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Summary	
	
	
Hydropower	 is	 one	 of	 the	 main	 sources	 for	 Sweden’s	 energy,	 which	 is	 clean	 and	
renewable.	It	is	a	clean	energy	source	because	no	fuels	are	burned	which	does	not	pollute	
the	 air	 and	 it	 is	 a	 renewable	 energy	 source	 as	 it	 only	 uses	 natural	 water	 cycle	 for	
generating	 energy.	 However,	 hydropower	 has	 some	 consequences	 in	 nature,	 such	 as	
creating	dams	in	rivers	and	changing	water	flow	directions,	which	lead	to	some	problems	
for	migrating	fishes.	These	fish	migration	problems	are	mostly	studied	from	a	biological	
point	of	view	but	more	detailed	studies	are	required	from	a	fundamental	fluid	mechanics	
point	of	view.	Fish	migrates	when	ecological	imbalance	is	created	and	one	of	the	reasons	
for	 this	 imbalance	 is	 having	 dams	 for	 hydropower.	 Some	 dams	 have	 fishways	 or	 fish	
ladders	 to	 allow	 fish	 to	 migrate	 past	 the	 dam	 and	 during	 swimming	 or	 passing	 this	
fishway	 or	 fish	 ladder,	 fish	 has	 to	 tackle	 some	 sort	 of	 flow	 obstructions	 like,	 turbine	
intakes,	 stones	and	 concrete	 structures	 etc.	 Fluid	 flow	characteristics	 in	 fish	 ladders	or	
fishways	during	fish	migration	is	crucial	for	designing	effective	fishways	to	migrate	fishes	
effectively.	Flow	characteristic	measurements	can	provide	quantitative	information	of	the	
velocity	distribution	in	fish	ladders,	which	has	strong	correlation	with	the	attraction	of	of	
fish.	Recent	 research	 suggests	 that	 turbulence	 also	has	 a	 large	 effect	 on	 fish	migration.	
This	 is	why	obtaining	 flow	 information	 from	well-defined	 turbulent	 flows,	 such	as	 flow	
past	cylindrical	objects	is	the	prime	aim	of	these	measurements.		
	
Particle	Image	Velocimetry	(PIV)	and	Laser	Doppler	Velocimetry	(LDV)	have	become	the	
most	 popular	 and	 promising	 techniques	 for	 these	 types	 of	 non-contact	measurements.	
PIV	 techniques	 are	 used	 to	 visualize	 and	measure	 the	 flow	 characteristic	 in	 a	 selected	
area	while	LDV	techniques	are	suited	for	point-based	measurement.		The	works	included	
in	 this	 thesis	 are	 reviewing	 PIV	 techniques	 previously	 used	 in	 fish	 movement	 related	
studies,	 LDV	 measurements	 both	 at	 upstream	 (bow	 wake)	 and	 downstream	 wake	 of		
cylindrical	obstructions	and	finally	Computational	Fluid	Dynamics	(CFD)	for	validation	of	
experimental	measurements.	 The	 results	 find	 relatively	 acceptable	 agreement	 between	
CFD	and	experiments	with	some	disparities.			
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Paper	Abstracts	
	

Paper	A:	Understanding	the	flow	characteristic	in	fish	ladders	during	fish	migration	is	
crucial	 for	 designing	 effective	 fish	 ways	 to	 migrate	 fishes	 easily.	 Flow	 characteristic	
measurement	can	provide	quantitative	information	of	velocity	distribution	in	fish	ladders	
(fish	 ways),	 which	 has	 strong	 relationship	 with	 the	 attraction	 of	 maximum	 amount	 of	
fishes	 to	migrate.	 Experimental	 flow	 characteristic	measurements	 using	 Particle	 Image	
Velocimetry	 (PIV)	has	become	one	of	 the	most	popular	and	promising	 techniques.	This	
paper	 firstly	 gives	 an	 overview	 of	 fish	migration	 along	with	 fish	 ladders	 and	 then	 the	
application	of	PIV	measurements	on	the	fish	migration	process.	The	overview	shows	that	
the	quantitative	and	detailed	turbulent	flow	information	in	fish	ladders	obtained	by	PIV	is	
critical	for	analyzing	turbulent	properties	and	validating	numerical	results.	
	
Paper	B:	 	 Experiments	 in	 an	open	 channel	 flume	with	placing	 a	 vertical	 half	 cylinder	
barrier	have	been	performed	in	order	to	 investigate	how	the	upstream	velocity	profiles	
are	 affected	 by	 a	 barrier.	 An	 experimental	 technique	 using	 Laser	 Doppler	 Velocimetry	
(LDV)	 was	 adopted	 to	 measure	 these	 velocity	 distributions	 in	 the	 channel	 for	 four	
different	discharge	rates.	Velocity	profiles	were	measured	very	close	to	wall	and	at	25,	50	
and	 100	 mm	 upstream	 of	 the	 cylinder	 wall.	 For	 comparing	 these	 profiles	 with	 well-
known	logarithmic	velocity	profiles,	velocity	profiles	were	also	measured	in	smooth	open	
channel	 flow	 for	 all	 same	 four	 discharge	 rates.	 The	 results	 indicate	 that	 regaining	 the	
logarithmic	 velocity	 profiles	 upstream	of	 the	 half-cylindrical	 barrier	 occurs	 at	 100	mm	
upstream	of	the	cylinder	wall.	
	
Paper	C:	LDV	measurements,	 flow	visualizations	and	unsteady	RANS	CFD	simulations	
have	been	carried	out	to	study	the	turbulent	wake	that	 is	 formed	behind	a	semicircular	
step	cylinder	at	 constant	 flow	rate.	The	 semi-circular	 cylinder	has	 two	diameters,	 a	 so-
called	step	cylinder.	 	The	results	from	the	LDV	measurements	indicate	that	wake	length	
and	 vortex	 shedding	 frequency	 varies	with	 cylinder	 diameter.	 This	 implies	 that	 a	 step	
cylinder	can	be	used	to	attract	fish	of	different	size.	By	visualizations	the	formation	of	a	
recirculation	region	and	 the	well-known	von-Kármán	Vortex	Street	behind	 the	cylinder	
are	 disclosed.	 The	 simulation	 results	 predict	 the	 wake	 length	 and	 shedding	 frequency	
well	 for	 the	 flow	behind	 the	 large	 cylinder	but	 fail	 to	 capture	 the	dynamics	of	 the	 flow	
near	 the	 step	 in	 diameter	 to	 some	 extent	 and	 the	 flow	 behind	 the	 small	 cylinder	 to	 a	
larger	extent	when	compared	with	measurements.	
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Chapter	1	
Introduction	

The	core	supply	of	Sweden’s	electricity	currently	comes	from	hydropower	and	nuclear	
power	 generation.	 As	 per	 recent	 information	 from	 Swedish	 Energy	 (2016)[1],	 the	
distribution	was	47	%	hydropower	and	34	%	nuclear	power	respectively,	see	figure	1.	
To	increase	the	reliability	and	minimize	the	vulnerability	of	these	two	major	sources	of	
electricity	generation,	additional	renewable	energy	developments	are	on	the	horizon	to	
cover	up	rising	demands	keeping	the	target	of	greenhouse	gas	emission	[2].	An	overall	
plan	 for	wind	power	 is	 in	process	 of	 producing	30	TWh/yr	using	 the	wind	 energy	by	
2020	 for	 covering	 for	 about	 20	%	 of	 the	 entire	 Sweden's	 electricity	 production.	 The	
generation	 of	 power	 is	 necessary	 to	 increase	 during	 low	 availabilities	 of	 renewable	
energy	 sources	 like	 wind,	 because	 these	 are	 irregular	 in	 nature.	 The	 flexibility	 and	
availabilities	 of	 hydropower	 is	 the	 perfect	 solution	 for	 Swedish	 power	 generation.	
Having	 many	 advantages	 of	 hydropower,	 this	 source	 of	 renewable	 energy	 could,	
however,	 have	 negative	 environmental	 consequences.	 The	 facilities	 for	 hydropower	
plants	can	alter	volume,	depth,	velocity	and	temperature	of	water	and	change	the	loads	
of	dissolved	oxygen	sediment.	Dams	for	hydropower	blocks	or	diverts	continuous	river	
flows	and	when	fish	wants	to	migrate	up	and	down	of	the	rivers,	these	dams	blocks	their	
movements,	 which	 create	 serious	 issues	 for	 fish	 migration.	 These	 fish	 migration	
problems	are	mostly	studied	 from	a	biological	point	of	view	but	more	detailed	studies	
are	required	 from	a	 fundamental	 fluid	mechanics	point	of	view	to	 facilitate	 innovation	
and	enable	deeper	studies	of	biological	issues.	Fish	migrates	when	ecological	imbalance	
is	 created	 and	 one	 of	 the	 reasons	 for	 this	 imbalance	 is	 having	 dams	 for	 hydropower.	
Some	hydropower	 facilities	have	 fishways	or	 fish	 ladders	 to	allow	 fish	 to	migrate	past	
the	dam	and	during	swimming	or	passing	this	fishway	or	fish	ladder,	fish	has	to	tackle	
some	sort	of	flow	obstructions	like,	turbine	intakes,	stones	and	concrete	structures	etc.	
Fluid	flow	characteristics	in	fish	ladders	or	fishways	during	fish	migration	are	crucial	for	
designing	 effective	 fishways	 to	 migrate	 fishes	 effectively.	 Flow	 characteristic	
measurements	can	provide	quantitative	 information	of	 the	velocity	distribution	 in	 fish	
ladders,	which	has	strong	correlation	with	the	attraction	of	fish[3].	Previous	studies[4-6]	
found	that	turbulence	also	has	a	great	consequence	on	fish	movements[7,	8].	Therefore,	
detailed	 flow	 structures	 from	 well-defined,	 turbulent	 flows,	 such	 as	 flow	 around	
cylindrical	 objects	with	 various	 shapes	 is	 the	 prime	 aim	 of	 these	 flow	measurements.		
Characterization	of	the	flow	field	is	very	important	in	these	kinds	of	measurements.		
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Particle	 Image	 Velocimetry	 (PIV)	 and	 Laser	 Doppler	 Velocimetry	 (LDV)	 are	 the	most	
popular	and	promising	techniques	for	non-contact	and	optical	flow	measurements.	PIV	
techniques	are,	generally,	used	to	visualize	and	measure	flow	fields	in	a	preferred	area	
where	as	LDV	techniques	are	suitable	for	point-based	flow	measurements.		The	studies,		
included	 in	 this	 thesis,	 are	 reviewing	PIV	 technique	previously	used	 in	 fish	movement	
related	studies,	LDV	measurements	around	various	cylindrical	obstructions	and	finally	
Computational	 Fluid	 Dynamics	 (CFD)	 for	 finding	 complementary	 information	 to	 the	
experimental	measurements.		
	

	
Figure	1	Sweden’s	electricity	production	[1].	
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Chapter	2	
Particle	Image	Velocimetry	(PIV)	

	 PIV	 is	 a	 non-intrusive	 laser	 optical	 measuring	 technique	 used	 to	 disclose	 and	
scrutinize	 various	 flows	 like	 turbulent	 flow,	 micro-fluidics,	 spray	 atomization	 and	
combustion	 processes	 [9-17].	 The	 technique	 requires	 optical	 access	 to	 the	 flow.	 The	
term	 PIV	 was	 first	 introduced	 in	 the	 literature	 in	 the	 1980s	 [15].	 The	 scientific	 and	
technical	 achievement	 in	 lasers,	 image	 recording	 and	 evaluation	 techniques,	 and	
computing	techniques	and	resources	in	the	last	30	years	[15]	has	enabled	PIV	to	be	one	
of	the	most	versatile	experimental	tools	in	fluid	mechanics.	A	number	of	researchers	[13,	
18-23]	 have	 reviewed	 the	measurement	principle	 and	major	developments	 of	 the	PIV	
technique	 are	 reported	 in	 many	 research	 articles	 and	 Raffel	 et	 al.	 (2007)	 [24]	 have	
authored	 a	 comprehensive	 book	 on	 the	 technique.	 Since	 the	 flow	 in	 fish	 ways	 is	
generally	complex,	PIV	is	an	appropriate	experimental	technique	to	obtain	the	velocity	
field.		
	
	 PIV	tracks	the	pattern	of	tracer	particles	seeded	in	the	fluid	to	get	the	entire	velocity	
field	 of	 the	 given	 area	 of	 measurement.	 A	 modern	 PIV	 system	 consists	 of	 several	
components	 and	 the	main	 ones	 are	 an	 object	 to	 do	measurements	 on,	 a	multi-pulsed	
laser	system,	one	or	more	digital	cameras	synchronized	with	the	lasers	and	a	computer	
to	manage	 the	entire	 system	and	analyze	 the	data	 [25-29].	 Standard	2D-PIV	(2D2C)	 is	
used	 to	 measure	 two	 components	 velocity	 in	 one	 plane	 with	 one	 camera	 whereas	
Stereo-PIV	(2D3C)	is	used	to	measure	three	components	velocity	in	one	plane	with	two	
cameras.	Recently	another	 type	of	PIV	system	has	become	commercially	available	 that	
uses	more	than	three	cameras	which	is	known	as	a	tomographic	PIV	(Tomo-PIV)	system	
[30].	The	basic	setup	of	a	2D2C	PIV	system	is	shown	in	Figure	2.	

	
Figure	2	Measurement	principles	of	PIV	[31]	
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Illumination	system	

	 Double-pulsed	Nd:Yag	 lasers	are	 the	most	widely	used	 illumination	system	 in	 fluid	
mechanics	 experimental	 studies	 because	 these	 lasers	 can	 emit	 mono-chromatic	 light	
with	 high	 density	 energy.	 Thin	 light	 sheets	 may	 be	 formed	 to	 illuminate	 and	 record	
patterns	of	 the	 tracing	particles	with	no	 chromatic	 aberrations.	Double-pulsed	Nd:Yag	
lasers	usually	have	an	articulated	delivery	arm	for	generating	a	green	light	sheet	with	a	
532	nm	wavelength.	The	light	sheet	optics	is	placed	at	the	end	of	the	articulated	delivery	
arm	 that	 can	 be	 placed	 at	 any	 angle	 to	 produce	 the	 thin	 light	 sheet.	 Typically,	 one	 or	
more	 cylindrical	 lenses	 are	 used	 to	 adjust	 field	 angle	 and	 thickness	 of	 the	 laser	 light	
sheet.	The	 light	sheet	 thickness	 in	 the	measurement	area	 is	usually	about	1-3	mm	but	
can	be	even	thinner	[32-35].	However,	using	such	a	thin	light	sheet	as	the	illumination	
method	 also	 brings	 about	 a	 challenge	 for	measuring	 a	 strong	 three-dimensional	 flow	
field.	In	this	case,	many	particles	recorded	by	the	cameras	in	the	first	frame	may	move	
out	of	the	measured	plane	and	cannot	be	captured	in	the	next	frame.	That	will	limit	the	
accuracy	 of	 the	 PIV	measurement	 to	 the	 regions	 of	 the	 thin	 plane	 flow	 [36].	 For	 this	
reason,	an	 important	parameter	 to	 set	when	using	 lasers	as	 the	 illumination	source	 is	
the	 delay	 in	 time	 between	 the	 pulses,	 Δt.	 This	 time	 delay	 should	 be	 long	 enough	 to	
enable	accurate	measurements	of	the	displacement	of	the	pattern	of	the	tracer	particles	
between	 the	 two	pulses,	but	 also	need	 to	be	 short	 enough	 to	minimize	 the	number	of	
particles	moving	out	from	the	light	sheet	between	subsequent	illuminations.		

Image	recording	devices	

	 Coupled	 charged	 devices	 (CCD)	 cameras	 and	 complementary	 metal	 oxide	
semiconductor	 (CMOS)	 cameras	 are	 the	 commonly	 used	 image	 recording	 devices	 for	
flow	 measurements	 in	 fish	 migration.	 CCD	 cameras	 are	 the	 most	 widely	 used	 image	
recording	devices	 in	PIV	experiments	 for	 their	high	spatial	resolution,	convenient	data	
transmission	 and	 image	 processing,	 minimum	 exposure	 time,	 high	 light	 sensitivity	 at	
532	nm	and	 low	background	noise	 [37-40].	A	CCD	element	 is,	 generally,	 an	electronic	
sensor	 converting	 photons	 into	 electrons	 [41].	 A	 sensor	 of	 the	 CCD	 camera	 usually	
consists	of	an	array	of	many	individual	CCD	elements,	which	are	also	called	pixels.	Hain	
et	al.	[40]	reported	a	detailed	comparison	between	CCD	cameras	and	CMOS	cameras.	

Seeding	particles	

	 The	 result	 from	 PIV	 measurements	 is	 heavily	 dependent	 on	 the	 seeding	 particles	
doped	into	the	fluid	flow	to	disclose	the	velocity	field.	The	accuracy	of	the	velocity	field	
depends	 on	 seeding	 particles	 capability	 to	 follow	 the	 instantaneous	movement	 of	 the	
uninterrupted	phase.	The	selection	of	the	most	favorable	diameter	of	the	tracer	particles	
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is	a	negotiation	between	a	quick	response	of	the	tracer	particles	in	the	fluid,	needing	tiny	
diameters,	and	a	high	SNR	(signal-to-noise	ratio)	of	the	particle	images,	requiring	large	
diameters.	 This	was	 stated	 by	Melling	 (1997)	 [42]	who	 reviewed	 the	 use	 of	 different	
seeding	particles	during	PIV	measurements.	The	specifications	of	the	tracer	or	seeding	
particles	 were	 compared	 to	 the	 characteristics	 of	 the	 scattered	 light	 as	 well	 as	 the	
capability	of	aerodynamic	tracking.		

Image	evaluation	methods	

	 It	 is	 obvious	 from	 the	 working	 principle	 of	 PIV	 that	 the	 technique	 is	 to	 measure	
directly	 two	 basic	 dimensions,	 displacement,	 and	 time.	 However,	 it	 is	 impossible	 to	
calculate	 the	 velocity	 for	 each	particle	 due	 to	 the	high	 concentration	of	 particles	 used	
and	 overlaps	 between	 particles	 in	 captured	 images.	 Therefore,	 image	 evaluation	
methods	 are	 necessary	 to	 derive	 the	 displacement	 information	 from	 raw	 particle	
images.	 The	 preferred	 evaluation	 method	 in	 PIV	 is	 to	 capture	 two	 images	 on	 two	
separate	 frames,	 and	 perform	 multistep	 cross-correlation	 analysis,	 hence	 the	
displacement	 of	 patterns	 of	 particles	 is	 derived.	 This	 cross-correlation	 function	 has	 a	
significant	peak,	 providing	 the	direction	 and	magnitude	of	 the	 velocity	 vector	without	
ambiguity.	 The	 correlation	 methods	 are	 commonly	 based	 on	 digital	 fast	 Fourier	
transform	(FFT)	algorithms	for	calculating	the	correlation	functions.		
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Chapter	3	
Laser	Doppler	Velocimetry	(LDV)	

Laser	 Doppler	 velocimetry	 (LDV)	 is	 an	 extensively	 used	 measurement	 technique	 to	
investigate	fluid	dynamic	phenomena	in	gases	and	liquids.	It	is	a	well-proven	technique	
that	 provides	 information	 regarding	 accurate	 flow	 velocities.	 LDV	 is	 a	 non-intrusive	
measurement	technique,	which	has	high	spatial	and	temporal	resolution	where	no	initial	
calibration	 is	 required,	 and	 even	 it	 has	 ability	 to	 measure	 reverse	 flow.	 LDV	
measurements	are	conducted	at	a	point	defined	by	the	intersection	of	two	laser	beams.	
As	a	particle	passes	 through	 the	probe	volume,	 it	 scatters	 light	 from	 the	beams	 into	a	
detector.	The	frequency	of	the	resulting	Doppler	burst	signal	is	directly	proportional	to	
the	 particle	 velocity	 [43].	 However,	 LDV	 is	 capable	 to	 measure	 velocity	 in	 all	 three	
directions.	The	basic	setup	of	a	LDV	system	is	shown	in	Figure	3.	

	
Figure	3	Measurement	principles	of	LDV	[44]	

Working	Principle	

The	LDV	technique	is	based	on	Doppler	shift	of	the	light	reflected	from	a	moving	seeding	
particle.	A	monochromatic	laser	light	is	used	as	light	source	and	the	laser	beam	is	split	
by	a	Bragg	cell	into	two,	frequency	shifted,	separate	beams	that	are	crossing	each	other	
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in	 the	 so	 called	 measurement	 or	 probe	 volume	 outside	 the	 transmitting	 optics.	 The	
interference	between	the	two	beams	creates	a	fringe	pattern.	The	distance	between	the	
fringes,	 df,	 depends	 on	 the	 wavelength	 of	 the	 laser	 light	 and	 the	 angle	 between	 the	
incident	beams	according	to	

)2/sin(2 θ
λ

=fd 	 	 	 	 	 	 	 	 	 (1)	

When	 a	 particle	 is	moving	 through	 the	 fringe	 pattern	 in	 the	measurement	 volume,	 it	
goes	through	light	and	dark	regions,	and	hence	its	reflected	intensity	of	 light	will	vary.	
The	 reflected	 light	 is	 collected	by	 the	 receiving	optics	and	converted	 into	an	electrical	
signal	 by	 a	 photo	 detector.	 This	 electrical	 signal	 is	 called	 the	 Doppler	 burst	 and	 the	
intensity	versus	time	curve	looks	like	a	sinusoid	with	a	Gaussian	envelope.	The	Gaussian	
envelope	comes	from	the	fact	that	the	intensity	of	the	beams	is	Gaussian	in	nature.	The	
sinusoid	 is	 the	 physical	 travel	 of	 the	 particle	 through	 the	 fringes	 and	 by	 frequency	
analysis	(using	the	robust	Fast	Fourier	Transform	algorithm)	the	Doppler	frequency,	fD,	
of	 the	 particle	 is	 determined.	 The	 Doppler	 frequency	 provides	 information	 about	 the	
time	as	

t
fD

1
= 	 	 	 	 	 	 	 	 	 	 (2)	

Df
t 1
=

	 	 	 	 	 	 	 	 	 (3)	

The	 physical	 distance	 between	 the	 fringes,	df,	 is	 known	 from	 the	 calibration	which	 is	
performed	 with	 every	 probe.	 Since	 velocity	 equals	 distance	 divided	 by	 time,	 the	
frequency	of	 the	 intensity	signal	 is	directly	proportional	 to	 the	velocity	of	 the	particle,	
and	the	expression	for	velocity,	v,	can	be	seen	below,	

Df
D

ff fd
f
d

t
d

v .
/1

=== 	 	 	 	 	 				(4)	

Hence,	the	fluid	velocity	in	the	point	where	the	measurement	volume	is	located	can	be	
derived.	 The	 frequency	 shift	 of	 the	 two	 beams	 obtained	 by	 the	 Bragg	 cell	 makes	 it	
possible	 to	 distinguish	 the	 flow	direction	 and	measure	 zero	 velocity.	 Since	 the	 beams	
have	 a	 frequency	 difference	 the	 effective	 frequency	 of	 the	 signal	 is	 the	 sum	 of	 the	
frequency	due	to	the	particle	and	the	shift	frequency.	Therefore,	when	a	particle	is	going	
one	way,	it	will	add	to	the	shift	frequency,	going	the	other	way	it	will	subtract,	and	if	it	
has	zero	velocity	it	does	not	change	the	shift	frequency	at	all.	Viewed	another	way,	the	
fringes	 are	moving	 in	 space,	 so	 the	 actual	measurement	 is	 the	 velocity	 of	 the	 particle	
relative	to	the	velocity	of	the	fringes.		
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Chapter	4	
Experimental	setup	

	 The	water	flume	where	most	of	the	experimental	studies	presented		in	this	Licentiate	
thesis	were	 carried	out	was	7.5	m	 long	with	 a	 cross	 section	of	 295	mm	×	310	mm.	A	
pump	was	used	to	re-circulate	the	water	in	the	channel	from	a	1	m3	capacity	of	storage	
tank	(later	 increased	 its	capacity	to	2	m3)	and	a	 flow	meter	was	employed	to	measure	
the	 flow	 rate	 and	a	 variable	 speed	motor	 controller	 controls	 the	 enter	 flow	 speed.	An	
adjustable	 vertical	 gate	 was	 placed	 at	 the	 downstream	 end	 of	 the	 flume	 and	 rail-
mounted	point	gauges	was	installed	on	the	top	of	the	flume	to	control	and	measure	the	
water	depth	in	the	channel.	The	sidewalls	of	the	water	flume	were	made	of	transparent	
1.7	 mm	 thick	 window	 glass	 to	 make	 possible	 the	 velocity	 measurements	 using	 laser	
based	measurement	techniques	(PIV	&	LDV),	thus	creating	optical	access.		

	
	 To	 obtain	 a	 uniform	 velocity	 distribution	 through	 the	 channel	 a	 steel	 net	 and	 a	
honeycomb	were	placed	at	 the	 inlet.	The	 thickness	of	 the	honeycomb	was	75	mm	and	
the	diameters	of	its	wholes	were	7.6	mm.	The	steel	net	was	made	of	2.5	mm	×	2.5	mm	
square	wholes	and	was	0.8	mm	thick.	The	schematic	arrangement	of	 the	 flume,	water	
tank,	pump,	flow	meter	etc	is	presented	in	Figure	4	where	Uo	is	the	free	stream	velocity	
and	do	is	the	depth	of	water	which	is	sometimes	expressed	as	Hw.	

	

Figure	4	Sketch	of	experimental	water	flume	



12	
	

Experiments,	 included	 in	 this	 thesis,	 were	 carried	 out	 with	 two	 different	 types	 of	
cylinders,	such	as,	a	semicircular	cylinder	as	shown	in	Figure	5	(see	Paper	B	 for	more	
details)	 and	 a	 step	 semicircular	 cylinder	 as	 shown	 in	 Figure	 6	 (see	Paper	 C	 for	more	
details).	

																																														 	
Figure	5	Semi-circular	cylinder	(D-shaped)	

																																																								 	
Figure	6	Step	semi-circular	cylinder	

Data	analysis	

The	 LDV	 takes	 samples	 only	 when	 a	 particle	 travels	 through	 the	 measuring	 volume,	
meaning	that	most	of	the	time	there	is	no	signal	present	[45-47].	So	sampling	data	from	
LDV	 are	 quite	 random	 and	 are	 not	 uniformly	 sampled	 which	 offers	 challenges	 for	
processing	 the	 data.	 H.	 Nobach	 (2016)	 [48-50]	 described	 the	 details	 of	 up-to-date	
available	methods	to	analyze	LDV	data.	
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Averaging	
Average	velocities	and	the	root	mean	square	(RMS)	velocities	are	calculated	 from	LDV	
measurements	according	to:	

∑
=

=
N
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1 			 	 	 	 	 	 	 	 	 	 (5)	
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where	 N	 is	 the	 total	 number	 of	 recorded	 velocities,	 Ui	 and	 Vi	 are	 the	 instantaneous	
velocities;	 U and	 V are	 the	mean	 velocities;	URMS	 and	VRMS	 are	 the	 root	mean	 square	
(RMS)	velocities	for	the	X	and	Y	components	respectively.		
	
Turbulence	intensities	(T.I)	can	be	calculated	using	this	formula	

U
U

IT RMS=. 			 	 	 		 						 	 	 	 	 	 (9)	

V
VIT RMS=. 		 	 	 	 		 	 						 	 	 	 			(10)	

Since	 the	 LDV	measurements,	 presented	 in	 this	 thesis,	were	 in	 coincidence	mode,	 TSI	
flowsizer	 acquisition	 software	 directly	 captures	 Reynolds	 stresses	 during	 the	
measurements.	

Spectral	analysis	
The	arbitrary	passage	of	seeding	particles	through	the	LDV	measurement	volume	and	by	
performing	measurements	in	burst	mode	result	in	unevenly	distributed	measurements	
in	the	time	domain	[2].	This	uneven	distribution	disqualify	direct	application	of	standard	
FFT	 methods	 for	 spectral	 analysis.	 Reconstructing	 the	 acquired	 data	 signal	 with	 an	
interpolation	 method	 and	 converting	 the	 irregularly	 sampled	 signal	 to	 an	 evenly	
distributed	 signal	 for	 further	 spectral	 analysis	 with	 a	 standard	 method	 is	 instead	 a	
common	 approach.	 The	 spectral	 analysis	 of	 the	 LDV	 data	 is	 performed	 with	
interpolating	of	the	randomly	sampled	LDV	data	to	get	a	continuous	velocity	over	time,	
which	then	is	re-sampled	equidistantly	with	a	given	sampling	frequency	[48].	
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Errors	
LDV	 measurements	 may	 give	 some	 errors,	 such	 as	 error	 in	 calibrating	 laser	 power,	
setting	up	velocity	range	and	configuring	and	aligning	the	laser	probe	etc.	The	TSI	LDV-
system	 used	 was	 carefully	 set	 up	 to	 minimize	 the	 measurement	 errors[51,	 52].	
Repeatability	tests	were	carried	out	to	estimate	the	first	order,	variable	uncertainty	for	
the	experiments	[48].	Four	different	measurements	for	all	experiments	were	completed	
to	 estimate	 the	 random	 error	 introduced	 by	 the	 experimental	 facility	 and	 changes	 in	
experimental	 conditions	 such	 as	 water	 temperature,	 position	 of	 cylinder	 etc.	 The	
standard	 deviation	 of	 the	mean	 velocity	measured	 in	 four	 different	 days	 with	 slidely	
different	water	 temperature	 (22-24o	 C)	 at	 upstream	 of	 the	 cylinder	was	 estimated	 to	
yield	a	95	%	confidence	interval.	The	overall	accuracy	of	the	velocity	measurements	was	
±	5%,	with	locally	larger	errors	along	the	wake	because	of	reverse	flows	(u̅	<	0).	
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Chapter	5	
Results	

A	 literature	 review	 was	 carried	 out	 regarding	 PIV	 employed	 in	 experimental	 studies	
related	 to	 fish	 migration.	 This	 review	 includes	 illumination	 system,	 image-recording	
devices,	 seeding	 particles,	 properties	 of	 the	 seeding	 particles	 and	 image	 evaluation	
methods.	 For	 instance,	 Tarrade	 et	 al.	 (2011)	 [35]	 conducted	 PIV	 experiments	 in	 a	
vertical	 slot	 fishways	 (as	 shown	 in	 Figure	 8)	 to	 gather	 information	 on	 different	 flow	
phenomena.	The	authors	 found	 two	different	patterns	of	 turbulent	kinetic	 energy	and	
vorticity	for	different	geometrical	configurations	(see	Paper	A	for	more	details).	

	

Figure	7	PIV	experimental	setup	[35]	

	 The	 review	 found	 no	 universally	 applicable	 PIV	 system	 for	 every	 case	 of	
experimental	measurement.	Due	to	some	practical	difficulties,	the	PIV	system	should	be	
cautiously	chosen	for	measurements	of	fish	migration	related	experimental	studies.	This	
review	 indicates	 that	 PIV	 has	 progressively	 converted	 into	 the	 most	 popular	 and	
resourceful	experimental	 instrument	to	measure	 fluid	dynamics	phenomena	related	to	
fish	migration.	 However,	 PIV	 is	 sometimes	 not	 the	 optimal	 instrument	 for	 some	 very	
complex	flow	measurements	as	some	commercially	available	PIV	is	frequently	restricted	
to	 the	obstruction	of	optical	paths	and	the	 limit	of	 image	size.	Thus,	 it	 is	essentially	 to	
develop	large	or	full-scale	optical	technology	as	well	as	technology	of	capturing	images	
to	overcome	these	drawbacks.	
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	 Figure	9	shows	the	streamwise	mean	velocity	profiles	in	a	smooth	open	channel	for	
different	Reynolds	numbers	(Re).	Logarithmic	velocity	profiles	were	also	calculated	and	
compared	 with	 LDV	 measurement.	 It	 is	 obvious	 that	 theoretical	 and	 experimental	
velocity	profiles	are	in	acceptable	agreement	(see	paper	B	for	more	details).	

	
Figure	8	Velocity	profiles	for	four	various	flow	rates	by	LDV	

	 James	C.	Liao	(2007)	 [5]	described	anatomy	of	 the	 flow	around	a	half	cylinder	and	
the	 positions	 and	 associated	 fish	 swimming	 centerlines	 from	 approximately	 one	 tail-
beat	cycle.	It	is	obvious	from	the	figure	10	that	fish	exploits	altered	flow	condition	due	to	
a	bluff	body	(as	Figure	5)	such	as	semi-circular	cylinder.	

	

Figure	9	fish	travelling	around	a	half	cylinder.	Reproduced	from	[5].	

	 The	proper	findings	on	the	interactions	between	muscle	activity	and	vortices	across	
species	assure	to	assist	in	the	design	and	implementation	of	fishways.	Considering	these	
interactions,	bow	wakes	has	been	investigated	for	different	Reynolds	numbers	(Re)	with	
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LDV	measurements	and	the	results	show	(Figure	11)	that	the	bow	wake	exists	until	100	
mm	upstream	of	the	half	cylinder,	see	Paper	B	for	more	details.	

	

Figure	10	Velocity	distribution	upstream	distance	from	cylinder	

	 According	 to	 the	 literature	 survey,	 there	 have	 been	 some	 studies	 around	 either	
round	cylinders	or	half	cylinders	considering	altered	flow	condition	for	fish	movements.	
Little	 or	 no	 scientific	 works,	 especially	 experimental,	 on	 half	 cylinder	 with	 steps	 are	
available.	 Therefore,	 a	 half	 cylinder	 with	 a	 step	 (Figure	 6)	 has	 been	 studied	 both	
experimentally	 and	 numerically	 to	 get	 insight	 of	 altered	 flow	 phenomena	 behind	 a	
semicircular	 step	 cylinder.	 Figure	12	 is	 the	wake	 centerline	 velocity	distribution	 from	
both	CFD	and	LDV	measurements,	which	describes	the	existence	of	a	wake	behind	the	
cylinder	(referred	to	Paper	C	for	more	details).		

	
Figure	11	Wake	centerline	velocity	behind	a	step	cylinder	
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It	shows	that	the	wake	exists	approximately	between	125	mm	and	150	mm	behind	the	
cylinder;	 though	 CFD	 results	 show	 some	 differences	 and	 the	 reason	 could	 be	 the	
inability	 of	 the	 SST	 turbulence	 models.	 Simulations	 with	 additional	 advanced	models	
like	 Reynolds	 Stress	 Models	 (RSM)	 and	 Large	 Eddy	 Simulations	 (LES)	 could	 provide	
better	agreements	with	the	experiments.	

	 However,	 the	 power	 spectra	 for	 the	 streamwise	 component	 of	 flow	 velocity	 at	
various	points	along	Z/D=0.5,	Z/D=0	and	Z/D=-0.5	are	shown	in	Figure	13	(single	sided	
FFT	amplitude).	 It	 can	be	seen	 from	the	 figures	 that	 the	dominating	 frequency	behind	
the	 small	 cylinder	 is	 approximately	 ±0.59	Hz	 (Figure	13	 a)	while	 it	 is	 about	 ±0.34	Hz	
(Figure	 13	 b)	 behind	 the	 large	 cylinder.	 However,	 behind	 the	 step,	 the	 dominating	
frequency	 is	 also	 around	 ±0.35	 Hz	 (Figure	 13	 c)	 when	 the	 measurements	 are	 taken	
considering	 the	 small	 cylinder	 but	when	 the	measurements	 are	 taken	 considering	 the	
large	cylinder,	two	dominating	frequencies,	±0.35	Hz	and	±0.59	Hz	(Figure	13	d),	were	
observed	and	it	is	because	of	the	flow,	which	is	complicated	along	the	step	due	to	sudden	
change	in	cylinder	diameter	(see	Paper	C	for	more	details).	

	 	
(a)	 (b)	

	 	
(c)	 (d)	

Figure	12	Power-spectrum	plots	of	velocity	measurements	behind	cylinder	for	LDA:		(a)	
x/D=2.5,	y/D=0.75,	z/D=0.5;	(b)	x/d=2.5,	y/d=0.75,	z/D=-0.50;	(c)	x/D=2.5,	y/d=0.75,	

z/D=0	and	(d)	x/D=2.5,	y/D=0.75,	z/D=0	



19	
	

	

	

Chapter	6	
Summary	

Laser	based	fluid	flow	measuring	techniques	such	as	PIV	and	LDV	have	been	discussed	
in	 this	 thesis.	 A	 comprehensive	 review	 on	 PIV	 technique	 in	 flows	 relating	 to	 fish	
migration	 has	 been	 conducted	 which	 shows	 different	 PIV	 systems	 are	 required	 for	
different	 flow	measuring	 applications.	 Some	 of	 the	 drawbacks	 of	 PIV	 have	 also	 been	
summarized.	LDV	measuring	technique	has	been	discussed	and	used	for	measuring	flow	
phenomena	around	half	cylinders	and	half	cylinders	with	a	step.	The	results	 from	LDV	
measurements	 shows	 that	 a	bow	wake	ends	after	100	mm	upstream	of	 a	vertical	half	
cylinder	 and	 wakes	 behind	 a	 step	 half	 cylinder	 lie	 between	 120	 mm	 to	 150	 mm	
downstream	of	the	cylinder	along	the	three	zones.	Apart	from	this,	spectral	analysis	of	
the	velocity	signal	obtained	by	LDV	behind	the	step	cylinder	has	also	been	carried	out	
and	the	results	show	that	dominating	frequencies	are	approximately	±0.59	Hz	and	±0.34	
Hz	 behind	 small	 and	 large	 cylinders	 respectively	 while	 it	 has	 two	 dominating	
frequencies	across	 the	step,	±0.35	Hz	and	±0.59	Hz,	which	 implies	 that	a	step	cylinder	
can	be	used	to	attract	fish	of	different	size	and	facilitate	their	motion	up-stream	the	fish-
way.			

Future	work	

The	following	tasks	have	been	considered	for	future	work	leading	to	my	PhD:		

Ø  Tomo-PIV	measurement	around	stepped	cylinders.	

Ø  Advanced	CFD	analysis	for	flow	around	stepped	cylinders.	

Ø  3D	LDV	measurement	around	stepped	cylinders.	
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Abstract 
Understanding the flow characteristic in fishways is crucial for efficient fish migration. Flow cha-
racteristic measurements can generally provide quantitative information of velocity distributions 
in such passages; Particle Image Velocimetry (PIV) has become one of the most versatile tech-
niques to disclose flow fields in general and in fishways, in particular. This paper firstly gives an 
overview of fish migration along with fish ladders and then the application of PIV measurements 
on the fish migration process. The overview shows that the quantitative and detailed turbulent 
flow information in fish ladders obtained by PIV is critical for analyzing turbulent properties and 
validating numerical results. 

 
Keywords 
Particle Image Velocimetry (PIV), Fish Migration, Fishways 

 
 

1. Introduction 
Seasonal motion of fish from one area or region to another is known as fish migration. Fish migrate on relatively 
large time scales ranging from a day to a year or even longer, and in terms of distances starting from some me-
ters to hundreds of kilometers. The primary aim of the migration generally relates to protecting and feeding, re-
production or to escape weather extremes [1]-[13]. Fishes that migrate between fresh and salt water are known 
as “diadromous fishe”. This includes many anadromous species that migrate to fresh water from the sea to 
spawn and various catadromous species that do the opposite, spawn in the sea and then migrate to freshwater as 
a juvenile. Some marine fishes like salmon, sturgeon, hilsa, lampreys and different cyprinids follow migration 
patterns of anadromous, where as eels follow migration patterns of catadromous [14]-[17]. Several issues create 
migration problems and human made barriers like dams for hydropower plants are one of the main issues [17]. 
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However, for migrating fish at hydropower dams, fishways or fish ladders have often been applied to create 
passages [18]-[29]. A fishway is an arrangement intended to enable the fish to travel upstream around or over an 
obstruction [19] [30]-[44]. Fishways can be necessarily even if the height of the blocking structure is as low as 
0.3 - 0.6 m [45] [46]. There are also some important factors that should be considered to find out the necessity of 
installing a fish ladder such as the depth of water below the obstruction or the blockage, the height of the ob-
stacle or barrier, the velocity of water flow through or over the obstacle, the quality and quantity of upstream 
habitant of fish of the obstacle, the movement patterns of fish and the composition of different species within the 
fish community.  

It has been known for a long time that creating various obstacles in rivers like dams for hydropower plants 
fragment marine ecosystems affects the population of fish. Nowadays, rivers, in the entire world, are being 
fragmented with hydropower dams and 70% of the Swedish rivers are exploited for hydropower dams [47] [48]. 
The fragmentation affects most fish species that need to migrate for spawning like chinook salmon, steel head 
and lake sturgeon. However, properly designed fishways may dampen the effect on the fish species from the dams. 

Engineers need to consider many design factors during planning, designing and placing an obstacle structure 
in the river. Each obstacle or barrier in any river represents exceptional circumstances and challenges, and 
therefore, the design and placement of any fishway should be carefully handled. However, there is no perfect 
fish passage design that can accommodate all fish species at every location. Each fish species has unique physi-
cal characteristics which should be considered when designing fishway facilities [49]. Various fish species, for 
example, trout and salmon are able to swim through very fast water as they have exceptional burst speed while 
some other fish species such as northern pike, walleye and smallmouth bass are unable to pass through very fast 
water due to moderate burst speeds. There are some other factors such as energy dissipation, flows, resting areas, 
entrance locations, attraction velocities, and space in pools which should also be considered carefully when de-
signing a fish passage facility [49]. 

Thus, the right design of an effective fishway is very important for the safety and improvement of numerous 
fish stocks and this review has been motivated by how the flow field in fishways can be measured and improved. 
Main focus is on the application of the flow measurement technique Particle Image Velocimetry (PIV) on the 
flow in fish ladders or fishways. Hence to start with the next section will review the PIV technology. 

2. PIV Techniques for Fish Migration 
PIV is a non-intrusive laser optical measuring technique used to disclose and scrutinize various flows like tur-
bulent flow, micro-fluidics, spray atomization and combustion processes [50]-[58]. The term PIV was first in-
troduced in the literature in the 1980s [56]. The scientific and technical achievement in lasers, image recording 
and evaluation techniques, and computing techniques and resources in the last 30 years [56] has enabled PIV to 
be one of the most versatile experimental tools in fluid mechanics. Grant, Stanislas, Dabiri and Green [54] 
[59]-[64] have, among others, reviewed the measurement principle and major developments of PIV reported in 
many research articles and Raffel et al. (2007) [65] have authored a comprehensive book on the technique. Since 
the flow in fish ways is generally complex, PIV is an appropriate experimental technique to obtain the velocity 
field.  

PIV tracks the pattern of tracer particles seeded in the fluid to get the entire velocity field of the given area of 
measurement. A modern PIV system consists of several components and the main ones are an object to do mea-
surements on, a multi-pulsed laser system, one or more digital cameras synchronized with the lasers and a com-
puter to manage the entire system and analyze the data [66]-[70]. Standard 2D-PIV (2D2C) is used to measure 
two components velocity in one plane with one camera whereas Stereo-PIV (2D3C) is used to measure three 
components velocity in one plane with two cameras. Recently another type of PIV system has become commer-
cially available that uses more than three cameras which is known as a tomographic PIV system [71]. Due to the 
expensive price and complicacy in experimental setups, the most commonly used PIV to disclose the flow in 
fishways is still 2D2C PIV. The basic setup of a 2D2C PIV system is shown in Figure 1. The key technologies 
of a typical PIV system will be briefly discussed hereinafter. 

2.1. Illumination System 
Double-pulsed Nd:Yag lasers are the most widely used illumination system in fish migration experimental studies 
because these lasers can emit mono-chromatic light with high density energy. Thin light sheets may be formed 
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Figure 1. Representation of a 2D-2C PIV measuring arrangement. Photo courtesy of 
Dr. Mohanad A. Khodier [72].                                               

 
to illuminate and record patterns of the tracing particles with no chromatic aberrations. Double-pulsed Nd:Yag 
lasers usually have an articulated delivery arm for generating a green light sheet with a 532 nm wavelength. The 
light sheet optics is placed at the end of the articulated delivery arm that can be placed at any angle to produce 
the thin light sheet. Typically, one or more cylindrical lenses are used to adjust field angle and thickness of the 
laser light sheet. The light sheet thickness in the measurement area is usually about 1 - 3 mm but can be even 
thinner [73]-[76]. However, using such a thin light sheet as the illumination method also brings about a chal-
lenge for measuring a strong three-dimensional flow field. In this case, many particles recorded by the cameras 
in the first frame may move out of the measured plane and cannot be captured in the next frame. That will limit 
the accuracy of the PIV measurement to the regions of the thin plane flow [77]. For this reason, an important 
parameter to set when using lasers as the illumination source is the delay in time between the pulses, Δt. This 
time delay should be long enough to enable accurate measurements of the displacement of the pattern of the 
tracer particles between the two pulses, but also need to be short enough to minimize the number of particles 
moving out from the light sheet between subsequent illuminations. 

2.2. Image Recording Devices 
Coupled charged devices (CCD) cameras and complementary metal oxide semiconductor (CMOS) cameras are 
the commonly used image recording devices for flow measurements in fish migration. CCD cameras are the 
most widely used image recording devices in PIV experiments for their high spatial resolution, convenient data 
transmission and image processing, minimum exposure time, high light sensitivity at 532 nm and low back-
ground noise [78]-[81]. A CCD element is, generally, an electronic sensor converting photons into electrons [82]. 
A sensor of the CCD camera usually consists of an array of many individual CCD elements, which are also 
called pixels. Today, commercially available CCD cameras typically have the sensor resolution range from 2 M 
pixels (1600 × 1200) to 29 M pixels (6576 × 4384), and the corresponding frame frequency from 35 Hz to 2 Hz 
[83]. Thus, there should be a trade-off between the spatial and temporal resolution, and the CCD cameras should 
be selected based on the specific applications. For example, a high resolution CCD camera is necessary for 
large-scale measurement areas, which aims to obtain the complete flow structures. Contrarily, a high frequency 
CCD camera is more suitable for studying small-scale turbulent characteristics of fluid flows. The dynamic 
range of CCD sensors should also be considered to evaluate the signal quality per pixel. Normally, a dynamic 
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arrange of 8 or 10 bits data output per pixel is sufficient for most PIV purposes. However, with usage of ad-
vanced cooling technique, 14 or 16 bit cameras are also available for applications such as planar laser-induced 
fluorescence (PLIF) where very low noises and high dynamic range are required.  

For time-resolved measurement acquiring accurate turbulent information a high-speed CMOS camera should 
be used rather than a CCD camera. High-speed recordings based on recently developed CMOS sensors can even 
be used to capture the frequencies in the kilo-Hz range. This is very promising for studies of turbulence. Such a 
CMOS sensor also allows recording and handling of up to some thousand frames per second at a satisfactory 
noise levels. The trade of is the sensor resolution. Though, as a more advanced image recording technique, the 
low spatial resolution has become the main obstacle for CMOS cameras to completely replace the CCD cameras. 
This critical drawback limits the applications of CMOS cameras only to small-scale measurements. Thus, CCD 
cameras are still the main image recording devices for PIV measurement currently due to the better image qual-
ity and wider applied range. Hain et al. [81] reported a detailed comparison between CCD cameras and CMOS 
cameras. 

2.3. Seeding Particles 
The result from PIV measurements is heavily dependent on the seeding particles doped into the fluid flow to 
disclose the velocity field. The accuracy of the velocity field depends on seeding particles capability to follow 
the instantaneous movement of the uninterrupted phase. The selection of the most favorable diameter of the 
tracer particles is a negotiation between a quick response of the tracer particles in the fluid, needing tiny diame-
ters, and a high SNR (signal-to-noise ratio) of the particle images, requiring large diameters. This was stated by 
Melling (1997) [84] who reviewed the use of different seeding particles during PIV measurements. The specifi-
cations of the tracer or seeding particles were compared to the characteristics of the scattered light as well as the 
capability of aerodynamic tracking.  

Properties of the Tracer Particles 
The scattering characteristics of the particles can be expressed with the following equation:  

s
s

o

PC
I

=                                       (1) 

where, Cs is the scattering cross-section, Ps the ratio of the total scattered power and I0 the laser intensity. Figure 2 
shows the alteration of Cs as a function of the particle diameter dp to the wavelength of the laser λ for spherical 
particles at a refractive index m = 1.6. The comparison of the approximate Cs for a diatomic molecule and two 
larger particles is shown in Table 1. It is clear that larger particles can give exponentially stronger light signals, 
which relate to the larger measuring area and higher signal-to-noise ratio. 

 

 
Figure 2. The scattering cross section as a function of the particle size m = 1.6. From [84], 
reproduced with permission from the Journal of Measurement Science and Technology.      
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Table 1. The scattering cross section as a function of particle size. From [84], reproduced with permission from the Journal 
of Measurement Science and Technology.                                                                       

dp  Cs 

Molecule  ≈10−33 m2 

1 µm Cs ≈ (dp/λ)4 ≈10−12 m2 

10 µm Cs ≈ (dp/λ)2 ≈10−9 m2 

 
The tracking of tracer particles is particularly crucial for PIV measurement accuracy. The tracking ability de-

pends on the particle shape, particle density, fluid density and the fluid viscosity. To summarize, the size of the 
tracer particles should be optimized to balance between the tracking behavior and the scattering characteristics. 
Melling (1997), Willert et al. (2007) and Bosbach et al. (2009) [84]-[87] reveal more details about the properties 
of the tracer particles. 

2.4. Image Evaluation Methods 
It is obvious from the working principle of PIV that the technique is to measure directly two basic dimensions, 
displacement, and time. However, it is impossible to calculate the velocity for each particle due to the high con-
centration of particles used and overlaps between particles in captured images. Therefore, image evaluation me-
thods are necessary to derive the displacement information from raw particle images. The preferred evaluation 
method in PIV is to capture two images on two separate frames, and perform multistep cross-correlation analysis, 
hence the displacement of patterns of particles is derived. This cross-correlation function has a significant peak, 
providing the direction and magnitude of the velocity vector without ambiguity. The correlation methods are 
commonly based on digital fast Fourier transform (FFT) algorithms for calculating the correlation functions. For 
fish migration applications, the recently most widespread used evaluation method is adaptive correlation. The 
adaptive correlation technique [88] iteratively determines velocity vectors using an initial interrogation area (IA) 
of the size N times the final IA size and employs the intermediary information as results for the next smaller size 
IA, until the final size of IA is reached. The IA is a sub-area in the recorded images and its dimensional setting 
directly determines the spatial resolution and accuracy of the measurement. The smaller IA size and higher 
overlap ratio can achieve higher spatial resolution, but require higher quality image recordings and consume 
longer computing time. According to the reviewed papers, the size of the IA is typically set to be 32 × 32 pixels 
or 64 × 64 pixels with overlaps of 50% or 25% for PIV applications. 

In addition, the adaptive correlation method can achieve higher accuracy supplemented with high sub-pixel 
accuracy and adaptive deforming window algorithm. Currently, adaptive correlation is available in most of the 
commercial PIV software packages. Adaptive PIV interrogation [88] [89] is a more advanced and automatic 
correlation algorithm for determining velocity vectors of particle images. This technique iteratively amends the 
shape and size of the IA for adapting to local density of tracer particles and gradient of flow. The method also 
includes options to apply window functions, frequency filtering as well as validation in the form of universal 
outlier detection [90]. In general, adaptive PIV can achieve higher accuracy and spatial resolution results than 
adaptive correlation but consumes much more computing resources. Another advanced evaluation method hav-
ing potential for fish-way channel applications is 2D or 3D least squares matching (LSM) [91] [92]. Compared 
with available correlation based methods, LSM is a gray-level tracking technique which performs translation, 
deformation and rotation of the IA [91]. The algorithm of LSM iteratively contrasts gray-level tracking of an IA 
between the first time step and the second time step. This is an iterative least squares procedure applying affine 
transformations on the IAs. Thus, LSM can not only yield the zero order translational velocities just like the 
correlation methods, but also simultaneously take the first order terms of fluid motion into account. For this 
reason, the velocity gradient tensor, the deformation tensor and the rotation tensor can accurately be derived 
with LSM, without any assumptions and manipulations. However, the LSM has received much less attention 
than correlation methods due to much longer computation times and requirement of extremely high quality par-
ticle images. Though having distinct advantages, the two advanced methods have been less used to evaluate data 
from PIV experiments. Nevertheless, these methods have great potentials for the fine measurement of complex 
flow, where larger velocity gradient tensor exists and greater accuracy is desired. Though there are a number of 
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algorithms available, there is not a single algorithm that has the best performance everywhere [61]. Detailed 
analyses of the performances of the state-of-the-art evaluation methods are available in the main results of the 
PIV challenges presented in [60]-[62]. 

In summary, a variety of techniques is involved in a flow field evaluation with PIV. However, no universally 
applicable PIV system is available for different applications. In practice, many compromises and decisions need 
to be made from case to case. Close attention should be paid to the selection of appropriate PIV system parame-
ters for their specific needs, such as the measuring area, the temporal and spatial resolution and the required pre-
cision. The above overview does not include the principles for three dimensional PIV techniques, such as ste-
reoscopic PIV, topographic PIV and defocusing PIV [93], because these techniques have only occasionally been 
applied for fish migration as will be exemplified in the next section 

3. Application of PIV in Flow Field Measurement in Fish Migration 
A number of cases where PIV has been used to measure flow fields connected to fish migration are presented in 
this section. The review is mainly focused on publications in English language journals during the latest years 
and is not inclusive but represents the status and trend of the PIV applications in fish migration.  

Mohanad A. Khodier (2012) [72] studied turbulent flow characteristics of the flow through a fishway both 
experimentally and computationally. PIV was used to measure the turbulent flow characteristics in a pipe 
(Figure 3(a)) having length of 18.3 m and a diameter of 0.57 m. the pipe was made of high-density polyethylene 
(HDPE) [94]. Since this polymer is not optically transparent, an observation window was positioned in the mid-
dle of the pipe consisting of a transparent lexan sheet. The PIV system used to measure the flow field, consisted 
of a CCD camera with a 1376 × 1040 pixels resolution and a Nd:YAG laser with light sheet optics to illuminate 
the area of interest. With the PIV system accurate, undistorted velocity vector data could be produced as exem-
plified in Figure 3(b). 

The flow field was measured for several flow rates as exemplified in Figure 4. The measured shear stress was 
subsequently calculated with the following equation: 

U
y

τ µ ∂
=

∂
                                          (2) 

It is noted that the PIV system produced the velocity field accurately and then the shear stress (velocity gra-
dient) was derived for every flow situation. 

Green et al. (2011) [95] conducted PIV experiments in a flume with a submerged smaller channel with an ob-
stacle designed to increase the velocity downstream of the so called attraction channel, shown in Figure 5. Dif-
ferent designs of obstacle and channel were tested to find the best fishway configuration that maximizes attrac-
tion of fish. A two dimensional PIV system from LaVision GmbH was applied [96]. The system consists of a 
dual pulsed laser (Nd:YAG) with maximum 100 Hz repetition rate for illumination of the flow area and a 
FlowMaster Imager Pro CCD-camera from LaVision [97] having a 1280 × 1024 pixels spatial resolution per 
frame. They also used a 3-Axis Traverse System [98] to enabling a repositioning of the laser and camera in all  

 

 
(a)                                         (b) 

Figure 3. PIV measurements of fish way (a) PIV setup at the Water Research Laboratory at Utah State University (UWRL). 
(b) Velocity vectors. Photo courtesy of Dr. Mohanad A. Khodier [72].                                              
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(a)                                                        (b) 

Figure 4. (a) Velocity contour (b) Velocity gradient for a flow rate, Q = 85.0 l/s. From [44], reproduced with permission 
from Dr. Mohanad A. Khodier.                                                                             

 

 
(a)                                (b) 

 
(c) 

Figure 5. Schematic representation of the experimental setup. (a) The attraction channel with the ramp; (b) Cross-section of 
the water flume and attraction channel; (c) The flume as seen from the side. From [95], reproduced with permission from the 
John Wiley and Sons.                                                                                      

 
three (x, y and z) directions up to a length of 500 mm. The tracer particles used [65] were hollow glass spheres 
with a 6 µm diameter from LaVision GmbH. A constant velocity, 0.2 m/s, was maintained in the fish ladder 
channel and a 1400 µs time separation between laser pulses was applied. The laser repetition rate was kept con-
stant to 50 Hz and every measurement had 250 image pairs. Figure 6 illustrates the PIV measured flow fields at 
different location of the attraction channel. These PIV results exposed that the flow pattern is affected by rather 
minor tilting of the attraction channel from the original flow direction. 

Tarrade et al. (2011) [76] used PIV for experimental studies of hydrodynamic turbulent flows generated in 
vertical slot fishways at Institut Pprime of the University of Poitiers (France) where they mainly characterized  
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(a)                                    (b)                                   (c) 

 
 

(d)                                    (e)                                   (f) 

Figure 6. Flow fields at various location of the attraction channel measured by PIV. From [95], reproduced with permission 
from the John Wiley and Sons.                                                                              

 
some kinematics flow parameters, such as, mean velocity, the kinetic turbulent energy, the vorticity and the in-
stationary nature of the flow for several slopes and flow discharges using two different types of geometries. A 
2C2D PIV from LaVision was used for visualizations and two-component flow velocity measurements. This 
PIV-system consists of two CCD cameras with a resolution of 1600 × 1200 pixels and an Nd-Yag laser (Spec-
tra-Physics, 180 mJ/pulses) generating a 1.5 mm thick laser sheet. The laser sheet illuminated hollow glass par-
ticles with dp = 20 µm and a CCD camera was used to visualize the entire pool flow through a 45˚ mirror as 
shown in Figure 7. 

The PIV measurement resulted in two different patterns of turbulent kinetic energy and vorticity for different 
geometrical configurations as shown in Figure 8. 

Tritico et al. (2010) [99] studied the effect of flow characteristics on fish swimming speed and stability during 
migration. The main characterization was the eddy composition being described by the eddy diameter (de), the 
eddy vorticity (ωe) and the eddy direction, meaning horizontal or vertical. PIV experiments were conducted us-
ing a flow visualization water flume with a test section being 0.25 m in length, 0.60 m in width and 0.55 m in 
height as shown in Figure 9. The portable PIV-system used has a 532 nm wavelength laser, a 90 mW battery 
power and a black and white 10-bit CCD-camera having a resolution of 1 megapixel. The PIV measurements 
revealed that the habitat selection of fish, fish migration, and fish swimming stability are influenced by turbulent 
eddies. 

Deng, Z. et al. (2004) [100] used high-speed PIV to study flow characteristic around fish. A two-dimensional 
digital PIV (DPIV) system was used with an LDP diode-pumped Nd:YAG pulsed laser having capability of 
producing an average power of 15 watts at a wavelength of 532 nm at 1000 Hz. A negative lens of cylindrical 
shape was employed to spread the laser beam into a sheet of 220 mm in the x–y measurement plane and the 
sheet was focused with a positive spherical lens to a waist close the midpoint of the test area. The thickness of 
this laser sheet was approximately 0.8 mm for a field of view of 220 × 220 mm2. As seeding particles glass 
spheres with dp = 70 µm and a density of 1180 kg/m3 were used. A Photron 1280 PCI high-speed, high-resolu- 
tion digital camera [101] was employed to record the images. This camera uses a 10-bit CMOS sensor with a 
global electronic shutter as fast as 7.8 μs and a sampling rate of 500 frames-per-second at a resolution of 1280 ×  
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Figure 7. Experimental arrangement. From [76], reproduced with permission from Springer.                 

 
( )

0

TKE x
U



                                  ( )
0

x
U b
ω 

 

 
(a)                                              (b) 

 
(c)                                              (d) 

Figure 8. Turbulent kinetic energy ((a) & (c)) and vorticity ((b) & (d)) for different geometries, S0 = 10%, Q = 
0.023 m3/s. From [76], reproduced with permission from Springer.                                         
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(a)                                                         (b) 

Figure 9. Flume and test section configuration (a) and PIV Interrogation Windows (b). From [99], reproduced with permis-
sion from the Journal of Experimental Biology.                                                                   

 
1024 pixels. A synchronizer was used to control the CCD camera and the timing of the laser pulses. A schematic 
of the experimental setup is shown in Figure 10(a). This laboratory tests demonstrated the applicability of PIV 
to characterize flows around fish. The measurements also disclosed unsteady vortex shedding generated in the 
wake behind the fish, and very high vorticity and high stress areas around the fish head. The area with the high-
est stress is just down-stream the fish head. Figure 10(b) is an example of mean velocity vectors. 

Liao et al. (2003) [102] studied experimentally the effect of vortices on the locomotion of fish. A DPIV sys-
tem was applied [103] in a water tank where a D-section cylinder was placed to generate vortices as shown in 
Figure 11. The DPIV system, used to measure the flow field, consisted of two high-speed video cameras (NAC 
HSV-500) and an argon-ion laser with a laser sheet thickness of 1 - 2 mm. Silver-coated glass spheres with a 
mean dp = 12 mm were used as seeding particles. The purpose was to find the interaction between fish and vor-
tices generated behind the D-section cylinder see Figure 12(a) where arrows represent the direction and magni-
tude of flow (The scale arrow denotes 0.56 m/s). Red corresponds to vorticity (rad/s) for clockwise direction and 
blue corresponds to vorticity for counterclockwise direction. Figure 12(b) represents midlines for seven consec-
utive tail-beats. Standard errors in vortex position are given as bar lengths within each vortex. In Figure 12(c) 
the phase between body and vortices, where 180˚ represents slaloming in between vortices and 0˚ or 360˚ 
represents vortex interception. Checkered circles represent the center of mass of fish. Bars in light gray represent 
standard error. 

The main result of this PIV study is that fish uses environmental flow vortices to conserve energy and main-
tain position in the stream during upstream migration. 

Siddiqui (2007) [104] employed a two-component PIV technique to obtain velocity fields around a freely 
swimming fish. The experiments were carried out in a 0.30 m long tank made of glass having width and height 
of 0.12 m and 0.20 m respectively as shown in Figure 13. The PIV set-up consists of a Nd:YAG laser having an 
energy of 25 mJ to illuminate the flow area, a CCD camera with a resolution of 1600 × 1200 pixels, a pulse ge-
nerator, some laser optics lenses, mirrors etc. for transmitting light and a computer with frame grabber facility. 
AVideoSavant software was used to evaluate the snap-shots. 

Hollow glass spheres with mean dp = 10 µm were used to seed the fluid. A constant water height of 0.18 m 
was maintained and the tank was divided into different areas with a Plexiglas sheet so that a 65 mm long gold-
fish could swim freely in a 0.30 m long and 0.08 m wide section. Images of swimming fish were captured from 
a 100 × 74 mm2 observation window for a duration time of 5 minutes and images were captured at a frequency 
of 30 Hz. Finally the images were analyzed to find the velocity fields see Figure 14. The PIV measurements 
disclosed that jets are created by the fins and tails of the fish and vortices are seen in the wake behind the fish. 

Sakakibara et al. (2004) [105] performed an experimental study on swimming fish. This was done in a plex-
iglas tank having a length of 1.0 m, a width of 0.20 m and a water depth of 0.30 m. A gold fish with a length of 
0.11 m was allowed to swim freely within this tank. The authors did not use any external control for the motion  
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(a)                                                           (b) 

Figure 10. PIV measurements of a laboratory fish way (a) PIV set-up; (b) Example of mean velocity vectors. From [100], 
reproduced with permission from Dr. Marshall C. Richmond.                                                     

 

 
Figure 11. DPIV experimental setup. From [102], reproduced with permission from the American Association for the Ad-
vancement of Science.                                                                                    

 

 
Figure 12. Interaction of fish with cylinder vortices. From [102], reproduced with permission from the American Associa-
tion for the Advancement of Science.                                                                           
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Figure 13. Schematic of the PIV experimental setup. From [104], reproduced with permission 
from the Journal of Measurement Science and Technology.                                  

 

 
(a)                                         (b) 

Figure 14. The velocity fields (a) obtained from the preprocessed PIV image pair; (b) superim-
posed on the PIV image. From [104], reproduced with permission from the Journal of Measure-
ment Science and Technology.                                                        

 
of fish but waited until the fish entered the region of view and took turning motions. Stereoscopic PIV was used 
to measure the three component velocity distribution around the fish. An Nd-YAG laser equipped with an 
in-house laser delivery arm produced a 2 mm-thick laser light sheet to illuminate the flow field. A total of four 
CCD cameras were employed at four different locations for stereoscopic PIV measurement, two for the stereos-
copic PIV and two to capture the fish. The complete experimental facility is shown in Figure 15. In the PIV re-
sults shown in Figure 16, the authors found different fish turning-motion processes at different times such as the 
fish took up a curved shape, its body became C-shape at the starting of the turning motion; the body started to 
resume a straight shape by transmitting the bending point toward the back, and formed a ‘‘side jet’’ in the center 
of counter-rotating vortices, that provided angular momentum to the fish body and surrounding added mass; fi-
nally, the thrust jet was released toward the back and the fish body moved forward. 

4. Discussion 
PIV can be used to gather instantaneous flow field information and can considerably reduce the time for expe-
riments as compared to Laser Doppler Anemometry, for instance. It is here shown that PIV can be a versatile 
tool for biological or ecological studies such as fish migration as it visualizes the fluid area when it makes con-
tact with a surface or object [106]. Regarding fish migration the PIV measurement may be divided into pure stu-
dies of the motion of fish and flow fields connected to fish migration. Velocity and turbulent quantities within or 
in the vicinity of fishways is of interest as well as flow around fish and fish turning movement. Additionally, 
PIV has been successfully applied on studying fish swimming speed and stability where PIV results find some 
influences of turbulence. PIV has been employed to measure vorticities and other unsteady quantities of the flow 
in a fishway where vorticity, turbulent kinetic energy (TKE) and velocity fields were effectively measured. PIV  
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Figure 15. Experimental arrangements. From [105], reproduced with permission from the Springer.                      

 

 
(a)                                                      (b) 

 
(c)                                                      (d) 

Figure 16. Velocity vectors around a turning fish as measured with stereoscopic PIV: (a) t = 0 s; (b) t = 1/15 s; (c) t = 3/15 s; 
(d) t = 8/15 s. From [105], reproduced with permission from the Springer.                                             
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has also been used to validate some numerical analysis [25] [107]-[115] of fishways, for example, Khodier, M.A 
et al. (2012) [44] validated their numerical studies with PIV experimental studies. Apart from this, Stereoscopic 
PIV and Tomographic PIV are able to get the three-component (3-D) velocity information in the planar region 
illuminated by a laser sheet. These types of 3D-PIV systems are already in use on studying fish migration, for 
instance, Sakakibara et al. (2004) [105] used Stereoscopic PIV on studying swimming movement of a live fish 
and Mendelson, L. et al. (2015) [116] used 3D synthetic aperture PIV to analyze wake of a freely swimming fish. 
Moreover, Scarano (2013) [71] has reviewed application of Tomographic PIV in various experimental studies 
and he found that the use of this type of Tomo-PIV is rapidly increasing for experimental measurements. 

However, as every measuring technique has some errors, PIV is not free from errors regardless of velocity 
range measured [117]. Compared with other experimental techniques, PIV is a measuring technique where ac-
curacy is straightforwardly determined by the error in displacement and the time delay uncertainty between 
pulses. Similarly, the error in displacement is a prior uncertainty source for all sorts of PIV applications and dif-
ficult to compute, as measuring PIV itself may be found as a series of error generating steps [78]. In additions 
the filtering often applied in a post-processing of the data may introduce additional errors.  

Initially, it is assumed that the seeding or tracer particles follow the turbulent flow. This is however due their 
size, shape, mass and density and compared to the characteristics of the fluid and the flow. The ability for a par-
ticle to follow the flow is often described with the Stokes number, which in its simplest form may be written as: 

0 0

0
tk

t uS
l

=                                         (3) 

where t0 is the relaxation time of the particles, u0 is a velocity, l0 is a characteristic dimension typically the di-
ameter of the particles. 

Other errors are found when the image acquisition and analysis procedure are in progress. The quality of par-
ticle image, size of interrogation area and the statistical correlating procedure are dependent on the accuracy of 
the experimentally measured velocity data [77] [117]-[119]. Additionally, the skills and experiences working on 
PIV of the researcher are also related to the accuracy of measurement. Ullum et al. [119] studied time-averaged 
PIV data for a single point in a grid-generated turbulence to find the effect of sample size on measuring accuracy 
in its early decay. It was observed that 100 vector maps for a component of average or mean velocity were 
needed for uncertainties of averages at a specified point to be within 1% for a flow of 10% turbulence intensity. 
Nevertheless, 20000 vector maps were required for a component of normal stress with this level of accuracy. 
This study showed the requirement for larger sample sizes for higher order statistics. Also, inadequate laser in-
tensity, stiffness of the optical light sheet and poor-spatial resolution of the CCD camera may be a problem. 
Since these significant drawbacks restrict the uses of PIV system in several cases, then it is essential to develop 
required optical arrangement and technology for camera shooting to overcome these drawbacks.  However, a 
PIV system is quite expensive, large, and difficult to use for experimental measurements. Perfect PIV measure-
ment of fish ways requires a comparatively large amount of investment in equipment, time and experimental 
skill and experience, especially for cases when the flow around fish is in focus.  

5. Conclusion 
The major technologies of an ideal PIV system for measuring fluid dynamics phenomena in fish migration re-
lated equipments were reviewed. There was no universally applicable PIV system found for every case of expe-
rimental measurement. Many compromises and decisions have to be carefully taken for various practical appli-
cations. The researchers should take important consideration during selection of suitable PIV system parameters 
according to their particular requirements. The reviewed publications indicated that PIV has progressively con-
verted into the most popular and resourceful experimental instrument to measure fluid dynamics phenomena in 
the fish migration process. PIV has been able to overcome the drawback of the conventional point based veloci-
ty measuring techniques and become a high-tech, non-intrusive, entire flow field measuring technique, and pre-
senting instantaneous velocity information in an entire plane. The Tomo-PIV (3D-PIV) is now capable to meas-
ure all three components instantaneous velocity, having real-time three-component flow structures for interested 
areas, for instance, around a fish body. However, PIV is sometimes not the optimum instrument for some very 
complex flow measurements as some commercially available PIV is frequently restricted to the obstruction of 
optical paths and the limit of image size. Thus, it is essentially to develop large or full scale optical technology 
as well as technology of capturing images to overcome the drawbacks. 
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Abstract.	 Experiments	 in	 an	 open	 channel	 flume	 with	 placing	 a	 vertical	 half	 cylinder	
barrier	 have	 been	 performed	 in	 order	 to	 investigate	 how	 a	 barrier	 affects	 the	 upstream	
velocity	profiles.	An	 experimental	 technique	using	Laser	Doppler	Velocimetry	 (LDV)	was	
adopted	to	measure	these	velocity	distributions	in	the	channel	for	four	different	discharge	
rates.	Velocity	profiles	were	measured	very	close	to	wall	and	at	25,	50,	100,	125	and	150	
mm	 upstream	 of	 the	 cylinder	 wall.	 For	 comparing	 these	 profiles	 with	 well-known	
logarithmic	velocity	profiles,	velocity	profiles	were	also	calculated	in	smooth	open	channel	
flow	 for	all	 same	 four-discharge	rates.	The	results	 indicate	 that	regaining	 the	 logarithmic	
velocity	profiles	upstream	of	the	half-cylindrical	barrier	occurs	at	100	mm	upstream	of	the	
cylinder	wall.		

Key	words:	LDV,	Fishway,	Open	Channel,	Half	Cylinder.

1. Introduction	

	 The	turbulent	 flow	around	vertical	cylinders	 in	open	channel	has	been	extensively	
studied	 for	 many	 years;	 flow	 around	 semi-circular	 cylinders	 however	 has	 not	 been	 the	
subject	 of	 as	many	 studies.	One	application	 for	 this	 type	of	 structure	 is	 in	 fish	migration	
where	 fishes	swimming	 in	 the	bow	wake	 in	 front	of	 the	half	cylinder	used	 less	energy	 to	
maintain	their	position	in	the	flow	[1].	It	is	then	necessary	to	know	how	far	the	bow	wake	
exists	in	front	of	the	half	cylinder	and	this	can	be	identified	measuring	velocity	profiles	in	
different	 upstream	 region	 of	 the	 half	 cylinder.	 The	 area	 of	 bow	 wake	 ends	 where	 the	
velocity	profile	follows	logarithmic	law.	
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	 However,	 velocity	 distribution	 at	 or	 around	 any	 obstruction	 is	 one	 of	 important	
issues	 to	 obtain	 information	 of	 vortices.	 Different	 types	 of	 obstructions	 or	 barriers	 are	
installed	in	fishways	to	make	proper	passages	to	migrate	fishes	according	to	the	situation.	
There	 are	 also	 some	 other	 application	 of	 open	 channel	 flow,	 such	 as,	 	 natural	 drainage	
systems	in	various	creeks	and	rivers,	 	rainwater	in	the	channel	of		houses,	flow	in	natural	
and	human	made	canals,	ditches	of	drainage,	sewers,	and	gutters	along	roads,	flow	of	small	
rivulets,	 and	 sheets	 of	 water	 across	 fields	 or	 parking	 lots	 and	 flow	 in	 the	 chutes	 of	
numerous	water	rides.	

	 Many	 studies	on	open-channel	phenomena	have	been	performed	 since	 the	1970’s	
[2-8].	 Haro,	 A.,	 et	 al.	 (2004)	 [9]	 studied	 the	 performance	 of	 	 swimming	 for	 upstream	
migrating	 fishes	 in	 open-channel	 flow	 for	 	 predicting	 passage	 through	 velocity	 barriers.	
They	 defined	 performance	 of	 upstream	 migrating	 fishes	 swimming	 through	 velocity	
barriers	 in	 a	 novel	 way	 and	 at	 a	 realistic	 scale	 in	 their	 study.	 Steffler,	 P.	 M.	 et	 al	 	 [10]	
conducted	Laser	Doppler	Velocimetry	(LDV)	measurements	to	measure	mean	velocity	and	
turbulence	for	uniform	subcritical	flow	in	an	open	channel.	The	results	indicated	that	mean	
velocity	profiles	follow	logarithmic	law.		Ardiçhoğlu	and	Kirkgöz	(1997)	[11]	conducted	an	
experimental	 study	on	 the	progression	of	 the	 flow	starting	 from	developing	 toward	 fully	
developed	flow	using	LDV.	They	found	that	the	extension	of	boundary	layer	occurs	at	fully	
developed	 turbulent	 flow	 axis	 for	 a	 certain	 aspect	 ratio.	 Madad,	 Reza,	 et	 al	 (2015)	 [12]	
conducted	both	experimental	and	numerical	investigation	for		fully	developed	laminar	and	
turbulent	channel	flow		using		an	air–water	interface.	They	noted	that	the	higher	energy	is	
transferred	to	the	water	than	the	energy	is	transferred	to	a	solid	wall	in	moving	condition.	
Balachandar	 et	 al.	 (2002)	 [13]	 found	 that	 for	 a	 smooth	 surface,	 the	 logarithmic	 law	 is	
followed	 by	 the	 measured	 mean	 velocity	 profiles	 and	 for	 a	 rough	 surface,	 a	 suitable	
downward	shifting	occurs.	Tachie	et	al.	 (2003)	 	 [14]	measured	velocities	on	two	types	of	
rough	surfaces	(different	geometry)	and	a	smooth	surface	in	a	channel	and	they	found	that	
the	 roughness	 effects	 on	 the	 velocity	 field	 were	 similar	 as	 found	 in	 turbulent	 boundary	
layer	for	a	gradient	of	zero-pressure,	although	free	surface	influences	the	boundary	layer	in	
an	 open	 channel	 flow.	 They	 additionally	 found	 that	 wake	 parameters	 increased	 due	 to	
roughness	 of	 the	 surface	 as	 compared	 with	 a	 smooth	 surface.	 	 Afzal	 et	 al.	 (2009)	 [15]	
studied	 open-channel	 flows	 to	 find	 the	 effect	 of	 Reynolds	 number	 on	 the	 velocity	
distribution	 and	 they	 found	 that	 there	 is	 some	 extension	 of	 overlap	with	 the	 log	 region	
which	is	affected	by	the	variation	of	Reynolds	number.	However,	Ghoma	et	al.	(2014)	[16]	
studied	two-phase	flows	both	experimentally	and	numerically	in	an	open	channel	flow	and	
they	 observed	 the	 reasonable	 stream-wise	 velocity	 profiles	 distribution	 in	 the	 channel.	
They	also	 found	 the	 reasonable	 agreement	 in	 the	 results	between	 the	numerical	 and	 the	
experimental	studies.	
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	 Laser	 Doppler	 Velocimetry	 (LDV)	 is	 a	 well-proven	 non-invasive	technique	 which	
accurately	measures	velocity	of	fluid	flow	at	a	point.	An	intersection	of	two	laser	beams	is	
employed	for	this	type	of	velocity	measurement	at	a	point.	When	a	particle	passes	through	
the	desired	measuring	point	which	 is	defined	as	probe	volume,	 then	 the	particle	scatters	
light	from	the	beams	into	a	detector.	The	frequency	of	the	resulted	Doppler	burst	signal	is	
directly	 proportional	 to	 the	 velocity	 of	 particle.	 Basic	 principle	 of	 a	 back	 scattering	 one-
component	LDV	System	(Dantec	Dynamics)	is	shown	in	the	figure	1.	Velocity	distribution	in	
a	 channel	 flow	can	be	accurately	measured	using	 the	LDV	which	 is,	 also	known	as	Laser	
Doppler	 Anemometry	 (LDA)	 which	measures	 the	 velocity	 of	 fluid	 based	 on	 the	 random	
sampling	 of	 individual	 velocity	 events	 which	 occur	 when	 particles	 pass	 through	 the	
measuring	volume.	Yeh	et	al.	[17]	first	introduced	LDV	back	in	1964,	and	since	then	it	has	
been	 used	 broadly	 in	 experimental	 investigations	 of	 various	 fluid	 flow.	 LDV	 has	 been	
developed	in	the	last	50	years	and	so	as	an	enormously	useful	research	instrument	in	the	
fluid	dynamics	area.	Employing	this	LDV,	accurate	measurements	all	over	the	whole	 flow	
area	can	be	obtained	[18].	 	

	 A	 limited	 number	 of	 researchers	 have	 used	 the	 LDV	 technique	 for	 studying	 flow	
velocities	 in	open	channels.	 In	 the	current	 study,	 the	vertical	velocity	profiles	 in	an	open	
water	 channel	 with	 rectangular	 cross-section	 was	 experimentally	 investigated	 using	 the	
LDV	 technique	 for	 four	different	 flow	 rates.	The	main	 focus	 is	 to	 investigate	how	steam-
wise	mean	and	RMS	velocity	profiles	are	varying	in	front	of	a	half	cylinder.	

	
Figure	1	LDV	principle	[19].	
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2. Experimental	facility	and	method	

	 The	 laboratory	 experimental	 investigations	 were	 carried	 out	 in	 a	 7.5	 meter	 long	
rectangular	water	flume	with	a	cross-section	of	295	mm		x	310	mm	shown	in	the	Figure	2.	
A	 half	 cylindrical	 barrier	 (D-shaped)	 as	 Liao,	 Beal	 [20]	 used	 their	 study	was	 used	 in	 the	
experiment.	The	 length	and	diameter	of	 this	D-shaped	half-cylinder	are	390	mm	and	100	
mm	 respectively.	 Velocity	 distributions	 were	 measured	 vertically	 at	 four	 different	
upstream	 regions	 of	 this	D-shaped	 cylinder	 for	 a	 constant	water	 depth	 (Dw)	of	 180	mm	
(Height	of	 the	 channel,	H=	Dw+	De,)	 for	 four	various	 flow	discharge	 rates.	An	adjustable	
vertical	 gate	 was	 placed	 at	 the	 downstream	 end	 of	 the	 flume	 and	 a	 rail-mounted	 point	
gauges	was	installed	on	the	top	of	the	flume	to	control	and	measure	the	water	depth	in	the	
channel.	The	sidewalls	of	the	water	flume	were	made	of	transparent	1.7	mm	window	glass	
to	make	possible	velocity	measurements	using	an	LDV.	A	pump	was	used	to	re-circulate	the	
water	in	the	channel.	A	Danfoss	MassFlo	Coriolis	flow	meter	[21]	was	employed	to	control	
the	discharge	rate.	

	
(a)	

	
(b)	

Figure	2	Schematic	of	the	open	channel	(a)	water	flume	and	(b)	flume	plan	view	

	 A	 one-component	 Power	 Sight	 Solid	 State	 Laser-based	 LDV	 system	 (TSI	 Inc.)	was	
used	 to	measure	 the	 velocity	 profiles.	 The	 LDV	measuring	 system	 consists	 of	 a	 500	mW	
laser,	transmitting	optics,	a	fiber	probe	equipped	with	a	350	mm	focal	length	lens,	a	photo-
detector,	a	signal	processor	and	a	computer.	Placing	semicircular	cylinder	at	middle	of	the	
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channel,	velocities	at	six	different	upstream	regions	of	the	cylinder	such	as	close	to	cylinder	
wall	(2	mm),	25	mm,	50	mm,	100	mm.	125	mm	and	150	mm	upstream	of	the	cylinder	were	
measured	 for	 Reynolds	 number	 (Re)	 3620	 using	 19	 vertical	 points	 from	 channel	 bed	 to	
water	 surface.	 In	 the	 same	way,	 velocities	 for	Reynolds	 numbers	 7059,	 9502	 and	12127	
were	also	measured.	However,	similar	steps	of	measurement	were	adopted	for	measuring	
velocities	at	middle	of	smooth	open	channel	for	each	Reynolds	number.	Table	1	shows	the	
detail	condition	of	these	experiments.	

Table	1	Experimental	conditions	

Reynolds	number	(Re)	 Channel	type	

3620	 smooth	
with	cylinder	

7059	 smooth	
with	cylinder	

9502	 smooth	
with	cylinder	

12127	 smooth	
with	cylinder	

	

3. Results	and	discussion		

3.1 	Logarithmic	velocity	Profile	

	 Considering	open	channel	having	hydro-dynamically	smooth	boundaries,	Hickin,	E.	
J.	[22]	explain	distribution	of	velocities	in	open	channels	where	he	derived	an	equation	for	
calculating	the	logarithmic	velocity	profile.	We	also	opted	this	equation	and	calculated	
velocity	profile.		

5.5)*log(75.5
*

+=
υ
yu

u
u

																																																																(1)	

Where	u=	mean	velocity,	u*=	shear	or	friction	velocity,	y=water	depth	and	v=	viscosity	of	
the	water.	

	

Shear	velocity	was	calculated	using	following	equation	

SgRu h=* 		 	 	 	 	 	 	(2)	



	

6	

	

Where	Rh=hydraulic	radius,	g=	gravitation	acceleration	and	S	=	Slop	of	the	channel	which	is	
the	ratio	of	fall	y	to	distance	alone	the	channel,	S=y/L.	In	reality,	the	slope	of	water	channel	
or	water	flume	is	generally	so	small	that	the	difference	is	negligible.	The	typical	slope	of	the	
water	channel	is	0.0001,	which	was	assumed	in	this	calculation.	

	 The	 comparison	 of	 streamwise	 component	 of	 the	 mean	 velocity	 profiles	 with	
logarithmic	profiles	in	an	open	channel	for	four	different	Reynolds	numbers	are	shown	in	
figure	 3.	 It	 is	 obvious	 that	 LDV	measured	 velocity	 profiles	 are	 following	 logarithmic	 law	
velocity	profiles	for	various	flow	conditions.	

	

Figure	3	Velocity	profiles	(a)	for	Re=3620,	(b)	for	Re=7059,	(c)	for	Re=9502	and	(a)	for	
Re=12127	

	 Figure	4	depicts	 that	mean	stream-wise	velocity	profiles	 for	 flow	both	 installing	a	
half	 cylinder	 (six	 regions;	 close	 to	 wall,	 25,	 50,	 100,	 125	 and	 150	mm	 upstream	 of	 the	
cylinder)	 and	 with	 installing	 no	 half	 cylinder	 (smooth	 open	 channel	 flow)	 for	 Reynolds	
number,	 Re=3602.	 Similarly,	 figures	 5,	 6	 and	 7	 depict	 the	 mean	 velocity	 profiles	 for	
Reynolds	numbers,	Re,	7059,	9502	and	12127	respectively.		
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Figure	4	Velocity	profiles	at	upstream	regions	of	cylinder	for	Re=3620	

	

Figure	5	Velocity	profiles	at	upstream	regions	of	cylinder	for	Re=7059	
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Figure	6	Velocity	profiles	at	upstream	regions	of	cylinder	for	Re=9502	

	
Figure	7	Velocity	profiles	at	upstream	regions	of	cylinder	for	Re=12127	

	 For	 the	 case	 of	 close	 to	wall	 (1	mm	upstream	 of	 the	wall),	 velocities	 close	 to	 the	
channel	bed	are	low	for	all	four	flow	cases	when	the	half	cylinder	is	installed,	while	these	
velocities	 gradually	 increased	 as	 depth	 of	 water	 increased.	 This	 affect	 is	 gradually	
decreased	as	 the	distance	 from	the	cylinder	wall	 is	 increased.	Velocity	profiles	measured	
for	 all	 flow	 cases	 are	 close	 to	 logarithmic	 profiles	 at	 100	mm	 in	 front	 of	 the	 cylinder.	 In	
addition,	figure	8	shows	the	velocity	distribution	alone	the	upstream	center	wake	at	85	mm	
above	of	 channel	 bed	where	 it	 also	 indicates	 that	 velocities	 started	dropping	before	100	
mm	upstream	of	the	semicircular	cylinder.	
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	 However,	It	is	also	found	in	figures	4-7	that	velocities	start	increasing	gradually	for	
the	case	of	close	to	wall	(1	mm	upstream	of	the	wall)	as	height	of	water	from	channel	bed	
increased	 and	 the	 maximum	 velocities	 are	 found	 close	 to	 water	 surface	 using	 a	 half	
cylinder	 installed	 in	 the	 channel	 but	 when	 no	 cylinder	 is	 installed	 (smooth	 channel),	
velocities	gradually	increase	up	to	water	height	of	around	40	mm	then	these	velocities	keep	
almost	constant	up	to	water	surface	for	all	measured	flow	conditions.	

	
Figure	8	Velocity	distribution	upstream	distance	from	cylinder	

4. Conclusion	

	 Velocity	 profiles	 were	 measured	 using	 LDV	 technique	 for	 four	 various	 Reynolds	
numbers	 for	both	 smooth	open	 channel	 and	 installing	 cylindrical	 obstruction	 in	 channel.	
Velocities	 at	 six	 different	 regions	 ahead	 of	 the	 cylinder	 were	 measured	 to	 examine	 the	
existence	of	 the	upstream	effect	 for	 semicircular	 cylinder.	The	 following	 two	conclusions	
can	be	drawn	from	this	study	

Ø LDV	measurement	 reasonably	 agrees	 the	 Logarithmic	 velocity	 profiles	 of	 smooth	
open	channel	flow	for	almost	the	all	flow	cases.	

Ø The	stream-wise	velocity	profiles	are	started	 to	 regain	velocity	profiles	as	 smooth	
channel	 at	 a	 distance	 of	 100	mm	 (~1	diameter)	 upstream	of	 the	 half	 cylinder	 for	
almost	all	four	types	of	flow,	which	indicate	that	the	bow	wake	exists	up	to	100	mm	
upstream	of	the	half-cylindrical	obstruction.		
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Abstract	

LDV	measurements,	 flow	visualizations	 and	unsteady	RANS	CFD	 simulations	have	been	
carried	out	to	study	the	turbulent	wake	that	is	formed	behind	a	semicircular	step	cylinder	
at	 constant	 flow	 rate.	 The	 semi-circular	 cylinder	 has	 two	 diameters,	 a	 so-called	 step	
cylinder.	 	The	results	from	the	LDV	measurements	 indicate	that	wake	length	and	vortex	
shedding	frequency	varies	with	cylinder	diameter.	This	implies	that	a	step	cylinder	can	be	
used	 to	 attract	 fish	 of	 different	 size.	 By	 visualizations	 the	 formation	 of	 a	 recirculation	
region	and	the	well-known	von-Kármán	Vortex	Street	behind	the	cylinder	are	disclosed.	
The	simulation	results	predict	the	wake	length	and	shedding	frequency	well	for	the	flow	
behind	 the	 large	 cylinder	 but	 fail	 to	 capture	 the	 dynamics	 of	 the	 flow	 near	 the	 step	 in	
diameter	to	some	extent	and	the	flow	behind	the	small	cylinder	to	a	 larger	extent	when	
compared	with	measurements.	

Key	words:	LDV;	CFD;	Fish	Migration;	Step	Cylinder;	Shedding;	Vortex	Street	

1. Introduction	

Hydro	and	nuclear	power	are	the	major	sources	of	electricity	in	Sweden.	Swedish	Energy	
(2016)	[1]	has	recently	published	some	statistics	regarding	power	production	in	Sweden	
showing	that	hydro	and	nuclear	power	stand	for	47	%	and	34	%	of	the	total	electricity	in	
Sweden,	 respectively.	 In	 order	 to	 increase	 the	 percentage	 renewable	 energy	 overall,	 to	
keep	 the	 target	 of	 greenhouse	 gas	 emission	 [2],	 systems	 are	 constantly	 developed	 to	
harvest	 wind,	 wave,	 tidal	 and	 solar	 energy.	 These	 sources	 to	 energy	 are	 typically	
intermittent	 and	 power	 regulation	 is	 required	 to	 cover	 up	 for	 this.	 The	 availability,	
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storage	capacity	and	flexibility	of	hydropower	make	it	a	perfect	contender	for	the	power	
regulation	role.	However,	hydropower	has	some	local	impact	on	the	environment,	such	as	
creating	dams	in	rivers	and	changing	water	flow	directions,	which	lead	to	some	problems	
for	fauna	passage	in	general	and	migrating	fishes	in	particular.	Fish	migration	issues	are	
mostly	 studied	 from	 a	 biological	 point	 of	 view	 and	 more	 detailed	 studies	 from	 a	
fundamental	fluid	mechanics	point	of	view	could	lead	to	new	insights	and	solutions.	

Some	hydropower	dams	have	fishways	or	fish	ladders	to	allow	fish	to	migrate	past	dams	
as	well	 as	 past	 rotating	 turbines	 and	 during	 swimming	 or	 passing	 this	 fishway	 or	 fish	
ladder,	fish	has	to	tackle	different	flow	obstructions	or	disturbances	like,	turbine	intakes,	
stones	 and	 concrete	 structures.	 Fluid	 flow	 characteristics	 in	 fish	 ladders	 or	 fishways	
during	fish	migration	are	crucial	when	designing	effective	fishways	so	that	fishes	migrate	
in	an	efficient	way.	Studies	[3-7]	have	shown	that	cylindrical	obstructions	can	be	used	to	
create	favorable	conditions	for	upstream	migrating	fishes	of	appropriate	size.	The	concept	
is	to	create	periodic	vortices	that	the	fish	uses	in	an	energy	efficient	way	(less	energy	than	
in	a	free	stream)	to	maintain	a	position	in	the	flow.	James	C.	Liao	(2007)	[8]	describe	the	
structure	of	the	flow	around	a	half	cylinder	and	the	positions	of	fish	swimming	within	the	
wake	 behind	 and	 around	 the	 cylinder.	 It	 was	 found	 that	 the	 fishes	 exploit	 the	 flow	
conditions	 created	 by	 the	 semicircular	 cylinder	 when	 swimming	 upstream	 around	 it.	
Apart	 from	this,	Lio	discovered	 the	altered	shedding	 frequencies	and	wakes	 for	various	
cylinder	 diameters.	 Different	 sizes	 of	 fish	 exploit	 vortices	 with	 different	 shedding	
frequencies.	Therefore,	 it	 is	 important	 to	have	proper	 shedding	 for	appropriate	 sizes	of	
fish	to	swim	past	obstructions.			

There	are	many	applications	for	step	full	cylinders	including	airport	control	towers,	street	
lamp	posts,	antenna	members	and	radio	communication	towers.	Hence,	there	are	several	
driving	forces	for	engineers	to	examine	this	type	of	flow	phenomena	both	numerically	and	
experimentally.	

Dunn	et	al.	(2006)	[9]	carried	out	velocity	measurement	with	Laser	Doppler	Velocimetry	
(LDV)	and	flow	visualization	around		a	step	cylinder.	One	results	is	that	the	recirculation	
near	a	step	has	significant	effects	on	the	shedding	frequencies	as	compared	to	 locations	
away	from	the	step.	Similarly,	another	study	also	from	Dunn	et	al.	(2011)	[10]	also	found	
significant	effects	of	free-stream	shearing	on	vortex-shedding	characteristics	from	a	step-
cylinder.	Chris	Morton	et	al.	[11-16]	carried	out	several	studies	using	both	numerical	and	
experimental	 with	 2D	 and	 3D	 Particle	 Image	 Velocimetry	 (PIV)	 investigations	 on	 step	
cylinders	such	as	single	step	dual	step	etc.	Detailed	studies	of	the	wake	vortex	dynamics	
behind	 step-cylinder	 are	provided.	He	 (2016)	 [17]	 	 has	 recently	used	Tomographic-PIV	
(3D-PIV)	behind	step	cylinder	for	three	dimensional	(3D)	information	of	vortex	shedding.	
Rafati	(2014)	[18]	conducted	a	series	of	experimental	studies	with	various	diameters	of	
step	 cylinders	 using	 Tomographic-PIV	 measurement.	 One	 result	 is	 that	 for	 high	 flow,	
streamwise	vortices	are	 introduced	 into	 the	wake	 that	 complicates	 the	vortex	dynamic,	
and	 vortex	 interactions.	 Rafati	 (2014)	 [18]	 also	 produced	 a	 table	 of	 studies	 on	 step	
cylinders	available	(Table	1).		
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Table	1	Previous	studies	on	flow	behind	step	cylinders.	Reproduced	from	[18].	

																			Study				 ReD	 D/d	

N.Ko	et	al	(1982)	[19]	 8	x	104	 2	

Yagita	et	al.	(1984)	[20]	 8	x	102	-	104	 1.25-5	

Lewis	et	al.	(1992)	[21]	 67	-	200	 1.14	-	1.76	

Dunn	et	al.	(2006)	[10]	 62	-	1230	 2	

Norberg	(1992)	[22]	 3	x	103-13	x	103	 1.25	-	2	

N.Ko	et	al.	(1984,	1990,	1992)	[23-25]	 8	x	104	 1.33	-	2.78	

Chua	et	al.	(1998)	[26]	 4.72	x	103	 3	

Morton	et	al	(2009,2010,	2011)[11,	27,	28]	 150-2100	 2	

Dunn	et	al.	(2011)		[9][span-wise	sheared	flow]		 152-764	 1.92	

Despite	having	some	investigations	of	flow	behavior	around	stepped	cylinders,	little	or	no	
scientific	works,	especially	experimental,	on	half	cylinders	with	steps	has	been	performed.	
Therefore,	 in	 the	current	study	 the	 flow	around	such	an	object	 is	studied	with	LDV	and	
Computational	Fluid	Dynamics	(CFD).	The	flow	dynamics	of	the	step	and	diameter	change	
is	 interesting	 from	 a	 fluid	mechanics	 point	 of	 view	 but	 as	 the	 half	 cylinders	 also	 have	
shown	to	be	interesting	for	fish	migration,	the	difference	in	wake	formation	and	shedding	
of	vortices	behind	the	different	cylinder	diameters	could	also	be	designed	to	fit	different	
sizes	and	species	of	fish.		

2. Experimental	Arrangement	

Experiments	 were	 carried	 out	 in	 a	 water	 flume	 at	 the	 John	 Field	 Laboratory	 at	 Luleå	
University	 of	 Technology,	 Sweden.	 The	 flume	 is	 7.5	meter	 long	with	 a	 cross-section	 of	
0.295	m	X	0.310	m.	The	semi-circular	step	cylinder	employed	in	this	investigation	is	made	
of	acetal	(POM)	and	the	diameter	of	the	small	(d)	and	large	(D)	cylinders	are	50	mm	and	
100	 mm,	 respectively.	 Figure	 1	 describes	 configuration	 and	 measuring	 zones	 of	 the	
cylinder	centerline.		

A	submersible	pump	was	used	to	pump	the	water	through	the	channel	from	a	rectangle	
water	 reservoir	 tank	 with	 2	 m3	 storage	 capacity.	 The	 water	 reservoir	 is	 placed	 at	 the	
outlet	of	the	channel	and	the	temperature	of	the	water	was	controlled	using	an	automatic	
cooling	 arrangement.	 This	 is	 essential	 since	 variation	 in	water	 temperature	 changes	 its	
viscosity	 and	 refractive	 index	 properties.	 Changes	 in	 water	 temperature	 leads	 to	 laser	
beam	displacements	from	the	desired	point	of	measurements.	A	Danfoss	MassFlo	Corolios	
flow	meter	was	used	to	control	the	water	flow	rate.		
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																				(a)	 																								(b)	

Figure	1	Cylinder	configuration;	(a)	Flow	direction	and	coordinate	description;	(b)	
Measuring	zones.	

To	 get	 a	 uniform	 velocity	 distribution	 through	 the	 channel	 there	 is	 a	 steel	 net	 and	 a	
honeycomb	at	the	inlet	of	the	channel.	The	thickness	of	the	honeycomb	is	75	mm	and	the	
diameter	of	 its	wholes	 is	7.6	mm.	The	 steel	net	 geometry	 consists	of	2.5	mm	×	2.5	mm	
square	wholes	and	it	is	0.8	mm	thick.	A	schematic	arrangement	of	the	experimental	set-up	
is	presented	Figure	2.	

	
Figure	2	Schematic	presentation	of	water	circulation	in	the	flume	

This	LDV-system,	used	in	this	investigation,	is	a	two	component	configuration	with	an	83	
mm	diameter	optical	fibre	probe	and	a	front	lens	with	360	mm	focal	length	which	consists	
of	a	300	mW	diode	pumped	solid	state	laser,	transmitting	optics	including	a	beam	splitter	
Bragg-cell,	photo	detector	and	signal	processor.	The	system	is	used	in	backscatter	mode,	
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so	that	 the	probe	 is	both	transmitting	and	receiving	signals.	The	 laser	has	two	channels	
with	a	wavelength	of	532	and	561	nm,	respectively.	The	laser	power	is	300	mW	for	each	
channel.	The	smallest	dimensions	of	the	measurement	volume	are	approximately	0.123	×	
0.117	mm2	for	both	colors,	and	the	system	is	operated	in	coincidence	mode	which	ensures	
correlated	velocity	 components.	The	water	was	 seeded	with	polyamide	particles	with	a	
diameter	 of	 5	 μm	 (Dantec’s	 PSP-5).	 TSI’s	 FlowSizer	 64	 software	 was	 used	 for	 the	 data	
acquisition	and	data	acquisition	rates	were	tried	to	maintain	greater	than	50	Hz.	The	2D-
LDV	probe	was	mounted	on	a	3D	traversing	mechanism	(can	travel	maximum	600	mm	in	
each	 direction)	 controlled	 by	 the	 software.	 The	 sampling	 time	 was	maintained	 as	 121	
seconds	at	each	measurement	point,	corresponding	to	at	least	10,000	samples,	which	are	
essential	 for	statistical	precision.	All	 the	measurements	were	carried	out	 in	coincidence	
mode	 [29]	 to	 get	 the	 equal	 number	 of	 velocity	 count	 for	 each	 direction	 and	 the	 free	
stream	velocity		(U∞)	was	determined	from	repeated	measurements	at	a	position	155	mm	
upstream	of	the	cylinder	at	z/D=0	as	Norberg	(1998)	[30]	determined.	Free	stream	(U∞)	
is	also	calculated	theoretically	using	the	flow	rate	(0.0077	m3s-1)	and	it	 is	 found	as	U∞	=	
0.1451	 ms-1.	 Repeatability	 tests	 are	 completed	 to	 estimate	 the	 first	 order,	 variable	
uncertainty	 for	 the	 experiments	 [31].	 Four	 different	measurements	 for	 all	 experiments	
were	completed	to	estimate	the	random	error	introduced	by	the	experimental	facility	and	
changes	in	experimental	conditions	such	as	water	temperature,	position	of	cylinder	etc.		

Flow	 visualization	 was	 also	 conducted	 to	 explore	 the	 wake	 structure	 using	 a	 Digital	
single-lens	 reflex	 (DSLR)	 camera	 (Nikon	 D90)	 and	 two	 Tungsten	 Light	 Heads	 to	
illuminating	the	flow	area.	Two	food	dyes	(Red	and	Green)	were	injected	from	both	sides	
of	 the	 cylinder	 using	 a	 programmable	 syringe	 pump	 running	 at	 constant	 speed.	 Videos	
were	recorded	from	both	the	side	and	top	of	the	flume	and	the	recordings	were	converted	
into	images	in	equal	time	step	using	MATLAB.	

Except	otherwise	mentioned	for	scaling	the	results,	all	positions	and	distances	are	scaled	
with	D	and	velocities	with	the	free	stream	velocity	U∞.	

3. Numerical	setup	

The	 simulations	 were	 performed	 with	 the	 commercial	 software	 Ansys	 CFX	 16.	 A	
structured	 grid	 with	 10.1	 M	 nodes	 and	 an	 average	 wall	 resolution	 of	 y+	 =	 0.7	 and	
maximum	y+	=	2.8	was	created	 in	ANSYS	IcemCFD.	The	Volume	of	Fluids	(VOF)	method	
was	 used	 to	 account	 for	 both	 the	 water	 and	 air	 phase.	 The	 numerical	 domain	 did	 not	
include	the	full	flume,	the	inlet	was	placed	1	m	upstream	the	cylinder	and	the	outlet	was	
placed	1.5	m	downstream	 to	 reduce	 computational	 time.	To	 generate	 a	 fully	developed	
inlet	 profile	 an	 additional	 simulation	 model	 was	 created	 for	 the	 upstream	 part	 of	 the	
flume	with	a	 constant	velocity	 inlet	 assumed	at	 the	honeycomb	and	 the	velocity	profile	
from	the	outlet	of	that	simulation	was	used	as	inflow	for	the	domain	with	the	cylinder.	A	
second	 order	 accurate	 advection	 scheme	 was	 used	 to	 solve	 the	 flow	 equations	 and	 a	
second	order	backward	Euler	transient	scheme	was	used	for	the	temporal	discretization.	
A	 timestep	of	0.025	s	was	selected	which	corresponds	 to	a	RMS	Courant	number	of	~5	
and	 the	 relevant	 transient	 results	 were	 saved	 every	 10	 timesteps.	 The	 streamwise	
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velocity	 component	was	monitored	 at	 16	 points	 in	 the	 central	 plane	 on	 three	 different	
heights	 corresponding	 to	 the	 measurement	 positions	 from	 the	 LDV.	 The	 Shear	 Stress	
Transport	 (SST)	 turbulence	 model	 was	 selected	 [32]	 as	 it	 utilizes	 the	 near-wall	
capabilities	of	the	k-ω	model	and	at	the	same	time	uses	the	bulk	flow	from	the	k-ε	model	
where	the	k-ω	is	weaker.	The	flow	was	initialized	with	a	constant	velocity	corresponding	
to	 the	 measured	 mass	 flow	 (0.0077	 m3s-1).	 After	 an	 initial	 settling	 period	 of	 ~1000	
iterations	the	flow	became	more	periodic	and	a	developed	vortex	shedding	was	assumed.	
The	 simulation	 data	 was	 then	 saved	 for	 2500	 iterations	 or	 62.5	 s	 resulting	 in	 a	 total	
computational	time	of	~4	weeks	on	64	CPU	cores.		

4. Results	and	discussion	

Migrating	fishes	swimming	around	cylindrical	obstructions	face	vortices	and	interestingly	
these	vortices	provide	extra	energies	to	fishes	to	improve	their	swimming	abilities.	These	
vortices	 are	 influenced	 by	 wake	 and	 shedding	 frequency	 but	 these	 wake	 and	 vortex	
shedding	frequencies	are	greatly	dependent	on	the	cylinder	diameter	[8].	A	cylinder	with	
different	 diameters,	 such	 as	 step	 cylinder,	 could	 generate	 an	 interesting	 flow	 behind	 it	
and	variable	wake	and	shedding	frequencies.	This	warrants	this	study	of	wake	and	vortex	
shedding	behind	a	semicircular	step	cylinder	with	LDV	and	CFD.		

Wake		

Time-averaged	measurements	of	centerline	velocity	distribution	behind	the	step	cylinder	
at	z/D	=	-0.5,	z/D	=	0.0	and	z/D	=	0.5	are	shown	in	Figure	3	(a-c)	and	notice	that	for	all	
positions	the	negative	values	captured	 indicate	a	wake.	A	main	result	 is	 that	behind	the	
step	 (z/D	=	0.0),	 the	wake	 is	 longer	as	compared	 to	 the	situation	behind	both	 the	 large	
and	small	cylinders,	 see	Figure	3	(a-c)	and	Table	2.	The	simulations,	on	 the	other	hand,	
yield	that	the	length	of	the	wake	behind	the	large	cylinder	(z/D	=	-0.5)	is	shorter	than	for	
the	 other	 cases	 and	 the	 time	 averaged	 local	 velocity	 u̅	 swiftly	 goes	 back	 toward	 free	
stream	 velocity,	 U∞.	 There	 is,	 therefore,	 good	 agreement	 between	 simulation	 and	
experiments	(see	Figure	3.a).	The	agreement	is	also	fairly	good	between	simulations	and	
measurements	at	 the	 step	while	 the	 simulations	 severely	over	predict	 the	 length	of	 the	
wake	behind	the	small	cylinder	(z/D	=	0.5)	and	the	simulated	results	never	approaches	
the	free	stream	velocity	in	the	interval	of	measurements	(see	Figure	3.c)	and	Table	2	also	
yields	 that	although	simulations	compare	well	 to	experiments	behind	 the	 large	cylinder	
and	at	the	step,	the	simulations	always	over	predict	the	length	of	the	wake.	



7	

	

	
												(a)	

	 	
						(b)	 						(c)	

Figure	3	Wake	centerline	velocity	at	(a)	z/D	=	-0.5,	(b)	z/D	=	0.0	and	(c)	z/D	=	0.5	

Table	2	Wake	length	behind	the	step	cylinder	

	

	

	

	

The	wake	behind	the	cylinder	can	be	qualitatively	visualized	by	the	average	of	streamwise	
velocity	as	derived	in	the	simulations,	as	seen	in	Figure	4.		The	wake	is	symmetrical	in	the	
horizontal	 plane	 (Figure	 4.a)	which	 suggests	 that	 the	 velocity	 field	was	 averaged	 for	 a	
sufficient	 long	 time;	 the	 bow	wake	 [7]	 in	 front	 of	 the	 cylinder	 is	 also	 captured.	When	
scrutinizing	 the	vertical	plane	 (Figure	4.b)	 the	wake	 is	 longer	down-stream	 the	 smaller	
cylinder.	It	can	also	be	seen	that	within	the	wake	behind	the	step	cylinder	a	recirculation	
region	 develops	 immediately	 after	 the	 cylinder	 where	 reverse	 flow	 (u̅<0)	 is	 observed	
(Figures	3	and	4)	which	extends	roughly	one	diameter	downstream	of	the	cylinder.	Mean	

Description	 Position	(z/D)	 Case	 Position	
(x/D)	

Wake	length	
(mm)	

Downward		
50	mm	 -0.5	 CFD	 1.4	 139	

LDV	 1.25	 125	

Along	step	 0	 CFD	 1.7	 169	
LDV	 1.5	 150	

Upward		
50	mm	 0.5	 CFD	 1.76	 176	

LDV	 1.25	 125	
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velocity,	 u̅	 rapidly	approaches	 the	 free	stream	velocity	U∞	 after	 the	recirculation	region.	
The	 velocity	 after	 the	 wake	 is	 not	 capable	 to	 recover	 completely	 as	 the	 drag-induced	
momentum	deficit	must	remain	constant	behind	the	cylinder	(see	Figure	3).	Continuum	is	
instead	reserved	by	a	slight	increase	in	the	level	of	the	surface.		

	
						(a)		

	
			(b)	

Figure	4	Averaged	streamwise	velocity	at	(a)	z/D	=	-0.5,	(b)	y/D	=	0.0	

The	 wake	 structures	 have	 also	 been	 visually	 observed	 from	 side	 of	 a	 semi-circular	
cylinder	with	a	step.	For	 instance,	 the	structures	of	a	wake	were	 found	behind	 the	step	
cylinder	at	z/D	=	 -0.5	with	1	second	of	 interval	 (t,	 t	+	1	and	 t	+	1	+	1)	are	presented	 in	
figure	5	(a–c),	respectively.	Dyes	(red	and	green)	were	injected	from	the	both	sides	of	the	
step	cylinder.	It	is	seen	that	the	dyes	were	swept	into	the	well-known	von-Karman	vortex	
street	right	after	downstream	of	 the	cylinder.	Additionally,	 three-dimensional	 (3D)	 flow	
structures	 were	 also	 observed	 behind	 the	 cylinder	 and	 notice	 that	 the	 flow	 is	 mainly	
downward.	
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(a)	[t	=	0]	

	
(b)	[t	+	1]	

	
(c)	[t	+	1	+	1]	

Figure	5	Wake	structures	around	step	cylinder	at	z/D=-0.5	

Vortex	shedding	

The	 vortex	 shedding	 behind	 the	 cylinder	 cannot	 be	 described	 with	 averaged	 data,	
therefore	 Figure	 6	 shows	 an	 instant	 velocity	 field	 captured	 at	 the	 last	 time	 step	 of	 the	
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simulations	for	the	horizontal	planes	in	the	center	of	the	large	cylinder,	small	cylinder	and	
at	 the	 cylinder	 step	 respectively.	 As	 seen	 there	 is	 a	 clear	 shedding	 for	 all	 planes.	 The	
impacts	 of	 channel	 blockage,	 i.e.	 the	 ratio	 of	 the	 cylinder	 diameter	 (D	 or	d)	 to	 channel	
width	(W),	should	be	taken	into	consideration.	The	blockage	ratio,	D/W	and	d/W	are	0.34	
and	0.17	for	large	and	small	cylinder	respectively	in	this	study.	

	
		(a)	

	
			(b)	

	
								(c)	

Figure	6	Streamwise	velocity	of	the	final	time	step	at	(a)	z/D	=	-0.5,	(b)	z/D	=	0.5,													
(c)	z/D=	0.0	

The	shedding	can	also	be	studied	in	the	vorticity	field,	for	instance,	Figure	7	showing	the	
vertical	vorticity	component	at	one	of	the	last	time	steps.	Counter-rotating	vortices	can	be	
seen	for	all	three	planes	and	in	the	plane	at	the	step	there	seems	to	be	some	interaction	
between	 the	vortices	 shed	 from	 the	 small	 and	 large	 cylinder.	Visualization	experiments	



11	

	

were	also	carried	out	 for	 z/D	 =	 -0.5	and	z/D	 =	0.5	 to	verify	 the	vorticity	obtained	 from	
CFD.	Figure	7	depicts	 the	 comparison	of	 these	with	CFD	and	 it	 is	 shown	 that	 there	 is	 a	
qualitative	agreement	between	experiments	and	simulations.	

CFD	

	

Exp.	

				 	
	 (a)	

CFD	

	

Exp.	

	
	 (b)	

CFD	

	
	 (C)	

Figure	7	Vertical	vorticity	component	at	(a)	z/D	=	-0.5,	(b)	z/D	=	0.5,	(c)	z/D	=	0.0	along	
with	experimental	visualization	for	z/D	=	-0.5	and	z/D	=	0.5.	
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The	shedding	frequency	(f)	was	determined	from	the	velocity	spectra	using	Fast	Fourier	
Transform	(FFT).	The	concept	of	LDV	 is	 that	measurements	are	carried	out	 if	a	particle	
travels	 through	 the	 volume	 of	 measurement,	 meaning	 that	 often	 there	 is,	 no	 signal	
available	 [33-35].	 So	 sampling	 data	 from	 LDV	 are	 random	 offering	 challenges	 for	
estimation	 the	Power	spectrum.	 	H.	Nobach	(2016)	 [29,	31,	36]	described	 the	details	of	
up-to-date	available	methods	to	analyze	the	frequency	spectrum	from	arbitrarily	sampled	
data	acquired	by	LDV	measurements.		

The	 estimation	 of	 power	 spectra	 presented	 in	 this	 paper	 is	 the	 interpolation	 of	 the	
arbitrarily	or	 randomly	sampled	LDV	data	 to	get	a	uniform	velocity	over	 time,	which	 is	
then	 re-sampled	 in	 equal	 steps	with	 a	 known	 sampling	 frequency	 close	 to	 the	 average	
sampling	 frequency.	 The	 mean	 velocity	 for	 each	 signal	 was	 then	 subtracted	 as	 the	
fluctuations	 around	 the	mean	u’	 describing	 the	 periodicity.	 The	 dominant	 peak	 in	 each	
spectrum	is	then	assumed	to	correspond	to	the	vortex	shedding	frequency	(f).	

The	shedding	frequency	for	the	large	cylinder	and	step	are	evaluated	at	x/D	=	2.5,	y/D	=	
0.75	and	the	shedding	frequency	from	the	small	cylinder	at	x/d	=	2.5	and	y/d	=	0.75,	see	
Figure	8.	For	the	shedding	behind	the	large	cylinder	the	dominating	peak	gives	f	=	0.34	Hz	
for	 the	 experiments	 and	 f=	 0.38	 Hz	 for	 the	 simulations	 corresponding	 to	 Strouhal	
numbers	StLDV	=	f	D/U∞	≈	0.234	and	StCFD	≈	0.262	which	can	be	considered	to	be	in	good	
agreement.	For	 the	 shedding	behind	 the	smaller	 cylinder	 the	 simulation	gives	 the	 same	
frequency	as	behind	the	large	cylinder	whereas	the	LDV	gives	a	peak	at	f	=	0.6	Hz	which	is	
more	 consistent	with	 other	 studies	 [37-39]	 behind	 fully	 circular	 stepped	 cylinders.	 For	
the	shedding	behind	the	step,	the	experiments	yield	two	dominant	peaks,	one	at	f	=	0.36	
Hz	which	should	correspond	to	the	shedding	from	the	large	cylinder	and	f	=	0.6	Hz	which	
corresponds	to	the	shedding	from	the	small	one,	whereas	the	simulation	once	again	gives	
the	 same	 frequency	 as	 for	 the	 large	 cylinder,	 not	 capturing	 the	 dynamics	 of	 the	 small	
cylinder	or	the	step.	This	may	be	traced	to	the	SST	turbulence	models	inability	to	capture	
the	shedding	correctly,	other	possible	contributors	could	be	that	the	time-step	is	too	large	
during	the	experiments	so	that	some	spatial	or	temporal	details	are	neglected	or	that	the	
flow	 at	 the	 smaller	 cylinder	 is	 not	 yet	 fully	 developed	 even	 after	 3500	 iterations.	 In	
addition,	 the	effect	of	blockage	on	vortex	shedding	 for	 the	 flow	past	a	step	cylinder	can	
also	be	 significant.	 Some	previous	 studies	 [37,	38,	40-43]	have	 shown	 that	 the	effect	of	
channel	 blockage	 on	 vortex	 shedding	 for	 the	 flow	 past	 a	 step	 cylinder	 can	 also	 be	
significant	as	the	channel	blockage	affects	 f,	consequently	influencing	St.	The	increase	of	
shedding	frequency	with	the	increase	of	the	blockage	ratios	is	evidently	observed	in	these	
spectral	 results	 (Figure	 6).	 	 Therefore,	 channel	 blockage	 could	 also	 be	 the	 reason	 on	
varying	the	shedding	frequency	behind	step	cylinder	(large	and	small	cylinder).	
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LDV	 CFD	

	 	
							(a)	

	 	
							(b)	

	 	
													(c)	

Figure	8	Single	sided	FFT	amplitude	spectrum	of	the	streamwise	velocity	fluctuations	for	
LDV	and	CFD	at	(a)	the	large	cylinder,	x/D	=	2.5,	z/D	=	-0.5,	y/D	=	0.75	(b)	small	cylinder,	
x/d	=	2.5,	z/D	=	0.5,	y/d	=	0.75	and	(c)	diameter	step,	x/D	=	2.5,	z/D	=	0.0,	y/D	=	0.75	
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5. Concluding	remarks	

An	 investigation	 with	 LDV	 measurements	 and	 CFD	 simulations	 behind	 a	 semi-circular	
cylinder	with	a	step	has	been	conducted.	 	Additional	 flow	visualization	was	also	carried	
out	to	explore	wake	structure.	A	summary	of	key	features	of	the	wake	flows	obtained	in	
this	study	is	given	below:	

1. The	main	result	is	that	the	measured	vortex	shedding	frequency	is,	f	=	0.38	Hz	
behind	the	large	cylinder	and	f	=	0.6	Hz	behind	the	small	cylinder	while	it	has	
two	dominating	frequencies	across	the	step,	 f	=	0.36	Hz	and	 f	=	0.6	Hz.	This	
implies	 that	 a	 step	 cylinder	 can	be	used	 to	 attract	 fish	of	different	 size	 and	
facilitate	their	motion	up-stream	the	fish-way.			

2. Experiments	yield	that	the	wake	length	is	longer	along	the	step	(z/D=0.0)	and	
it	 reduces	 for	 large	 cylinder	 (z/D=-0.5)	 as	well	 as	 small	 cylinder	 (z/D=0.5).	
Simulation	over	predicts	all	of	these	wake	lengths.	

3. Flow	 visualization	 finds	 the	 development	 of	 three-dimensional	 (3D)	 flow	
structures	along	with	well-known	Von	Karman	vortex	street.	

4. Simulation	 results	 show	 acceptable	 agreements	 with	 the	 experimental	
measurements	behind	the	 large	cylinder	but	 fail	 to	capture	 the	dynamics	of	
the	small	cylinder	diameter.	

Future	 studies	with	 tomographic	PIV	would	enable	 the	detailed	vortex	dynamics	of	 the	
flow	 behind	 the	 stepped	 half-cylinders	 to	 be	 investigated.	 Additional	 simulations	 with	
more	advanced	models	such	as	Reynolds	stress	models	and	Large	Eddy	Simulations	could	
also	provide	additional	insights	to	this	type	of	problem.	
	
For	 the	 application	 of	 fish	 migration,	 it	 would	 also	 be	 interesting	 to	 test	 these	
configurations	 on	 fish	 in	 laboratory	 studies	 as	well	 as	 in	 the	 field	 to	 see	 how	 different	
species	and	sizes	of	fish	respond	to	different	geometries	and	flow	conditions.	
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