-140 

7 37 35 36 40 39 30 8-70 

8 22 11 14 17 17 12 4-35 
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Table 4-2. The maximum values of Reynolds stresses and spanwise vorticity variance 

for the solid cylinder and screen cylinder wakes at different streamwise locations. The 

values in brackets are from Rinoshika and Zhou (2005) and Li and Zhou (2003). 

Solid cylinder 

x/d <u2>max /U∞
2 ×103 <v2>max /U∞

2 ×103 <uv>max /U∞
2 ×103 <ωz

2>max d2/U∞
2 

10 30 91.9 -3.91 4.185 

20 15.9[14.2] 31[25.3] -2.94[-2.27] 2.455 

40 6.87 7.91 -1.99 0.787 

Screen cylinder [screen strip] 

10 4.45 6.05 -1.72 1.321 

20 6.26[4.9] 6.52[3.92] -3.28[-2.18] 1.099[1.03] 

30 3.96 4.73 -2.24 0.492 

40 3.25 5.83 -1.86 0.362 

50 2.74 4.64 -1.15 0.238 

60 2.38 3.79 -0.90 0.174 
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Table 4-3. Contributions (in percentage) from the wavelet components 1 to 8 to the 

Reynolds Stresses and vorticity variance at y/d=0.5 for the solid cylinder and screen 

cylinder wakes at different streamwise locations. 

Solid cylinder 

x/d [
∑ 〈𝑢𝑖

2〉8
𝑗=1

〈𝑢2〉
]

𝑦/𝑑=0.5

 [
∑ 〈𝑣𝑖

2〉8
𝑗=1

〈𝑣2〉
]

𝑦/𝑑=0.5

 [
∑ 〈𝑢𝑖𝑣𝑖〉8

𝑗=1

〈𝑢𝑣〉
]

𝑦/𝑑=0.5

 [
∑ 〈𝜔𝑧𝑖

2〉8
𝑗=1

〈𝜔𝑧
2〉

]
𝑦/𝑑=0.5

 

10 86 98 84 97 

20 76 96 87 98 

40 69 92 77 98 

Screen cylinder 

10 93 95 92 98 

20 91 96 95 98 

30 90 97 95 98 

40 84 98 94 98 

50 78 98 92 98 

60 73 97 85 97 
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Figure 4-1. Wake profile, probe arrangement and schematics of the vorticity probe. 
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Figure 4-2. Energy spectra ν in the wake of (a) solid cylinder and (b) screen cylinder. 

Both are measured at y*=0.5. 
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Figure 4-3. Spectra of wavelet levels i=1 to 8 obtained at y*=0.5 in the solid cylinder 

wake at (a) x*=10; (b) 20 and (c) 40. The dominant frequency fo is indicated by a 

downward arrow in each figure. 
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Figure 4-4. Spectra of wavelet levels i=1 to 8 obtained at y*=0.5 in the screen cylinder 

wake at (a) x*=10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60. The dominant frequency fo is 

indicated by a downward arrow in each figure. 
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Figure 4-5. Evolution of the streamwise velocity variance <u2> and its wavelet 

components <ui
2> (normalized by the maximum value <u2>max) for the solid cylinder 

wake at (a) x*=10; (b) 20 and (c) 40. 
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Figure 4-6. Evolution of the streamwise velocity variance <u2> and its wavelet 

components <ui
2> (normalized by the maximum value <u2>max) for the screen cylinder 

wake at (a) x*=10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60. 
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Figure 4-7. Evolution of the transverse velocity variance <v2> and its wavelet 

components <vi
2> (normalized by the maximum value <v2>max) for the solid cylinder 

wake at (a) x*=10; (b) 20 and (c) 40. 
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Figure 4-8. Evolution of the transverse velocity variance <v2> and its wavelet 

components <vi
2> (normalized by the maximum value <v2>max) for the screen cylinder 

wake at (a) x*=10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60. 
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Figure 4-9. Evolution of the Reynolds shear stress <uv> and its wavelet components 

<uivi> (normalized by the maximum value <uv>max) for the solid cylinder wake at (a) 

x*=10; (b) 20 and (c) 40. 
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Figure 4-10. Evolution of the Reynolds shear stress <uv> and its wavelet components 

<uivi> (normalized by the maximum value <uv>max) for the screen cylinder wake at (a) 

x*=10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60. 
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Figure 4-11. Evolution of the vorticity variance <ωz
2> and its wavelet components 

<ωzi
2> (normalized by the maximum value < ωz

2>max) for the solid cylinder wake at (a) 

x*=10; (b) 20 and (c) 40. 
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Figure 4-12. Evolution of the vorticity variance <ωz
2> and its wavelet components 

<ωzi
2> (normalized by the maximum value < ωz

2>max) for the screen cylinder wake at 

(a) x*=10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60. 
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Figure 4-13. Flow visualization of the solid cylinder and screen cylinder wakes. (a) 

solid cylinder; (b) screen cylinder at Re = 1240 (x* = 0 - 16); (c) screen cylinder at Re = 

1240 (x* = 20 – 36); (d) Screen cylinder at Re = 1920.
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Abstract 

 The effect of a screen shroud on vortex shedding phenomenon and turbulent 

characteristics of a circular cylinder wake was investigated. A screen cylinder, made of 

a stainless screen mesh of 67% porosity, concentrically fitted outside of a bare circular 

cylinder, was used as a shroud. The diameter ratio between the screen cylinder and the 

bare circular cylinder was 2. A phase-averaged analysis was used to examine the 

development of the vortices in the streamwise direction (𝑥/𝑑 = 5 40, where d is the 

diameter of the bare cylinder) using hot wire probes at a Reynolds number (based on d) 

of 7000. It was found that the inclusion of the screen shroud significantly modified the 

wake characteristics of a circular cylinder. Vortices in the near-wake of the shrouded 

cylinder were impaired where the maximum vorticity was reduced by 40% compared to 

the strong vorticity of the bare cylinder near-wake, at the same streamwise location. 

mailto:tongming.zhou@uwa.edu.au
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Large-scale vortices only formed approximately 10𝑑 downstream with a shedding 

frequency of 60% of that of the bare cylinder wake. These vortices were less energetic 

than that in the solid cylinder wake and decayed at a comparable rate in the two wakes 

after initially observed. It is concluded that the above effects would result in the 

reduction of vortex-induced vibration of a bare cylinder. 

 

5.1 Introduction 

Suppression of vortex shedding and vortex-induced vibration (VIV) of cylindrical 

structures has been one of the most active topics of research and patenting in fluid 

dynamics for many decades due to its significance in engineering applications. Previous 

investigations on control devices to suppress VIV have contributed significantly to the 

fields of buildings, bridges and marine. VIV can be suppressed by either active or 

passive methods. Active methods involve applying energy from an external source 

whereas passive methods involve modification of the flow or the structures. Each 

method works by disrupting the vortex shedding, either by diminishing the strength of 

the shear layers on either side of the cylinder or by disrupting the interaction of the 

shear layers. Extensive reviews of these devices can be found in available literatures 

(Kumar et al., 2008; Zdravkovich, 1981).  

 

Shrouds are one of the passive devices that are less frequently employed. The use of 

shrouds in mitigating the impact of vortex formation has long been introduced for a 

circular holed shroud (Price, 1956). Price showed that the vortices behind the shroud are 

smaller, closely spaced and formed several diameters farther downstream along a stable 

near wake in comparison with the vortices in bare cylinder wakes. Further evolution of 

the geometry and confirmation of effectiveness of a shroud were made with different 

shapes, porosity and Re ranges (Wong and Kokkalis, 1982; Wooton and Yates, 1970; 
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Zdravkovich, 1971). Examination on the effect of shroud eccentricity revealed that in 

the subcritical regime, the vibrational amplitude was always reduced for an eccentricity 

in any direction and of any magnitude, in comparison with that of a concentrically 

shrouded cylinder (Zdravkovich and Southworth, 1973). This trend, however, was not 

true within the transitional regime. An achievement of vortex shedding suppression and 

drag reduction can also be seen for a longitudinal slat system (Wong, 1977, 1979). 

Qualitative investigations of the flow pattern in the immediate vicinity of slatted, round-

holed and rod shrouds showed three important processes: significant base bleed as that 

of Wood (1967) and an efflux of fluid into the free shear layer and the vortex formation 

farther from the base region (Galbraith, 1980, 1981). The strong efflux from the gap 

between the cylinder and the shroud deflected the main flow away from the shroud and 

produced a thick turbulent shear layer. Molin (1993) proposed an asymptotic theory to 

predict reliable values of the drag of shrouded cylinders. The theory was useful for 

optimization or sensitivity studies but not applicable in the downstream part of the 

annular region, in-between the shroud and the cylinder. A study on the moment and lift 

of a deep-ocean mining pipe reported perforated shroud as one of the successful means 

in reducing the vibration of the pipe in comparison to a straight-downpower-cable 

configuration (Chung et al., 1994). The tested shroud lowered the vortex shedding 

intensity and showed the least increase in drag compared to a bare pipe and had 

minimum unsteady lift. A perforated shroud was also tested by Kleissl and Georgakis 

(2011) who found the shroud to be stable at all flow angle of attack and highly effective 

in controlling galloping of a bridge cable, although there was a small increase in drag 

due to the scaling based on the inner diameter. It has been recommended that for a 

shroud to be effective, its diameter must be 25% larger than that of the plain cylinder 

with porosity of 30-40% and hole size of 0.125 of the shroud diameter (Kumar et al., 

2008).  
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Recently, the study of porous body as a flow control element starts to receive some 

attention. Gozmen et al. (2013) showed that the turbulent intensity was reduced by at 

least 45% using an outer porous cylinder in comparison to the bare cylinder case, with 

40-50% porosity as the most effective case for a diameter ratio of 2.0 at 𝑅𝑒 = 5000. 

Özkan and Akıllı (2013) found that using a 40% porosity cylinder of various cylinder 

gap ratios, the frequency of vortex shedding was reduced, vortex formation region was 

elongated and velocity fluctuation was attenuated. Durhasan et al. (2013) studied the 

effect of arc angle (i.e. the angle formed by the arc at the centre) of a perforated 

cylinder, in addition to the porosity, in modifying the near-wake of a circular cylinder. 

Several numerical works also reported the use of porous sheath in altering the boundary 

layer characteristics and reducing the drag of bluff bodies.  Bruneau and Mortazavi 

(2006) reported a reduction of lift force fluctuation and the global enstrophy with the 

introduction of a porous ring around a pipe as a result of the reduced wake instability 

for high Reynolds number flows. Separation of the solid body by a porous interface also 

drastically regularized the flow hence substantially reducing vortex-induced vibrations 

(Bruneau et al., 2007; Bruneau and Mortazavi, 2008; Bruneau et al., 2008). 

Bhattacharyya and Singh (2011) studied laminar vortex shedding and the wake flow of 

a porous-wrapped circular cylinder and found that inclusion of the wrapper weakened 

the strength of the separated layers, hence delayed the formation of the vortex shedding. 

The wrapper also reduced the pressure drop and skin friction which leads to a reduction 

in drag compared with a bare cylinder. Naito and Fukagata (2012) conducted numerical 

simulations for flow over a cylinder having a porous surface to examine the dependency 

of flow modification on Reynolds number and the porous layer thickness in the laminar 

and subcritical regimes. They conjectured that at a higher Reynolds number, the growth 

of instability in the shear layers would be delayed by the porous surface; hence the 
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Reynolds number for the transition from laminar to turbulent flows would be shifted up. 

In studying the porous layer thickness, they concluded that a higher thickness was more 

effective in reducing the lift fluctuations. 

 

The use of a screen mesh as shroud was first explored by Zdravkovich and Volk (1972). 

They found that cylinders fitted with a fine-mesh gauze shroud was the most effective 

in suppressing VIV in comparison to the square-holed and circular-holed shrouds, all of 

36% porosity. The gauze shroud affected the pressure distribution more significantly 

than the other two shrouds and the constant part of the pressure distribution curve 

started at 120° instead of 90°. To the author’s knowledge, no such study using a screen 

mesh has ever been made since. The screen mesh study has revisited in the recent years, 

by the work of Azmi et al. (2012) who found that the vibration amplitude of a bare 

cylinder was suppressed by about 50% using a screen shroud of 72% porosity with a 

shroud to cylinder gap ratio of 1.25. Other investigations of screen mesh on vortex 

shedding suppression from a stationary cylinder were conducted for application in 

shallow water (Oruç, 2012; Ozkan et al., 2012; Ozkan et al., 2013). Oruç (2012) studied 

the wake of a circular cylinder surrounded by a streamlined thin-steel screen meshed of 

50% porosity. It was found that significant vortex suppression could be achieved with 

the mesh. The turbulent statistics such as turbulence intensity, Reynolds shear stress and 

turbulent kinetic energy were drastically diminished in comparison to the bare cylinder 

case. Ozkan et al. (2012) used a permeable cylinder made of a chrome-nickel wire mesh 

to examine the effect of porosity and diameter of the outer permeable cylinder on flow 

characteristics of the inner circular cylinder. They suggested that a better flow control 

was achieved with the outer-to-inner diameter ratio in the range of 1.6 − 2.0  and 

porosity in the range of 40 − 60%. Ozkan et al. (2013) also showed that with a high 

screen porosity of 70%, flow modification has been achieved where the vortex shedding 
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frequency is considerably reduced as revealed by the spectra of the streamwise velocity 

fluctuations. These studies were mostly conducted in the near-wake region, at a 

streamwise distance of 𝑥/𝑑 ≤ 4 from the cylinder, in which the full development of the 

large-scale organised structures could not be captured in the controlled wake.  

 

From the above review, it is evident that only the near wake flow field of the shrouded 

cylinders has been extensively investigated, largely focusing on the pressure 

distribution, mean and fluctuating lift and drag coefficients and turbulent statistics. The 

dynamics of the flow, the formation and development of the vortex streets in the 

shrouded cylinder wake have not been studied systematically. Qualitative and 

quantitative data in the downstream region and documentations of the Reynolds stresses 

are scarce. Furthermore, the use of screen mesh as a shroud is largely unexplored. A 

thorough understanding on the evolution of the vortical structures and their 

characteristics could further assist in alleviating problems associated with flow-induced 

vibration and noise that may compromise the structural integrity. Thus effort has been 

made to understand a shroud effects on the vortex shedding and the turbulent wake 

behind a circular cylinder using a screen cylinder of 67% porosity. Comparisons of the 

mean velocity, rms velocity fluctuations, phase-averaged velocities and vorticity at 

different downstream locations are made with those of a bare circular cylinder. 

 

5.2 Experimental Details 

The experiments were conducted in an open circuit type wind tunnel with a test section 

of 380 mm (width) × 255 mm (height) and 1.8 m (long). The free stream velocity in the 

test section was uniform to 0.1%, and the longitudinal turbulence intensity was less than 

0.2%. Experiments were conducted in the wakes of both a bare cylinder and a shrouded 

cylinder. The bare cylinder was made of polished aluminium with a diameter, d, of 12.7 
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mm. The shrouded cylinder was made by concentrically attaching the ends of a screen 

cylinder using thin rims to the ends of the solid cylinder. The screen cylinder was of 26 

mm in diameter, D, and is rolled from a stainless steel mesh of 2 mm square-cross-

section with a porosity   of 67% and wire diameter of 0.45 mm. The diameter ratio 

between the outer screen cylinder and the inner bare cylinder 𝐷/𝑑, is 2. The bare 

cylinder and the shrouded cylinder aspect ratios were 𝑙/𝑑 =  29.9 and 𝑙/𝐷 = 14.6, 

respectively. Both cylinders were located 20 cm downstream from the entrance of the 

test section installed horizontally in the mid-plane and spanned the width of the wind 

tunnel. Plastic plugs were inserted and flush with the tunnel inner walls to prevent 

leakage at the ends. No end plates were used for the cylinders.  

 

Figure 5-1 shows the definition of the co-ordinate system, sketch of the wake profile 

and the screen shrouded cylinder. All measurements are performed at a free stream 

velocity 𝑈∞ of 8.77 m/s, corresponding to a Reynolds number, 𝑅𝑒 of about 7000, based 

on the bare cylinder diameter and at streamwise locations of 𝑥/𝑑 = 5, 10, 20 and 40. In 

examining the streamwise evolution of the wakes, an X-type hot wire probe was moved 

across the wake in the y-direction to measure the longitudinal and transverse velocity 

components, u and v, respectively. Another X-probe located at 𝑦/𝑑 = 1~2 from the 

wake centerline was fixed at the wake edge to provide a phase reference to the 

measured velocity signals for the purpose of conducting the phase-averaged analysis of 

the coherent structures in the wakes. The separation between the two wires of the X-

probe was about 1.0 mm. 

 

The hot wires were etched to a length of 1mm from Wollaston (Pt-10% Rh) wires of 5 

m in diameter. Angle calibration was performed over ± 20°. The hot wires were 

operated with in-house constant temperature circuits at an over heat ratio of 1.5. The 
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output signals were low-pass filtered at a frequency 𝑓𝑐 of 5.2 kHz. The filtered signals 

were sampled at a frequency 𝑓𝑠 = 10.4 kHz into a PC using a 16-bit A/D converter 

(National Instrument). The sampling period 𝑇𝑠 was 30 s. Experimental uncertainties 

were inferred from the errors in hot-wire calibration as well as the scatter observed in 

repeating the experiments a number of times. The uncertainty for the time-average 

velocity, �̅�, was estimated to be about ±2% while for the fluctuation velocities u and v 

and the Reynolds shear stress 〈𝑢𝑣〉, the uncertainties were about ±5%, ±6% and ±8%, 

respectively.  

 

5.3 Phase and structural averaging 

The global type of the Kármán instability that shows a strong quasi-periodic component 

of velocities at every point in the flow allows the use of the phase-averaging analysis.  

Following Hussain and Reynolds (1970), a turbulent signal B can be decomposed into a 

mean value �̅� and a periodic fluctuation component β̃ (coherent), and a chaotic one 𝛽𝑟 

(defined as incoherent component or the remainder), i.e.  

 

 𝐵 =  �̅� + 𝛽 + 𝛽𝑟      (5-1) 

 

Phase average allows the separation of the coherent and incoherent components. 

Measurements of the phase-averaged quantities need a reference signal from which the 

phase of the flow is determined. This can be the velocity signal measured by a hot-wire 

probe which presents a strong component at the vortex shedding frequency and must not 

be too affected by the turbulence small scales. In order to use the phase-averaging 

analysis, the velocity signal measured by the reference probe needs to be band-pass 

filtered with the central frequency set at the vortex shedding frequency identified on the 

energy spectra. A fourth-order Butterworth filter was normally used. The filtered signal 
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was then used to condition the v-signal measured by the movable probe. Figure 5-2 

shows the v-signal of a solid cylinder wake from the X-wire probe at a lateral location 

of 𝑦∗ ≈ 0.5, along with the simultaneously obtained reference signal, vR, from the fixed 

reference probe in the bare cylinder wake at a streamwise location  𝑥∗ = 10. It is 

evident that the signals exhibit a periodicity. There is a clear phase relationship between 

v and vR, thus the u- and v-signals are phase-averaged based on the identification of 

quasi-periodic large-scale events. The two phases of particular interest are identified on 

the filtered signal vf, correspond to time 𝑡𝐴,𝑖 and 𝑡𝐵,𝑖 (measured from an arbitrary time 

origin), respectively. The phase 𝜙 calculated between the time 𝑡𝐴,𝑖 and 𝑡𝐵,𝑖, corresponds 

to the longitudinal distance in terms of the average vortex wavelength. The phase 

average of an instantaneous quantity 𝐵 can therefore be calculated by 

 

 
〈𝐵〉𝑘 =

1

𝑁
∑ 𝐵𝑘,𝑖

𝑁

𝑖=1

 
    (5-2) 

 

The transport characteristics of the vortical structures can be described by structural 

averaging of a quantity defined by 

 

 
𝛽�̃�̿̿̿̿ =

1

𝑘1 + 𝑘2 + 1 
∑ 𝛽�̃�

𝑘2

−𝑘1

 
    (5-3) 

 

The coherent and incoherent contributions to Reynolds stresses can be obtained in terms 

of the structural average. Detailed descriptions of the phase and structural averaging can 

be found in (Matsumura and Antonia, 1993) and will not be repeated here. 
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5.4 Results and discussion 

5.4.1 Mean and turbulent velocity profiles 

Figure 5-3 presents the lateral distributions of the mean streamwise velocity, 𝑈,̅ and the 

root-mean-square (rms) velocity profiles for the two cylinder wakes at different 

streamwise locations. Hereafter, an asterisk denotes normalization by free stream 

velocity 𝑈∞ and/or the bare cylinder diameter𝑑  accordingly, i.e. 𝑥∗ = 𝑥/𝑑, 𝑦∗ = 𝑦/𝑑 

and �̅�∗ = �̅�/𝑈∞. The mean velocity profiles in the bare cylinder wake (Figure 5-3(a)) 

agrees well with existing literatures (Wang et al., 2011), validating the present 

measurement. The distributions of �̅�∗ in the bare cylinder wake exhibit significant 

difference from that of the shrouded cylinder wake (Figure 5-3(b)) at streamwise 

locations 𝑥∗ = 5 and 10. At 𝑥∗ = 5, the profile in the shrouded cylinder wake is fairly 

steep (large velocity gradients) but becomes relatively smooth as the flow moves 

downstream, indicating shear layer growth. At these two locations also, the maximum 

velocity deficits, 𝑈0
∗ = 1 − �̅�𝑚𝑖𝑛

∗ (Table 1) in the shrouded cylinder wake are much 

larger than that of the bare cylinder wake, particularly at 𝑥∗ = 5 where the deficit in the 

former is about four times of the latter. For 𝑥∗ ≥ 20 the deficits seem do not differ 

much between the two cylinder wakes. The wake half-width 𝐿∗ (Table 1) increases with 

𝑥∗ in both wakes. From  𝑥∗ = 5 to 40, the wake growth for the shrouded cylinder is 

slightly larger than the bare cylinder wake, increasing about 130% in comparison to that 

of 120%. It is obvious that the screen shroud significantly modified the characteristics 

of the circular cylinder wake evidenced by the increased 𝑈0
∗ and 𝐿∗ at the respective 

locations. 

 

Figures 5-3 (c-f) show the distributions of 𝑢′/𝑈∞ and 𝑣′/𝑈∞ for both cylinder wakes. 

The profiles obviously display a significant reduction in the rms values at 𝑥∗ = 5 in the 

presence of the screen shroud. Both 𝑢′/𝑈∞ and 𝑣′/𝑈∞ in the bare cylinder wake 
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(Figures 5-3(c) and 5-3(e)) show a trend of decreasing values with 𝑥∗, albeit they may 

increase with 𝑥∗ initially from the cylinder base region up to the vortex formation length 

(Oruç, 2012). For the shrouded cylinder wake, generally, the distributions of 𝑢′/𝑈∞ and 

𝑣′/𝑈∞ at 𝑥∗ = 5 are much smaller than that of the bare cylinder wake at the same 

streamwise location. They increase from 𝑥∗ = 5 to 10 or 20 and then gradually decrease 

further downstream (Figure 5-3(d)), implying the existence of a critical location where 

the organized vortices start to become apparent. The increase of 𝑢′/𝑈∞ and 𝑣′/𝑈∞ from 

𝑥∗ = 5 to 10 or 20 is generally in line with that reported by Oruç (2012). The maximum 

values of 𝑢′/𝑈∞ and 𝑣′/𝑈∞ at 𝑥∗ = 10 are smaller than those at 𝑥∗ = 5 in the bare 

cylinder wake. These results indicate significant suppression effect of the screen shroud 

on turbulence, especially in the near wake. The 𝑣′/𝑈∞ values in the bare cylinder wakes 

are maxima at the centre of the wake, and decrease monotonically toward the edge of 

the wake, indicating a signature of a vortex street. However, in the shrouded cylinder 

wake, a twin-peak profile exists at 𝑥∗ = 5 and this twin-peak becomes a single one at 

𝑥∗ ≥ 10, signifying the interaction of the upper and lower shear layers before 

completely merge to form the single row of vortices.  

 

5.4.2 Vortex shedding frequency 

Examination of the spectra may indicate the extent to which the turbulent structures 

have been affected by the presence of the screen shroud. Figure 5-4 shows the energy 

spectral density function 𝜓𝜈 of the lateral velocity 𝑣 at different streamwise locations 𝑥∗ 

measured at 𝑦∗ ≈ 0.5 for the bare cylinder wake and 𝑦∗ ≈ 1.0 for the shrouded cylinder 

wake. The spectrum is shifted by one order relative to the one above it for easy viewing. 

For the bare cylinder wake (Figure 5-4(a)), there is a distinct peak at 137 Hz, 

corresponding to a Strouhal number of 0.2, which is stable across the wake at all 

streamwise locations, in agreement with the established values for a circular cylinder 
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wake. The second and third harmonics are also discernible, particularly at 𝑥∗ = 5. The 

ratio between the peak height and the plateau region reduces with 𝑥∗, indicating that 

vortices are decaying in the streamwise direction. For the shrouded cylinder (Figure 5- 

4(b)), at 𝑥∗ = 5, a peak at 84 Hz corresponding to 𝑓∗ =  0.12 based on d, is identified 

on the spectrum as well as other peaks up to the third harmonic, among which the 

second harmonic at 165 Hz (𝑓∗ =  0.24) is most pronounced at this y* location. This 

pronounced peak is attributed to the shear layer vortices generated at the edge of the 

screen shroud which will be evident from the sectional streamlines later. Measurement 

of the spectrum at various 𝑦∗ locations for 𝑥∗ = 5 indicates a shift of the dominant peak 

from 165 Hz in the shear layer region to 84 Hz towards the wake centreline (Figure 5-

4(c)). These shear layer vortices interact with each other to form the large-scale vortical 

structures at 𝑥∗ = 10 as evidenced by the shift in the pronounced peak at 84 Hz (𝑓∗ =

 0.12). This pronounced peak is slightly broad but comparable in strength to that of the 

bare cylinder wake, and remains evident at 𝑥∗ = 20 and 40. The shroud causes the peak 

frequency for the bare cylinder to reduce by 40% at 𝑥∗ ≥ 10. This vortex shedding 

frequency is also stable along the streamwise direction (Figure 5-4(b)) and across the 

lateral direction (not shown here). Several harmonics (up to the third) are also 

discernible.   

  

5.4.3 Phase-averaged vorticity field and sectional streamlines 

The iso-contours for the phased-averaged spanwise vorticity �̃�𝑧(=
𝜕(�̅�+�̃�)

𝜕𝑥
−

𝜕(�̅�+𝑢)

𝜕𝑦
) 

obtained with the aid of Taylor’s hypothesis is presented in Figure 5-5 for both cylinder 

wakes. The corresponding sectional streamlines which are viewed at a reference frame 

moving with the convection velocity at the vortex center 𝑈𝑐, are shown in Figure 5-6. 

The foci and the saddle points associated with the vortices are determined from the 

sectional streamlines (Figure 5-6) and denoted by ‘+’ and ‘×’, respectively. The phase  
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ranging from 2 to +2, can be inferred in terms of a streamwise distance with  = 2 

corresponding to the vortex wavelength . The same scales are used in the - and 𝑦∗- 

directions to avoid distortion of the physical space. Table 1 summarizes the most likely 

locations of the vortex center 𝑦𝑐
∗, vortex convection velocity 𝑈𝑐

∗ and the maximum 

spanwise vorticity concentrations �̃�𝑧
∗

𝑚𝑎𝑥
 for the negative (upper) and positive (lower) 

vortices. The experimental errors in 𝑦𝑐
∗, 𝑈𝑐

∗ and �̃�𝑧
∗

𝑚𝑎𝑥
 are about ±2% to ±5% at 𝑥∗ =

5 and expected to be greater for larger 𝑥∗. For the bare cylinder wake, the 𝑦𝑐
∗ values 

increase from 𝑥∗ = 5 to 40 by an average of about 0.2 from each streamwise location 

(Zhou et al., 2010). The large-scale vortices in the shrouded cylinder wake lie in the 

vicinity of 𝑦𝑐
∗ = 0.5 at 𝑥∗ = 10, 20 and 40. 𝑈𝑐

∗ increases with 𝑥∗ as expected for that 

behind a bare cylinder wake and in good agreement with Zhou and Antonia (1992), so 

as that in the shrouded cylinder wake. 

 
The �̃�𝑧

∗ contours are consistent with the sectional streamlines. A single alternately 

arranged Kármán vortex street is obvious in the bare cylinder wake, except at 𝑥∗ = 40 

where the vortices have largely decayed. For the shrouded cylinder wake, a similar 

vortex structure is also evident for 𝑥∗ ≥ 10, although the structures are more ‘bean-like’ 

at 𝑥∗ = 10. Prior to 𝑥∗ = 10, there exist shear layer vortices with the centers residing at 

𝑦∗ ≈ ±1, elongated in the streamwise direction, which is in agreement with the results 

of Oruç (2012) for a screen controlled cylinder near-wake (𝑥∗ ≤ 3). The upper (or 

lower) shear layer vortices do not interact across the wake centreline with that of the 

lower (or upper) side, which should be due to the fluid bleeding effect. These vortices 

amalgamate with each other before merging into a single vortex structure. Galbraith 

(1981) also reported similar phenomena from his flow visualization study conducted at 

𝑅𝑒 = 5000 for a (perforated) shroud to cylinder diameter ratio D/d of 1.14. The author 

observed an efflux from the gap between the 40% porosity rod shroud and the bare 
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cylinder at about 90 degrees from the stagnation point. This strong efflux deflected the 

main flow away from the shroud and formed a thick turbulent shear layer that rolled up 

into distinct but small vortices. The efflux constituted significant base bleed that 

delayed the formation of the vortex street farther from the base region. The present 

study also indicates that with the screen shroud fitted to a cylinder, vortex shedding is 

impaired and the vortex formation region is extended downstream. For our shrouded 

cylinder, the vortex formation length is about 10d, which is consistent with the energy 

spectra. This length is about 5 times that of a bare cylinder (Williamson, 1996). The 

maximum vorticity (Table 2) at 𝑥∗ = 5, 10, 20 and 40 in the bare cylinder wake are 1.8, 

1.0, 0.4 and 0.1, respectively, while that in the shrouded cylinder wake are about 1.0, 

0,8, 0.5 and 0.16, respectively. At 𝑥∗ = 5, the maximum vorticity is significantly 

reduced by 40% compared with the bare cylinder due to the presence of the shroud as a 

result of the shear layer vortices. At 𝑥∗ = 10, a single vortex street is formed with 

positive and negative vorticity penetrating to the opposite side, or interacting, across the 

wake centreline, albeit the vortex structures are not as regular as that at x* = 20. This 

characteristic is different from that of a single screen cylinder wake (Azmi et al., 2015) 

where it has been found that after the formation of the large-scale structures, they do not 

interact vigorously across the wake centreline. The magnitude of vorticity at this 

location is slightly smaller than that in the solid cylinder wake at the same streamwise 

location. Further downstream at 𝑥∗ = 20 and 40, the maximum vorticity has decayed by 

about 40% and 80% compared with that at 𝑥∗ = 10. For the bare cylinder wake, from 

𝑥∗ = 5, �̃�𝑧
∗

𝑚𝑎𝑥
 drops by 44%, 78% and 94%, at 𝑥∗ = 10, 20 and 40 respectively, a 

comparable decaying rate to that of the screen shrouded cylinder wake after the large-

scale vortices are initially observed at 𝑥∗ = 10.   
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5.4.4 Phase-averaged velocity fluctuations and coherent momentum 

The phase-averaged velocity �̃�∗ and  �̃�∗ are given in Figures 5-7 and 5-8 respectively 

and the maximum concentration are summarized in Table 2. The  contours in the bare 

cylinder wake are similar to that reported by Wang et al. (2011) and Zhou et al. (2010) 

at similar Reynolds number and need not to be discussed further. Briefly, the 

�̃�∗contours (Figure 5-7) display approximate up-down antisymmetry about the vortex 

centre while the �̃�∗ contours (Figure 5-8) display antisymmetry about 𝜙 = 0 in the bare 

cylinder wake. As expected for the bare cylinder, the centres of the �̃�∗ contours are 

located in the vicinity of 𝑦∗ = ±1 , while the �̃�∗ contours are in the vicinity of 𝑦∗ = 0. 

The maximum concentrations for both �̃�∗ and �̃�∗ decrease monotonically as evolving 

downstream (Table 2) due to vortex decay. The antisymmetry of the �̃�∗ contours as that 

of the bare cylinder is absent in the shrouded cylinder wake at 𝑥∗ = 5, but the 

�̃�∗contours show antisymmetry with respect to 𝜙 = 0 , which is obviously associated 

with the shear layer vortices. Both the maximum contour values of  �̃�∗ and �̃�∗ at 𝑥∗ = 5  

are about 80% lower than that of their counterparts in the bare cylinder wake. The 

antisymmetry of the �̃�∗and �̃�∗ contours at 𝑥∗ = 10 is also apparent although strong 

vortex strength comparable to that in the bare cylinder wake is already evident at this 

location. The approximate antisymmetry of the �̃�∗ and �̃�∗ contours as that observed in 

the bare cylinder wake seems to be discernible at 𝑥∗ > 10 and the contours become 

more regular at 𝑥∗ > 20. It can be observed that the maximum contour values increase 

from 𝑥∗ = 5 to 10 before gradually decrease farther downstream (Table 2), marking the 

existence of a critical location for the vortex formation as discussed in the lateral 

profiles of the rms velocities. The increase is more significant for �̃�∗ (by 200% from 

𝑥∗ = 5 to 10) than that for �̃�∗. The concentrations decrease from 𝑥∗ = 10 for �̃�∗ and 

from 𝑥∗ = 20 for �̃�∗. Interestingly, the concentration values at  𝑥∗ = 10 and 𝑥∗ = 20 

vary as little as 4-6%, before decayed considerably at 𝑥∗ = 40.  
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The coherent �̃�∗�̃�∗ contours in Figure 5-9 for the bare cylinder wake display the well-

established clover-leaf pattern about the vortex center as reported previously 

(Matsumura and Antonia, 1993; Zhou and Antonia, 1995), especially at 𝑥∗ = 5 and 10. 

Again, the �̃�∗�̃�∗ contours for the shrouded cylinder wake exhibit a totally different 

pattern at 𝑥∗ = 5, apparently linked to the weak vortical motion. The maximum 

concentration is only about 7% of its counterpart of the bare cylinder. At 𝑥∗ = 10, the 

negative and positive �̃�∗�̃�∗ are predominant at 𝑦∗ > 0 and 𝑦∗ < 0, respectively. The 

maximum concentrations at 𝑥∗ = 10 is comparable with that of the bare cylinder wake, 

suggesting the increased vortex strength in the shrouded cylinder wake. For 𝑥∗ ≥ 20, a 

similar olive-leaf pattern as that depicted in the bare cylinder wake is discernible. Same 

as the trends shown in Figures 5-7 and 5-8, the maximum coherent �̃�∗�̃�∗ concentrations 

reveal a monotonic decreasing trend in the bare cylinder wake, whereas they increase 

and then decrease in the shrouded cylinder wake, reflecting the differences in vortex 

formation process and region in the two wakes. It seems that the shrouded cylinder 

wake can be divided into two distinct regions, one is the growth of shear layer vortices 

into a large-scale vortex structure, and the other is the decaying region of the large-scale 

structures, a behaviour similar to that observed in a single screen cylinder wake Azmi et 

al. (2015), albeit the decay of vortices is significantly slower in the latter due to the 

weak interactions between the opposite signed vortices.  

 

5.4.5 Coherent and incoherent contributions to Reynolds stresses 

To examine the contributions of the coherent structures make to the Reynolds stresses, 

time-averaged Reynolds stresses, as well as their coherent and incoherent contributions, 

in both cylinder wakes are given in Figures 5-10 and 5-11, respectively. The bare 

cylinder data are in good agreement with those reported previously (Wang et al., 2011; 
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Zhou et al., 2010), thus providing a validation of the present measurement. The time-

averaged profiles are either quite symmetrical or antisymmetrical about 𝑦∗ = 0, for both 

wakes. There are significant differences between the two wakes at 𝑥∗ = 5. Firstly, the 

maximum values of 𝑢∗2̅̅ ̅̅  , 𝑣∗2̅̅ ̅̅  and 𝑢∗𝑣∗̅̅ ̅̅ ̅̅  in the shrouded cylinder wake are 0.018, 0.012 

and 0.0046, respectively, considerably lower than their counterparts of 0.039, 0.13 and 

0.0089 in the bare cylinder wake (Table 2). Secondly, while �̃�∗2̿̿ ̿̿̿ shows a single peak in 

the bare cylinder wake, it displays a twin-peak distribution in the shrouded cylinder 

wake, owing to the occurrence of the shear layer vortices. Lastly, since the strength of 

the vortices in the shrouded cylinder wake at 𝑥∗ = 5 are weak, their coherent 

contributions to 𝑢∗2̅̅ ̅̅  , 𝑣∗2̅̅ ̅̅  and 𝑢∗𝑣∗̅̅ ̅̅ ̅̅  are only apparent at 𝑦∗ ≈ 1 and essentially 

negligible elsewhere, in contrast to the significant coherent contributions in the bare 

cylinder wake.  

 

At 𝑥∗ = 10 of the shrouded cylinder wake, the coherent contributions become 

significant. The maximum time-averaged values of 𝑢∗2̅̅ ̅̅  , 𝑣∗2̅̅ ̅̅  and 𝑢∗𝑣∗̅̅ ̅̅ ̅̅  increase 

appreciably from 𝑥∗ = 5 to 10 (or 20 for 𝑣∗2̅̅ ̅̅ ) before decrease thereafter.  The change 

from the shear layer vortices to the large-scales vortex structures enhances the flow 

fluctuations, evidenced by the increased 𝑢∗2̅̅ ̅̅  and 𝑣∗2̅̅ ̅̅  at 𝑥∗ = 10, thus causing an 

increased mixing. The coherent contribution accounts most for  𝑣∗2̅̅ ̅̅  and 𝑢∗𝑣∗̅̅ ̅̅ ̅̅  at 𝑥∗ =

10 and remains significant at 𝑥∗ = 20 in the shrouded cylinder wake; in contrast, this 

contribution depletes appreciably with 𝑥∗ in the bare cylinder wake. Clearly, the 

coherent fluctuations dominate the flow, especially the lateral fluctuations, where the 

maximum �̃�∗2̿̿ ̿̿̿ is about twice that of the incoherent fluctuations 〈𝑣𝑟
∗2̿̿ ̿̿̿〉 at 𝑥∗ = 10 and 20. 

For the bare cylinder wake, the maximum �̃�∗2̿̿ ̿̿̿ is three times that of  〈𝑣𝑟
∗2̿̿ ̿̿̿〉 at  𝑥∗ = 5 

and twice at 𝑥∗ = 10 , suggesting a more energetic vortex structure in the bare cylinder 
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wake than that in the shrouded cylinder wake.  

 

The streamwise variation of the coherent contribution can be quantified by the 

dependence of the ratio 𝛽�̃�̿̿̿̿  / 𝛽𝛾̅̅̅̅  on 𝑥∗, where 𝛽 and 𝛾 represent 𝑢 and/or 𝑣 (Zhou et al., 

2002). Since this ratio varies with 𝑦∗, we define an averaged contribution ( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚, 

from the vortical structures across the flow as:  

 

 
( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 = ∫ |𝛽�̃�̿̿̿̿ | 𝑑𝑦∗ 

∞

−∞

∫ |𝛽𝛾̅̅̅̅ |𝑑𝑦∗ 
∞

−∞

⁄  
    (5-4) 

 

The calculated values of ( �̃��̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 are given in Table 2. The values are internally 

consistent with the results for 𝛽𝛾̅̅̅̅ , 𝛽�̃�̿̿̿̿  and 〈𝛽𝑟𝛾𝑟
̿̿ ̿̿ ̿̿ 〉 in Figures 5-10 and 5-11. Generally, 

(�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 is larger than (�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 for both wakes. At 𝑥∗ = 5, (�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

, (�̃�2̿̿ ̿ /

 𝑣2̅̅ ̅)
𝑚

and (�̃��̃�̿̿̿̿  / 𝑢𝑣̅̅̅̅ )
𝑚

 for the shrouded cylinder wake are about 86%, 72% and 74% 

lower than their counterparts in the bare cylinder wake. The incoherent contribution 

accounts most for 𝑢2̅̅ ̅, 𝑣2̅̅ ̅and 𝑢𝑣̅̅̅̅ , signifying weak vortices at 𝑥∗ = 5. The values of 

( 𝛽�̃�̿̿̿̿ /𝛽𝛾̅̅̅̅ )𝑚 increase significantly up to 𝑥∗ = 10, and decrease gradually at 𝑥∗ = 20 and 

then considerably decrease at 𝑥∗ = 40. For instance, from 𝑥∗ = 10, (�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 drops 

only by 10% at  𝑥∗ = 20 but by 62% at 𝑥∗ = 40 in the shrouded cylinder wake. For the 

bare cylinder wake, from 𝑥∗ = 5, (�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 drops by 18%, 64%and 97% at 𝑥∗ = 10, 

20 and 40, respectively. It is obvious that the vortices in the bare cylinder wake contain 

more energy than that in the shrouded cylinder wake, reflected from the larger values of 

( �̃�2̿̿ ̿ / 𝑣2̅̅ ̅)𝑚 and (�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 in the former wake than that in the latter by comparing the 

values from the location where the strong vortices initially formed (i.e. 𝑥∗ = 10 for the 

screen shrouded cylinder). This is more evident in terms of the coherent to random 
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contribution ratios, (�̃�2̿̿ ̿ / 〈𝑢𝑟
2〉̿̿ ̿̿ ̿̿ ̿)

𝑚
 and (�̃�2̿̿ ̿ / 〈𝑣𝑟

2〉̿̿ ̿̿ ̿̿ )
𝑚

 (Table 2), where low level of 

random or incoherent turbulence indicates that the flow is highly ordered with much 

energy in the vortex street. This is different for (�̃��̃�̿̿̿̿  / 〈𝑢𝑟𝑣𝑟〉̿̿ ̿̿ ̿̿ ̿̿ )
𝑚

 at 𝑥∗ = 10 in the 

shrouded cylinder wake where it is larger than that at 𝑥∗ = 5 in the bare cylinder wake, 

probably attributed to the change from the near wake condition of the shear layer 

vortices to the large-scale ones at 𝑥∗ = 10 which caused an increased mixing in the 

shrouded cylinder wake. 

 

5.5 Conclusions 

The turbulent wake of a circular cylinder enclosed in a screen shroud has been tested in 

the streamwise range of 𝑥∗ = 5 − 40 to understand the effects of the shroud on vortex 

shedding and the wake vortical structures. The shroud is of 67% porosity with a 

diameter twice of that of the bare cylinder. The experimental data were analysed using 

the phase-averaged method by decomposing the velocity signals into the time-averaged, 

coherent and incoherent components. The main conclusions can be drawn as follows:   

(1)  The screen shroud delays the vortex formation to about 10d downstream which 

is about five times that of the bare cylinder wake. Vortex is strongly impaired 

immediately behind the shrouded cylinder (𝑥∗ = 5). Strong periodic vortices 

only appear at  𝑥∗ = 10 and persist downstream at a shedding frequency of 

about 40% lower than that of a bare cylinder wake. At 𝑥∗ = 5, the coherent 

contributions to 𝛽𝛾̅̅̅̅  in the shrouded cylinder wake are only apparent at 𝑦∗ ≈ 1 

and essentially negligible elsewhere, in contrast to the significant coherent 

contributions of that in the bare cylinder wake, signifying weak vortices in the 

former wake at this location. The coherent contributions to 𝑣2̅̅ ̅ and 𝑢𝑣̅̅̅̅   are 

significant at 𝑥∗ = 10 and remain dominant at  𝑥∗ = 20 for the shrouded 
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cylinder wake, a behaviour similar to that observed in the bare cylinder wake at 

 𝑥∗ = 5 and 10, albeit with smaller magnitudes in the former. 

(2) There exist two regions in the shrouded cylinder wake involving the growth of 

the small-scale vortices to the large-scale ones and the decay of the large-scale 

vortices, which is similar to that of a single screen cylinder wake (Azmi et al., 

2015), although the formation length is larger (up to 𝑥∗ = 40 ) and the decay is 

slower in the latter than that in the former. In the first region, the velocity 

fluctuations are much smaller than that in the solid cylinder wake. In the second 

region, vortices decay due to viscous effect and the interaction across the wake 

centreline, a similar decay mechanism to that in the bare cylinder wake, but with 

a slightly smaller decaying rate. 

(3) After the formation of the large-scale structures at 𝑥∗ = 10, both ( �̃�2̿̿ ̿ / 𝑣2̅̅ ̅)𝑚 

and (�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 are smaller than that in the bare cylinder wake at 𝑥∗ = 5, 

indicating that vortices in the shrouded cylinder wake contains less energy than 

that in the shrouded cylinder wake. These results clearly show that the screen 

shroud is effective in delaying the formation of the large-scale vortices and 

suppressing the vortex shedding intensity from a bare cylinder. These 

characteristics should make it useful as a VIV suppressor.  
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Table 5-1. Properties of the wake, vortices and phase-averaged quantities for the bare 

cylinder and the screen shrouded cylinder. 

       Bare cylinder  Shrouded cylinder 

 𝑥∗ = 5 10 20 40 5 10 20 40 

𝑈𝑜
∗ 0.21 0.22 0.23 0.16 0.89 0.49 0.23 0.16 

𝐿∗ 0.82 0.85 0.94 1.5 0.96 1.14 1.49 2.29 

𝑓∗ 0.2 0.2 0.2 0.2 0.24 0.12 0.12 0.12 

𝑦𝑐
∗ 

upper 0.1 0.3 0.6 0.7 0.8 0.6 0.6 0.4 

lower -0.2 -0.4 -0.5 -0.6 -0.8 -0.4 -0.4 -0.2 

𝑈𝑐
∗ 

upper 0.79 0.82 0.84 0.85 0.44 0.58 0.80 0.84 

lower 0.79 0.81 0.83 0.85 0.0.46 0.57 0.79 0.84 

�̃�𝑧
∗

𝑚𝑎𝑥
 

upper -1.8 -1.0 -0.4 -0.1 -1.0 -0.8 -0.5 -0.16 

lower 1.8 1.0 0.4 0.1 1.0 0.8 0.5 0.16 

|�̃�∗
𝑚𝑎𝑥| 0.25 0.18 0.07 0.023 0.06 0.15 0.14 0.05 

|�̃�∗
𝑚𝑎𝑥| 0.4 0.3 0.12 0.018 0.08 0.24 0.25 0.1 

|�̃�∗�̃�∗
𝑚𝑎𝑥| 0.06 0.03 0.005 0.0003 0.0045 0.025 0.021 0.003 
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Table 5-2. Maximum values of Reynolds stresses, averaged contributions from the 

coherent motion to the Reynolds stresses and coherent to random motion ratios. 

                                 Bare cylinder       Shrouded cylinder 

 𝑥∗ = 5 10 20 40 5 10 20 40 

|𝑢∗2̅̅ ̅̅
𝑚𝑎𝑥| 0.039 0.032 0.017 0.0062 0.018 0.030 0.024 0.018 

|𝑣∗2̅̅ ̅̅
𝑚𝑎𝑥| 0.13 0.077 0.023 0.0053 0.012 0.048 0.053 0.016 

|𝑢∗𝑣∗̅̅ ̅̅ ̅̅
𝑚𝑎𝑥| 0.0089 0.0057 0.0035 0.0016 0.0046 0.018 0.0066 0.0031 

(�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 (%) 51 33 13 1.3 6.7 36 22 7 

(�̃�2̿̿ ̿ / 𝑣2̅̅ ̅)
𝑚

 (%) 67 55 24 1.4 19 58 52 22 

(�̃��̃�̿̿̿̿  / 𝑢𝑣̅̅̅̅ )
𝑚

 (%) 46 34 14 1.5 12 59 44 10 

(�̃�2̿̿ ̿ / 〈𝑢𝑟
2〉̿̿ ̿̿ ̿̿ ̿)

𝑚
 1.04 0.49 0.15 0.01 0.07 0.57 0.28 0.08 

(�̃�2̿̿ ̿ / 〈𝑣𝑟
2〉̿̿ ̿̿ ̿̿ )

𝑚
  2.03 1.22 0.32 0.01 0.23 1.39 1.09 0.29 

(�̃��̃�̿̿̿̿  / 〈𝑢𝑟𝑣𝑟〉̿̿ ̿̿ ̿̿ ̿̿ )
𝑚

  0.85 0.52 0.16 0.02 0.14 1.46 0.79 0.11 
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Figure 5-1. Co-ordinate system, wake profile, probe arrangement and the screen 

shrouded cylinder. 

. 

 

Figure 5-2. Signal v from the movable probe and vR from the reference probe at 

downstream locations of x*=10. The dashed line represents the filtered signal vf. 
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Figure 5-3. Lateral profiles of the time averaged velocity and the root-mean square 

(rms) velocities in the bare cylinder wake (a;c;e); and in the shrouded cylinder wake 

(b;d;f). 
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Figure 5-4. Energy spectra v in the wake of (a) the bare cylinder measured at y*=0.5; 

(b) the shrouded cylinder at y*≅1.0 and (c) the shrouded cylinder at x*=5. 
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Figure 5-5. Phase-averaged coherent vorticity *~
z  for the bare cylinder wake (first row) 

and the screen-shrouded cylinder wake (second row). The foci and the saddle points are 

denoted by ‘+’ and ‘×’, respectively. 

 

 

Figure 5-6. Phase-averaged sectional streamlines for the bare cylinder wake (first row) 

and the screen-shrouded cylinder wake (second row). 
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Figure 5-7. Phase-averaged velocity *~u for the bare cylinder wake (first row) and the 

screen-shrouded cylinder wake (second row). 

 

 

 

Figure 5-8. Phase-averaged velocity *~v for the bare cylinder wake (first row) and the 

screen-shrouded cylinder wake (second row). 
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Figure 5-9. Phase-averaged Reynolds shear stress **~~ vu for the bare cylinder wake (first 

row) and the screen-shrouded cylinder wake (second row).
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Figure 5-10. Coherent (○) and incoherent (Δ) contributions to time-averaged (●) 

Reynold stresses for the bare cylinder wake. 

 

 

Figure 5-11. Coherent (○) and incoherent (Δ) contributions to time-averaged (●) 

Reynold stresses for the screen-shrouded cylinder wake. 
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Conclusions and recommendations 

 

6.1 Summary of Findings 

Experimental studies on turbulent structures in the wakes of a screen cylinder (of 67% 

porosity) and a screen shrouded cylinder were carried out and discussed in this thesis. 

Enhanced understanding on the vortex shedding process, turbulent structures and 

momentum transport behind the cylinders has been acquired. General conclusions are 

summarised as follows. 

1. In Chapter 2, the most basic properties about the screen cylinder wake itself was 

investigated in terms of their statistical characteristics. The streamwise evolution 

of the Reynolds stresses, velocity spectra and cross-correlation coefficients 

indicated that there exists a critical location which classified the screen cylinder 

wake into two regions over the measured streamwise range of 𝑥∗ = 5 − 60. The 

root-mean-square values of the Reynolds normal stresses on the centreline of the 

screen cylinder wake increased linearly towards the self-preserving state, while 

those of the solid cylinder wake decreased significantly. The shifting of the peak 

frequency on the energy spectra towards lower values with downstream location 

signified a vortex merging process, a similar behaviour to that found in a screen 

strip wake. The increase of the cross-correlation coefficients between two 
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velocity signals 𝑣1 and 𝑣2 and the spanwise correlation length with downstream 

distance indicated the transition from the small-scale shear layer vortices to the 

large-scale vortices in the screen cylinder wake. The maximum increasing rate 

of the spanwise correlation length occurred at 𝑥∗ = 20, which may mark the 

initial interaction between the shear layers at this location.  

2. Further investigation on the coherent structures in the screen cylinder wake 

was presented in Chapter 3 by using phase-averaging method at the same 

measurement locations (𝑥∗ = 5 − 60) and Re as that in Chapter 2. The 

differences in structures and formation mechanism of the vortices in the 

wakes of a solid cylinder and a screen cylinder were quantitatively reflected 

by the phase shift at the shedding frequency between 𝑢 and 𝑣. The phase shift 

was between 120° to 180° in the screen cylinder wake while it was near 90° 

in the near-wake of the solid cylinder. Structures in the screen cylinder wake 

alternate above and below the centreline and are separated by a core region, 

similar to that in the screen strip wake. Interestingly, these structures were also 

qualitatively similar to those of the solid cylinder far-wake reported by 

Antonia et al (1987). In the near wake of the screen cylinder, small-scale 

vortices were formed in the shear layers as a result of Kelvin-Helmholtz 

instability. When evolving downstream, these shear layer vortices merged, 

grew in size and decreased in frequency. For about 𝑥∗  20, the size of the 

vortices in the shear layers were large enough and they interacted with each 

other across the centreline, forming the large-scale coherent structures. These 

structures were most pronounced at 𝑥∗ = 40, indicating the complete 

formation of the large-scale vortices. Thereafter, vortices decayed gradually 

compared with those in the solid cylinder wake, i.e. decay by only about 25% 

from 𝑥∗ = 40 to 60 in the former, in comparison to a decay of about 85% 
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from 𝑥∗ = 10 to 40 in the latter. The transport of vorticity showed that 

vortices in the solid cylinder wake interacted vigorously with those across the 

wake centreline, which greatly accelerated its decay, while the vorticity 

exchange across the adjacent vortex border was weak in the screen cylinder 

wake, implying the longer persistence of the large-scale structures in the 

screen cylinder wake. The coherent motion transferred momentum much 

stronger downstream than upstream of the vortex centre in the screen cylinder 

wake whereas momentum transfer occurred evenly upstream and downstream 

of the vortex structures in the solid cylinder wake. The values of ( �̃��̃�̿̿ ̿̿ /𝛽𝛾̅̅̅̅ )𝑚 

were substantially lower in the screen cylinder wake (2.5% ~ 23%) than that 

in the solid cylinder wake (9% ~ 53%) at 𝑥∗ = 10 and 20. The latter 

decreased rapidly from 𝑥∗ = 10 to 40, whilst the former increased until 𝑥∗ =

40 and then decreased at a much slower rate compared with the former. This 

result conforms the two regions of vortex structure evolution in the screen 

cylinder wake which involve the growth of shear layer vortices and the slow 

decay of the large-scale vortices in comparison to the rapid decay of vortices 

throughout the solid cylinder wake.  

3. In Chapter 4, the streamwise evolution of the velocity and vorticity 

characteristics of a screen cylinder was analysed using the wavelet 

multiresolution method. The wavelet multiresolution method is a linear 

decomposition process to convert a signal into a sum of a number of wavelet 

components of different scales. The velocity and vorticity signals were 

decomposed into 17 wavelet levels where higher wavelet levels correspond to 

lower frequency bands or larger scale structures while lower wavelet levels 

correspond to higher frequency bands or smaller-scale structures. In the screen 

cylinder wake, it was shown that at 𝑥∗ = 10, the intermediate- and the 
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organized structures were comparably energetic, while at 𝑥∗ ≥ 20, the 

organized structures increased in strength until 𝑥∗ = 40, followed by a slow 

decay thereafter. The organized structures (level 6) gave the most significant 

contributions to the Reynolds stresses at 𝑥∗ ≥ 20, with the highest contribution 

to 〈𝑣2〉𝑚𝑎𝑥 occurring at 𝑥∗ = 40 (54%). The highest contributions to 〈𝜔𝑧
2〉𝑚𝑎𝑥 

came from the intermediate-scale structures (levels 4 and 3), with a combined 

contribution of about 50%, indicating that vorticity mostly resided in the 

intermediate-scale structures whereas structures at level 6 contributed only about 

10% to 〈𝜔𝑧
2〉𝑚𝑎𝑥. In comparison to that in the solid cylinder wake, the large-

scale structures (of levels 7 and 6) were the two most energetic structures 

throughout the wake, where the strength of these structures was largely 

enervated at 𝑥∗ = 40. The most dominant contributors to the Reynolds stresses 

were from structures of levels 7 and 6 throughout the solid cylinder wake even 

though the contribution from level 7 dropped significantly by about 50% at 𝑥∗ =

40 where the intermediate-scale structures started to dominate. The small-scale 

structures (levels 3 and 2) jointly contributed the most to the spanwise vorticity 

variance at 𝑥∗ = 10 (about 47%), but thereafter, structures at level 3 dominated 

and contributed the most (about 30%). The large-scale structures (level 7 and 6) 

contributed about 15%-20% to 〈𝜔𝑧
2〉𝑚𝑎𝑥 throughout the solid cylinder wake. 

The above results clearly depicted the interaction between the different scale 

vortical structures that resulted in the different formation mechanism of the 

organized structures in the two wakes.  

4. A study on vortex shedding suppression using a screen shroud was presented in 

Chapter 5. A bare circular cylinder was concentrically attached with a screen 

cylinder of 67% porosity, where the diameter ratio between the two cylinders 

was 2.0. The screen shrouded cylinder was tested in a wind tunnel at Re=7000 
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based on the inner cylinder diameter, d. It was shown that the shrouded cylinder 

resulted in weakened vortex shedding in the near wake (𝑥∗ = 5) where the 

maximum vorticity was reduced by 40% compared to the strong vorticity of the 

bare cylinder near-wake, at the same streamwise location. The vortex formation 

region was extended to about 10d in comparison to that of a bare cylinder of 2d. 

The large-scale vortex structures were only apparent at 𝑥∗ ≥ 10, occurring at a 

shedding frequency of about 60% of the Strouhal frequency in a bare cylinder 

wake. The maximum concentrations of the coherent Reynolds stresses contours 

at 𝑥∗ = 5  were more than 80% lower than that of their counterparts in the bare 

cylinder wake due to weak vortex strength. After the formation of the large-scale 

structures at  𝑥∗ = 10, both ( �̃�2̿̿ ̿ / 𝑣2̅̅ ̅)𝑚 and (�̃�2̿̿ ̿ / 𝑢2̅̅ ̅)
𝑚

 were smaller than that 

in the bare cylinder wake at  𝑥∗ = 5, indicating that vortices in the shrouded 

cylinder wake contains less energy than that in the solid cylinder wake. These 

results clearly showed that the screen shroud is effective in delaying the 

formation of the large-scale vortices and suppressing the vortex shedding 

intensity from a bare cylinder. These characteristics should make it useful as a 

VIV suppressor.  

 

This study is just a first attempt to open new potentials for screen cylinder flow 

application and vortex shedding suppressors from a circular cylinder of the screen 

shroud type. A real application would need many rounds of investigations in optimising 

the device. It is hoped that the results presented here offer some insight into future 

studies.  
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6.2 Recommendations for Future Research 

According to the literature review and the present studies, several recommendations for 

future work are drawn as below: 

1. The flow in the near wake region (x/d < 5) of the screen cylinder and the screen 

shrouded cylinder should be studied in the future for a complete understanding 

of the shear layers dynamics, the buffer region and the shedding process in the 

formation region.  

2. This study did not examine the effects of Reynolds number on the turbulent 

structures and vortex formation process behind the screen cylinder and the 

screen shrouded cylinder. Such comparisons are recommended to understand the 

Reynolds number dependency behind such flows. 

3. Various screen cylinders of different geometry (porosity, wire thickness, hole 

size etc.) need to be studied to improve our understanding on the effect of these 

geometries on the vortex shedding process behind the screen cylinder and the 

screen shrouded cylinder. The contributions of the different length scales to the 

wake dynamics may be summarized in terms of a non-dimensional number at 

various cylinder gap-ratios (for the shrouded cylinder case).  

4. All experiments have been done in a wind tunnel. It may be interesting to 

perform the experiments in a water tunnel as results may vary between both air 

and water medium, especially when VIV is concerned.  

 

 




