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Abstract : Shallow depth flow fields and low velocity magnitudes are often challenges for
traditional velocity measuring instruments. As such, new techniques have been developed that
provide more reliable velocity measurements under these circumstances. In the present study,
the two-dimensional (2D) surface velocity field of shallow basins is assessed by means of
Large-Scale Particle Image Velocimetry (LSPIV). The measurements are carried out at the water
surface, which means that a laser light sheet is not needed. Depending on the time scales of the
flow and the camera characteristics, it is even possible to work with a constant light source. An
experimental application of this method is presented to analyze the effects of shallow basin
geometry on flow characteristics in reservoirs where large coherent two-dimensional flow
structures in the mixing layer dominate the flow characteristics. The flow and boundary
conditions that give rise to asymmetric flow are presented. Asymmetric flow structures were
observed starting from basin shape ratios that are less than or equal to 0.96. By decreasing the
basin length and increasing the shape ratio to greater than 0.96, the flow structure generally
tends towards a symmetric pattern.
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1. Introduction

Shallow flows can be defined as predominantly horizontal flows in a fluid domain where the vertical
dimension is significantly smaller than the two horizontal dimensions (Yuce and Chen, 2003). In fact,
lakes, reservoirs, most rivers, estuarial and coastal flows fall into this category. The instability of a
two dimensional flow in a symmetric shallow reservoir with a suddenly expanded section leads to
large-scale transverse motions as a result of the growth of transverse disturbances. It is important to
understand such flows because of their prominence in nature and their practical importance in many
applications, such as in sudden expansions (Shapira et al., 1998), jets and wakes (Chen and Jirka
1997), storage chambers (Adamsson et al., 2003) and shallow reservoirs (Kantoush et al., 2005, 2006,
2007, 2008, and 2009). Moreover, these large-scale motions influence processes, such as suspended
sediment transport, and thus are likely to affect bed deposition patterns. In shallow flow problems,
velocity information with high spatial and temporal resolution is needed to understand the dynamics
of the flow and the related mixing processes. In the present investigation, a rectangular, triangular
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and hexagonal cavity type flow is considered with the objective of looking at the physical processes
involved, particularly the interaction of the large coherent eddy structures in the separated layer
with the re-circulating flow. Moreover, to measure the flow characteristics at the surface of shallow
water flows over large basins with different geometries, a simple and reliable method has been
developed using the advantages of Particle Image Velocimetry (PIV).

Particle image velocimetry (PIV) is a powerful flow field display and analysis technique that
measures the velocity field distribution of the flow with a high precision. The basics of the
conventional image velocimetry techniques are discussed in detail by Adrian (1991) and Raffel (1997).
For instance, planar in-water column flow measurements obtained by PIV are described by Adrian
(1991). PIV offers a simple method for surface measurement in areas with complicated geometries
and flow conditions. Extension of the conventional image velocimetry to free-surface velocity
measurements on large-scale images, commonly termed Large Scale Particle Image Velocimetry
(LSPIV), has been recently tested by several investigators, i.e., Weitbrecht et al.(2002) and Fujita et
al. (1994, 1998). These studies proved that LSPIV is more reliable in measuring surface flow velocity
in experimental flumes and natural rivers compared to conventional techniques (Muste et al., 2004).
In hydraulic engineering, this technique has so far been applied mainly for surface velocity
measurements of water and ice flow in very uniform flow fields, as well as in groin field experiments
(Ettema et al., 1997; Fujita et al., 1998; Weitbrecht et al., 2002; Uijttewaal et al., 2001). LSPIV is an
extension of conventional PIV for velocity measurements in large scale flows (Fujita et al., 1998).
While the image and data processing algorithms are similar to those used in conventional PIV,
adjustments are required for illumination, seeding, and pre-processing of the recorded images.

In LSPIV, the surface flow is seeded with tracer particles that disperse and track the motion of
the fluid. If the particles are of suitable size, they will accurately follow the flow and can be
considered representative elements of the fluid. In the present study, lighter particles are distributed
manually on the flow free surface. These seed particles are illuminated by a light source; usually a
laser sheet in conventional image velocimetry is used within the water body, and the light scattered
by the particles is collected by a camera. Two images are captured in very rapid succession, and the
resulting images can be correlated using the known time interval between images for capturing
traveling particles to calculate two components of the representative velocity vectors for each particle.
These velocity vectors, when taken across the entire image area, provide a velocity vector map that
represents the flow within the illumination plane.

In the framework of a research project, the influence of the large shallow basin geometry on
the flow characteristics is presented. The present article describes a simple method developed using
the advantage of PIV. Moreover, measurements are presented where the system has been applied to
a laboratory problem in order to analyze surface flow in shallow basins of various shapes. In addition
to the determination of mean flow conditions and turbulent flow characteristics, this method makes
it possible to track two-dimensional large coherent structures, which are the dominant flow
phenomena in many shallow flow applications. In these experiments, symmetric and asymmetric
flow processes of various shallow geometries have been investigated to determine the influence of
these shapes on the transport characteristics of the basin. One of the primary objectives of these
experiments is to examine the impact that variation in the geometry shape parameters has on the
flow. In this regard, flow pattern, vorticity, and streamlines are important since correct prediction of
these features is a necessary condition for matching the phase averaged flow profiles in the
experiment.

2. LSPIV System
2.1 Elements of the LSPIV system

The LSPIV system used in this study was comprised of six elements: a camera, tracer particles, a
tracer distributer, an illumination system, a computer for data acquisition as well as analysis, and
software (images recording, pre-processing, and post-processing with PIV packages). Depending on
the flow velocity, a suitable camera characteristic has been chosen to record images of the flow at a
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suitable rate with adequate image resolution. The sampling frequency of the recorded images has a
significant influence on the accuracy of the LSPIV velocity estimates. A CMOS SUMIX-155M camera
with a USB2.0 interface and a gray scale resolution of 12 bits was used to capture images of tracer
particles on the surface of the model. The camera is a 1.3 mega-pixel (1280 x 1024) CMOS active
imaging pixels camera that can record up to 33 frames per second. The SUMIX has a number of
qualities that make it well suited for PIV: (1) high resolution images, (2) a high quality monochrome
mode, (3) ability to detect low light levels, (4) remote control by a computer, (5) directly downloadable
images and (6) relatively low cost (less than $1,000). The time between images belonging to an image
pair can be as small as 0.2 s. Although the SUMIX has a maximum frame rate of 33 frames per
second, lower frame rates can be used, or consecutive images can be skipped, to achieve longer
separation times. Camera shutter speeds were usually set higher than 0.02 s to limit particle motion
within the images while maintaining adequate lighting. The time between frames varies with
shutter speed and frame rate settings. The flow field was slow enough, and seven velocity fields per
second can be obtained. A wide angle lens was used with the SUMIX-155M digital camera in order to
capture large measurement planes. While the space above the experiment is limited to a maximum
of 3.10 m, a C-Mount, 4.8 mm wide angle lens (M0518) from Computar® and Ganz™ brand
manufacture with small distortion errors was used. This lens provides very good resolution combined
with high luminosity, although limited information about the lens is provided by the manufacturer
(which likely never foresaw the use of this camera as a particle velocimetry instrument).
Consequently, lens calibrations were performed using the PTLens and FlowManager software.
Details of this software can be found in section 2.2. The camera was fixed perpendicularly above the
basin, covering the basin area over the whole width of 4.0 m and 5.0m of the length and only missing
0.5 m from the upstream and downstream ends. Velocity correction methods suggested by Muste et
al. (1999) to adjust for image distortion were unnecessary since the optical axis of the camera was
perpendicular to the plane of the water surface and image distortion was small. When distortion
corrections were applied, it was found that they had only a slight effect on velocity measurements.

Determining which seed particle to use for PIV is very important. The seed particles must be
large enough to scatter sufficient light for imaging but small enough to accurately track the fluid flow.
In addition, the number of particles in the seeding volume must be addressed so that the spatial
resolution of particles provides images suitable for processing. The particles have to fit different
requirements to be applicable. In the present case of surface velocity measurements, the tracer
particles have to swim at the water surface, so the material has to be somewhat lighter than water.
The flow was seeded with white floating cylindrical polypropylenes particles with an average
diameter of 3.4 mm and a specific weight of 960 kg/m3. In order to minimize agglomeration effects,
they were coated with paint. This particle diameter corresponded to about 3.1 pixels, which was
sufficient to overcome the problem of peak-locking effects (Weitbrecht et al., 2002) and follow the
vortex flow structure. These particles can be purchased from DuPont Polymer Powders Coatings,
Switzerland under the name “MP 90, Eraclene”. The contrast between the white tracers and the dark
background of the model was good. A homogeneous distribution of particles within the measuring
field is important for good results in terms of a closed velocity vector field. A tracer distributer that is
able to seed the water surface homogeneously with particles, at a rate that depends on the ambient
flow velocity has to be developed. At the beginning, the particles were spread manually over the
whole basin surface. Then, a manual continuous distribution at the inlet channel was located near
the water surface in order to avoid surface waves from falling particles. The particles were
recollected at the end of the flow section and reused, as the number of particles that is needed for
such an experiment is quite high.

The illumination component proved to be the most crucial in order to get high-quality data.
The spots must be placed around or on top of the camera to get a homogenous light intensity
distribution over the entire area; otherwise the reflections and shadows will show different
characteristics on either side. Furthermore, the number of achievable data differs because unequal
amounts of reflections are recorded on either side of the basin. Sometimes the natural light is enough.
Several illumination arrangements were tested to obtain good quality recordings. Four lamps were
positioned face-to-face on both longitudinal sides of the reservoir. The model was illuminated with
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the laboratory’s halogen lamps; no special lighting was necessary. However, lights directly above the
camera were turned off to prevent reflections from interfering with measurements.

The appropriate choice of the computer helps to capture process of images so that all recorded
images from good sequences are maintained and not lost. The PC must be equipped with at least 1
GB RAM to store the images before shifting them to the hard disk. Therefore, the RAM is the
limiting factor for the length of a time series.

The software choice is important in terms of data quality and time expenditure. Special
software for PIV analysis of the recorded images uses statistical means to estimate the displacement
of flow tracers between images and estimate velocities over the entire imaged area. Two types of
software exist: free software (e.g., MatPIV, PIVMat, mpiv, URAPIV, DigiFlow, and PIV Sleuth), and
commercial PIV packages (e.g., FlowManager (Dantec dynamics), and DaVis (LaVisions) software).

(a) ()
Fig. 1. (a) Distorted image (b) corrected image with the control points by PTLens

2.2 Calibration of the camera lens

For LSPIV applications, wide-angle lenses are most often needed in order to record a large surface.
However, every lens produces some distortion on an image captured with a camera. Distortions cause
straight lines in the scene to appear as curves in the image. Reconstruction of displacements from
the image plane (CMOS-plane) to the object plane (i.e., in physical space) can be numerically
performed, provided it is known how 'points' in the object plane are imaged onto the CMOS-plane.
Two calibration techniques are considered: (1) the use of PTLens software and (2) Dantec Dynamics
FlowManager.

In essence, PTLens provides a simple graphical interface between the user and the Panorama
Tools library (pano12.dll) Calibration Toolbox developed by Dersch (2003). To correct distortion,
PTLens examines JPEG EXIF information to determine camera make, model, and lens focal length.
Then, it uses these parameters to look up lens correction coefficients in a database and calls
Panorama Tools to correct the image with details from the PTLens manual (epaperpress.com/ptlens).
Figures 1 (a) and (b) are examples of an image distorted by a wide angle lens and the corrected image
obtained with the PTLens.

The calibration procedure using PTLens was performed by using a calibration target and a
translation stage and by taking pictures at different depths. To calibrate the lens, a target with many
straight continuous horizontal features is chosen. For an accurate calibration, two continuous
horizontal features that go from edge to edge as shown in Figure 1(b) are required. One feature is
placed near the top of the target, and another is placed between the top and the center of the image
(Fig. 1(b)). A sufficient distance between the lens and the target is maintained. The target is
photographed in landscape mode. Then, calibration points on the features are placed as indicated by
the white dots Figure 1(b). The appropriate tab in the PTGui tools is chosen and new line (t3) is
specified for control point type and points (t3a, t3d) are placed. Then, points (t3b, t3c) are added
within the existing line. Using a similar procedure, a new t4 line between the top and center is
specified, and the points are placed as shown in Figure 1(b). Lines t3 and t4 are treated
independently by the optimizer. Care must be taken to ensure that points b and c lie within the line
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(a,d). The optimizer will warp the image to bring points b and c in line with line (a,d). Since line (a,d)
acts as a base for the points b and ¢, points a and d must be placed symmetrically. That is, the
distance between the left edge and point a, and the right edge and point d, should be the same.

With FlowManager, the calibration uses a well-defined grid of dots, which are usually mounted
on a traverse system. The calibration target is aligned with the light sheet and normally traversed
through the light sheet in several positions. The dots on the calibration target are used to calculate
linear or higher order calibration equations for the camera. The linear calibration compensates for
differences in scale and lack of orthogonality (e.g., perspective), while higher order calibration
equations compensate for non-linear distortions like radial and decentering distortion. In effect,
results are calibrated by using the two ways and they have good agreement. For the present paper, a
direct linear transform, as explained in Willert (1997), was used for the image plane. The
implementation is documented in the software manual for the program Flowmanager (Dantec
Dynamics).

2.2 Accuracy of the measuring system

A calibration task requires checking the accuracy of the LSPIV system. The accuracy of the LSPIV
method was tested using two simple test cases. First, fully developed laminar flow in the straight
approach channel with dimensions of 8.0 m length (the whole length of the installation) and 0.25 m
width was measured. A comparison of the average velocity profile in the main flow direction obtained
with LSPIV and numerical simulations at the middle of straight channel is shown in Figure 2(a).
Moreover, LSPIV velocities measured by timing hand-released tracers as they moved known
distances in the model were tested. The second test of the accuracy of the LSPIV measurements was
performed in a rectangular reservoir of 5.0 length and width 3.0 m by comparing them with UVP
(Ultrasonic Doppler Velocity Profiler) measurements and the results of numerical simulations.
Figure 2(b) compares the computed and measured values of axial velocity at the centerline of the
basin. Velocity distributions for UVP and LSPIV are approximately the same in the approach
channel. More details about comparing numerical simulation and measured data can be found in
Dewals et al. (2008).
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Fig. 2. Comparison of LSPIV, UVP, and numerical simulation velocities for calibration task

2.2 LSPIV data processing and post

Dantec’s FlowManager software was used to perform the necessary calibration, correlation functions,
filtering, and statistical calculations on the images to generate the resolved velocity fields. Raw pixel
displacement fields were computed using a standard cross-correlation algorithm. Interrogation
windows were 32 x 32 pixels and were overlapped by 50 % to increase the nominal resolution of the
resultant pixel displacement grid to 16 x 16 pixels. The search windows were 64 x 64 pixels in size to
ensure that all the particles in the interrogation window remained in the search window (Keane and
Adrian, 1992). The first step of the post-processing involved identification and correction of spurious
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displacement vectors using a local-median scheme. Several thousand images were captured and
processed into instantaneous velocity vector fields. The particle image diameter was estimated to be
2.2 pixels, which is close to the value of 2.0 pixels recommended by Raffel et al. (1997) to minimize
peak locking. During the image acquisition, the LSPIV parameters were optimized to satisfy the
condition that the maximum particle displacement be less than one-quarter of the interrogation area
(IA). Using FlowManager’s cross-correlation scheme, the necessary timing sequence to capture the
flow field was established. The timing sequence was defined as the time interval between the two
sequentially recorded images, commonly known as the image pair, required to resolve a single
velocity field. If the correlation was poor, then the time interval was adjusted appropriately, a new
sample image was recorded, and the timing sequence was again evaluated. This iterative procedure
was repeated until a satisfactory timing sequence was achieved. The condition for satisfactory timing
was a particle displacement not exceeding 25% of the interrogation area. This ensured that the
image capture rate was sufficient to record the particle displacement within any interrogation area.
With a satisfactory timing sequence established, a set of 500 image pairs was then recorded. Using
FlowManager’s cross correlation scheme, the recorded image pairs were correlated to produce
velocity vector fields. To remove outliers from the velocity field, a moving-average filter, with a 3x3
neighborhood size, was used in the FlowManager. A temporally averaged velocity field of the 1000
image sample size was then obtained using FlowManager’s statistics scheme.

2.2.1 Filtering techniques

Filtering the correlation can improve the signal to noise ratio, since it effectively reduces camera and
light noise. The accuracy of the calibration depends on the quality of the calibration images. In the
preliminary stage of the experiments, pictures were filtered using four different data filtrations
techniques: (1) signal to noise ratio; (2) global; (3) local median; (4) interpolate outliers. A validation
method in FlowManager based on a signal-to-noise ratio filter (SNR) is first used in the
post-processing of PIV raw data to validate the vector field. SNR filtration discards all vectors when
the ratio of the tallest peak in the correlation plane to the second tallest one is less than 1.3 (Kean
and Adrian, 1992). A global filter is used to eliminate the vectors that are different from the rest of
the vector field. If a vector is significantly larger or smaller than a majority of the vectors, then it is
removed from the data. After global filtering, a local median filter is applied to the remaining vectors.
A local median filter sorts velocities based on the squared difference between individual velocity
vectors and the median of the mean of their surrounding neighbors. It takes individual vectors and
compares them with their closest neighbors. The median of the vectors can easily be replaced with
the mean value. Finally, an interpolation of the outliers is applied to local median-filtered vectors.
Image-preprocessing can also affect the accuracy.

2.2.2 Seeding particles

The total error in PIV data is a function of out-of-plane particle motion, particle size, particle density,
peak locking, the dynamic range of measured pixel displacements and the sub-pixel interpolation
scheme employed (Cowen and Monismith, 1997). Seeding density impacts data quality and must be
high enough so that an adequate number of seeding particles (two or more) are within the
interrogation area between frames and low enough that pronounced particle agglomeration does not
cause saturation of the interrogation area leading to measurement error (Raffel et al. 1997). Thus,
data points were removed if agglomeration or inadequate tracer particles occurred in the image area.
Raffel et al. (1997) showed that particle concentration influences the probability of detecting the
valid displacement, as well as the measurement uncertainty. Tests with changing particle
concentration showed that the number of particles in each interrogation area should be higher than
five. The dispenser operation satisfies this criterion. Numerical analyses mentioned by Kean and
Adrian (1990) lead to the conclusion that, if a flow can be densely seeded, both a high valid detection
rate and a low measurement uncertainty can be achieved, especially when using small interrogation
areas.
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2.2.8 LSPIV sensitivity to turbulence

As in traditional PIV, image quality is a key issue in LSPIV. The image scale and resolution are
determined by the nature of the CCD sensor in the PIV camera and by the lens employed, and they
vary with the scale of the flow under study. The instantaneous vector maps and the large number of
instantaneous vector maps were used to calculate the mean velocity and turbulence quantities; the
uncertainties in the mean velocity at 95% confidence level were estimated to be 2% of the local value,
while those in the mean momentum flux and vorticity are 5%. Averaging was done over 1000 PIV
images.

3. Experimental Setup and Procedure

3.1 Facility and operating conditions

The experimental setup (Figure 3 a & b) consists of a rectangular inlet channel 0.25 m wide and 1.0
m long, a rectangular shallow basin with inner dimensions of 6.0 m x 4.0 m width, and a 0.25 m wide
and 1.0 m long rectangular outlet channel. The water level in the basin is controlled by a 0.25 m wide
and 0.30 m high flap gate at the end of the outlet. The basin is 0.30 m deep and has a flat bottom. The
walls and bottom are hydraulically smooth. Adjacent to the basin, a mixing tank is used to prepare
the water-sediment mixture. Along the basin side walls, a 4.0 m long, movable, aluminum frame is
mounted, which carries the measurement instruments. Several variables were measured during
every test: 2D surface velocities, thickness of deposited sediments, concentration of sediment inflow
and outflow, water level in the basin, and discharge. Floating white polypropylene tracer particles
with a diameter of 3.4 mm, contrasted with the dark bottom, are used to visualize the surface velocity
field. Instantaneous velocity fields are obtained by a digital camera connected to a computer and the
PIV algorithm of FlowManager®©.

Covered surface
area by the camera

(a) (b)

Fig. 3. (a) Scheme of LSPIV installations and data acquisition (b) Picture of the basin

Table 1. Hydraulic conditions of some of experiments.

Test No hlm] | @[Us] Fr(-] Re ]
1,2,3,4,5 0.2 7.0 0.1 28000
5 0.15 7.0 0.157 27900
5 0.1 7.0 0.283 28000
5 0.075 7.0 0.435 27975
6 0.2 3.5 0.05 14000

3.2 Configurations and Procedure for Tests

To obtain a correctly modeled shallow turbulent free surface flow under laboratory conditions, a
sufficiently high Reynolds number is applied, which generally results in a prohibitively large
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reservoir. Table 1 shows the hydraulic conditions of experiments with rectangular geometry. A
reference basin geometry with a constant width of B = 4.0 m and length of L = 6.0 m is compared to
the different test configurations, as summarized in Table 2. For the present paper, the following
parameters remained constant for all configurations: discharge (@= 7.0 /s), water depth (A= 0.2 m),
inlet and outlet channel dimensions (length /= 1.0 m and width » = 0.25 m, horizontal bed slope,
Froude number (#r=0.1), and Reynolds number (Ze = 28000). The different test configurations allow
detailed study of the effect of geometry on the degree of asymmetry of the separated flow in the basin.
After filling the basin and reaching a stable flow state with the clear water, LSPIV recordings were
performed for 3 minutes. The geometrical parameters are defined, and all tests are summarized in
Table 2. In order to represent all geometric parameters with flow results, a geometry shape factor £
was defined as = (A4/P?)*ER. In the present study, several reservoir geometries with different
shapes have been investigated. Thus, there is a need for a dimensionless coefficient representative of
different geometries that can be correlated with flow characteristics. The following definitions are
used (see Table 1): length and the width of the basin: L and B; lateral expansion ratio: ZR = B/b;
aspect ratio as AR = L/B; the total surface area A = L*B for rectangular basin; and £ the wetted

n
perimeter of the length of the side walls P = >

lai , where a; is the length of the i-th (1st, 2nd, 3rd ...
l:

n-th) side of an n-sided geometry.

Table 2. Configurations of different test series and their geometrical characteristics: L and B are length
and width, A the total surface area of the basin, P is the wetted perimeter of the length of the side walls,
and ER and AR are the expansion and aspect ratios. Shape factor is defined as f = (A/PZ)*ER.

Test No | Blm] | Llml | ER=B/Al-] | AR=L/B -] | = (A/P2)*ER -] Form
1,2,3,4, | 4.0 6.0 16 1.5 0.96 I
5,6 _| L
7 3.0 6.0 12 2.0 0.67 [ ]
_I —3
8 2.0 6.0 ) 3.0 0.375 JI }_
9 1.0 6.0 4 6.0 0.122 S L
11 4.0 5.0 16 1.25 0.99 J |_
12 4.0 4.0 16 1.0 1.0 | |
13 4.0 3.0 16 0.75 0.97 |_|
14 4 6 8 1.5 0.95 J/\
15 4 6 16 1.5 0.75 //_|
16 4 6 12 1.5 1.71 /’—\_
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4, Results and Discussion

4.1 Observed flow patterns and features

Figure 4 shows an overview of the streamlines and behavior of large-scale coherent structures for
two shapes with shape factors £= (4/P2)*ER of 0.96 and 0.99 (see also Table 2). For £< 0.96, a plane
jet issues from the narrow leading channel and enters straight into the first half-meter of the much
wider basin. After jet issuance, the main flow tends to curve towards the right hand side over the
next two meters, until it stagnates against the right wall as shown in Figure 4(a). The main flow
separates from the right wall, inducing a zone of flow recirculation (1). After the jet touches the wall,
a separation occurs and generates a large main stable eddy in the center of the basin rotating
counterclockwise with size Lrs and Brs. When monitoring the flow structure, two small ‘triangular’
gyres are formed by rotating clockwise in the upstream corners of the basin with dimensions L:1 and
B:1 along the right corner and with dimensions L2 and B:2 along the left corner. The deflected jet
works as a vortex shedding region between the main eddy in the center and the triangular one in the
upstream right corner. Moreover, two mixing layers M1 and M2 can be observed between the main
flow and both eddies (Figure 4(a)).

(a)f=0.96 (test1,2,3&4) (b) f=10.99 (test 11)
Fig. 4 Time-averaged streamlines obtained by LSPIV measurements for clear water flow for two
different basin geometries with shapes = (4/P2)*ER of 0.96 and 0.99. The geometrical parameters of
the recirculation cells in the basin are L, B;; for gyres (1, 2, 3 & 4).

The jet seems to be attracted to one side of the basin (in the tests, always to the right side).
After the flow has reached the left wall by the counterclockwise large circulation, a separation point
forms (Figure 4(a)). The streamline of the large gyre is shed from the separation point and connects
with the core gyre. A second vortex shedding zone in the reverse direction is generated between the
main gyre and the small triangular clockwise eddy in the upstream left corner. The reverse flow jet,
which is generated by the inertia of the main gyre, pushes the incoming jet aside and forms a
shedding point between five flow patterns: main flow jet, reverse flow jet, large main gyre, and right
and left corner gyres. The jet preference for the right side is weak, since a stable mirror image of the
flow pattern can easily be established by slightly disturbing the initial conditions. The stable
asymmetric pattern, with a larger and smaller recirculation zone at the right and left corners,
respectively, can be explained by a Coanda effect, by which any perturbation of the flow field pushing
the main flow to one side of the basin gives rise to larger velocities. Thus, the asymmetry will
naturally tend to be accentuated by this Coanda effect. By increasing the shape factor to £>0.96, the
flow becomes more stable and symmetric, which will be explained in detail later. Figure 4(b) shows
the second flow behavior that developed with a shorter geometry length (Tests No 11, 12 & 13) and a
hexagonal geometry (Test No 16). In that case, the flow became more stable and symmetric with four
large vortices (4 regions in Figure 4(b)). By further increasing fto 0.97, the number of symmetric
gyres is reduced to two (coupled) circulation cells along the centerline. The upstream corner vortices
disappear completely. In conclusion, in the tested axisymmetric rectangular configurations, the flow
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is symmetric if £> 0.96 and asymmetric if < 0.96.

Flow patterns, streamlines, and mean vorticities for all test series are compared in Figures 5
and 6. For all tested geometries, two typical behaviors were observed. The first is a stable
asymmetric flow pattern with one long and one short separation zone for reduced basin widths B
(Test 11). The second is a symmetric flow pattern along the centerline with large scale vortices on

both the right and left sides for reduced basin lengths and hexagonal geometries.

4.2 Asymmetric flow for geometry shape factor f< 0.96

Figure 5 (a) — (f) shows the flow behavior for various geometries with = 0.96, 0.67, 0.375, 0.122, 0.75
and 0.95, respectively. On the left side of the figure, the flow patterns are shown by the velocity

vectors and magnitude.

[m/s] [s1]
B | B |

0.0 0.016 0.0330.049 0.0650.0820.098 0.114 0.131 04 03 02 01001000 02 03 04 05 0

6

Fig. 5 Average flow pattern with velocity vectors (left), streamlines (middle) and mean vorticity (right) for six

different geometries with shape factors f=0.96 (a), 0.67 (b), 0.375 (c), 0.122 (d), 0.75 (e), and 0.95 (f).
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Of particular interest is the effect of the geometry on the flow field and the separation zone on
both sides. In Figure 5(a), the flow has an asymmetric behavior, leading to a larger gyre size in the
right upstream corner side than in the left side. The main gyre size is in accordance with the two
corner gyres. The two corner gyres are in accordance with each other and alternately change in size.
Moreover, they control the size and location of the main gyre. By removing the upstream corners, as
shown in Figure 5(e), the two corner gyres disappear, and only the core gyre is formed. No changes
occur by removing the downstream corners in the diamond geometry shape. The observed flow
pattern in Figure 5(f) did not differ much from what was previously explained for Figure 5(e), except
for the reduction in size of the center gyre and downstream-shifted separation and reattachment
points. The size and locations of the three vortices are clearly visible by streamlines shown in the
middle of Figures 4 (a), (b), (c), (d),  and (g). On the right side of the same figures, the mean
vorticities of the flows are shown.

[m/s] [s1]
0.0 0.016 0.0330.049 0.0650.0820.098 0.114 0.131 0.147 0.163 0.180 0.20 06 05 04 03 02 0100100 02 03 04 05 06

Fig. 6 Average flow pattern with velocity vectors (left), streamlines (middle) and mean vorticity (right) for
four different geometries with shape factors f=0.97 (a), 0.98 (b), 0.99 (c), and 1.71 (d).
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The vorticity is defined as the curl of the velocity vector. In accordance with the flow patterns
and streamlines, the high vorticity is concentrated at the curved jet entering from the inlet channel
and the right corner. Figure 5(c) exhibits a relatively large area with strong vorticity. The vorticity
reflects a large portion of flow stabilization due to width reduction. By reducing the basin width, the
flow becomes more homogenous and the vorticity increases. Moreover, no stagnant water is observed
in the center of the gyres shown in Figure 5(c) & (d).

4.3 Symmetric flow for geometry shape factor > 0.96

Asymmetry disappears when the geometry shape factor is higher than 0.96, as illustrated by Figure
6 (a), (b), (c) and (d) for LSPIV results for shape factors /= 0.97, 0.98, 0.99 and 1.71, respectively. By
reducing the basin length, and consequently increasing fratios, the flow is stabilized with a stable
symmetrical pattern. Four vortices exist in the basin for an fratio larger than 0.97, as shown in the
middle illustration in Figure 6(a). The four gyres interact with the jet, which has some tendency to
meander. By reducing the basin length for /= 1, the number of gyres remains constant, and the flow
pattern becomes rather symmetric with respect to the centerline (middle, Figure 6(b)). Completely
symmetric streamlines with two vortices are exhibited in Figure 6(c) middle, for fratio of 0.97 and a
basin length less than its width.

Similar flow patterns and streamlines with two vortices occur by removing the four corners of
the reference basin with an fratio of 1.71 (Figure 6(d)). The predominant change in the flow pattern
is an evolution from a four-vortex flow to a distinct two-vortex flow. The corresponding vorticities for
these streamlines are shown in Figures 5(a), (b), (c) and (d), on the right. Comparison of these figures
shows that the vorticity values are increasing with decreasing basin lengths. Comparing all
geometries with £>0.96 reveals that similar symmetric flow patterns occur with small differences
regarding the dimensions and strengths of the circulation cells.

5. Conclusion

Shallow flows are predominantly two-dimensional flow structures, which means that the overall
behavior of the flow can be analyzed using surface velocities. To obtain a correctly modeled shallow
turbulent free surface flow in a laboratory, a sufficiently high Reynolds number and a sufficiently low
Froude number are required, which generally necessitate large facilities where the horizontal
dimensions are in the order of meters. The experiments described in this paper were conducted with
the goal of demonstrating the capabilities of LSPIV in the measurements of 2D surface flow for
shallow basins with different configurations. Furthermore, they should allow understanding of the
effects of the geometry of shallow basins on flow behavior.

The flow structures in a shallow basin can be measured successfully by using LSPIV. It could
be demonstrated that LSPIV has potential for measuring low velocities. The influence of the
geometric parameters expressed by the shape factor £ was examined for symmetric inflow and
outflow conditions. Although the geometry is symmetric, the flow pattern becomes asymmetric under
certain conditions. For < 0.96, the flow changes from a symmetric structure to an asymmetric
structure. The basin length has a strong influence on changing the flow field from an asymmetric
flow to a stable symmetric flow. The basin width did not influence the asymmetric separation of the
issuing jet. However, the size of the main and secondary eddies were in accordance with the width. It
can be concluded that the basin geometry influences the behavior of the large turbulence structures,
and the flow is quite sensitive to the geometry shape factor.

LSPIV measurements at the water surface, using an appropriate camera and homogeneously
particle spreading of sufficient density, provide a suitable method to analyze the behavior of such
flows with different geometries. Using the water surface as a measurement plane, normal lights
have to be used. Any other application where the surface velocity represents the behavior of the
overall flow, because the flow 1s quasi two-dimensional, such as shallow wake flows or confluence
problems in rivers, can be analyzed using the presented technique.
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