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Abstract
Understanding the flow characteristic in fishways is crucial for efficient fish migration. Flow characteristic measurements can generally provide quantitative information of velocity distributions
in such passages; Particle Image Velocimetry (PIV) has become one of the most versatile techniques 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.
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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 meters to hundreds of kilometers. The primary aim of the migration generally relates to protecting and feeding, reproduction 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 obstacle 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 physical 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 designing 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 turbulent flow, micro-fluidics, spray atomization and combustion processes [50]-[58]. The term PIV was first introduced 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 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 [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 commercially 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 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 [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 background 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 advanced 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 quality 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 diameters, 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 specifications 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:
Cs =

Ps
Io

(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 depends 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 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. 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 having 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 particle 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 parameters for their specific needs, such as the measuring area, the temporal and spatial resolution and the required precision. The above overview does not include the principles for three dimensional PIV techniques, such as stereoscopic 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 middle 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 exemplified 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:

τ =µ

∂U
∂y

(2)

It is noted that the PIV system produced the velocity field accurately and then the shear stress (velocity gradient) was derived for every flow situation.
Green et al. (2011) [95] conducted PIV experiments in a flume with a submerged smaller channel with an obstacle designed to increase the velocity downstream of the so called attraction channel, shown in Figure 5. Different designs of obstacle and channel were tested to find the best fishway configuration that maximizes attraction 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 constant 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 instationary 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 (Spectra-Physics, 180 mJ/pulses) generating a 1.5 mm thick laser sheet. The laser sheet illuminated hollow glass particles with d p = 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 using 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-resolution 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.
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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 permission 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 highest 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 system 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 d p = 12 mm were used as seeding particles. The purpose was to find the interaction between fish and vortices generated behind the D-section cylinder see Figure 12(a) where arrows represent the direction and magnitude 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 consecutive 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 maintain 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 generator, 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 goldfish 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 plexiglas 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 Advancement of Science.

Figure 12. Interaction of fish with cylinder vortices. From [102], reproduced with permission from the American Association 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) superimposed on the PIV image. From [104], reproduced with permission from the Journal of Measurement 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 stereoscopic PIV and two to capture the fish. The complete experimental facility is shown in Figure 15. In the PIV results 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; finally, 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 experiments 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 contact with a surface or object [106]. Regarding fish migration the PIV measurement may be divided into pure studies 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 accuracy 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 difficult 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 particle to follow the flow is often described with the Stokes number, which in its simplest form may be written as:
Stk =

t 0 u0
l0

(3)

where t0 is the relaxation time of the particles, u0 is a velocity, l0 is a characteristic dimension typically the diameter of the particles.
Other errors are found when the image acquisition and analysis procedure are in progress. The quality of particle 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 intensity, 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 measurement 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 related equipments were reviewed. There was no universally applicable PIV system found for every case of experimental measurement. Many compromises and decisions have to be carefully taken for various practical applications. 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 converted 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 velocity measuring techniques and become a high-tech, non-intrusive, entire flow field measuring technique, and presenting instantaneous velocity information in an entire plane. The Tomo-PIV (3D-PIV) is now capable to measure 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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