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Porous coated cylinders have been shown to reduce the vortex shedding tone and broadband
noise of a bare cylinder placed in uniform flow within specific Reynolds number regimes. The
processes by which the vortex shedding and thus tone suppression take place are still uncertain
despite numerous numerical and experimental studies. It is understood that adding a porous
medium to a bare cylinder will have an influence on the Reynolds number of cylinder, yet
the increase of outer diameter alone and the influences of surface roughness are insufficient
to explain the changes in the shedding tone magnitude and frequency that are observed by
many. Investigating the internal flow field of a porous coated cylinder could lead to a deeper
understanding of the flow processes that result in the tonal noise reduction. This has not
been achieved to date, as commonly used materials such as metal foam and polyurethane
possess randomized porous structures, which make investigating the internal flow field nearly
impossible without affecting the structure itself. This paper presents a preliminary analysis of
the internal and external flow fields of two structured porous coated cylinders. The cylinders
were manufactured using solid transparent materials that possess direct lines of sight through
the pores in the axial and spanwise directions. Such structured porous coated cylinders have
been previously successful in reducing the typical vortex shedding tone. Tomographic and
2-D planar Particle Image Velocimetry (PIV) were used in a water-tunnel facility to visualize
the internal and external flow fields. To date only the 2-D planar PIV results have been
post-processed that reveal differences in the wake for the two different cylinder types such as
recirculation of flow around the pores. Vorticity flow structures are observed to vary along the
cylinder span in the same pattern as the porous structure and streamlines at the windward
cylinder side reveal the entry of flow into the porous medium.

Nomenclature

d = bare cylinder diameter (mm)
D = porous coated cylinder outer diameter (mm)
f = acoustic frequency (Hz)
L = cylinder span (mm)
Re = Reynolds number
Remax = Maximum Reynolds number
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St = Strouhal number
t = porous coating thickness (mm)
U = freestream flow velocity (m/s)
Ux = freestream flow velocity in the x-direction (m/s)
VSPCC = porous coated cylinder volume (mm3)
VSC = equivalent solid cylinder volume (mm3)
x; y; z = local coordinate directions
� = angle between the camera lens and the laser sheet (°)
� = cylinder circumferential angle (°)
� = porosity (%)
!y = vorticity about the y-axis (1/s)

I. Introduction

Passive flow control methods for cylinder bodies have become increasingly important for commercial and industrial
applications such as parts of high speed train pantographs [1] and aircraft landing gear [2]. The flow-induced noise

of a bare cylinder is composed of tonal and broadband noise [1] which can pose as a simplistic representation of typical
noisy engineering components due to aeroacoustic interaction, such as a wind turbine pylon or a landing gear strut.
The analysis of a single porous coated cylinder to approximate a high speed train pantograph component has also been
shown to decrease the magnitude of tonal noise and decrease the tones frequency [3]. Geyer and Sarradj [4] observed
that porous coating of a cylinder actually in some flow conditions strengthened the vortex shedding tone but decreased
much of the broadband noise. Their more recent numerical simulations [5] agree with their experimental data. It should
be noted that they used far less porous materials than the aforementioned literature. An interesting observation is that
Sueki et al. [1] experimentally showed that the material type (i.e., comparing a Metal Foam Porous Coated Cylinder
(MFPCC) to a Polyurethane Porous Coated Cylinder (PPCC)) had little or no impact on the measured noise reduction,
thus showing that the porous material thickness, porosity and spacings of the pores were of greater importance in tonal
and broadband noise reduction. Furthermore, suitable application of a porous coating to the cylinder leeward surface
can lead to a significant reduction of drag as compared to a bare cylinder [6].

Arcondoulis et al. [7] calculated the average quantities pertaining to porous coated cylinders obtained from the
literature, as of 2017; porous cover thickness to bare cylinder diameter ratio, t~d � 0:22, average minimum Reynolds
number of � 0:8 � 105 and an average maximum Reynolds number of � 1:5 � 105. The majority of studies employ
cylinders with a porous cover thickness to bare cylinder diameter ratio, t~d, of 0.1 to 0.5 and within Re = 0:1 � 105 to
2 � 105. The important properties of porous media include the numbers of Pores Per Inch (PPI) and the porosity, �, (as a
percentage of the porous media volume with respect to a solid equivalent). The typical experimentally investigated
PPI range, using metal foam and polyurethane for porous coated cylinders, is from 10 PPI to 30 PPI [1, 8–10], with
significant vortex shedding tone reduction observed using 10 PPI materials [9, 10].

Several studies investigating the wake of a porous coated cylinder have been presented. Zradkovich [11] and Sueki
et al. [8] applied a porous coating to the cylinder surface, revealing that a prolonged wake could minimize the lift and
drag force fluctuations acting on the cylinder and that the wake of the porous coated cylinder is predominantly zero
velocity. Aguiar et al. [9] observed that a more stabilized wake and a significant reduction in pressure drag coefficient
occurs when treating a bare cylinder with a porous coating. Despite the growing understanding of the porous coated
cylinder wake, few studies have been conducted to understand the internal flow field of a porous coated cylinder. This is
important, as understanding the internal flow field leads to new porous coated cylinder designs that can be used to reduce
drag, vortex induced vibration abd vortex shedding noise. Furthermore very few studies exist regarding the fundamental
fluid mechanics properties of porous coated cylinders, such as the spanwise coherence length. Liu and Azarpeyvand
[12] showed using delayed detached eddy simulations (DDES) at Re � 1:66 � 105 that there was a negligible decrease of
spanwise coherence of pressure fluctuations within six-diameters of the cylinder spanwise center, at circumferential
angles of � = 45° and 135°. They compared this to their results of a bare cylinder possessing a spanwise coherence
length of approximately three-diameters, agreeing with experimentally obtained data [13, 14].

Arcondoulis et al. [7] designed a Structured Porous Coated Cylinder (SPCC), such that a clear line of sight is
possible along the cylinder span and also from the outer porous coated cylinder surface into the internal solid cylinder.
They showed that the tone suppression and frequency shift were very similar to PPCCs and MFPCCs with similar
porosity and PPI. Figure 1 helps show the differences in porous structures typically used to treat cylinders for passive
flow control. Due to the similar acoustic behavior of the SPCC relative to the randomized porous structures [7], it is
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Fig. 1 Examples of porous coated cylinder types, illustrating the differences in porous coating structures that
are used to treat cylinders as a form of passive noise control (from left to right: SPCC, MFPCC and PPCC).

hypothesized that the internal and external flow fields of these two different porous coated cylinder types should be very
similar. The external flow field is relatively simple to compare for both cylinder types, by investigating time-averaged
velocity profiles, linear instability analysis in the wake and turbulent kinetic energy levels. The internal flow field,
however, is not simple to compare between the two cylinder types. The internal flow field of a structured porous
coated cylinder could potentially be determined by carefully inserting a miniature hot-wire anemometry probe into the
porous coated structure; however, near the internal solid surface reverse flow may occur and will thus be incapable
of accurately measuring a boundary layer profile in these regions. The internal flow within the randomized porous
medium is extremely difficult to measure without modifying the porous structure and thus affecting the flow behavior. It
is believed that these difficulties have led to very few publications regarding the fundamental fluid mechanics properties
of the internal flow field of a porous coated cylinder. Naito and Fukagata [15] presented numerically obtained boundary
layer profiles within a porous layer, using a Brinkman-Forchheimer extended Darcy model approximation. They show
on the bare cylinder surface that there exists a slip velocity and at some Reynolds numbers, reverse flow near the cylinder
surface. Bruneau and Motazavi [16] developed a numerical method to simulate fluid flows within porous regions, which
they used to show a significant decrease in vortex induced vibrations for several industrial and commercial applications.
At low-Reynolds numbers Xue et al. [17] conducted a numerical investigation of 3-D flow through a single pore of
open cell metal foam, revealing the internal flow field within a single pore yet it is difficult to determine the influence
of the cylindrical geometry on the internal flow field as compared to a single, isolated pore. Despite these numerical
simulations, there are no experimental data to verify these results.

In this paper, two similar SPCC designs are tested in a water tunnel using Tomographic and 2-D planar Particle
Image Velocimetry (PIV). Both elliptical-shaped and square-shaped SPCC designs are investigated. By manufacturing
the SPCCs using a transparent solid material, some of the internal flow field near the outer diameter is visualized and
quantified. Unfortunately due to time limitations, only the 2-D planar PIV data are presented in this paper, yet the
tomographic methodology used to obtain these data are discussed in detail and will be investigated as future work. The
2-D planar PIV tests reveal differences in the external flow fields of the two cylinders in the near wake. The investigation
of the flow field on the windward side reveals that some of the flow indeed passes through the porous coating yet a
typical solid cylinder streamline pattern is also observed around the cylinder, from circumferential angles of � = 0° to
90°. The vorticity along the span on the windward side reveals an alternating negative-to-positive pattern that has a
spacing matching the pore spacing, which likely indicates the penetration of the flow field into the cylinder along the
cylinder mid-plane. Despite that the majority of the data has not been processed to date, this paper still reveals insight
into some of the internal and external flow fields of structured porous coating cylinders. By adjusting the porosity, PPI
and pore structure (i.e., elliptical and square-shaped pores), the near-wake of the SPCC shows some changes in the
localized flow field that may impact the wake and therefore the overall vortex shedding mechanism. Post-processing the
tomographic PIV data and interpreting the results is future work.
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