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	 This	 paper	 investigates	 the	 effects	 of	 permeable	 cylinder	 on	 vortex	 shedding	
downstream	of	the	permeable	cylinder	in	deep	water	flow	by	PIV	technique.	In	
order	to	reveal	the	effect	of	porosity	β	on	the	vortex	shedding,	the	permeable	
cylinder	having	four	different	porosities	(β	=	0.4,	0.5,	0.6	and	0.7)	with	a	diameter	
of	45	mm	have	been	used.	During	the	experiments,	 the	free‐stream	velocity	is	
U∞=	156	mm/s,	which	corresponds	to	the	Reynolds	number	of	Re=5000	based	
on	 the	 solid	 cylinder	 diameter.	 The	 experiments	 show	 that	 the	 permeable	
cylinder	is	effective	on	the	suppression	of	vortex	shedding	in	the	wake	region	for	
all	 porosities	 and	 in	 terms	 of	 the	 inner	 cylinder‐outer	 permeable	 cylinder	
arrangement,	it	is	understood	that	the	inner‐outer	cylinder	arrangement	having	
the	 diameter	 ratio	 of	 D/d=1.5	 is	 not	 effective	 on	 the	 attenuation	 of	 vortex	
shedding	 downstream	 of	 the	 inner	 cylinder‐outer	 cylinder	 arrangement	 as	
expected.		The	inner	and	outer	permeable	cylinders	behave	like	an	impermeable	
cylinder	having	the	diameter	of	D=45	mm	for	the	porosities	of	β	=	0.4,	0.5	and	
0.6.	The	suppression	of	the	large	scale	vortices	is	weak.	On	the	other	hand,	for	
the	porosity	β	=	0.7,	 the	peak	value	of	Reynolds	 shear	stress	drops	 to	0.0368	
which	 is	 less	 than	 that	 of	 the	 bare	 cylinder.	 The	 reduction	 of	  vu 	 	 is	
approximately	10%.	

© 2015 MIM Research Group. All rights reserved.	
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1.	Introduction	

The	phenomenon	of	vortex	shedding	from	bluff	bodies	has	been	a	challenging	interesting	
problem	 in	 fluid	 dynamics	 and	 engineering.	 Vortex	 shedding	 from	a	 bluff	 body	usually	
causes	to	serious	structural	vibrations,	acoustic	noise,	resonance	and	substantial	increases	
in	the	mean	drag	and	lift	fluctions	[1].	Though	there	have	been	numerous	studies	on	the	
vortex	shedding,	the	mechanism	of	vortex	shedding	has	not	yet	been	clearly	understood.	
Significant	efforts	have	been	made	to	mitigate	the	negative	effects	of	vortex	shedding	and	
various	 methods	 on	 the	 suppression	 of	 vortex	 shedding	 have	 been	 developed.	 These	
methods	can	be	categorized	into	two	main	techniques:	active	and	passive	controls.	Active	
control	methods	are	based	on	applying	some	sorts	of	external	energy	into	the	flow	field	
while	the	passive	control	techniques	control	the	vortex	shedding	by	modifying	the	shape	
of	 the	bluff	body	or	by	attaching	additional	devices	 in	 the	 flow.	Rotational	oscillaratory	
[14],	suction	and	blowing	[15,	16],	syntetic	jet	[17],	piezo	actuators	[18]	are	examples	of	
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active	control	methods	in	order	to	suppress	the	unsteady	flow	structure	of	bluff	body.	On	
the	other	hand,	splitter	plates,	small	rods,	roughness	elements,	helical	wires,	porous	and	
permeable	 materials	 as	 passive	 control	 techniques	 are	 applied	 to	 attenuate	 effects	 of	
vortex	 shedding.	 Among	 these	 control	 techniques,	 an	 external	 small	 element	 placed	
downstream	of	the	main	body,	was	studied	by	Strykowki	and	Sreenivasan	[2].	They	set	a	
significantly	 smaller	 circular	 cylinder	 parallel	 to	 the	 main	 circular	 cylinder.	 Vortex	
shedding	 from	 body	 sides	 of	 the	 main	 body	 can	 be	 suppressed	 at	 Reynolds	 numbers	
smaller	than	100.	Another	researcher	group,	Lee	et.al.	 [3]	used	the	small	control	rod	to	
control	the	vortex	shedding	behind	the	cylinder.	They	revealed	that	the	drag	coefficient	
and	wake	structure	changed	significantly	depending	on	pitch	distance	L	between	the	main	
cylinder	and	control	 rod.	Lim	and	Lee	 [4]	 investigated	 the	wake	region	behind	circular	
cylinders	fitted	with	0‐rings.	They	observed	that	the	vortex	formation	region	behind	the	
cylinder	elongated	and	the	width	of	the	wake	was	decreased.		

One	of	the	successful	methods	in	the	passive	control	methods	is	the	splitter	plate	to	control	
the	vortex	shedding	around	the	bodies	and	there	are	many	studies	on	the	splitter	plate	
placed	downstream	of	the	cylinders	in	the	literature.	Kwon	and	Choi	[5]	tried	to	the	control	
of	laminar	vortex	shedding	downstream	of	a	circular	cylinder	using	splitter	plates.	They	
revealed	 that	 the	 vortex	 shedding	 downstream	 of	 a	 circular	 cylinder	 completely	
disappeared	when	the	length	of	the	splitter	plate	was	longer	than	a	critical	length,	and	this	
critical	length	was	proportional	to	the	Reynolds	number.		Ozono’s	study	[6]	showed	that	
the	 vortex	 shedding	 could	 be	 suppressed	 even	when	 the	 splitter	 plates	were	 arranged	
asymmetrically	downstream	of	the	cylinder	and	the	length	of	splitter	plate	did	not	have	
much	effect	on	the	flow	structure	in	the	case	of	asymmetric	arrangement.	The	thickness	
effect	of	splitter	plate	on	the	suppression	of	vortex	shedding	was	investigated	by	Akilli	et	
al.	 [7].	They	revealed	 that	 the	change	 in	 the	splitter	plate	 thicknesses	did	not	have	any	
considerable	 effect	 on	 the	 flow	 structure.	 Gozmen	 et.al.[8]	 researched	 the	 effect	 of	 the	
splitter	 plates	 having	 different	 heights	 and	 lengths	 located	 in	 the	 wake	 region	 of	 the	
circular	cylinder	in	shallow	water.		Shukla	et.	al.	[9]	experimetally	investigated	the	effects	
of	 the	 flexiable	 splitter	plate	on	 the	vortex	 structure.	They	 found	 that	 the	 splitter	plate	
length	 (L)	 and	 the	 flow	 speed	 (U),	 the	 flexural	 rigidity	 (EI)	 of	 the	 splitter	 plate	 were	
important	parameters	to	control	the	flow.	

Another	method	of	passive	control	technique	is	the	usage	of	porous	and	permeable	devices	
in	 order	 to	 control	 the	 flow	 around	 bluff	 bodies.	 Sobera	 et	 al.	 [13]	 investigated	 flow	
structure	 at	 subcritical	 Reynolds	 number	 (Re=3900)	 around	 a	 circular	 cylinder	
surrounded	by	porous	 layer.	They	found	that	the	flow	in	 the	space	between	the	porous	
layer	and	the	solid	cylinder	was	laminar	and	periodic.	Moreover,	the	frequency	of	flow	was	
locked	 to	 the	 Strouhal	 frequency	 of	 vortex	 shedding	 in	 wake	 region.	 Bruneau	 and	
Mortazavi	[10]	focused	on	the	control	of	the	flow	around	a	fixed	cylinder	using	a	porous	
layer	between	the	obstacle	and	the	fluid.	They	showed	that	the	porous	layer	reduced	the	
shear	 effects	 in	 the	 boundary	 layer	 and	 change	 the	 structure	 of	 vortex	 shedding.	
Bhattacharrya	et	al.	[11]	studied	on	flow	structure	around	and	through	a	porous	cylinder.	
They	revealed	that	the	flow	field	was	steady	for	the	range	of	Reynolds	number	(1≤Re≤40)	
and	the	drag	force	decreased	monotonically	while	the	Reynolds	number	was	increasing	
and	 the	Da	was	decreasing.	Ozkan	et	 al.	 [20]	 carried	out	 an	 experimental	 study	on	 the	
control	of	flow	around	a	cylinder	surrounded	by	a	permeable	cylinder	in	shallow	water.		
They	proved	that	both	porosity	and	outer	cylinder	diameters	had	significant	effects	on	the	
attenuation	of	vortex	shedding		downstream	of	the	circular	cylinder	in	shallow	water.	The	
peak	 values	 of	 turbulent	 statistics,	 like	 turbulent	 kinetic	 energy	 (TKE)	 and	 Reynolds	
stresses	were	decreased	significantly	by	the	permeable	cylinder.	Pinar	et	al.	[21]	studied	
on	the	control	flow	around	the	perforated	cylinders	having	the	porosities	in	the	range	of	
0.1≤β≤0.8	with	 an	 increment	 of	 0.1.	 They	 depicted	 that	 the	 fluctuations	were	 reduced	
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dramatically	 in	the	wake	region	by	the	use	of	a	perforated	cylinders	and	the	 interval	of	
0.4≤β≤0.8	 for	 the	porosity	 could	be	 advised	 for	 effective	 suppression	of	KarmanVortex	
Street.	Bovand	et	al.	[22]	performed	a	numerical	study	on	flow	around	a	porous	circular	
cylinder	in	the	existence	of	a	cross	radial	magnetic	field.	This	study	was	different	from	the	
papers	on	the	porous	devices	mentioned	above	in	terms	of	the	used	method.	They	created	
a	magnetic	field	and	placed	a	porous	circular	cylinder	in	this	field.	They	showed	that	the	
Stuart	 number	 for	 disappearance	 the	 re‐circulating	 wake	 increased	 with	 increased	
Reynolds	number	for	both	porous	and	solid	cylinders.	Gozmen	and	Akilli	[12]	studied	on	
the	control	of	the	flow	around	a	circular	cylinder	surrounded	by	outer	permeable	cylinder	
in	deep	water.	The	results	of	this	work	indicated	that	both	the	porosity	and	the	diameter	
ratio	D/d	were	the	parameters	which	played	important	role	on	the	suppression	of	vortex	
shedding	downstream	of	the	cylinder	arrangement.	The	outer	permeable	cylinder	reduced	
the	wake	instabilities	and	vortex	shedding	around	the	cylinder	arrangement	depending	on	
the	porosity	and	the	diameter	ratio.	

The	objective	of	 this	paper	 is	 to	 investigate	experimentally	the	effects	of	 the	permeable	
cylinders	 of	 45	 mm	 diameter	 having	 different	 porosities	 on	 the	 vortex	 shedding	
downstream	 of	 the	 solid	 cylinder	 in	 deep	 water.	 Permeable	 cylinders	 used	 during	 the	
experiments	are	constructed	of	a	chrome‐nickel	wire	mesh	as	noncorrosive	material	since	
the	main	aim	of	this	study	is	to	control	the	vortex	shedding	around	or	downstream	of	the	
cylindrical	structures	under	water	like	bridge	piers.	To	obtain	velocity	field	information	in	
the	wake,	the	particle	image	velocimetry	(PIV)	technique	was	used.		

2.	Materials	and	Method	

Experiments	were	carried	out	in	a	water	channel,	having	dimensions	of	8,000	mm	x	1,000	
mm	x	750	mm,	located	at	Çukurova	University,	Fluid	Mechanics	Laboratory	of	Mechanical	
Engineering	Department,	Turkey.		

Experiments	were	performed	in	two	steps:	dye	visualization	experiments	and	PIV.	At	the	
first	step,	flow	visualization	experiments	were	carried	out	using	Rhodamine	type	dye	that	
shines	 under	 the	 continuous	 laser	 beam	 in	 the	 desired	 flow	 field.	 Visualization	 of	 the	
experimental	 results	was	 captured	with	 a	high	 speed	SONY	80X	handycam	 type	digital	
video	recorder.	In	the	second	step,	the	PIV	method	was	used	as	the	investigation	tool	to	
calculate	 instantaneous	 and	 mean	 velocity	 field	 behind	 a	 circular	 cylinder	 in	 order	 to	
understand	the	effect	of	the	permeable	cylinders	on	the	vortex	shedding	in	wake	region	as	
the	study	of	Gozmen	and	Akilli	[12].	Figure	1	shows	a	side‐view	of	the	experimental	system.	
The	 flow	 structures	 of	 a	 circular	 cylinder	with	 a	 diameter	 of	 d=30	mm	made	 from	 the	
transparent	plexiglass	material,	permeable	cylinder	made	of	a	chrome‐nickel	wire	mesh	
and	 the	 inner‐outer	 cylinder	 arrangement	 composed	 of	 	 the	 outer	 permeable	 cylinder	
concentrically	placed	around	the	inner	cylinder	were	researched.	In	this	study,	porosity	
was	defined	as	the	ratio	of	gap	area	on	the	body	to	the	whole	body	surface	area	(Fig.	2.)		
And	the	porosities	of	the	permeable	cylinder	were	selected	as	β=	0.4,	0.5,	0.6	and	0.7.	The	
ratio	of	permeable	cylinder	diameter	to	inner	cylinder	diameter,	D/d	was	selected	as	1.5,	
i.e.	 the	 inner	 cylinder	 diameter	 was	 d=30	 mm	 where	 the	 outer	 cylinder	 diameter	 is	
D=45mm	and	the	permeable	cylinder	was	concentrically	located	around	the	inner	cylinder.	
All	experiments	were	carried	out	above	a	platform	and	the	cylinder	was	placed	at	1750	
mm	from	the	 leading	edge	of	 the	platform	 in	order	 to	obtain	 fully	developed	boundary	
layer.		Total	depth	of	the	water	channel	was	adjusted	to	560	mm.	The	water	height	between	
the	base	of	platform	and	the	free	surface	(hw)	was	set	at	340	mm	The	flow	measurement	
was	performed	at	the	mid‐depth	of	the	water	between	the	base	of	platform	and	the	free	
surface	 (hL).	 The	 free‐stream	 velocity	 was	 U=	 156	 mm/s,	 which	 corresponds	 to	 the	
Reynolds	 number	 of	 Re=5000	 based	 on	 the	 solid	 cylinder	 diameter.	 This	 velocity	 was	
adjusted	by	a	centrifugal	pump	with	a	speed	control	unit.	
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Fig.	1.	Side	view	of	the	experimental	system	

Quantative	flow	images	were	acquired	and	processed	by	Dantec	Dynamic	PIV	system	and	
Flow	 Manager	 Software.	 A	 pair	 of	 double‐pulsed	 Nd:YAG	 laser	 units	 each	 having	 a	
maximum	energy	output	of	120mJ	at	532nm	wave	length	illuminated	the	measurement	
field.	 The	 thickness	 of	 the	 laser	 sheet	 illuminating	 the	 measurement	 plane	 was	
approximately	 2	 mm.	 An	 8	 bit	 cross	 correlation	 CCD	 camera	 with	 a	 resolution	 of	
1600x1200	pixels,	equipped	with	a	Nikon	AF	micro	60	f/2.8D	lens	captured	the	flow	fields.	
The	 camera	 and	 laser	 pulses	were	 triggered	with	 correct	 sequence	 and	 timing	 using	 a	
synchronizer.	 In	 the	 image	 processing,	 32x32	 pixels	 rectangular	 effective	 interrogation	
windows	were	used.	During	the	interrogation	process,	an	overlap	of	50	%	was	employed	
in	order	to	satisfy	Nyguist	criterion.	A	total	of	3844	(62x62)	velocity	vectors	were	obtained	
for	an	instantaneous	velocity	field	at	a	rate	of	15	frames	per	second.	For	all	experiments,	
two	views	one	after	the	other	were	taken	and	every	field	of	view	was	200x200	mm2.	The	
water	was	seeded	by	silver‐coated	hollow	glass	spheres	of	12	μm	mean	diameter	and	the	
density	 of	 the	 particles	 was	 1100	 kg/m3.	 The	 Stokes	 Number	 of	 the	 particles	 which	
provides	a	measure	of	the	ability	of	particles	to	track	the	flow	field	was	calculated	about	
1.83x10‐4	[12].	This	meant	that	the	particles	in	these	experiments	followed	the	streamlines	
completely.	In	each	experiment,	350	instantaneous	images	were	captured,	recorded	and	
stored	so	as	to	obtain	averaged‐velocity	vectors	and	other	statistical	properties	of	the	flow	
field.	In	current	study,	the	uncertainty	in	velocity	relative	to	the	depth‐averaged	velocity	
was	about	2%.	

	

Fig.	2.	Schematic	placement	of	inner	cylinder	and	outer	permeable	cylinder	
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3.	Results	

This	 section	presents	dye	visualization	 and	PIV	 results	 of	 the	bare	 cylinder,	 permeable	
cylinder	and	the	flow	structure	of	inner‐outer	permeable	cylinder	arrangement.	

3.1.	Dye	Visualization	

Figure	3	shows	dye	images	obtained	from	the	dye	visualization.	It	is	understood	that	the	
well‐known	 Karman	 Vortex	 Street	 occurs	 downstream	 of	 the	 bare	 cylinder.	 For	 the	
permeable	cylinder	having	the	porosity	of	β	=	0.4,	low	frequency	Karman	Vortex	Street	in	
comparison	with	that	of	the	bare	cylinder	forms	downstream	of	the	permeable	cylinder.	
On	the	other	hand,	for	the	porosity	of	β	=	0.7	Kelvin‐Helmholtz	instabilities	start	to	play	an	
important	role	in	the	shear	layers	instead	of	Karman	Vortex	Street.	Beside	this,	the	wake	
region	contracts	 in	the	cross‐stream	direction	since	the	open	area	on	the	surface	of	 the	
permeable	cylinder	is	too	large	to	prevent	the	flow	and	the	flow	rapidly	moves	streamwise	
direction	without	diffusing	into	the	permeable	cylinder.	At	the	last	row,	the	quantitative	
dye	images	of	the	inner	cylinder‐	outer	permeable	cylinder	arrangement	are	shown.	For	
the	cylinder	arrangement	having	the	permeable	cylinder	with	the	porosity	of	β	=	0.4,	well‐
known	Karman	Vortex	Street	occurs	downstream	of	the	cylinders	as	the	bare	cylinder	case	
since	 the	 outer	 permeable	 cylinder	 behaves	 like	 an	 impermeable	 cylinder	 with	 the	
diameter	of	45	mm.	For	the	porosity	of	β	=	0.7,	the	flow	structure	shows	a	bit	difference	
from	the	bare	cylinder	case.	The	flow	in	the	wake	region	forms	like	“S”	shape	as	a	result	of	
low	frequency	vortex	shedding.	The	occurrence	of	vortex	shedding	moves	away	from	the	
base	of	the	outer	permeable	cylinder.	

3.2.	PIV	Results	

3.2.1.	Bare	Cylinder	Case	

To	explain	the	flow	structure	downstream	of	the	bare	cylinder,	normalized	Reynolds	stress	
contours,	dimensionless	 turbulent	kinetic	 energy	 contours	and	 the	 streamwise	velocity	
contours,	respectively,	are	indicated	in	Figure	4.	The	Reynolds	stresses	directly	control	the	
dynamics	of	the	vortical	structures.	And	TKE,	which	is	directly	related	to	the	dynamics	of	
the	vortices	and	usually	used	as	the	measurement	of	 the	turbulence	mixing	[23]	can	be	
calculated	with	the	following	expression;	

〈 〉 〈 〉 																																																																																																																																																												(1)	

	

Fig.	3.	Instantaneous	dye	images	
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Both	minimum	and	incremental	values	of	the	contours	of	of	Reynolds	shear	stress	were	
taken	 ±0.002	 and	 0.002.	 As	 the	 solid	 lines	 present	 the	 positive	 (counter‐clockwise)	
Reynolds	shear	stresses,	the	dashed	lines	show	the	negative	(clockwise)	Reynolds	shear	
stresses.	This	figure	demostrates	that	both	the	positive	and	negative	Reynolds	shear	stress	
contours	 	 	 extend	 symmetrically	 along	 the	 centerline	 of	 the	 cylinder.	 The	 contours	 of	
Reynolds	shear	stress		  vu 	consist	of	both	small‐scale	clusters	located	in	the	vicinity	of	
the	base	of	the	cylinder	and	large	scale	clusters	located	just	downstream	of	the	small‐scale	
clusters	due	to	the	the	flow	entrainment	into	the	wake	region.	The	peak	value	of	Reynolds	
shear	stress	is	approximately	0.0405	and	it	occurs	in	the	first	field	of	view.	The	turbulent	
kinetic	energy	(TKE)	contours	presented	in	the	second	row	shows	that	the	location	of	peak	
value	of	TKE	coincides	with	the	location	of	peak	value	of	the	Reynolds	shear	stress	and	the	
peak	value	of	turbulent	kinetic	energy	is	0.138.		After	the	location	of	the	peak	value,	the	
turbulent	kinetic	energy	contours	dissipate	gradually	in	the	flow	direction.	The	last	row	
presents	the	contours	of	time‐averaged	streamwise	velocity	in	this	figure.	The	minimum	
and	incremental	values	of	 the	streamwise	velocity	contours	were	selected	as	±	5	and	5,	
respectively.		The	substantial	region	of	reverse	flow	is	clearly	seen	in	this	figure	as	a	result	
of	momentum	 transfer	 from	 the	 free‐stream	 flow	 into	 the	wake	 region.	The	 location	of	
negative	velocity	contours	is	approximately	1d	from	the	base	of	the	cylinder	and	the	peak	
value	of	negative	streamwise	velocity	is	nearly	0.121.	

	

Fig.	4.	The	flow	structure	downstream	of	bare	cylinder	case	(Both	minimum	and	
incremental	values	of	the	contours	of	TKE	were	taken	as	0.005in	this	figure)	
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3.2.2.	Permeable	Cylinder	Case	

The	flow	characteristics	of	permeable	cylinder	having	the	diameter	of	D	=	45	mm	for	the	
porosity	values	β	of	0.4,	0.5,	0.6	and	0.7	are	given	in	Figure	5.	This	figure	demonstrates	the	
contours	 of	 the	 normalized	 Reynolds	 shear	 stress	  vu 	 and	 the	 time‐averaged	
streamwise	velocity.	The	minimum	and	incremental	values	of	Reynolds	shear	stress	were	
selected	 as	 ±	 0.001	 and	 0.001,	 respectively.	 Furthermore,	 for	 the	 streamwise	 velocity	
contours,	the	minimum	and	incremental	values	were	taken	as	±	5	and	5,	respectively.	As	
all	 cases	 in	 this	 study,	 for	 both	 the	 contours	 of	 Reynolds	 shear	 stress	 	 	 and	 the	 time‐
averaged	 streamwise	 velocity,	 the	 solid	 lines	 and	 the	 dashed	 lines	 present	 positive	
(counter‐clockwise)	and	negative	contours,	respectively.	This	figure	shows	that	a	decrease	
in	 Reynolds	 stress	 which	 implies	 drag	 reduction	 in	 the	 wake	 region	 is	 obtained	 by	
permeable	cylinders.	The	peak	values	of	Reynolds	shear	stresses	for	porosity	values	of	β	=	
0.4	and	0.5	is	approximately	60	%	of	that	of	the	bare	cylinder.	For	the	porosity	of	β	=	0.70,	
the	peak	value	of			drops	to	0.0053	nearly	13	%	of	that	of	the	bare	cylinder.	This	means	that	
Reynolds	 shear	 stress	 substantially	 decreases	 with	 increasing	 the	 porosity	 as	 a	
consequence	of	enlarged	open	area	on	the	surface	of	the	permeable	cylinder.	The	contours	
of	streamwise	velocity	for	the	porosity	range	of	0.4	≤	β	≤	0.7	are	illustrated	at	the	right	side	
of	Figure	5.	For	all	porosity	values,	 the	reverse	flow	does	not	 form	in	the	fields	of	view	
while	the	peak	value	of	negative	streamwise	velocity	is	about	0.121	for	the	bare	cylinder	
case.	

	

Fig.	5.	Contours	of	normalized	Reynolds	shear	stress	and	time‐averaged	streamwise	
velocity	downstream	of	the	permeable	cylinder	for	all	porosity	values	β	of	the	

diameter	D=45	mm	
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3.2.3.	Inner	Cylinder‐	Outer	Permeable	Cylinder	Arrangement	

To	suppress	 the	vortex	shedding	downstream	of	 the	circular	 cylinder,	permeable	outer	
cylinder	having	 the	diameter	of	D=45	mm	was	 concentrically	 located	 around	 the	 inner	
cylinder.	Four	different	values	of	porosity	were	used	such	as	β	=	0.4,	0.5,	0.6	and	0.7.	In	
order	to	elucidate	the	effect	of	porosity	for	the	diameter	ratio	of	D/d=1.5,	the	contours	of	
normalized	Reynolds	shear	stress	and	streamwise	velocity	component		obtained	from	the	
PIV	experiments	are	presented	in	Figure	6.	This	figure	depicts	that	the	outer	permeable	
cylinder	cannot	suppress	concentration	of	downstream	of	 the	 inner	cylinder	except	 the	
porosity	of	β	=	0.7.		For	the	porosities	of	β	=	0.4,	0.5	and	0.6,	the	wake	region	downstream	
of	the	inner‐outer	cylinder	arrangement	extends	along	the	streamwise	direction	compared	
to	the	bare	cylinder	wake.	But	the	peak	values	of	Reynolds	shear	stress	increase	to	0.0458,	
0.472	and	0.0468,	respectively.	On	the	other	hand,	for	the	porosity	β	=	0.7,	the	peak	value	
of	Reynolds	shear	stress	drops	to	0.0368	which	is	less	than	that	of	the	bare	cylinder.	The	
reducton	of	Reynolds	shear	stress	is	approximately	10%.			

The	right	side	of	Figure	6	illustrates	the	streamwise	velocity	contours.	For	all	porosities,	
the	occurrence	of	reverse	flow	is	observed	in	the	first	field	of	view	for	all	porosities.	The	
location	of	reverse	flow	moves	upstream	with	increasing	the	porosity.	For	the	porosities	
of	β	<	0.7,	the	peak	value	of	negative	streamwise	velocity	is	decreased	remarkably	while	
the	peak	value	is	approximately	equal	to	that	of	the	bare	cylinder	for	the	porosity	of	0.7	

In	terms	of	the	turbulent	kinetic	energy	(TKE),	the	results	show	similarity	with	Reynolds	
shear	 stress	 and	 streamwise	 velocity	 component.	 The	 peak	 values	 of	 turbulent	 kinetic	
energy	for	bare	cylinder	and	the	inner	cylinder‐	outer	permeable	cylinder	arrangement	are	
given	in	Figure	7.	It	is	obviously	seen	that	for	the	porosities	smaller	than	β	=	0.7,	the	outer	
permeable	cylinder	does	not	have	dramatic	effect	on	the	attenuation	of	vortex	shedding	
downstream	 of	 the	 inner	 cylinder‐	 outer	 permeable	 cylinder	 arrangement.	 For	 these	
porosities,	 the	 peak	 values	 of	 TKE	 are	 greater	 than	 that	 of	 the	 bare	 cylinder.	 For	 the	
porosity	of	β	=	0.7,	the	peak	value	of	TKE	decreases	to	0.132,	less	that	of	the	bare	cylinder	
case,	as	a	consequence	of	suppression	of	unsteady	vortex	shedding.	

4.	Discussion	

To	represent	the	effects	of	the	permeable	cylinder,	the	flow	structures	in	the	wake	region	
of	 bare	 cylinder,	 permeable	 cylinder	 and	 inner‐outer	 permeable	 cylinder	 arrangement	
were	 investigated.	As	 the	well‐known	Karman	Vortex	 Street	 occurs	downstream	of	 the	
bare	cylinder,	low	frequency	Karman	Vortex	Street	compared	to	that	of	the	bare	cylinder	
forms	downstream	of	the	permeable	cylinder.	For	the	permeable	cylinder	case,	the	peak	
value	of	Reynolds	shear	stress	diminishes	gradually	as	 the	porosity	value	rises	and	 the	
minimum	value	of	streamwise	velocity	rises	since	the	momentum	transfer	from	the	open	
area	on	the	surface	of	the	permeable	cylinder	into	the	flow	behind	the	permeable	cylinder	
increases	as	a	consequence	of	enlargement	of	the	open	area.	Moreover,	the	location	of	the	
minimum	value	of	streamwise	velocity	immigrates	further	downstream	of	the	permeable	
cylinder	 as	 the	 porosity	 value	 increases.	 	 Additionally,	 for	 the	 porosity	 of	 β	 =	 0.7,	 the	
concentration	 of	 Reynolds	 shear	 stress	 disappears	 at	 the	 centerline	 of	 the	 permeable	
cylinder	along	the	flow	fields	while	the	contours	of	Reynolds	shear	stress		concentrate	in	
the	shear	layers	due	to	the	effectiveness	of	Kelvin‐Helmholtz	vortices.	In	terms	of	the	inner	
cylinder‐outer	permeable	cylinder	arrangement,	the	inner	and	outer	permeable	cylinders	
behave	like	an	impermeable	cylinder	having	the	diameter	of	D=45	mm	for	the	porosities	
of	β	=	0.4,	0.5	and	0.6.	The	open	area	on	the	surface	of	the	permeable	cylinder	is	too	narrow	
to	 let	 the	 flow	 in	order	 to	penetrate	 into	 the	wake	 region.	Therefore,	 the	magnitude	of	
Reynolds	 shear	 stress	 increases	 slightly	 compared	 to	 the	bare	 cylinder	 case	 and	at	 the	
same	 time,	 the	peak	 values	 of	 TKE	 are	 greater	 than	 that	 of	 the	 bare	 cylinder	 for	 these	
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porosities.	The	reason	of	this	raise	of	the	turbulent	kinetic	energy	is	velocity	fluctuations	
downstream	 of	 the	 outer	 permeable	 cylinder.	 Fortunately,	 the	 location	 of	 peak	
concentration	of	TKE	moves	further	away	from	the	base	of	the	outer	permeable	cylinder	
with	increasing	porosity.	In	addition,	since	the	unsteady	flow	structure	downstream	of	the	
inner‐outer	 permeable	 cylinder	 arrangement	 cannot	 be	 prevented,	 the	 reverse	 flow	
appears	downstream	of	the	cylinder	arrangement	as	a	sign	of	the	existence	of	stagnation	
point	for	all	porosities.	On	the	other	hand,	the	permeable	cylinder	having	the	porosity	of	β	
=	0.7	has	a	substantial	effect	on	the	control	of	large‐scale	vortical	structure	downstream	of	
the	cylinder	arrangement.	

Furthermore,	Gozmen	and	Akilli	[12]	indicated	that	permeable	cylinders	placed	around	a	
solid	cylinder	are	effective	on	the	control	of	vortex	shedding.	They	investigated	the	flow	
around	the	permeable	cylinder	for	the	diameter	ratios	D/d=1.25,	1.75,2,	2.5	and	3.0.		Their	
study	revealed	that	the	diameter	ratio	of	D/d=1.75	attenuates	the	vortex	shedding	behind	
the	cylinder	arrangement	as	 the	ratio	of	D/d=1.25	is	not	effective	on	the	attenuation	of	
vortex	shedding.	The	diameter	ratio	of	D/d=3.0	 is	 the	most	effective	one	relative	 to	 the	
other	 diameter	 ratios.	 	 In	 terms	 of	 the	 porosity	 values,	 the	maximum	 reduction	 in	 the	
turbulent	statistics	is	obtained	from	β=0.7	case.	For	the	β=0.8	and	0.85,	the	effect	of	the	
inner	cylinder	on	the	flow	structure	increases	as	a	result	of	the	increase	in	the	open	area	
of	the	outer	permeable	cylinder.	Consequently,	co‐decision	of	these	studies	is	that	there	is	
a	critial	diameter	ratio	to	control	vortex	shedding	downstream	of	the	inner	cylinder‐	outer	
permeable	cylinder	arrangement	and	this	diameter	ratio	is	D/d=1.5.	

5.	Conclusions	

In	this	study,	the	control	of	vortex	shedding	downstream	of	a	solid	cylinder	is	aimed	by	
concentrically	 placing	 a	 permeable	 cylinder	 in	 deep	 water.	 To	 reveal	 the	 effect	 of	
permeable	cylinder,	flow	structures	downstream	of	the	bare	cylinder,	permeable	cylinder	
and	 inner	 cylinder‐outer	 permeable	 cylinder	 arrangement	 have	 been	 investigated.	 The	
experiments	show	that	 the	permeable	cylinder	 is	effective	on	the	suppression	of	vortex	
shedding	 in	 the	wake	 region	 for	 all	 porosities.	 As	 the	porosity	 increases,	 the	 turbulent	
intensity	of	the	flow	decreases	as	a	consequence	of	enlargement	of	the	open	area.	In	terms	
of	 the	 inner	 cylinder‐outer	 permeable	 cylinder	 arrangement,	 it	 is	 understood	 that	 the	
inner‐outer	cylinder	arrangement	having	the	diameter	ratio	of	D/d=1.5	is	not	effective	on	
the	attenuation	of	vortex	shedding	downstream	of	the	inner	cylinder	as	expected.	For	the	
porosities	of	β	=	0.4,	0.5	and	0.6,	the	open	area	on	the	surface	of	the	permeable	cylinder	is	
too	narrow	to	let	the	flow	in	order	to	penetrate	into	the	wake	region.		The	desired	effect	on	
the	 control	 of	 wake	 region	 is	 only	 achieved	 with	 the	 permeable	 cylinder	 having	 the	
porosity	of	β	=	0.7.	According	to	this	work	and	the	previous	study	of	Gozmen	and	Akilli	
[12],	it	is	decided	that	the	diameter	ratio	of	D/d=1.5	in	the	diameter	ratios	D/d=1.25,	1.50,	
1.75,	2,	2.5	and	3.0	is	the	critial	diameter	ratio	to	suppress	vortex	shedding	downstream	of	
the	inner	cylinder‐	outer	permeable	cylinder	arrangement.	
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Fig.	6.	Contours	of	normalized	Reynolds	shear	stress	and	time‐averaged	streamwise	
velocity	downstream	of	the	inner	cylinder‐	outer	permeable	cylinder	arrangement	for	

all	porosity	values	β	of	the	diameter	ratio	of	D/d=1.5	

	

	

Fig.	7.	Peak	values	of	Turbulent	Kınetic	energy	for	the	bare	cylinder	and	all	porosity	
values	β	of	D/d=1.5	
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