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ABSTRACT
This thesis reports on an experimental study of turbulent open channel flow near small-
scale and large-scale trashrack models that are comprised of an array of bars. The
experiments were conducted for a wide range of bar depth, bar thickness, bar shape, bar
spacing and bar inclination to approach flow. For the small-scale models, the
measurements were conducted at a range of Reynolds number and Froude number based
on approach velocity and water depth. A particle image velocimetry (PIV) technique was
used to conduct velocity measurements around the small-scale models, from which iso-
contours and profiles of the mean velocities and turbulent statistics were obtained to
study the effects of bar depth, bar thickness, bar shape, bar spacing and bar inclination to
approach flow on the flow field and head losses in the bars. The iso-contours of the mean
velocity for small-scale models revealed that bar inclination produced asymmetric flow, a
potential threat for vibration failure. The mean velocities and turbulent statistics within

the bars were high, and increase with increasing blockage ratio and bar inclination.

For the large-scale models, the Reynolds and Froude numbers based on approach velocity
and water depth were kept constant. Acoustic Doppler velocimeter and point gauge were
used for the large-scale model measurements. The results demonstrate that head loss
coefficient generally increased non-linearly with bar inclination and linearly with
blockage ratio. Significant reduction in head losses was observed when the square
leading edges of rectangular bars are replaced by rounded leading edges. For the bar
depths considered in this study, it was found that the head loss coefficient is somewhat

lower for the shorter bar depths.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

Trashracks are comprised of an array of vertical rectangular bars that are held together by
supporting beams. They are typically fitted to the inlet of hydraulic generating units to
prevent large debris or obstacles from entering the units and damaging turbine
components and/or reducing hydraulic performance. Figure 1.1 shows a photo of a
trashrack section consisting of an array of bars held together by supporting beams at one
of the power generating units of Manitoba Hydro. Figure 1.2 shows a sectional view of a
turbine with trashrack fitted at the 'inlet. Trashracks at intakes may also prevent mortality
of relatively large fish by turbine blades. The fish protection efficiency of trashracks is
mainly determined by spacing between trashrack bars and flow conditions at the intake

and near bypass entrances.

The existence of trashracks at intakes produces unwanted energy losses that directly
reduce power production. These losses can be partly attributed to the large scale flow
structures or vortices generated by the bars. The vortices give rise to significant pressure
fluctuations which in turn produces unsteady hydrodynamic forces acting on the bars.
Research has shown that the formation of vortices by array of bars, their evolution and
interaction depend strongly on bar spacing, and may also depend on the shape of the bars.
Consequently, the choice of bar shape and spacing has a significant impact on energy
losses and performance of hydro generating units. For example, streamlined shape would
reduce head loss but it has been suggested that streamlined bars would increase the

potential for vibrations and subsequent trashrack failure (McPhail [1]). Reduced bar



Figure 1.1: A photo of a trashrack section from Kelsey G.S. (Courtesy of Manitoba
Hydro)
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Figure 1.2: Sectional view of turbine plants showing relative position of trashrack with
respect to turbine (Courtesy of Manitoba Hydro)



spacing would produce higher sectional blockage and consequently undesirable increase
in head losses. On the other hand, reduced bar spacing would physically prevent smaller
fish from entering the turbines and draft tubes, a desirable outcome. There is a need to
better understand the flow characteristics near trashracks and also to provide benchmark

data for validating turbulence models for hydraulic applications.

1.2. Research Motivation

Trashracks are important parts of hydro-power plants. Numerous experiments have been
conducted in the past to study head losses produced by trashracks. In those experiments,
only global flow quantities such as -bulk velocity, water depth and pressure were
measured. Furthermore, trashrack parameters such as bar shape have not been
investigated in detail to assess their effects on head losses. There is a need to conduct
detailed measurements and to study the characteristics of the mean flow pattern and
turbulent statistics near trashracks of diverse bar shape,» bar spacing, bar thickness and bar

orientation.

To this end, Manitoba Hydro, Department of Fisheries and Oceans Canada (DFO) and
kthe University of Manitoba have developed a collaborative research program to study the
nature of turbulent flow through trashracks. The overall objective of the collaboration is
to study the hydraulics near trashracks to assess the potential biological benefits and
power generation cost. In this collaboration, the University of Manitoba is conducting
physical modeling of small-scale and large-scale trashracks of diverse bar shape, bar

thickness, bar depth, bar spacing and bar orientation. In order to understand the dynamics



of flow near the trashracks, it is necessary to obtain whole-field velocity measurements of
the flow velocity around the trashracks using a particle image velocimetry (PIV). The
Department of Fisheries and Oceans Canada is applying commercial Computational Fluid
Dynamics software (CFX-11) and turbulence models of varying sophistication to conduct
more extensive numerical analyses than in the physical modeling. The physical insight
and benchmark datasets from the physical modeling would guide researchers at DFO to

select the appropriate turbulence models and to validate the numerical results.

1.3 Objectives
This thesis reports on small-scale and large-scale physical modeling of trashracks of

diverse bar shape, bar thickness, bar depth, bar spacing and bar orientation.

The specific objective of the small-scale experiments is to study the effects of approach
flow velocity, bar spacing, bar shape, bar depth and bar inclination to approach flow on
head losses as well as the mean flow patterns, mean velocity profiles and turbulent
statistics. A particle image velocimetry technique is used to obtain detailed whole-field
measurements of mean velocities and turbulence quantities near small-scale model

trashracks.

The objective of large-scale physical modeling is to study the effects of bar leading edge,
bar thickness, bar spacing, bar depth and bar inclination to approach flow on head losses.
In these experiments, an acoustic Doppler velocimeter (ADV) is used to conduct the

velocity measurement.



1.4. Layout of Thesis

The general layout of this thesis is as follow. Chapter 2 presents literature review on
previous studies of flow through trashracks. Detailed descriptions of principles of
operation of particle image velocimetry and acoustic Doppler velocimeter are presented
in Chapter 3. Chapter 4 describes the experimental techniques that were employed for
both small-scale and large-scale trashrack models. The experimental results are presented
and discussed in Chapter 5. Chapter 6 presents the concluding remarks and

recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

As shown in Figure 1.1, trashracks typically comprise of vertical and horizontal structural
members that support closely spaced vertical bars (hereafter referred to as trashrack bars).
Most often, the horizontal members are spaced more closely than the vertical members,
or the vertical members are omitted éltogether (Lemon et al. [2]). This chapter begins by
outlining the various ways of classifying trashracks. Section 2.3 provides a summary of
various equations that have been proposed to quantify head loss produced by trashracks.
The section also examines the effects of bar spacing, bar shape and bar depth,
concurrently with the effects of approach flow on trashrack head losses. Section 2.4
provides a review of numerical studies of flow through trashrack. In section 2.5, the

usage of fine trashrack and its implications are outlined.

2.2. Classification of Trashracks

Trashracks have been classified in various ways. According to Wahl [3], trashracks are
classified into three types depending on the basis of construction and installation
methods. The types of trashracks are identified as end-bearing, side-bearing and integral
trashracks. For the end-bearing trashracks, the trashrack bars run from the top to the
bottom and they individually carry the loads into the trashrack structure. The side-bearing
trashracks are made up of excessively long trashrack bars. The side-bearing trashrack
uses one or more lateral sﬁpport beams to make the load spans of the trashrack bars
shorter. The lateral beams carry the load into guides or grooves in the trashrack structure.

The integral trashracks are a combination of several panels made up of trashrack bars



with lateral support beams or members. The panels are constructed by either welding or
bolting the support members together. The support members make up a multisided, rigid
frame that carries the loading into the trashrack supporting structure. Integral trashracks

are usually used for deeply submerged intakes and are not intended to be replaced.

On the basis of bar spacing, trashracks may be classified as coarse trashracks and fine
trashracks. According to Mosonyi [4], the interspacing of the bars of coarse trashracks
varies between 100 mm and 500 mm. Their existence at the turbine intakes is to prevent
debris from entering the hydraulic units to cause damage to the turbine. Tight-spaced

trashracks are called fine trashracks. The interspacing of the bars of fine trashracks varies
from 15 mm to 100 mm. The primary function of the fine trashracks is to rétain fish, and
for this reason they are also called fish screens. Fine trashracks are mounted almost
generally in a slanting position at an angle of about 50° to 80° to the horizontal. The
advantage of this orientation is to facilitate cleaning and tc lessen the head loss. With
regards to bar depth, trashrack bars are generally classified as short bars if L/s < 3 and as

long bars if L/s > 3 (Escande [5]).

2.3. Head Losses in Trashrack

Trashracks at the intakes of hydraulic generating unit produce head loss which reduces
power production. Studies have indicated that head loss increases significantly as the
spacing of the bars decreases, direction of approach flow is oblique to the trashrack and
approach ﬂo§v increases. Flow through unsubmerged trashrack is marked with a

considerable change in water level before and after trashrack. Figure 2.1 is an illustration



of the differential water level before and after the trashrack. The difference in water
levels does not correspond to the energy loss (Spangler [6] and Meusburger et al. [7]).
This is because the average velocity before the trashrack is essentially different from the
average velocity after the trashrack. Thus, there is a consequential velocity head
difference corresponding to the decrease in height of the water surface. The energy loss
through trashracks can be estimated by application of the energy equation. Thus, the head

loss, 4h (Figure 2.1a) is given as:
1
Ah=h1~h2+Z(U12—U22) 2.1

where A is the upstream potential head, %, is the downstream potential head, U, is the

average velocity at the upstream of the trashrack and U, is the average velocity at the

downstream of the trashrack. In Eq. (2.1), 4k corresponds to the difference in the energy

grade line upstream (EGL,) and downstream (EGL,) of the trashrack (Figure 2.1a).
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Figure 2.1: Side (a) and plan (b) views of a typical trashrack model.

Apart from the energy equation, various correlations have been formulated by various

researchers for quantifying the head loss produced by trashrack. These correlations are



Table 2.1: Summary of studies on trashrack and head loss equations

Author Flow Bar Equation
Condition | Geometry
Study
- - Independent | A =(1.45-045R-R* U /2g ......... 22
of bar shape | p = Aned/Agross
&angleof | 1y velocity through net flow area
trashrack .
Kirschmer | up t0 0.82 | Rectangular, | Ap = g(s/b)"* (U2 /2g)sing ............ 2.3
[8] m/s st-rearlnhned, ¢ = 2.42, for rectangular bar
:(l)rucrlll da;:i . ¢ =1.83, for rectangular bar with round edge
tapered ai 4 | ¢ =0.76, for streamlined bar
circular ¢ = coefficient based on bar shape
section bars
Spangler | upto 0.72 | Rectangular, | Ah= B[(1-£)/e]**(U2/2g) o.o......... 2.4
[6] m/i streamlined, | p— 9 34 for rectangular bar
hy - 1 m J | circular, f=1.77, for rectangular bar with round edge
N 9) g 3(1 » | round edge, | g—( 71, for streamlined bar
45°, 60 tap ered and B = coefficient based on bar shape
mrcx.llar flow ratio, € =b /(b +s)
section bars
Meusburger | 0.5 m/s— | Rectangular | aAj - kr(1+ Btan (/L) U /2g)sina
etal. [7] 1.5 m/s bar T T 25
»= 2.42, form factor for rectangular bar
Fellenius & | 0.68 m/s, | Rectangular, | Ak =kp?(U2/2g)SING eveeveeee...... 2.6
Lindquist 0.98m/s | round edge, | i = form factor
[ - 1.00 m/s, | trapezoidal Kk " = (4
112 m/s | seotions blockage ratio, p=(4, + 4,)/ 4,
Fellenius & Tapered Ah=kp*(U}/2g)sin®? o ooooevee. . 2.7
Lindquist sections k = form factor
9]
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summarized in Table 2.1. In this table, b is the clear spacing between bars, L is the bar
depth in the flow direction, s is the bar thickness, B is a coefficient for the horizontal
angle of inflow (B = 0.65), C is a coefficient applicable to the blockage ratio (C = 1.33),
D is a coefficient applicable to the ratio of /L (D = - 0.43), A4, is the area blocked by
horizontal spacing elements, 4, is the area blocked by the bars, 4; is the total area of the
trashrack field, U; is upstream average velocity, « is the angle of inclination of the
trashrack with the horizontal, ¢ is the horizontal angle of inflow and 4 is the coefficient of
contraction. Equation (2.2) is the correlation that is commonly used by the Bureau of

Reclamation (Wahl [3]) to estimate head loss through trashrack.

2.3.1. The Effects of Bar Spacing on Head Loss

The permissible spacing for bars of trashracks is determined by the type of turbine,
dimensions of the turbines (defined by the discharge capacity), peripheral speed of vanes
depending upon the specific speed and the head, and the debris present at the site.
According to Doland [11], propeller-type turbines have relatively large spaces between
the blades. For this reason, they can pass, without damage, larger sized pieces of debris
than the smaller-spaced and more intricate-shaped blades of the Francis-type turbine.
Ecological demands have also put constraint on the spacing between trashrack bars. For
instance, the power plant situated at river Fulda in the north-east of the city of Kassel in
Germany was originally protected with a trashrack having a clear spacing of 60 mm.
However, because of ecological demands, the original trashrack was replaced by a new

trashrack having reduced clear spacing of 20 mm (Meusburger ef al. [7]).
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Spangler [6] investigated trashracks with their clear spacing between adjacent bars varied
from 8.7 mm to 64.5 mm. It was found that trashrack with 8.7 mm clear bar spaciﬁg
produced the highest coefficients of resistance. The coefficient of resistance also
increased with iﬁcreasing angle of approach. The author reasoned that the rise of the
coefficient of resistance was associated with an enlargement of dead-water area which
formed on one side of the trashrack. Contrarily, the trashrack with highest clear spacing

of 64.7 mm produced the lowest coefficients of resistance.

2.3.2. The Effects of Bar Shape on Head Loss

Most component bars in trashracks at hydraulic intakes frequently have sharp-edged
rectangular cross-sectional shapes. However, sharp-edged rectangular shapes are
susceptible to flow-induced vibration (Knisely [12]). Because of economics, ease of
construction or structural requirements, often these non-aerodynamics geometries are
employed. Nevertheless, rectangular steel bars are preferred over round bars, since round
bars are highly susceptible to clogging and even more vibration than rectangular bars.
According to Wahl [3], objects pass partially through trashracks that are made of round

bars and become firmly lodged in between the bars.

Spangler’s [6] investigations revealed that rectangular cross-section bars produced the
highest coefficient of resistance to the flow at various angles of approach velocity. He
also noted that all the rectangular bars used for the experiment had the same coefficient
of resistance to the flow at zero angle of approach, irrespective of the thickness and depth

of the bars. However, as the angle of approach flow was increased, the coefficient of
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resistance increased with bar thickness. Spangler [6] also observed that the losses at
trashrack decreased as the corners of the leading and/or trailing edges of the bars were
rounded. The author concluded that the increase in head loss for round leading edge bars
was associated with freeing of the flowing water at the upstream side of the bars (at larger
angle of approach flow). Spangler [6] observed the least coefficient of resistances for the
streamlined shape bars, irrespective of the angles of approach flow. The author, however,
remarked that streamlined shape bars cannot easily be kept free from debris by the use of

a cleaning machine.

2.3.3. The Effects of Bar Depth on Head Loss

Kirschmer’s [8] study indicated that there is slight variation in head loss coefficient for
rectangular bars of greater depth. The results of Spangler [6] also showed that bar depth
has strong effect on head loss coefficient as the angle of approach flow is larger than 0°.
Spangler [6] obtained the same coefficient for all rectangular bars at 0° to approach flow,
irrespective of their depth. However, as the angle of approach flow increased, the
coefficient of resistance to flow also increased, signifying a corresponding increase in
head loss. This increase in head loss was high for bars with shorter depth. Escande [5]
and Orsborn [10] investigated head losses associated with trashrack bars of different
depths. Their study led to the formulation of two separate equations for determining head
loss caused by reiatively short (L/s < 3) and long (L/s > 3) bars respectively (Table 2.1).
Orsborn [10] argued that for short bars, the flow after separation from the leading .edge
does not reattach to the sides of the bar within the trashrack (Figure 2.2), resulting in

higher head losses. On the other hand, increasing the bar depth from square reduces the
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Figure 2.2: Flow around short and long trashracks bars

head loss since a greater portion of the wake cavity is filled by the bar, and energy
dissipation is thereby reduced. The author argued that when the flow expands to the sides
of the bars, the trashrack head loss increases and consists of a sudden contraction loss
plus a sudden expansion loss. When this condition is reached, any additional increase in

bar depth does not greatly increase the total head loss for blockage ratios up to 0.50.

2.4. Numerical Studies on Trashracks

Only a few numerical analyses of flow through trashracks have been performed to date.
Hermann ef al. [13] and Meusburger et al. [14] applied direct numerical simulation
(DNS) and -¢ turbulence models to conduct detailed analysis of flow through arrays of
rectangular bars for a range of blockage ratios, 0.18 < p < 0.54. The velocity was varied
from 0.29 m/s to 0.87 m/s and 0.50 m/s to 1.5 m/s, respectively, in the studies by
Hermann ef al. [13] and Meusburger er al. [14]. The DNS was performed on bars aligned

to the flow, and only small part of the trashrack domain (typically 3 or 4 bars) was
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simulated. The DNS produced head losses that compared well with measured values at
low blockage ratios but produced higher losses than experimental data at higher blockage
ratios. The authors attributed the discrepancies to insufficient grid resolution in the
turbulent boundary layer zone close to the bars. The results from k-¢ turbulence models

were in good agreement with the measured data, especially at higher blockage ratios.

2.5. Fine Trashracks

Fine trashracks are typically used where fish protection against turbine mortality or injury
is a prime concern. Fish such as salmon and eel suffer severe mortality from turbine
blades, especially when they are migrating into the sea during summer. This has
compelled the authorities to enact laws for the usage of fine trashracks or screens at the
intakes of hydro-power terminals to abate turbine mortality of fish (Mosonyi [4]). Fine
trashracks, on the other hand, are very expensive and they pose higher resistance to flow
which cause excessive head losses. However, according to Mosonyi [4], the protection of
- fish by fine screens is inadequate since fish are pressed by the flow against the screen and
are not able to get freed. Yeh and Shrestha [15] have also reported the pressing of small
fish against the screen surface, when they examined flow through screen. Eels and
salmén are very often caught by screen-bars and are killed during cleaning operations
(Mosonyi [4]). For example, many salmon were reported dead at the screen of the
Rheinfelden power plant in Germany. Consequently, the original spacing of 15 mm was
increased to 38 mm. Similar experience was gained regarding eels at the power plants of

the Main River (Germany), where the original 20 mm spacing of the bars was increased.
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According to Mosonyi [4], with regards to protection of fish, it is important to consider
the injury and extent of damage to fish caused by the runner vanes. Another important
factor to consider is the ability of fish to withstand the sudden drop in pressure that
occurs as the flow passes through the turbine. It has been a practice at some power plants
in the northern states to employ only coarse trashracks in the winter, whereas fine
trashracks are used only in the summer season when fish are migrating towards the sea.
The use of coarse trashrack is advantageous to fish protection, if fish passage through the
turbine is permitted. Practically, the omission of the screen is guaranteed provided the
loss in fish caused by the operation of the screen is undoubtedly greater than that due to

the turbines.
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CHAPTER 3: PRINCIPLES OF PARTICLE IMAGE VELOCIMETRY AND
ACOUSTIC DOPPLER VELOCIMETER

3.1. Introduction

Particle Image Velocimetry (PIV) is a non-intrusive optical measurement technique that
provides simultaneous whole field velocity measurements at several positions in a plane.
Compared to other measurement techniques such as Pitot tubes, hot wires and laser
Doppler anemometry (LDA), PIV can capture the velocity and direction information in
many points over a plane of fluid flow almost instantaneously with high accuracy.
Because it is a multi-point technique, it is very well suited for investigatién of coherent
flow patterns. The PIV is also well suited for estimating velocity gradients and derived
quantities such as vorticity and the various terms in the transport equations for turbulent
kinetic energy and Reynolds stresses. Due to these attractive features, PIV has been

applied in many areas of fluid mechanics and aerodynamics research in the recent past.

Acoustic Doppler Velocimeter (ADV) is a single-point, high-resolution, current meter
that measures flow velocity. Sdme inherent advantages of ADV are 3D velocity
measurements in a remote sampling volume, invariant factory calibration, simple
operation, direct calculation of turbulent quantities such as Reynolds stress, and excellent
low-flow performance. These attractive features of ADV dictate its application to
measure velocity in a wide range of environments including laboratories, rivers, estuaries,
and ocean. Section 3.2 of this chapter outlined the basic principle of the PIV and the
various components of a typical PIV system. In section 3.3, the basic principle of ADV is

outlined in addition to that of point gauge.
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3.2, Particle Image Velocimetry

3.2.1. Planar PIV

A typical experimental setup using a two dimensional or planar PIV is shown in Figure
3.1. The setup consists of an optically transparent test-section containing fluid seeded
with light reflecting particles, a laser to illuminate the region of interest, a CCD camera to
record the illuminated particles, a synchronizer to control the camera and laser, and a
computer with suitable software to record, store and post-process the recorded images.

In PIV measurements, the flow field is seeded with small light scattering particles (called
seeding particles) that are presumed to faithfully follow the fluid motion. These seeding
particles are then illuminated by two pulses of laser sheet separated by a time delay, At.
The light scattered by the seeding particles is recorded and two successive images are
captured. The images are divided into a grid of small regions called interrogation areas.
For each interrogation area, a numerical correlation algorithm (auto-correlation or éross-
correlation) is applied to statistically determine the local displacement vector (As) of
particles between the first and the second illuminations. It is assumed that all particles
within an interrogation area have moved homogeneously between the two illuminations.
The velocity, V, for a particular interrogation area is obtained from the expression V =
As/At. A velocity vector fnap over the region of interest is obtained by repeating the
correlation for each interrogation area over the two image frames captured. In this
process, the time delay between laser pulses and the image capturing is synchronized. A

detail description of the basic components of a PIV is presented in the following sections.
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Figure 3.1: A typical experimental set-up of a planar PIV system.

3.2.2. Light Source

For PIV measurements, a high intensity laser is required to freeze the motion of the
particles during image capturing. The fact that the whole field is illuminated and the
camera captures the side-wards scattered light by the particles makes a high power laser
necessary. Frequency doubled neodymium-yttrium-aluminum-garnet (Nd:YAG) lasers
are commonly used for PIV measurements because these lasers provide monochromatic
light with high intensity, which can easily be bundled into thin light sheets for
illuminating and recording the seeding particles without chromatic aberrations (Raffel et
al. [16]). Laser-emitted light is passed‘through a lens system to create a plane sheet of
light to illuminate the region of interest. The length and width of the light sheet can be

adjusted to the field of view required.
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3.2.3. Seeding Particles

Seeding particles should have the ability to follow the fluid faithfully without disturbing
the flow of the fluid but large enough to scatter sufficient light for them to be detected by
the camera. Also, the seeding particles should be distributed homogeneously (Westerweel
et al. [17]). Because PIV measures the velocity of the particle but not the fluid velocity, it
is essential that the particles have certain hydrodynamic properties to ensure that they
faithfully follow the flow. It is therefore imperative to consider the working fluid in
selecting the seeding particle. Particles that have negligible settling velocity are desirable.
According to Mei et al. [18], the settling velocity can be estimated from Stokes drag law

for flow around a sphere under gravity and is given by,

v :(pp_pf)gd; 31

' 18u,
where, s, is the particle density, P is the fluid density, g is the acceleration due to

gravity, dj, is the diameter of the particle and 4 is the viscosity of the fluid. Settling is
undesirable and can be minimized by using small particles and/or particles whose density

is similar to that of the working fluid.

- The ability of a particle to follow the flow is characterized by its response time. The
response time is a measure of the tendency of the particles to attain velocity equilibrium
with the fluid. The response time, 7, for the particle (for Stokes flow) is according to
Raffel et al. [16] given by:

d,
18y,

T, =P, 32
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The particles must also be good at scattering light to ensure that they are visible to the
CCD sensor (Willert and Gharib [19]). The particle size and shape, the refractive index
and the wavelength of radiation are the factors that affect the light scatter by a particle. A
variety of‘ seeding particles are commercially available ranging from a few microns to
hundreds of microns. It should be noted that the ultimate goal in particle selection is to
obtain the most efficient scattering and maximize the light intensity of the sensor. The
widely used tracer particles in liquids are polyamide seeding particles (PSP), silver-
coated hollow glass spheres, hollow glass spheres, polystyrene latex and fluorescent

polymer particles, to mention a few.

3.2.4. Recording Medium

Two types of recording media are available: the CCD camera and photographic film
’camera. The CCD camera is the most widely employed recording device for PIV because
of its several advantages over the photographic film cameras. These advantages include
higher frame rates, superior sensitivity to light and possibility of on-line image analysis.
However, the photographic film cameras do offer higher resolution. The major
component of a CCD camera is the CCD sensor which consists of an array of detectors
called pixels. The CCD camera employed in the PIV studies generally uses high-
performance progressive scan interline CCD chips. The chip consists of an array of
photosensitive cells and an equal number of storage cells. After the first laser pulse is
triggered, the first image is acquired and immediately transferred from the photosensitive
cells to the storage cells. Later, when the second laser pulse is triggered, the

photosensitive cells are available to store the second image. In this case, the storage cells
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contain the first image and the photosensitive cells contain the second image. Then both

images are transferred sequentially from the camera to the computer for storage. With

this technique, the exposure interval, Az can be reduced to less than 1 microsecond.

3.2.5. Methods of Correlation in PIV

As mentioned earlier, the images recorded by the CCD camera are sub-divided into
smaller regions called interrogation areas. For each of the interrogation areas, the images
at the first and second frames are correlated to obtain an average displacement vector.
This results in a vector map of average displacements for all the interrogation areas. The
most commonly used correlation methods are auto-correlation and the cross-

correlation/adaptive-correlation.

Auto-correlation allows the particles in an interrogation area to be correlated with
themselves. This results in a large central peak (the self-correlation peak) in the
correlation plane along with two displacement peaks, one on each side of the central
peak. The distance from the central peak to either of the displacement peaks cdrresponds
to the average particle displacement in the interrogation area. Because of the presence of
the self-correlation peak, particle displacements less than two to three pixels cannot be
detected. This reduces the dynamic range of the auto-correlation technique. Another

drawback of the auto-correlation is its 180-degree directional ambiguity.

In cross-correlation, particles in two different interrogation areas belonging to two

different images at the first and second frames are correlated. Because the order of image
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recording is known, directional ambiguity of the flow is no longer a concern. With the
cross-correlation method, two sequential images of the flow field with a specific time
between them are considered as two spatial signals. The first image of the particles at ¢t =
1 1s considered the input signal and the second image at ¢t = ¢ + ¢, is the output signal. The

detail of this method and the computational implementation are given in Willert and

Gharib [19] and Raffel et al. [16].

The adaptive-correlation algorithm is an advanced type of cross-correlation. It is an
iterative method which relies on the knowledge of the actual velocity spatial distribution,
which is not known a priori and is the objective of the measurement procedure itself.
Therefore, an initial guessed offset value is used to introduce an offset from the first
window (the interrogation area in the image frame from laser pulse one) to the second
window. The result of each single interrogation is validated and used as an input to
evaluate the interrogation parameters for the subsequent iteration. The process terminates
when a convergence criterion is fulfilled or after a prescribed number of iterations. The
use of adaptive correlation helps in two major ways. First, the signal strength is raised
due to the capture of the in-plane dropout. In-plane dropout occurs because during the
time between the two light pulses some of the particle images leave the interro gation area
and are lost. This loss of particles reduces signal strength and the number of successful
vectors that can be obtained. Secondly, a refinement of the interrogation area is possible
because an adaptive window offset may be applied, again producing a successful signal.
The adaptive correlation technique finds applications in large area of PIV; flows with

high velocity gradients, and flows with inhomogeneous or sparse seeding density.
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3.2.6. Optimizing PIV Measurements

The combination of laser energy, camera magnification and light sheet dimension needs
to be optimized in order to obtain results from a PIV system with high accuracy. Even
under ideal experimental conditions, a PIV vector map may contain spurious vectors.
These spurious vectors emanate from interrogation spots where signal-to-noise ratio is
less than unity. That is, a noise peak is higher than the signal peak. Keane and Adrian
[20] focus their study on the detection probability (i.e., the percentage of valid vectors).
To improve the signal-to-noise ratio, they recommended the interrogation areas be large
enough to accommodate a sufficient number of particles, but small enough so that one
vector describes the flow. It was also recommended that the time separation should be set
5o that the variation in particle displacements within the interrogation cell is less than the
particle image diameter. The particle size should be selected such that the particle image
size is approximately two pixels when imaged by the digital camera (Raffel et al. [16]).
The particle image diameter, diyqge , is given by:

Aimage = [d,"M* + (2.44 f(1+M) A 3.3
where dp is particle diameter, f; is the fnumber of the lens, A is the wavelength of the
laser light, and M is the magnification factor of the camera. Raffel et al. [16] suggested
that when the image diameter becomes too small there is insufficient information to make
effective use of sub pixel interpolation because there is likelihood of biasing data towards
' integer pixel values. Sub-pixel interpolation is used to increase the resolution or accuracy
when detecting the position of the éorrelation peak which makes it possible to determine

displacements with an accuracy of fractions of a pixel.
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The seeding density is dependent on the type of PIV method used. For the two-frame
cross-correlation method, Willert and Gharib [19] showed that to obtain a high valid
detection probability the particle image density should be larger than 6. Using very high
particle image densities, large particle image diameters, and small interrogation cell sizes
Wﬂl reduce the error due to gradients. The movement of the particles can only be tracked
as long as they remain within the same interrogation area during both exposures. Also,
the particles should not traverse more than one fourth of the side length of the
interrogation areas between exposures to keep the number of particles that leave the

interrogation area down.

3.3. Acoustic Doppler Velocimeter

3.3.1. The 3D ADV

A typical experimental setup using a three-dimensional ADV probe is shown in Figure
3.2. The setup consists of a transparent test-section containing fluid, an ADV probe, a
processor, and a computer with suitable software to record, store and post-process the
recorded data. The operation of the ADV requires that the fluid naturally contains
particulate matter or scatterers, which are assumed to be moving at velocities similar to
the fluid. The 3D ADV uses an acoustic pulse to remotely measure the three components
of water velocity at a single point using a principle called the Doppler effect. The ADV is
implemented as a bistatic acoustic Doppler system and consists of a transmitter and three
receivers. The three receivers are positioned in 120° increments on a circle around the
transmitter. The probe of the ADV is submerged in the flow to be measured and the

receivers are slanted at 30° from the axis of the transmit transducer. The transducers are
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positioned and oriented such that their acoustic beams all intercept at a common sample
volume located at about 5 cm or 10 cm in front of the transmitter transducer, which

ensures non-intrusive flow measurements.

ADV

) ADYV Processor Computer
Receiver

Flow

Transmit 4
transducer ~ Flume

Figure 3.2: A typical experimental set-up of a 3D ADV system.

The transmitter generates a short pulse of sound at a known frequency, which propagates
through the liquid along the axis of its beam. As the pulse passes through the sampling
volume, the acoustic energy is reflected in all directions by particulate matter. In general,
for excellent operation; the ADV requires a minimal amount of scattering material,
typically 10 mg/L (Sontek ADV Manual). Some portion of the reflected energy travels
back along the receiver axis, where it is sampled by the ADV and processed by the
electronics to. measure the change in frequency. The Doppler shift measured by one
receiver is proportional to the velocity of the particles along the bistatic axis of the

receiver and transmitter. The bistatic axis is located halfway between the center axes of
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transmitted and received beams. It should be noted that in ADV, each transmitter/receiver
pair measures the projection of the liquid velocity onto its bistatic axis. The velocity
measured by each receiver is referred to as the bistatic velocity. Bistatic velocities are
converted by the ADV to x-y-z (Cartesian) velocities using the probe geometry. The x-y-z

velocities give the 3D velocity field relative to the orientation of the ADV probe.

3.3.2. Components of ADV

The ADV consists of three basic components: the probe, the signal conditioning module,
and the processor.

ADV Probe Configuration: The ADV probe configuration is determined by a
combination of four factors: sampling volume location, coordinate resolution (3D or 2D),
sensor mounting, and sensor orientation. The probes can be constructed with almost any
combination of these options. The ADV sampling volume is located at a distance from
the tip of the probe to ensure non-inirusive flow measurements. The acoustic sensor can
be mounted on a 25-cm rigid stem or on a 100-cm flexible cable. The down-looking
sensor orientation is ideal for measurements close to the bottom. Side-looking probes are
typically used in wave flumes to avoid flow interference. If the primary interest is to
measure velocity in the surface layer (under a layer of ice) or under structures (near the

bottom of a vessel or structure.), an up-looking probe may be preferred.
ADYV Signal Conditioning Module: The standard ADV signal conditioning module is a

cylindrical acetyl (Delrin) housing, which contains low-noise receiver electronics. The

probe is attached at one end of the conditioning module while the other end is connected
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to the processing module/processor via a high-frequency cable up to 20-m long, using a

16-pin wet-mateable connector.

ADV Processor: The ADV processor is a set of three printed circuit cards that perform
the signal generation and processing required for the ADV to make velocity
.measurements. This includes generating electrical signals that are converted to acoustic
energy at the transducers, digitizing the return signal, performing Doppler.processing to
calculate velocity, and averaging samples together before data output. The ADV
processor operates from DC power and is typically connected to a cofnputer running data
acquisition software. It can also be integrated with a variety of data acquisition systems

using either serial communication or the analog output voltages.

3.3.3. Method of Pulse-Coherent Processing in ADV

The pulse-coherent or pure-coherent processing technique requires that the ADV sends
two pulses of sound separated by a time lag so that the phase of the return signal from
each pulse is measured. The change in the phase divided by the time between pulses is
directly proportional to the velocity of the particles in the water. The pulse-coherent
processing is used because it provides the best possible spatial and temporal resolution.
Pulse-coherent processing, however, has inherent limitation on the maximum velocity
that can be measured. This is because pulse coherent processing measures the phase of
return signals. The phase measurements are limited to a range of (-m, m). If the phase
exceeds these limits, it will “wrap around’ (that is, if the phase increases to just above T,

the ADV measures a phase of —x). This is very often referred to as an ambiguity jump,
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where, for example, the ADV will measure a negative velocity rather than the true, larger
positive velocity. The maximum ambiguous velocity is a function of the time lag between
the two pulses. The ADV offers a choice of a number of pre-set velocity ranges (standard
settiﬁgs are +3, +10, £30, +100, and +250 cm/s), each of which corresponds to a
particular pulse lag. The instrument noise lével scales directly with the velocity range
setting (higher velocity ranges have a higher noise for each sample). It is therefore
necessary to select the lowest range that meets the requirements of the particular
experiment. Pulse-coherent processing affects the ADV operation in two other situations.
When making near boundary measurements, there is a potential that the reflection of one
pulse from the boundary could interfere with the other pulse. Secondly, the ability to
adjust the time lag between pulses gives the ADV exceilent performance for applications

with low flow velocities.

3.3.4. Point Gauge

A point gauge consists of a downward sharply pointed, movable metal rod connected to a
graduated scale. The pointed rod is slowly raised or lowered using a rack and pinion
gearing system until the point just makes contact with the water surface. The graduated
scale is then read off to obtain the distance between the water surface and the point gauge
zero reference elevation. In order to get absolute water level elevations relative to the
model datum, the elevation of the point gauge zero reference must be determined. A
potentiometer can be attached to the point gauge to partially automate the recording of

data.
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CHAPTER 4: EXPERIMENTAL TECHNIQUE
4.1. Introduction
In this chapter, the experimental facility, the test models, the PIV system and the ADV
system employed, respectively, for small-scale and large-scale measurements and the
measurement procedure are described. The chapter also provides summary of test
conditions for the small-scale and large-scale trashrack models. Section 4.2 describes the
experimental technique that was used for small-scale measurements. In section 4.3, the

experimental technique that was used for large-scale measurements is described.

4.2. Small-Scale Trashrack Models

4.2.1. The Water Tunnel

* The water tunnel used in the present study was designed and constructed by Engineering
Laboratory Design, Inc., Minnesota, U.S.A. A schematic view of the water tunnel is
shown in Figure 4.1. It consists of a flow conditioning sectioﬁ, test section, circulating
pump, variable speed drive, piping, supporting framework and filtering station. The
overall dimensions of the unit are: 5370 mm in length, 1822 mm in height and 1435 mm
in width. The settling chamber upstream of the contraction is fitted with perforated steel
plates to ensure minimal disturbance. A six-to-one contraction, with a symmetrical cross
section, is used prior to the working section to further reduce the turbulence intensity by
accelerating the mean flow. The test section was fabricated using Super Abrasion
Resistant® (SAR) clear acrylic to facilitate optical access and flow visualization. The
interior dimensions of the test section are 200 mm wide by 200 mm high by 2500 mm

long. The pump is belt driven by a 25 hp, 1750 rpm, and 600 V AC 3-phase 60 Hz motor.
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A 25 hp transistor inverter type variable speed controller regulates the speed of the motor
that drives the pump. A filter system is furnished as a means of removing dye
concentrations and other contaminants from the system’s water. The filtration can be

activated at any time, but it is not operated during experiments.
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Figure 4.1: Schematic of the water tunnel (not drawn to scale).

4.2.2. Insérted Test Section

A provisional test section made from 6 mm thick acrylic plate was inserted into the main
water channel to hold the array of bars in place. The insert was 2500 mm long, 184 mm
wide and 190 mm deep. The base of the inserted test section was screwed onto the floor
of the main water channel. Figure 4.2 shows schematic diagrams of the side and plan

views of the inserted test section, and also defines some of the flow nomenclature and the
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Cartesian coordinate system used. As shown, x, y, and z are, respectively, in the
streamwise, transverse, and spanwise directions; x = 0 is at the leading edge of the
trashrack bars, y = 0 is on the channel floor and x' = 0 is at the trailing edge of the
trashrack bars. The axes z’ and z’ are, respectively, located on the edge and the centre of
each bar, whereas z is located at the centre of the channel. The bars were mounted by
screwing them onto the floor and to a provisionai supporting bar provided on top of the

walls of the inserted channel at x = L/2 (see Figure 4.2).
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Figure 4.2: Schematic views of test sections: (a) side, (b) plan.
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4.2.3. Test Models

In North American hydroelectric stations, arrays of rectangular bars that are typically 10
to 12 mm thick and 50 to 150 mm deep are widely used for construction of trashracks
(Wahl [3]). For example, Manitoba Hydro, which is the main electrical utility in the
Province of Manitoba, Canada, has more than 10 generating stations. At these stations,
the depth of trashrack bars varies from 34.3 mm to 156.0 mm, the bar thickness varies
from 7.6 mm to 12.7 mm, and the center-to-center-spacing between bars varies from 43.2
mm to 190.5 mm. In this study, the dimensions of the baré and centre-to-centre spacing of
the bars were selected to meet some of the prevailing dimensions in use at Manitoba

Hydro.

The bars for the present trashrack models were fabricated from clear acrylic plates. The
bar height and thicknesses of each bar studied were, respectively, H= 190 mm, and s = 6
mm, 9 mm and 12 mm. The bar depth studied were L = 50 mm, 76 mm, 100 mm and 110
mm. Two different bar shapes were studied; rectangular and streamlined cross-section
bars. The rectangular bars have sharp leading and trailing edges. The streamlined bars
have the leading and trailing edge faired into a gradual smooth contour NACA 0012). It
should be noted that the bar depth and maximum thickness of the streamlined bars were

100 mm and 12 mm respectively, with L/s = 8.3.
Various centre-to-centre spacing (b, = 40 mm, 51 mm, 63 mm and 70 mm) were tested.

Depending on the test condition, 3, 4 or 5 bars were used (Figure 4.3). The corresponding

blockage ratio, p, defined as the flow area occupied by the bars to the gross flow area
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without the bars in place (that is, p = ns/2B, where 7 is the number of bars and 2B is the
width of the inserted channel) were 0.10 and 0.15, 0.20, 0.26 and 0.33. In order to
investigate the effects of bar inclination to the approach flow, L = 76 mm and 4, = 70 mm
model was chosen. The bar inclination, & was then varied from 0°, 6°, 9° to 12° as

indicated in Figure 4.3b.
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Figure 4.3: Schematic of the sectional view of the various trashrack models

4.2.4. P1V System
The flow was seeded with 5 ym polyamide seeding particles having a specific gravity of
1.03. The settling velocity and response time of the particles estimated from Egs. (3.1)

and (3.2) were 0.43 pm/s and 1.43 ps, respectively. The settling velocity is insignificant
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compared to the streamwise mean velocity measured and the response time is very small
compared to the sampling time employed in this study. This implies that the particles
follow the fluid flow faithfully. An Nd-YAG laser of 120 mJ/pulse maximum energy and
532 nm wavelength was employed to illuminate the flow field. The laser sheet was
located at mid-depth of flow, i.e., a distance y = 90 mm above the channel floor. A 12 bits
HiSense 4M camera with 2048 pixels x 2048 pixels CCD array size and a 7.4 zm pixel
pitch was coupled to a 60 mm AF Micro Nikkor lens. The images were acquired
continuously through a buffer system onto 3.0 GHz Pentium 4 computer with 1 GB RAM
and two 250 GD hard drives running on windows XP 2000 using Dantec Dynamics’

FlowManager.

4.2.5. Measurement Procedure

The CCD digital camera was positioned perpendicular to the plane of the light sheet and
focused to provide a 116 mm x 116 mm field of view. The laser pulse separation time, At
was found based on the estimation that the particle displacement should be less than one
quarter of the interrogation, using the following expression,

_ N X dpilch

At =—F—r
aMV_ ..

> 4.1

where, N is the interrogation window size, dp. is the pixel pitch, M is the magnification
factor and V,,,, is the maximum velocity of the flow. In addition to the condition stated
above, particle displacement of at least 2 pixels was satisfied in order to ensure high
signal-to-noise ratio and high quality data. The particle image diameter was estimated to
be dimage = 14.7 g (1.99 pixels) which is in good agreement with a value of 2.0 pixels

recommended by Raffel ef al. [16] to minimize peak locking.
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For a given test condition, the volume flow rate was kept constant during all the
measurements to maintain the upstream conditions as similar as possible. Measurements
were made at Reynolds number based on the bar thickness and approach velocity which
ranges from 3060 < Re; < 9060. The Froude number based on upstream water level and
approach velocity varies from 0.19 < F < 0.57. For each test condition, measurements
were obtained for three or four x-z planes: far upstream of the bars (denoted as PI ), two
planes (P2 and P3) around the bars and a plane (P4) far downstream of the bars. Note
that the two separate measurement planes (P2 and P3) were used for the longer trashrack
bars in order to maintain the same spatial resolution. For a similar reason, only 2 or 3 of

the trashrack bars domain was covered.

For each test condition in a given plane, 1190 pairs of instantaneous images were
recorded at a sampling ratelof 5.8 Hz. During the image acquisition, the PIV parameters
were optimized to satisfy the condition that, for an interrogation window (IW) of 32 x 32
pixels with 50% overlap, the maximum particle displacement is less than one quarter of

IW. The instantaneous images for each measurement plane were processed using

Figure 4.4: Planes of PIV Measurements
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adaptive correlation option of FlowManager (version 4.50.17), commercial software
developed by Dantec Dynamics. The PIV images were processed using 32 pixels x 32
pixels with 50% overlap interrogation area. This gave a spatial resolution of about 0.90
mm by 0.90 mm. It was found that the average number of particles in an interrogation
window was 12 while the total number of vectors per imége was 16129. Moving average
validation was used during processing. Moving average validation validates or rejects

vectors based on a comparison between neighboring vectors. The rejected vectors are

then replaced by vectors estimated from surrounding values.

Because of losses through the bars, the water level dropped below the undisturbed
upstream level. This is indicated by the dashed line close to the free surface in Figure
4.2a. For each test condition, the water depth was measured at mid-span along the
channel at x intervals of 5 mm. From these data, the dip (d), relative to the undisturbed
free surface upstream of the bars was calculated. It should be noted that /, was measured
sufficiently far downstream of the bars where the free surface became horizontal, i.e., the

water level became independent of x.

4.2.6. Svummary of Test Conditions

The small-scale éxperiments were conducted in series. Tables 4.1, 4.2, and 4.3 provide a
summary of the various test conditions denoted as Series I, Series II and Series III,
respectively. In these tables, Re; = U.s/v and F = U/[gh;]>° are, respectively, the

Reynolds number and Froude number.
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Series I. These experiments were conducted to specifically study the effects of bar
inclination (6), Reynolds number (Re;) based on approach flow velocity and bar
thickness, and Froude number (F) on head losses and the velocity field. In these
experiments, the bar thickness (s = 12 mm), bar depth (L = 76 mm), bar spacing (b, = 70
mm), and water depth (%; = 180 mm) were kept constant. The bars were inclined at an
angle of 8= 0° 6°, 9° and 12° while the approach flow velocities were U, = 0.26 m/s,
0.52 m/s and 0.76 m/s. The test conditions are summarized in Table 4.1. In the first
column of the table, the subscript after @ denotes the inclination of the bar in degrees
while the subscript after U denotes the approach velocity in m/s. For example, in test

&sUo.52, the bar inclination, @is 0° and the approach velocity, Uis 0.52 m/s.

Table 4.1: Summary of Test Conditions for Series I

Test 2] L b, s ni{ p U, U, Re; F
(mm) | (mm) | (mm) (m/s) | (m/s)
G Uoae 0° 76 70 12 020 | 026 | 0.25 | 3060 | 0.19
GUy.5n 0° 76 70 12 020} 0.52 | 0.50 | 6260 | 0.39
&Uy 76 0° 76 70 12 020 | 076 | 0.73 | 9060 | 0.57
GUs 52 6° 76 70 12 0.20 | 0.52 | 0.50 | 6260 | 0.39
&Us 5o 9° 76 70 12 0.20 | 0.52 | 0.50 | 6260 | 0.39
G.Upsy | 12° 76 70 12 020} 052 | 0.50 | 6260 | 0.39

LTI W W WIW

Series II In these experiments, the bar thickness (s = 12 mm), Reynolds number (Re;)
and Froude number (F) were held constant while bar depth, L, bar spacing, b,, and
number of bars were varied. The goal was to study the effects of blockage ratio and bar
depth on head loss coefficient and the velocity field. The test conditions are shown in
Table 4.2. In the first column of the table, SQ denotes rectangular bar with square leading

and trailing edges, the subscript after L denotes the depth of the bar in mm while the
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subscript after p denotes the blockage ratio. For example, in test SQ-Li10-po20, the model
is comprised of rectangular bars with bar depth, L is 110 mm and blockage ratio, p is

0.20.

Table 4.2: Summary of Test Conditions for Series II

Test L b, s n p U, U, Re, F
(mm) | (mm) | (mm) (m/s) | (m/s)
SQ-Lsg-po.2o 50 70 12 020 { 0.511 | 0.487 | 6130 | 0.38
SQ-L76=po.20 76 70 12 0.20 { 0.522 | 0.500 | 6260 | 0.39
SQ-Lig-poze | 110 70 12 0.20 | 0.567 | 0.547 | 6800 | 0.43
SQ-Lijopo2es | 110 51 12 0.26 | 0.536 | 0.519 | 6430 | 0.40
SQ-Lioposs | 110 40 12 0.33 | 0.524 | 0.504 | 6290 | 0.39

DN WlWI[Ww

Series III: In these experiments, rectangular and streamlined bars were used. The number
of bars (n = 3), the bar spacing (b, = 63 mm), the water level (%)), the freestream velocity
and the Froude number (F), were kept constant. The goal was to study the effects of bar
thickness, bar depth and bar shape on head loss coefﬁcient and the velocity field. The test
conditions are summarized in Table 4.3. In the first column of the table, the subscript
after s denotes the bar thickness in mm, while subscript after L denoted the bar depth in
mm. For example, in test SQ-s6-Lso, the trashrack model is comprised of rectangular bars
with thickness, s = 6 mm and bar depth, L = 50 mm. The ST-s12-L1go denotes streamlined
bar.

Table 4.3: Summary of Test Conditions for Series 1I]

Test L b, s n p U, | U Reg F
(mm) | (mm) | (mm) (m/s) | (m/s)
SQ-s¢-Lso 50 63 6 0.10 | 0.511 | 0.487 | 3070 | 0.38
SQ-s9-Lsp 50 63 9 0.15 | 0.511 | 0.487 | 4600 | 0.38
SQ-s12-Lso 50 63 12 0.20 { 0.511 | 0.487 | 6130} 0.38
SQ-s12L7 76 63 12 0.20 | 0.510 } 0.483 | 6120 | 0.38
SQ-s12-L1go | 100 63 12 0.20 { 0.528 | 0.493 | 6330 | 0.40
ST-s12-L100 100 63 12 0.20 1 0.500 | 0.471 | 6000 | 0.38

WIW|W | W |WIW
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4.3. Large-Scale Trashrack Models
4.3.1. The Hydraulics Flume

A schematic view of the hydraulics flume used for the large-scale experiments is shown
in Figure 4.5. It consists of a flow conditioning section, test section, supporting
framework, carriage, circulating pump and pipes. The settling chamber upstream of the
flume is fitted with flow straighteners to ensure minimal disturbance. At the outlet of the
settling chamber is an adjustable plate, which can be lowered or raised to provide
contraction effects on the flow. The test section was fabricated using transparent glass to
facilitate visual observations. The interior dimensions of the test section are 930 mm wide
by 715 mm high by 13200 mm long. The pump is coupled via a shaft to a 75 hp, 1770

rpm and 575 V AC 3-phase 60 Hz moctor.

Overflow
Tank — 029 )

Point gauge

B _ Carriage

[l
i

Reservoir

Figure 4.5: Schematic of the hydraulic flume (not to scale).
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4.3.2. Inserted Test Section

A provisional test section made from 9 mm thick acrylic plate was inserted into the main
channel to hold the array of bars in place. The insert was 1050 mm long, 910 mm wide
and 700 mm deep. The base of the inserted test section was screwed onto the floor of the

main flume,.

4.3.3. Test Models

For the large-scale models, the height and thicknesses of each bar were, respectively, H =
700 mm, and s =9 mm and 12 mm. The bar depths studied were L =50 mm and 100 mm.
For L = 100 mm, two bar shépes were studied; (i) rectangular cross-section with flat
leading and trailing edges and (ii) rectangular cross-section with round leading edge (with
a rounding radius of 6 mm) and flat ﬁailing edge. For these cross-sections, the angle of
inclination to the approach flow was varied from = 0°, 10°, 20°, to 30°. The interspaces
studied for the large-scale models were 50 mm, 63 mm, 75 mm, 100 mm, 126 mm and

150 mm. The blockage ratio ranged from p = 0.06 to 0.24.

4.3.4. The ADV System

The flow contained natural particulate matters, which were presumed to follow the fluid
flow faithfully. A high resolution, 3D-ADV that has an acoustic frequency of 10 MHz
and a standard sampling frequency up to 25 Hz was employed for the flow
measurements. The standard settings for the velocity ranges are +3, +10, £30, £100, and
+250 cm/s. The ADV probe is mounted on a carriage that can be moved along the

hydraulic flume when necessary. The ADV can also be moved vertically by a rack and
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pinion gear. The ADV measures the flow in a small sampling volume, which is 9 mm
long and approximately 6 mm in diameter, and is 50 mm away from the sensing
elements. The data were acquired continuously onto 1.80 GHz Pentium 4 computer with
512 MB RAM and two hard drives (203 GB and 29 GB) running on windows XP 2002

using SonTek HorizonADV 1.04 (core 1.04.0.6) software .

4.3.5. Measurement Procedure

The ADV was positioned perpendicular into the flow. The mean velocity measured at y=
0.6h; was found to be within 6% of the corresponding discharge velocity. The upstream
water level was maintained constant at 4; = 500 mm. Measurements were made at
Reynolds number based on the bar thickness and approach velocity that ranges from 5000
=< Re; < 6780. The Froude number based on upstream water level and approach velocity
was F'= 0.25. For each test condition, measurements were obtained for two locations: far
upstream of the bars, and far downstream of the bars. For each test condition at a given
point, 5000 samples were taken and recorded on the PC. The ADV was operated at a
sampling rate of 5 Hz and velocity range of +£100 cm/s. The samples for each
measurement poiﬁt were .processed using WinADV32 (version 2.0250), a software
developed by SonTek. This permits the extraction of the processed data onto Excel
spreadsheet for averaging. Preliminary convergence test indicated that 5000 sambles

were sufficient to calculate the mean velocity.

The water level measurements were made with a point gauge, which was also attached to

the carriage, and is moved vertically by a separate rack and pinion gear. For each test
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condition, the water levels (h; and /) and velocities (U; and U,) were measured at mid-

span of the flume.

4.3.6. Summary of Test Conditions
The summary of test conditions for the large scale experiments is provided in Tables 4.4
and 4.5. The large-scale experiments were also conducted in series: Series I, Series 2,

Series 3, Series 4, Series 5 and Series 6.

Series 1: In these experiments, the bar thickness (s = 12 mm), bar depth (L = 100 mm),
Reynolds number (Re;) and Froude number (F) were held constant while bar spacing (b,)
and number of bars (n) were varied from 50 mm to 150 mm and 6 to 18, respectively.
The goal was to study the effects of blockage ratio on head loss coefficient. The test
conditions are shown in Table 4.4. In the first column of the table, SQ denotes
rectangular bar with square leading and trailing edges, the subscript after s denotes the
bar thickness in mm while the subscript after L denotes the bar depth in mm. For
example, in test SQ-si2-Ligo, the model is comprised of rectangular bars with bar

thicknegs, s = 12 mm and bar depth, L is 100 mm.

Series 2: These experiments were conducted to specifically study the effects of rounding
the bar leading edge and blockage ratio on head loss coefficients. In these experiments,
the bar thickness (s = 12 mm), bar depth (L = 100 mm), Reynolds number (Re;) and
Froude number (F) were held constant while bar spacing (b,) and number of bars (n)

were varied from 50 mm to 150 mm and 6 to 18, respectively. The test conditions are
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shown in Table 4.4. In the first column of the table, RD denotes rectangular bar with
round leading edge but square trailing edge, the subscript after s denotes the bar thickness
in mm while the subscript after L denotes the depth of the bar in mm. For example, in test
RD-s12-L1go, the model is comprised of rectangular bars with round leading edge, bar

thickness, s = 12 mm and bar depth, L is 100 mm.

Table 4.4: Summary of test conditions; effects of bar spacing, bar depth, thickness and
shape '

Bar type L S & bs | n| p U, Re F
(mm) | (mm) (mm) (m/s)
Square 100 | 12 | 0 | 50 |18] 024 ]0.543]6516]0.25
leadingedge | 100 | 12 | 0 | 63 [14]0.18 | 0.555 | 6660 | 0.25
(5Q) 100 | 12 | 0 | 75 [12]0.16 |0.547 | 6564 | 0.25
SQ-s12-Lioo [ 100 | 12 0 | 100 | 9 | 0.12 ] 0.546 | 6552 | 0.25
, 100 | 12 | 0 | 126 | 7 | 0.09]0.557 | 6684 | 0.25
(Series ) ™10 | 12 | 0 | 150 | 6 | 0.08 | 0.557 | 6684 | 0.25
Round 100 | 12 | 0 | 50 |18]0240.560]6720]0.25
leadingedge | 100 | 12 | 0 | 63 |14 0.18[0.558 | 6696 | 0.25
(RD) 100 ] 12 | 0 | 75 ]12]0.16 [0.560 | 6720 0.25
RD-s12-L1oo | 100 12 0 100 | 9 | 0.12 | 0.557 | 6684 | 0.25
. 100 | 12 | 0 | 126 | 7 ]0.09 0563|6756 0.25
(Series2) 7100 | 12 | 0 | 150 | 6 | 0.08 | 0.565 | 6780 | 0.26
Square 50 12 | 0 | 50 |18]0.24 ]0.545]65401 0.25
leading edge | 50 12 | 0 | 63 |14]0.18]0.548] 6576 0.25
(8Q) 50 12 | 0 | 75 [12]0.16 | 0.553 | 6636 | 0.25
SQ=siz-Lso ["50 | 12 | 0 | 100 | 9 | 0.12 | 0.551 | 6612 | 0.25
(Series 3) 50 12 0 126 | 7 10.09 | 0.561 | 6732 | 0.25
50 12 | 0 | 150 | 6 | 0.08 | 0.561 | 6732 0.25
Square 50 9 0 | 50 |18]0.18|0.548 {4932 0.25
| leadingedge | 50 9 0 | 63 |14]0.14 ]0.558 | 5022 0.25
(5Q) 50 9 0 | 75 [12]0.12]0.558 50221 0.25
SQ-s9-Lso 50 | 9 0 | 100 | 9 | 0.09 | 0.563 | 5067 | 0.25
. 50 9 0 | 126 | 7 ]10.070.567 |51037]0.26
(Series4) 750 [ 9 | 0 | 150 | 6 | 0.06 | 0.567 | 5103 | 0.26
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Series 3: In these experiments, the bar thickness (s = 12 mm), bar depth (L = 50 mm),
Reynolds number (Re;) and Froude number (F) were held constant while bar spacing (b,)
and number of bars (7)) were varied from 50 mm to 150 mm and 6 to 18, respectively.
The goal was to study the effects of bar depth by comparing it to Series I (SQ-s12-L100),
along with blockage ratio on head loss coefficient. The test conditions are shown in Table
4.4. In the first column of the table, SQ denotes rectangular bar with square leading and
trailing edges, the subscript after s denotes the bar thickness in mm while the subscript
after L denotes the depth of the bar in mm. For example, in test SQ-s12-Lso, the model is

comprised of rectangular bars with bar thickness, s = 12 mm and bar depth, L is 50 mm.

Series 4 In these experiments, the bar thickness (s = 9 mm), bar depth (L = 50 mm),
Reynolds number (Re;) and Froude number (F) were held constant while bar spacing (50)
and number of bars (7)) were varied from 50 mm to 150 mm and 6 to 18, respectively.
The goal was to study the effects of bar thickness by comparing it to Series 3 (SQ-s12-
Lsp), along with blockage ratio on head loss coefficient. The test conditions are shown in
Table 4.4. In the first column of the table, SQ denotes rectangular bar with square leading
and trailing edges, the subscript after s denotes the bar thickness in mm while the
subscript after L denotes the depth of the bar in mm. For example, in test SQ-so-Lsg, the
model is comprised of rectangular bars with bar thickness, s = 9 mm and bar depth, L is

50 mm.

Series 5: In these experiments, the bar thickness (s = 12 mm), bar depth (Z = 100 mm),
Reynolds number (Re;) and Froude number (F) were held constant while bar spacing (b,

= 50 mm, 75 mm and 100 mm), bar inclination (8= 0°, 10°, 20° and 30°) and number of
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bars (n =9, 12 and 18) were varied. The goal was to study the effects of bar inclination
and blockage ratio on head loss coefficient. The test conditions are shown in Table 4.5. In
the first column of the table, SQ denotes rectangular bar with square leading and trailing
edges, the subscript after s denotes the bar thickness in mm while the subscript after L
denotes the depth of the bar in mm. For example, in test SQ-s12-Ligo, the model is

comprised of rectangular bars with bar thickness, s = 12 mm and bar depth, L is 100 mm.

Series 6: These experiments were conducted to specifically study the effects of bar
inclination, rounding the bar leading edge and blockage ratio on head loss coefficients. In
these experiments, the bar thickness (s = 12 mm), bar depth (Z = 100 mm), Reynolds
number (Re;) and Froude number (F) were held constant while bar spacing (b, = 50 mm,
75 mm and 100 mm), bar inclination (6= 0° 10°, 20° and 30°) and number of bars (» =9,
12 and 18) were varied. The test conditions are shown in Table 4.5. In the first column of
the table, RD denotes rectangular bar with round leading edge but square trailing edge,
the subscript after s denotes the bar thickness in mm while the subscript after L denotes
the depth of the bar in mm. For example, in test RD-s12-L;go, the model is comprised of
rectangular bars with round leading edge, bar thickness, s = 12 mm and bar depth, L is

100 mm.
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Table 4.5: Summary of test conditions; effects of bar inclination and bar spacing

Bar L s be || n] p U | Re | F
(mm) | (mm) | (mm) (m/s)
Square 100 | 12 | 50 | 0 | 18] 024 | 0.543 | 6516 | 0.25
leading edge | 100 12 50 |10 | 18] 0.24 | 0.495 | 5940 | 0.22
(SQ) 100 | 12 | 50 |20 | 18] 024 | 0.491 | 5892 | 0.22
100 | 12 | 50 |30 |18 024104775724 | 022
SQ-s12-L100
(Series 5) 100 12 75 0 | 121016 | 0547 | 6564 | 0.25
100 | 12 | 75 |10 |12]0.16 | 0.499 | 5988 | 0.23
100 | 12 | 75 |20 |12]0.16 | 0.501 | 6012 | 0.23
100 | 12 | 75 |30 | 121016 | 0.488 | 5856 | 0.22
100 | 12 | 100 | 0 | 9 | 0.12 0546 | 6552 | 025
100 | 12 | 100 [10] 9 | 0.12 | 0.501 | 6012 | 0.23
100 | 12 | 100 |20 | 9 | 0.12 | 0.500 | 6000 | 0.23
100 | 12 | 100 |30 | 9 | 0.12 | 0.495 | 5940 | 0.22
Round 100 | 12 | 50 | 0 |18]024 | 0560 | 6720 | 0.25
leading edge | 100 | 12 50 | 10 | 18| 0.24 | 0.493 | 50916 | 0.22
(RD) 100 | 12 | 50 |20 |18 024 | 0.488 | 5856 | 0.22
100 | 12 | 50 |30 |18 024 |0.485 5820022
RD-s12-L100 -
100 | 12 | 75 | 0 |12 0160560 | 6720 | 025
(Series6) | 100 | 12 | 75 | 10 | 12]0.16 | 0.502 | 6024 | 0.23
100 | 12 | 75 |20 ]1210.16 | 0.499 | 5988 | 0.23
100 | 12 | 75 |30 ]1210.16] 0491 | 5892|022
100 | 12 | 100 | 0 | 9 [0.12 [ 0557 | 6684 | 0.25
100 | 12 | 100 [10] 9 | 0.12 [ 0501 | 6012 | 0.23
100 | 12 | 100 | 20| 9 | 0.12 [0.498 [ 5976 | 0.23
100 | 12 | 100 [ 30| 9 [0.12 | 0.496 | 5952 | 0.22
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CHAPTER 5: RESULTS AND DISCUSSION
5.1. Introduction

This chapter presents and discusses the results obtained from the small-scale and large-
scale experiments. The chapter begins with the results for small-scale trashrack models in
section 5.2. In this section, the characteristics of approach flow and the flow far
downstream of the trashrack bars are quantified using profiles in the x-y plane. The
variation of dip with the various trashrack models is also reported. The section also
reports iso-contours obtained near the various trashrack models as well as profiles of
mean velocities and turbulent quantities. Section 5.3 presents head loss coefficients for
the small-scale and large-scale models, using correlations reported in Chapter 2. Section
5.4 discusses the implications of the flow field near a trashrack on the trashrack bars,

head loss and fish response.

5.2. Small-Scale
5.2.1 Flow Qualification

Boundary Layer Characterization: Prior to conducting measurements across the bars (in
x-z plane), data were taken in x-y plane located at channel mid-plane (z = 0) to
characterize the velocity distribution across flow depth at upstream (x/s = -15) and
downstream (x/s = 20) of the bars. Figure 5.1 shows that, for & Uy s,, values of U at the
upstream location are uniform across the outer 88% of the flow depth but the downstream
values decrease below the maximum value close to the free surface. The background

turbulence level close to the free surface (not shown) was w/U, = 0.06.
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Figure 5.1: Mean streamwise velocity profiles upstream (x/s = -15) and downstream (x/s
= 20) of bars

Variation of Dip with Approach Flow, Bar Inclination, Bar Spacing and Bar
Geometry: The dip of the free surface (d), relative to the undisturbed free surface
upstream of the bars, are plotted in Figures 5.2a, 5.2b and 5.2c, respectively, for Series I,
Series II and Series III. The figures show that the water level rose above the upstream
reference value in the vicinity of the bar leading edge. Figure 5.2a shows the variation of
the dip with bar inclination and approach velocity. For €Uz, there is only a minimal
depression within and downstream éf the bars. As the Reynolds number increased
(GUos2, &Uopze), the free surface downstream of the aligned bars became severely
distorted and the dip increased. Figure 5.2a shows that the maximum depression (dyga),
the corresponding x-location of dyay (Xmax) and the x-location where d tends to level off
also- increased with Reynolds number. At a similar U, value (or Reynolds number), d
increased substantially with 6. It is also evident from Figures 5.2b and 5.2c¢ that the dip of
the free surface within and downstream of the bars increases with blockage ratio, bar
depth and bar thickness. The increase with bar depth is however, marginal. The dip is

smallest for SQ-s6-Lso and ST-s12-Lygo (Figure 5.2¢).
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Figure 5.2: Vatiation of dip with; (a): velocity and bar inclination; (GpUpzs: DB; GUy s
®; 0,Uy76: O; GUpsy: B; GUpsx: A; 0,,U 50 %); (b): bar depth and blockage ratio: (
SQ-Lsopo20: O; SQ-Lrs-po20: ©; SQ-Lito-poze: ®; SQ-Liiopozs: A; SQ-Lyoposs: W);
(¢): bar thickness, depth and bar shape: (SQ-sg-Lso: D; SQ-s9-Lso: O; SQ-s12-Lsp: @: SQ-
S12-Lrg: M; SQ-s12-L100: A; ST-s15-L1go: D)

5.2.2. Iso-contours

In this section iso-contours of mean velocity, Reynolds shear stress, turbulent kinetic
energy and mean vorticity are presented. In each case, the streamlines are superimposed
on the contours to facilitate their discussion in terms of the mean flow pattern. It should
be noted that the topmost bars in Figures 5.3 to 5.12 are the bars closer to the channel

wall (see Figure 4.3). For all test cases, the flow separated near the forward corners of the
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bars. However, the shear layer and vortex formation depend strongly on bar inclination,

bar depth, bar thickness, blockage ratio and bar shape.

5.2.2.1. Iso-contours of Mean Velocity

Figure 5.3 shows iso-contours of U/U,, for the case where the bars were inclined (6= 0°,
6°, 9° and 12°) to the approach flow (Series I). There are distinct effects of bar inclination
on the flow patterns. Close to the leading edge of the aligned bars (Figure 5.3a), for
example, shallow recirculation bubbles are formed on either side of the bars and both the
size and strength of the vortices are similar. As the bar inclination increased, the
recirculation bubble on the leeward side of the bars increased while that formed at the
windward side became less distinct and eventually disappeared. Bar inclination produced
a skewed or asymmetric mean flow pattern, and significantly increased (U/Ug)max
between the bars. The regions of (U/Up)max within the bars are adjacent to the
recirculation bubbie (which are found in the leeward side of the inclined bars). A pair of
well-defined symmetrical counter-rotating vortices are formed downstream of the aligned
bars (Figure 5.3a). Downstream of the inclined bars, on the other hand, the recirculation
bubbles are less distinct and asymmetric. As the flow evolved past the iﬁclined bars, two
distinct wake or low-velocity regions interconnected by a relatively higher velocity
region are formed at the downstream of the bars. The two shear layers developed

progressively and distinctly apart with increasing downstream distance.

Figures 5.4 and 5.5 show that the streamlines in-between the bars are nearly parallel to

each other and the bars, except in the immediate vicinity of the bars where recirculation
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(@): 62Up 52
Figure 5.3: Iso-contours of mean velocity (U* = U/U,) to study the effects of bar

inclination on mean flow pattern. Arrows indicate position where two planes merge.
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(d): SQ-L110-po33
Figure 5.4: Iso-contours of mean velocity (U* = U/U,) to study the effects of bar depth

and blockage ratio on mean flow pattern. Arrows indicate position where two planes merge.
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(f): ST-s12-L10o

Figure 5.5: Iso-contours of mean velocity (U* = U/U,) to study the effects of bar thickness, bar

depth and bar shape on mean flow pattern. Arrows indicate position where two planes merge.
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zones are formed. Close to the leading edge, the size of the recirculation zones below the
bars decrease with increasing blockage ratio (Figures 5.4b to 5.4d) and also with
increasing L/s (Figures 5.4a and 5.4b). Because of the reduction in the flow area by the
bars, the mean velocity within the bars is higher than that observed upstream of the bars.
The diminishing of the recirculation zone as the blockage ratio increases is a consequence
of enhanced flow acceleration within the bars. The increased section blockage and drop
in water level (Figure 5.2b) contribute immensely to the higher velocity within the bars
and the increased head losses for SQ-Lyy0-po2s and SQ-Ljjo-po33. It should be noted thaf,
with increasing blockage ratio, the shear layers produced along the bars become thinner
and more intense. Meusburger ef al. [14], in their DNS simulation, reported that the
increased flow velocity coupled with reduced vortex thickness as blockage ratio increases
form an intense shear zone along the bars which in turn produce the major part of the
head losses. The size of the pair of well-defined symmetrical counter-rotating vortices
that is formed at the downstream of the bars of Figure 5.4 decreases with increasing L/s.
The vortices, however, increase in size with increasing blockage ratio. The offset of the
center of the clockwise-rotating recirculation bubble at the trailing edge of the bar of SQ-
L110-Po33, close to the channel wall relative to the centre of other recirculation bubbles,

was due to the nearness of that bar to the channel wall.

It is also evident from Figure 5.5 that the size of the recirculation zones and the
magnitude of the mean velocity within the bars diminish with decreasing bar thickness
(Figures 5.5a, 5.5b and 5.5¢). Note that as the bar thickness decreases, the blockage ratio

also decreases. On the other hand, no distinct recirculation bubbles are observed along
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and at the trailing edge of the streamlined bars (Figures 5.5f). Further, the mean velocity
within the streamlined bars (Figure 5.5f) is lower than that observed for the
éorresponding rectangular bars (Figure 5.5¢). The minimal drop in water level coupled
with the increased net flow area within the streamlined bars (Figure 5.5f) as opposed to
rectangular bars (SQ-si2-Lioo), accounts for the marked low velocity Within the
streamlined bars. It should be noted that the wakes of the streamlined bars are relatively
thinner than that for the rectangular bars. Similarly, the shear layer along the streamlined
bars is relatively thinner than that for the rectangular bars. The formation of thinner shear
layer along the streamlined bars may be due to the absence of leading edge separation

bubbles.

5.2.2.2. Iso-contours of Turbulent Quantities

The iso-contours of the dimensionless Reynolds shear stress (~uw/Uez) and turbulent
kinetic energy (&/U.?) corresponding to Figures 5.3, 5.4 and 5.5 -are, respectively, shown
in Figures 5.6 and 5.7, 5.8, and 5.9. The signs of the Reynolds shear stress (Figures 5.6)
on opposite sides of the wake axes are different in accordance to the orientation of the
shear layer. The turbulent kinetic energy, as shown in Figure 5.7, was approximated from
k= 0.5(% + w?). In general, the plots reveal regions of extremely high turbulence levels
around the outer edge of the recirculation bubbles formed close to the bar leading edge
and also within the downstream wake region. It is apparent that bar inclination increased
the turbulence level substantially (Figures 5.6 and 5.7). The turbulence levels are
| typically higher downstream of the bars ';han between the bars. The two distinct low-
velocity regions observed downstream of the inclined bars are replaced by distinct high-

turbulence regions in Figures 5.6 and 5.7.
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Figure 5.6: Iso-contours of Reynolds shear stress (uw* = -uw/U.%) to study the effects of

bar inclination on mean flow pattern. Arrows indicate position where two planes merge.
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(@): Uy sz

(b): GUy 5>

(d): 612Up 52
Figure 5.7: Iso-contours of turbulent kinetic energy k =k U.%) to study the effects of

bar inclination on mean flow pattern. Arrows indicate position where two planes merge.
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(d): SQ-L110-po33
Figure 5.8: Iso-contours of Reynolds shear stress (uw* = -uw/U}) to study the effects of bar

depth and blockage ratio on mean flow pattern. Arrows indicate position where two planes merge.
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(f): ST-Slz—Lloo
Figure 5.9: Iso-contours of Reynolds shear stress (uw* = -uw/ U.%) to study the effects of

bar thickness, bar depth and bar shape on mean flow pattern.
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As shown in Figures 5.8 and 5.9 the magnitude of the values of the Reynolds shear stress
are the same for different bar depths of the same thickness (Figures 5.8a and 5.8b, and
Figures 5.9¢, 5.9d and 5.9¢). The values increase substantially with increasing blockage
ratio (Figure 5.8b to 5.8d). The distinct low-velocity regions observed downstream of the
bars (Figures 5.4 and 5.5) are replaced by distinct high-turbulence regions in Figures 5.8
and 5.9. On the other hand, the magnitude of the values of the Reynolds shear stress
decreases substantially with decreasing bar thickness (Figures 5.9a, 5.9b and 5.9¢) and
for the streamlined bars (Figure 5.9f). Similarly, the level of the turbulent kinetic energy
(not shown) increased with blockage ratio, but no clear dependence on bar depth was

observed. It is also lower for bars with smaller thicknesses and for streamlined bars.

5.2.2.3. Iso-contours of Mean Vorticity

Figures 5.10, 5.11 and 5.12 show the corrésponding iso-contours of dimensionless mean
vorticity (£2/(U,/s)). The mean vorticity was approximated from, 2= 0W/dx - 0U/8z. The
vorticity field can be used to provide insight into regions of strong shear layer or steep
velocity gradient. It should be noted that the vorticity is predominantly negative above
the bars and positive below the bars in accordance with the orientation of the shear layer.
In Figure 5.10, the magnitude of the vorticity tends to increase with increasing
inclination. Figures 5.11 and 5.12 shows that the mean vorticity for models consisting of
rectangular bars of the same thickness is nearly independent of bar depth. The magnitude
however, increases with increasing blockage ratio (Figure 5.11b to 5.11d). This increase
in magnitude of vorticity associated with increasing blockage ratio contributes

significantly to the formation of intense shearing zones along the bars. The formation of
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(d): OUo sz
Figure 5.10: Iso-contours of Mean Vorticity (¢ = /(U./s)) to study the effects of bar

inclination on mean flow pattern. Arrows indicate position where two planes merge.
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(d): SQ-Li10-po33
Figure 5.11: Iso-contours of Mean Vorticity (£2" = £/(U./s)) to study the effects of bar depth and

blockage ratio on mean flow pattern. Arrows indicate position where two planes merge.
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(f): ST-S12-L100
Figure 5.12: Iso-contours of Mean Vorticity(¢2' = (J(U./s)) to study the effects of bar thickness,

bar depth and bar shape on mean flow pattern. Arrows indicate position where two planes merge.
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vorticity along bars is also dependent on the bar thickness and bar form. The magnitude
of the mean vorticity decreases with decreasing bar thickness (Figures 5.12a, 5.12b and
5.12¢). An evenly distribution of vorticity is also evident around the streamlined bars

(Figures 5.12f) with a higher intensity than for the corresponding rectangular bars

(Figures 5.12¢).

5.2.3. Profiles of Mean Velocities and Turbulence Intensities along the Wake Axes

In this and the following sections, profiles ;)f the mean velocities and turbulent quantities
are plotted to quantify some of the observations made earlier. The distributions of the
mean velocities and turbulent quantities along the wake axis of the middle bar for Series I
are shown in Figure 5.13. Upstream of the bars (x/s < 0), the mean velocities and
turbulent intensities are nearly independent of Reynolds number and bar inclination
(except for the very sharp increase observed in W in the immediate vicinity of the
inclined bars). As expected, U attained negative values in the recirculation region behind
the bars. The values of (U/U,)n are in the range -0.14 to -0.28. The recirculation bubble
- length, defined as the distance between the trailing edge of the bar and the downstream
location where U/U, = 0 (Figure 5.13a), are x,/s = 1.60, 1.14 and 1.22, respectively, for
U6, Ups2 and Sl 76.. The corresponding values for &Uy sz, SUpy sz, and ;U 5, are,
respectively, x,/s = 1.10, 0.95 and 0.96. These results show that the recirculation bubble
length does not change significantly with bar inclination. It should be noted that U,,,/UL,
exceeded unity for some of the test conditions because the depression of the water levels
immediately downstream of the bars increased the mean velocity. In accordance with the

data plotted in Figure 5.2a, Up,y/U, increased with Reynolds number for the aligned bars
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Figure 5.13: Mean velocities: (a) streamwise and (b) spanwise; and turbulence

intensities: (c) streamwise and (d) spanwise along the wake axis: (GUps: D@; GUysa:

®; OUj 7 O; GsUpsa: B; GUp s A 015U 500 k)

(6= 0, and for a constant U, = 0.52 m/s, it increased subétantially with 6. For 6,Uy 7,
Anax Occurred at x/s = 19 (which is beyond the range over which data are plotted).
Therefore, Upa/ U, for GyUy 76 1s higher than values plotted in Figure 5.13a. Figure 5.13b
shows that (W/U,)mn =~ £0.03 for the aligned bars while corresponding values for 65U s2,

&Uy.sz and 6;,Uy s, are, respectively, -0.12, -0.20 and -0.26.

The turbulence intensities increased rapidly along the wake centerline to a maximum.
The peak value (#mar/U. ~ 0.27) is nearly independent of Reynolds number for the
aligned bars but it increased to 0.50 for &;,Ups,. Unlike the aligned bars, the values of

u/ U, behind the inclined bars did not decrease monotonically. Instead, they decreased to a
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minimum value at x/s = 10 (6;Up 52, GoUpsp) or x/s = 12 (6;2Up 52) and increased abruptly
thereafter. The values of wy, /U, vary somewhat with Reynolds number but nearly
independent of bar inclination (Wyq,/U. =~ 0.42 - 0.45). The large values of u# and w in the
- wake region are due to the vortex shedding from the bars. It is observed that w/U, is
higher than u/U, for the aligned bars (Wmax/Umax = 1.5), but Wimax/timax = 1 for the inclined
bars. These results imply that bar inclination promotes a tendency towards local isotropy

along the wake axis.

The distribution of mean streamwise velocity along the wake axis for different bar depth
and blockage ratios (Series /) is shown in Figure 5.14. The values of (U/U,)m, are in the
range of -0.08 to -0.26 for the different values of L/s, but remains constant at -0.14 for
different blockage ratios. The recirculation bubble length increased from x,/s =~ 0.89 to
1.35 for increasing bar depth (Figure 5.14). The value of x,/s for SQ-Ljo-po2s was 1.58
and 1.44 for SQ-L10-po33. In accordance with the data plotted in Figure 5.2b, Uye/Ue

increased with blockage ratio with no discernable dependence on bar depth.

1.2+

0.8
U

U ]
€ 0.4+

x'ls

Figure 5.14: Mean streamwise velocity along the wake axis of the bars: SQ-Lsg-po20: O;

SQ-Lis-po20: D; SQ-L110-po20: ®; SQ-Li10-po26: A; SQ-Li1o-po33: M
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Figure 5.15 shows the distributions of mean streamwise velocities and turbulence
intensities along the wake axes for Series III. Negative values for U are observed in the
recirculation region behind thé rectangular bars (Figuré 5.15a). The values of (U/U,)min
are -0.04, -0.08 and -0.18, respectively, for SQ-s¢-Lsg, SQ-s9-Lso and SQ-s12-Lso. For the
different bar depth, the values of (U/U,)m» are in the range of -0.18 to -0.23, but nearly 0
for the streamlined bars. The recirculation bubble length for different bar thicknesses are
x/s =~ 0.64, 0.90 to 0.97, respectively, for SQ-sg-Lso, SQ-so-Lsg and SQ-s12-Lso. The
recirculation bubble length for the different bar depths varies from x,/s =~ 0.90 to 1.06,

but nearly O for the streamiined bars. Furthermore, values of U/U, obtained downstream

12—y 0.1 e
YY) r (b)
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-0.4 . . : . —A , .
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Figure 5.15: Mean velocities: (@) streamwise and (b) spanwise; and turbulence
intensities: (c) streamwise and (d) spanwise along the wake axis: (SQ-s¢-Lso: D; SQ-s9-

Lso: O; SQ-s12-Lsp: ®; SQ-512-L76: W; SQ-512-L100: A&; ST-510-L1gp: L)
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of the streamlined bars rose abruptly to its maximum. The (W/U,) max and (W/U,) max are
highest for the rectangular bars; however, they are least for streamlined. For example,
(W/Upg) max = 0.45 for SQ-s12-L1go, whereas the corresponding value for the streamlined bar

(ST-s12-L10o) 1s approximately 0.15.

Distributions of the mean velocities extracted at z'/b, = 0.5, and parallel to the x -axis are
shown in Figure 5.16. As indicated in Figure 4.2, the location z'/b, = 0.5 is midway
between the two bars around which detailed measurements were conducted while the
x -axis is parallel to the bars (rather than the side walls of the channel). As in Figure 5.13,

the solid and dotted vertical lines are used, respectively, to demarcate the leading edge

U ! ;
¢ D 50Uo.ze m :56U0.52
® 50U0,52 A '59Uo.52
O 5 Us6 * :512Uo.sz
O LSS A R S B S A L S |l Ty T
-6 0 6 12
X
h)

Figure 5.16: Mean streamwise velocity at the centre (z'/b, = 0.5) of two bars.

and trailing edge of the bars. These plots are used to highlight the magnitude of the mean
velocities between the various trashrack bars. At the leading edges of both the aligned
and inclined bars, the mean velocity increased to 1.25 of the approach velocity. Inside the
bars, the higher effective sectional blockage produced by the inclined bars accelerated the

flow further to U/U, = 1.6 to 1.8 compared with U/U, = 1.5 for the aligned bars.
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Fish are usually able to detect flow velocity, acceleration and turbulence, although their
responses may differ based on swimming performance capacity, species and sizes
(Katopodis [21]). Fish moving downstream may detect the presence of trashracks before
physical contact is made and move away, if their swimming ability is higher than water
velocities near the trashracks. Those fish large enough to physically be excluded by
trashrack spacing may also be able to overcome such water velocities. Water velocities
and accelerating flows which may overwhelm particularly smaller fish may be those
between trashrack ba;rs downstream of the leading edge. Figures 5.13a and 5.16 show
how water velocities increase between bars. These velocities may exceed the swimming
capability of certain sizes of fish. As a result these fish may be unable to escape

upstream and instead pass through turbines with potential for injury or mortality.

5.2.4. Profiles of Mean Velocities across the Wake Axes

Figures 5.17 to 5.22 show profiles across the channel at selected streamwise locations
upstream of the bars, within the bars and downstream of the bars. At the upstream
location, profiles are plotted from the side wall to the mid-plane and z is normalized by B.
Within the bars, the profiles are normalized by the clear space between adjacent bars (b)
whereas the center-to-center spacing (b,) is used to normalize z or z" (in case of more
than three bars) at the downstream locations. The mean velocities and turbulent quantities

are made dimensionless by U,.

In Figures 5.17 and 5.18, profiles were plotted at upstream of the bars (x/s = -5 and -1),

within the bars (x./s, x/s = 4) and downstream of the bars (x"/s = 1, 2, 4 and 17 or 60). It
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should be noted that x. corresponds to the x-location where the critical points or centers
of recirculation bubbles occurred close to the bar leading edge. These locations vary from
test case to test case. The values of x’/s = 17 corresponds to the streamwise location
where the freestream water level is nearly independent of streamwise distance for tests
0,U0.26, %Uo 52, 86U 52, Sy 52 and ;.U s, whereas x'/s = 60 corresponds to the location
where the freestream water level is nearly independent of streamwise distance for
test Uy 76. Upstream of the bars, the streamwise mean velocities (U/U;) are nearly
independent of bar inclination and Reynolds nurhber (Figures 5.17a and 5.17b). At x/s =
-5, the effects of channel wall (as revealed by the boundary layer) are confined to z/B <
0.2. Meanwhile, the profiles at x/s = -1 are no longer uniform across the channel, an
indication that the presence of the bars are felt at this upstream location. At this location,
fish would begin to feel noticeable changes in the flow velocities (see also Figure 5.18b).
The mean velocity profiles obtained between and downstream of the aligned bars
collapsed reasonably well indicating no significant Reynolds number effect. These
profiles are also nearly symmetric with respect to z'/b = 0.5 and z""/b = 0.5. Significant
differences are observed between the profiles for the aligned bars and those for the
inclined bars. For example, the profiles for the inclined bars are asymmetric, and their
(UlUe)max are substantially higher than those measured for the aligned bars.  The
interaction between the two distinct wake regions observed downstream of the inclined
bars (Figure 5.3) produced flow discontinuity in the mean profiles around ‘z"/ba ~ 0.8 (at
x'/s =2), and z'/b, ~ 0.65 (at x/s = 4), Figures 5.17 and 5.18. It should be noted that the
wider low velocity regions adjacent to z%/b = 1 is consistent with the wider recirculation

bubbles on the leeward sides of the inclined bars. Figure 5.17 also show that as the bar
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inclination increased, the magnitudes of W/U, increased substantially. At x/s = 4, for
example, -(W/U,)max rose to 60% for &;,Ups, compared to 10% or less for the aligned
bars. The differences between the mean velocity profiles for aligned and inclined profiles

are still evident at x"/s = 17 and 60.
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Figure 5.17: Mean streamwise velocity profiles across the channel at selected streamwise

locations: (6)Up.zs: ©; QUy.s2: @; 6Upzs: O; GsUpsz: B QoUy sz A; 62U 52 k)
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Figure 5.18: Mean spanwise velocity profiles across the channel at selected streamwise

locations: (6Up2s: D; QUpsz: @; GUp7s: O; OsUpso: M; BoUp sz: A 612Uy 520 k)
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The dependence of the mean velocities on the bar depth and blockage ratio is shown in
Figures 5.19 and 5.20. The profiles were selected at streamwise locations: upstream (x/s =
-1), within the bars (x/s = x. and x/L = 0.5) and downstream of the bars (x/s = 1, 2 and 5).
As noted earlier, x. corresponds to the x-location where the centers of recirculation
bubbles occurred ciose to the bar leading edge, whereas x/L = 0.5 is the mid-depth of bars
for each test condition. The dents observed in Figures 5.19a and 5.20a are due to flow
retardation by the presence of the bars. With increasing blockagé ratio, the number of
dents increases and level of water just upstream of the bars rises. Note that the pair of
profiles within and downstream of models With blockage ratio 0.26 (SQ-L110-po2s) and
0.33 (SQ-Ly10-po.33) is identical to each other, an indication that the flow between any two
bars is reproduced in the other pairs of bars. As observed from the flow patterns, most of
the profiles of the mean velocities are nearly symmetric. The effects of bar depth on
mean velocities are small compared with blockage ratio. Between the bars and
downstream of the bars, the figures demonstrate clearly that, an increase in blockage ratio
increases the magnitude of U. For example, as the blockage ratio increased from 0.20
(SQ-L110-po20) to 0.33 {SQ-Li10-po33), the profiles at x/L = 0.5 show that (U/U,)max rose

from 145% to 180% (Figure 5.19c).
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Figure 5.19: Mean streamwise velocity profiles across the channel at selected streamwise

locations: SQ-Lso-po2o: O; SQ-Lis-po20: @; SQ-L110-po20: ®; SQ-Li1o-pozs: A and A;
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Figure 5.20: Mean spanwise velocity profiles across the channel at selected streamwise
locations: SQ-Lso-po20: O; SQ-Lys-po20: ;5 SQ-Lio-po2o: ®; SQ-Liso-pozs: A; SQ-Liro-
o3z M

The effects of bar depth, bar thickness and shape on the mean velocity profiles across the
channel are shown in Figures 5.21 and 5.22. The profiles were selected at streamwise
locations: upstream (x/s = -1), within the bars (x/LZ = 0.50 and 0.75) and downstream of

the bars (x"/s = 1, 2.5 and 5). The effects of bar depth on these profiles are minimal
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Figure 5.21: Mean streamwise velocity profiles across the channel at selected streamwise
locations: (SQ'Sé-LS(): GB; SQ-S9-L50! O; SQ'S]2"L50: ‘; SQ-S12-L762 .; SQ-S12-L10()Z A;
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Figure 5.22: Mean spanwise velocity profiles across the channel at selected streamwise
locations: (SQ-s¢-Lso: D; SQ-s9-Lso: O; SQ-512-Lso: @; SQ-512-L7s: M; SQ-512-L1gp: A;
ST-s12-L1oo: D)

compared with bar thickness and shape. Whereas the profiles of U for the rectangular

bars with different bar depth but the same thickness collapse reasonably well, the profiles
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for the streamlined bars and rectangular bars with thicknesses other than s = 12 mm are
relatively lower. For example, as ‘?he bar shape was changed from rectangular (SQ-sy2-
Ligo) to streamlined bars (ST-s12-Ligo), the profiles at x/L = 0.50 show that (DU max
decreased from about 150% to 130% (Figure 5.21c). The decreased in values of (U/U,)max
as observed in Figure 5.21f is consistent with the rising water level (Figure 5.2¢). At x'/s
=5, the profiles of W are nearly independent of bar depth, thickness and shape (Figure

5.22f).

5.2.5 Turbulence Intensities and Reynolds Shear Stress across the Wake Axes

The corresponding profiles of turbulent statistics for the mean velocities across the
channel are discussed in this section. The turbulent quantities plotted are the turbulence
intensities and Reynolds shear stress. Figures 5.23 to 5.25 also show that profiles of the
turbulence intensities and Reynolds shear stress for the aligned bars are also independent
of Reynolds number. This observation is valid upstréam of the bars, between the bars and
downstream of the bars. For the aligned bars, the regions of elevated turbulence level is
confined to the immediate vicinity of the bars (z7/b, = 0 and 1) or close to z'/b, = 0 and 1.
The turbulence intensities and Reynolds shear stress around and downstream of the
inclined bars are relatively higher compared with the data obtained for the aligned bars.
In contrast to the near-symmetry distribution observed for the aligned bars, the turbulence
intensities and Reynolds shear stress are much higher on the leeward sides of the inclined
bars than on the windward sides. This can be atiributed to the unsteady recirculation
bubbles that were formed on the leeward sides of these bars. Similar to the mean

velocities, it is observed that the interaction between the two distinct wake regions
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Figure 5.23: Streamwise turbulence intensity profiles across the channel at selected
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observed downstream of the inclined bars produced discontinuity in the turbulent profiles
around z'/b, = 0.8 (at x/s = 2), and z'/b, ~ 0.65 (at x"/s = 4). For the most severe bar
inclination (6;2Up.s2) considered in the present study, the turbulence intensities and
Reynolds shear stress obtained across the channel at x'/s = 60 are still significantly higher
than those obtained for the other test cases at x"/s = 17. This implies that, in view of the
substantial flow distortion produced by the more severe bar inclinations, large
downstream distance is required before the profiles of turbulence intensities and

Reynolds shear stress across the channel become uniform.

The dependence of the turbulent quantities on the bar depth and blockage ratio is shown
in Figures 5.26 to 5.28. Most of the profiles of the turbulent quantities are nearly
symmetric. The effects of bar depth on turbulent statistics are small compared with
blockage ratio. Between the bars and downstream of the bars, the figures demonstrate
clearly that, an increase in blockage ratio increases the magnitude of », w and -uw. For
example, as the blockage ratio increased from 0.20 (SQ-L10-po.20) to 0.33 (SQ-L110-po.33),
the profiles at x/L = 0.5 show that (/U,)max increased from 80% to 98% (Figure 5.26¢),

and (W/Ug)max increased from 24% to 64% (Figure 5.27¢).
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Figure 5.26: Streamwise turbulence intensity profiles across the channel at selected
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Figure 5.27: Spanwise turbulence intensity profiles across the channel at selected
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Figure 5.28: Reynolds shear stress profiles across the channel at selected streamwise
locations: SQ-Lso-po20: O; SQ-Lrs-po20: D; SQ-Lino-pozo: ®; SQ-Lio-pozs: A; SQ-Liso-
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Similarly, Figures 5.29 to 5.31 show the effects of bar thickness and shape along with bar
depth on the turbulent statistics. The effects of bar thickness and depth on these profiles
are small compared to bar shape. The peak values of », w and -uw profiles for the

streamlined bars are consistently lower than that for rectangular bars.
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Figure' 5.29: Streamwise turbulence intensity profiles across the channel at selected
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Figure 5.30: Spanwise turbulence intensity profiles across the channel at selected
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Figure 5.31: Reynolds shear stress profiles across the channel at selected streamwise
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3.2.6 Production of Turbulent Kinetic Energy

The full transport equation for the turbulent kinetic energy (TKE) can be found, for
example, in Hinze [22]. For a quasi two-dimensional turbulent flow, the production terms
in the TKE is Pr = [-uw(0U/0z+0W/dx))-[1*0U/ox+w*0W/dz]. The derivatives in the
above expression were obtained using second order central differencing scheme. The

total production term as well as the individual components of the production term
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Figure 5.32: Production term in the transport equation for turbulent kinetic energy:

12 (0U/0x): O; -uw(dW/dx): O0; -uw(dU/Bz): ¥e; -wXOW/dz): 1N; Pr:k.
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evaluated at x'/s = 4 for tests &,Ups» and &Uj s, are shown in Figures 5.32a and 5.32b,
respectively. For each test, the contribution from -uwdW/6x is small comparedAwith the
other components. Even though the two normal stress components (z*0U/&x and ‘
wzaW/az) are individually non-zero, their net contribution is nearly zero. The reason is
that the magnitudes of the Reynolds normal stresses (1 and w?) are similar while 8U/dx ~
-OW/dz from continuity requirement. Therefore, 2°0U/dx and w*0W/dz are of opposite
sign but their magnitudes are nearly the same. As a result, nearly all the contribution to
the total production term in the TKE comes from uwdU/dz. Figure 5.32 shows that the
level of turbulence production is substantiaily higher for the inclined bar than for the
aligned bar. This observation may explain the substantially higher levels of turbulence
intensities and Reynolds shear stress observed between and downstream of the inclined

bars compared with measured values for the aligned bars.

. 3.3. Head Loss

5.3.1. Small-Scale

This section reports head losses estimated from the various correlations proposed for
quantifying head loss produced by trashrack. Tables 5.1, 5.2 and 5.3 show head loss
coefficients (4h’), respectively, for Serieg 1, Series If and Series III. In Tables 5.1, 5.2
and 5.3, the head loss coefficients were obtained using the expression, head loss
coefficient, 44" = Ah/(U, 12/2g). In general Table 5.1 shows that the head loss coefficients
increase with Reynolds number and bar inclination to approach flow. The unexpected

high value of Ak" for GUpzs obtained from the energy Eq. (2.1), may be due to
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Table 5.1: Summary of head loss coefficients (Ah*) for Series I.

Test Ui 4h
(m/s) [ Eq.2.1) | Eq. 2.2) | Eq. 2.3) | Eq. (2.4) | Eq. (2.5) | Eq. (2.12)
GUos 1025 | 093 | 039 | 030 | 029 | 031 0.27
&Uos, 1050 | 033 | 051 030 | 029 | 031 0.27
@Uos 1073 | 074 | 049 | 030 | 029 | 031 | 027
0Uos |0.50 | 033
&Uos | 050 | 0.40
6Ussy | 050 | 0.76
1.0 l L] L L) I 1] ) L l L] ] L] I
an ] 'Y
] a
0.5 4 6// -
le ___-- o ]
0.0 I 4 T 1] ' 1] 1 L l L L L] |
0 4. 8 12
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Figure 5.33: Variation of head loss coefficient with bar inclination for Eq. (2.1).

Note: The dash line is used to help visualize the trend of head loss coefficient.

measurement error. This is because (/,-4,) is only 3 mm, a value that is not very different
from the measurement uncertainty of + 1 mm in measuring /4; and 4,. The values of Ah"
from the Eq. (2.1) for 6;Ups; and Uy s, are 1.5% and 22.7%, respectively, higher than
that for GyUy 52, whereas 6;,Up 5, produced head loss coefficient that is more than twice
the value for 8,U, s;. These data are graphically shown in Figure 5.33, and it can be seen
that the head loss coefficient varied non-linearly with bar inclination. The results imply

that small values of bar inclination could be used to produce effective blockage that may

prevent some fish from being entrained into turbine without increasing head losses
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substantially. The data reported by Spangler [6] also reported increased head loss for
inclined trashracks. Table 5.2 shows that the values of 4k increases with bar depth

Table 5.2: Summary of head loss coefficients (44) for Series II

Test U/ 4h
(m/s) | Eq.(2.1) | Eq.(2.2) | Eq.(2.3) | Eq.(2.4) | Eq.(2.5) | Eq. (2.12)
SQ-Lso-poze | 0487 | 031 0.53 0.30 0.29 0.26 0.27
SQ-Lis-poze | 0.500 |  0.33 0.51 0.30 0.29 0.31 0.27
SQ-Lio-pox | 0.547 [ 0.51 0.58 0.30 0.29 0.36 0.27
SQ-Liopozs | 0.519 | 0.62 0.81 0.50 0.49 0.63 0.44
SQ-Lyjopos | 0.504 | 1.19 1.13 0.78 0.76 0.98 0.69

and blockage ratio. For example, Eq. (2.1) predicts a 39% decrease in A% as the bar
depth decreased from 110 mm (SQ-Ly10-po20) to 50 mm (SQ-Lso-po2o). Also, as the
bleckage ratio increases from p = 0.20 to 0.26, Eq. (2.1) yielded a 22% increase in Ah". A
further increase in p to 0.33 increased 4k by 134%. In Table 5.3, the values of 4k
decrease with decreasing bar thickness, bar depth and for streamlined bar shape. For
example, Eq. (2.1) yielded a 50% decrease in Ak" as the bar thickness decreased from 12
mm (SQ-s12-Lsp) to 6 mm (SQ-s¢-Lsp). It should be noted that as the bar thickness
decreases, the blockage ratio also decreases, thereby increasing the net flow area through
the trashracks. Hence, less flow resistance is posed to trashrack comprised of lesser bar
thicknesses, for a given centre-to-centre spacing. As a result, the head loss coefficients

observed for bars with thicknesses other than 12 mm are smaller. Similarly, the values of

Table 5.3: Summary of head loss coefficients (4h") for Series I
Test U, a0

(m/s) | Eq.(2.1) | Eq. 2.2) | Eq. 2.3) | Eq. (2.4) | Eq. (2.5) | Eq. (2.12)
SQ-se-Lsp | 0.487 | 0.22 0.24 0.12 0.12 0.10 0.12
SQ-so-Lsg | 0.487 | 0.34 0.38 0.22 0.21 0.18 0.20
SQ-s12-Lsp | 0.487 | 0.43 0.48 0.35 0.34 0.27 0.31
SQ-s12L7s | 0.483 | 0.45 0.49 0.35 0.34 0.33 0.31
SQ-s12-Ligo | 0.493 | 0.46 0.54 0.35 0.34 0.37 0.31
ST-s13-Ligp | 0.471 | 0.21 0.44 0.11 0.10
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AR" obtained from Eq. (2.1) decreases by 53% as the bar shape was changed from

rectangular (SQ-s12-Lioo) to streamlined (ST-s12-Lyg0) section.

5.3.2. Large-Scale

Tables 5.4 and 5.5 present a summary of the head loss coefficients, Ak for the various
large-scale trashrack models. The values of 4%" from Eq. (2.1) are subsequently plotted in
Figure 5.34. In general, the tables and the figures demonstrated that A4 increases with
blockage ratio and bar inclination to approach flow, irrespective of the shape of the bars.
Figure 5.34a shows that Ah" increased iinearly with blockage ratio, irrespective of bar
thickness, bar depth and shape of the bar leading edge. It should be noted that the
sectional blockage produced by the bars depends on the bar thickness, centre-to-centre
spacing and number of bars. Therefore, blockage ratio would increase with increased bar
thickness (for a given centre-to-centre spacing), number of bars and reduced bar centre-
to-centre spacing. In Table 5.4, the values of Ak" for aligned square leading edge bars
having L = 100 mm and s = 12 mm (SQ-s;2-L;00), for example, shows that the values of
Ah” obtained from Eq. (2.1) decreased by 38% when the blockage ratio, p was decreased
from 0.24 to 0.16 and by 71% and 92%, respectively, when p was further decreased to
0.12 and 0.08. The results for the round leading edge trashrack bars (RD-s;,-Ljgg) also
show similar reduction in head loss coefficient when the blockage ratio is decreased.
However, the values of Ah for RD-s;,-Ljgp are substantially lower than the
corresponding values obtained for SQ-s;,-L;gp. The percentage reduction in the values of
Ah” when round leading edge bars (RD-s;2-L;g) are used instead of square leading edge

bars (SQ-s;2-L;gp) was calculated by comparing the head loss coefficient for a given

93



blockage ratio, p but different leading edge as follows: (Ah*p, RD -Ah*p, SQ)/(Ah*p, SQ)
expressed as a percentage. With the exception of blockage ratio of p = 0.08, the
percentage reduction varies from 33% to 50%. These results have important implications

Table 5.4: Summary of head loss coefficients, A4” for various test conditions.
Bar P U, an
Type (m/s) | Eq. | Eq. | Eq. | Eq. | Eq. | Eq
CD|EY| @) | s | 25 | 212
Square [ 0.24 10.543] 053 | 1.05 | 052 | 050 | 0.54 | 0.46
leading edge | 0.18 [ 0.555 | 0.48 | 0.72 | 035 | 034 | 034 | 0.31
(5Q) 0.16 | 0.547 | 033 | 058 | 0.27 | 026 | 025 | 0.24
SQ-s12-Lioo | 0.12 1 0.546'| 0.15 | 039 | 0.17 | 0.16 | 0.15 | 0.16
0.09]0557] 010 | 029 | 0.12 | 0.12 | 0.10 | 0.12
(Series 1) 170.0870.557 | 0.05 | 0.24 | 0.09 | 0.09 | 0.07 | 0.10
Round |0.240.560| 035 | 1.05 | 0.39 | 0.38
leading edge | 0.18 | 0.558 | 0.24 | 0.71 | 0.27 | 0.26
(RD) 0.16 | 0.560 | 0.21 | 0.58 | 0.20 | 0.19
RD-s12-Lioo | 0.12 [ 0.557 | 0.09 | 038 | 0.13 | 0.12
0.09|0.563 ] 0.06 | 0.28 | 0.09 | 0.09
(Series 2) 10,08 [0.565 | 0.05 | 023 | 0.07 | 0.07
Square | 0.24 | 0.545] 0.50 | 1.00 | 0.52 | 0.50 | 0.40 | 0.46
leading edge | 0.18 [ 0.548 | 0.43 | 0.68 | €35 | 034 | 025 | 0.31
(5Q) 0.16 | 0.553 ] 0.31 | 0.55 | 0.27 | 0.26 | 0.19 | 0.4
SQ-s12-Lso [ 0.12]0.551] 0.19 | 038 | 0.i7 | 0.16 | 0.11 | 0.16
' 0.09]0.561] 010 | 028 | 0.12 | 0.12 | 0.07 | 0.12
(Series 3) 17008 [ 0.561 | 0.08 | 0.23 | 0.09 | 0.09 | 0.05 | 0.10
Square | 0.18 [ 0.548 ] 034 | 0.65 | 032 | 031 | 027 | 0.29
leading edge | 0.14 [ 0.558 | 0.27 | 046 | 022 | 0.21 | 0.17 | 0.20
(5Q) 0.12 10558 022 | 0.38 | 0.17 | 0.16 | 0.13 | 0.16
SQ-so-Lso | 0.09 ] 0.563 | 0.12 | 027 | 0.11 | 0.11 | 0.07 | 0.11
0.07 | 0.567 | 0.01 | 020 | 0.08 | 0.08 | 0.05 | 0.08
(Series 4)  [0.06 | 0.567 | 0.02 | 0.17 | 0.06 | 0.06 | 0.04 | 0.07

for fish protection and generation cost. For example, compared with bars with square
leading edge, round leading edge bars with tighter spacing could be used to prevent fish
from being entrained into turbines without increasing head loss substantially. When the

bar depth of the square leading edge bar was changed from L = 100 mm to L = 50 mm,

94



the variation in the values of Ak" was very small. For example, for p = 0.24, Eq. (2.1)
predicts 5% drop in Ah” when the bar depth was reduced from L = 100 mm to L = 50 mm.
This observation is consistent with the notion that, for L/s > 3, the separated shear layer
and head losses should not vary significantly with L/s (Orsbon [10]). A significant
reduction in 4k" is observed by reducing the bar thickness. For example, when the bar

depth was maintained at L = 50 mm, and the bar thickness was reduced from
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Figure 5.34: Variation of head loss coefficient with blockage ratio and bar inclination.

Note: The dash and solid lines are used to help visualize the trend of head loss coefficient.
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s =12 mm (SQ-s;2-Lsp) to s = 9 mm (SQ-s9-Lsp), and for b, = 50 mm, 63 mm and 75 mm,
the percentage reduction in Ah are, respectively, 33, 39 and 30 for Eq. (2.1). This is
because Ak also depends on physical thickness of the bar for a given centre-to-centre
spacing. As shown in Figure 5.34a, the plots for SQ-s,2-L;p, SQ-572-Lsp and SQ-s9-Lso
nearly collapse on each other. Further, Figure 5.34a shows that the differences in Ak for
'8Q-s;2-L 199 and RD-s;5-L g increase as the blockage ratio increases. In fact, Figure 5.34a,
indicates that the slope (or rate of increase of Ah" with p) is steeper for the square-edged
bars (SQ-) than for the round leading edge bars (RD-). It is important to note that, by
increasing the blockage ratio, the flow area within the bars reduces and the velocity
between the bars increases. The increased blockage ratio and higher velocity within the
bars contribute immensely to a drop in water level within and downstream of the models,

thus increasing the head loss.

It is also apparent from Table 5.5 that bar inclination increases the values of Ak’ Figures
5.34b and 5.34c show variation of Ak" \&ith @ for various bar spacing/blockage but
similar leading edges while Figure 5.34d to 5.34f compare Ak at equal blockage ratio for
SQ-s;2-L1gp and RD-s;,-Lj9p models at various 6. Irrespective of blockage ratio, the head
loss coefficient increased substantially as the bar inclination was increased. Unlike the
linear variation of A4~ with blockage ratio (Figure 5.34a), there is generally a non- linear
relationship between Ak and bar inclination. For a particular bar shape (square or round
leading edge), the increase in A" with @ is more dramatic for a tighter bar spacing, i.e.,
larger blockage ratio. At the largest bar spacing (b, = 100 mm), Ah" increased almost

linearly with @ (Figure 5.34f) but the_ increase is exponential for a tighter bar spacing (b,

96



= 50 mm and 75 mm, Figures 5.34d and 5.34¢). Furthermore, for a given blockage ratio,
inclined bars with square leading edges produced significantly higher head loss than the
corresponding bars with a round leading edge, but as the bar spacing increases, the
differences between Ah" values for the rounded and square-edged bars diminishes. In
fact, there is no significant difference between 4k values for rounded and square edged
bars if the bar spacing is increased to b, = 100 mm (Figure 5.34f). It is important to note
from Figure 5.34d that the Ah” value for SQ-s;2-Lygp at 0= 10° is similar to Ak" value for

RD-sjp-Ljgp at 8= 20°.

Table 5.5: Summary of head loss coefficients, AR’ for various test conditions.
Bar L s b, g | n P U; Ah
type (mm) | (mm) | (mm) (m/s) | Eq. (2.1)

Square 100 12 50 0 | 18] 0.24 ] 0.543 0.53

leading edge | 100 12 50 | 10 |18 | 0.24 | 0.495 1.05

(SQ) 100 | 12 | 50 | 20 |18 024 |0.491| 201
100 | 12 | 50 | 30| 18]024[0477| 4.16
SQ-sizLuoo o0 12 | 75 | 0 | 121016 ] 0.547 | 033
(Series sy | 100 | 12 |75 1101201610499 0,52
100 | 12 | 75 |20 |12]016]0501| 138

100 | 12 | 75 |30 | 12016 ]0.488| 3.57
100 | 12 | 100 | 0 | 9 |0.12]0546] 0.15
100 | 12 | 100 | 10| 9 | 0.12]0501| 06
100 | 12 | 100 | 20 | 9 |0.12]0.500] 1.25
100 | 12 | 100 |30 | 9 | 0.12|0495| 1.54
Round 100 | 12 | 50 | 0 | 1802410560 0235
leading edge | 100 | 12 | 50 | 10 | 18 | 0.24 | 0.493 | 0.49
(RD) 100 | 12 50 | 20180240488 1.10
100 | 12 | 50 |30 |18 | 024 |0485| 257
RD-s12-L1oo | 100 | 12 75 1 0 [12]0.16 }0.560 | 0.21
100 | 12 | 75 |10 |12]0.16]0502| 0.44
100 | 12 | 75 |20 | 1210160499 091
100 | 12 | 75 |30 |12]0.16 | 0491 251
100 | 12 | 100 | 0 | 9 | 0.12]0557| 0.09
100 | 12 | 100 | 10| 9 |0.12|0501| 031
100 | 12 | 100 | 20 | 9 | 0.12 | 0.498 | 0.83
100 | 12 | 100 | 30| 9 |0.12]0496| 157

*

(Series 6)
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5.3.3. Comparison between Small-Scale and Large-Scale Models: As noted earlier,
only 3 to 5 bars were employed in the small-scale models while 6 to 18 bars (depending
on the bar thickness and blockage ratio) were used for the large scale models. Moreover,
the Reynolds number (Re; = U,s/v) at typical Manitoba Hydro generation stations is
much higher than those studied in the present study and the Froude numbers at the
generation station are also much lower than those tested. Therefore, the small-scale and
large-scale experiments are compared in Figure 5.35 to examine if there are any
significant scaling effects. It should be noted that the Reynolds numbers, Re; = U,s/v, in
the small-scale experiments are in the range 3000 < Re; < 9060 while those for the lafge-

scale models are 5000 < Re; < 6800. Similarly, the Froude number based on the upstream

S D N DA
] (a) O 4—‘ SQ'Slz'Lloo 50 .-
1.0 ] | M SQ-s L, 75 o
o :Ah*BE* SQ-s, Ly 100
0.5 gt T2 e P
o ks A | :
0.0l _+BR&

Figure 5.35: Variation of head loss coefficient with blockage ratio and bar inclination:
(a): Large-scale (@: SQ-s;2-Lgp, &: RD-575-Lgp, W: SQ-s57>-Lsp, % : SQ-s¢-Lsp); Small-
scale (O: SQ-s72-L110, O: SQ-s72-L1gg, A: ST-512-L 00, ¥¢: Uy .52, 0z SQ-s5,2-Lsp, +: SQ-
s12-Lso, X: SQ-soLsp, K: SQ-s4-Lsp,); (b) Large-scale (SQ-s;2-Lgp) and Small-scale (6.

12U052)
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water depth and approach velocity for the small-scale and large-scale models are,
respectively, 0.19 < F <0.57 and 0.22 < F'<0.26. No systematic scaling effects are found
for the aligned bars plotted in Figure 5.35a. It should be noted, however, that the scatter
among Ak’ values for the small-scale models is larger than those in the large-scale model.
As mentioned earlier, the measurement uncertainty in A4 values is larger for the small-
scale models. As observed earlier, the streamlined bars and round leading edge bars
produced lower head losses than the square edged bars. The differences between the
round leading edge/streamlined bars and the square bars increase with increasing
blockage ratio. The good agreement between Ak’ values for the streamlined bars and the
round leading edge bars would imply that head losses produced by trashracks are more
dependent on the specific geometry of the leading edge than the shape of the bar section.
Figure 5.35b compares the values of AW for SQ-s;2-L7s at b, = 70 mm (small-scale) with
the results obtained for SQ-s;,-Ljgp at b, = 75 mm (large scale) in the flume. These plots

also demonstrate that there are no substantial scaling effects in these experiments.

5.3.4. Comparison between Energy Equation and Empirical Correlations

In this section, the head loss coefficients obtained from Eq. (2.1) are compared with
values obtained from selected empirical correlations. It should be noted that the test
conditions for which Eq. (2.2), Eq. (2.3), Eq. (2.5) and Eq. (2.12) were reported in the
literature did not include bars inclined at angles to the approach flow. Consequently, no
value of Ak" is reported in the present study for Eq. (2.2), Eq. (2.3), Eq. (2.5) and Egq.
(2.12) for bars inclined to the approach flow. The test conditions for which Eq. (2.5) and

Eq. (2.12) were reported did not consider streamlined and round leading edge bars, as a
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result no value of Ah" is .reported for Eq. (2.5) and Eq. (2.12) were for these bar
geometries (Table 5.3 and Table 5.4) in the present study. In general, Tables 5.1, 5.2, 5.3
and 5.4 shows that the values of 4h" obtained from Eq. (2.1) are somewhat higher than
the values calculated from Eqgs. (2.3), (2.4), (2.5) and (2.12) but lower than the values
obtained from Eq. (2.2). Wahl [3] reported that Eq. (2.2) tends to ox;érestimate head
losses by as much as 55%. The average percentage difference between values from Eq.
(2.1) and Eq. (2.2) for the aligned bars is 53 for the small-scale experiments. Specifically,
for 6yUys; (small-scale) the values of Ah" from Eq. (2.3) and Eq. (2.5) are respectively,
11% and 6% lower than that obtained from: Eq. (2.1), whereas the value from Eq. (2.2) is

18% higher.

For the large-scale experiments, AR from Eq. (2.2) are 50% to well over 100% larger
than those obtained from Eq. (2.1). These differences are much higher than suggested by
Wahl [3]. For the tightest bar spacing, the Ak values from both Eq. (2.1) and Eq. (2.3)
are in very good agreement. This is true for bars with round or square leading edge. In
general, Eq. (2.3) and Eq. (2.5) tend to predict higher Ah” values than Eq. (2.1) for
relatively higher blockage ratio (p > 0.16 for s = 12 mm bars, and p > 0.09 for s = 9 mm
bars). The corresponding head losses (44) in millimeters (mm) are presented in Tables’ A-

1, A-2, A-3, A-4 and A-5 in the Appendix.

5.4. Ecological and Hydraulics Implications
The flow patterns shown in Figures 5.3 to 5.12 may have important implications for head

losses and fish protection, including fish responses near the bars. The larger dead-water

100



zones with relatively calm flow on the leeward side of the incliﬁed bars and flow
acceleration and turbulence just upstream of the bars are key to fish responses to either
avoid the trashrack or to be swept through the bars and reach the turbines. Once fish end-
up near the turbines they are subject to mortality or injury from direct contact, sudden

pressure changes or elevated levels of shear and turbulence.

The more asymmetric nature of the flow pattern and recirculation bubbles around the
inclined bars will modify the pressure recovery. In effect, inclined bars would produce
asymmetric hydrodynamic loads that may lead to more severe vibration problems in
comparison to aligned bars. Knisely [12] examined flow past single rectangular bar at
incidence and found that Strouhal number, which determines vortex shedding frequency
for which vibration failures occur, increases with angle of incidence. From their DNS
results, Herman er al. [13] suggested that vortices generated by individual bars gave rise

to pressure fluctuations which in turn produced hydrodynamic forces on the bars.

Although, reduced bar spacing provides a greater protection for fish entrainment, it
produces higher sectional blockage. This increased. section blockage increases flow
acceleration and may render fish of smaller sizes which swim near this region highly
susceptible to entrainment by the flow through the trashrack and into the turbine and draft
tube, where they are vulnerable. Nevertheless, reduced spacing increases head losses due
to trashracks. It is very important to note that since trashrack comprising of streamlined
bars or round leading edge bars produce low head losses, their spacing can be made

tighter to diminish potential for fish entrainment into turbine. Similarly, bars with
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rounded leading edges could be inclined at moderate angles to prevent fish from entering

the turbines without a significant increase in head loss.
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Chapter 6: CONCLUSION AND RECOMMENDATIONS

6.1. Conclusions

6.1.1 Mean Velocity and Turbulent Statistics'

This study investigates the effects of approach velocity, bar inclination to approach flow,
bar spacing and bar geometry on the mean velocities, turbulent statistics and head loss
through trashrack models. The velocity measurements were made using PIV (for small-
s;:ale) and ADV (for large-scale). The present study demonstrates that the mean velocities
and turbulent quantities normalized by the approach velocity are nearly independent of
Reynolds number but tend to increase with increasing bar inclination and blockage ratio.
Inclined bars also produced asymmetric flow patterns that may result in potential
asymmetric hydrodynamic loads on the bars and vibration problems. While there is no
clear dependence of the mean velocities and turbulent quantities on bar depth, the
magnitude of the mean velocities and turbulent quantities decreased for trashrack models

comprised of reduced bar thickness and streamlined bars.

6.1.2 Head Losses
With regards to trashrack head losses obtained for the various test conditions, the
following conclusions are summarized:
1. The results demonstrate that as the approach velocity increased so did the head
loss across the trashrack models.
2. The head loss coefficient increases linearly with increasing blockage ratio. For a
given centre-to-centre spacing, the head loss also decreases with decreasing bar

thickness.
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3. The head loss increased non-linearly with bar inclination to approach flow.
Moderate bar inclinations may offer a compromise between providing better
conditions for fish without significantly increasing head losses and
hydroelectricity generation costs.

4. Reduced head loss coefficients were observed for streamlined and round leading
edge bars, suggesting that their spacing can be made much tighter to reduce fish
entrainment into turbines.

5. It was observed that because the existing correlations proposed to calculate head
losses were developed under different test conditions, the head loss coefficients
predicted by those correlations were not in good agreement‘ with the measured

values.

6.2. Recommendations for Future Studies
The following recommendations are suggested for further studies based on the present
| experimental study of turbulent open channel flow near trashrack models.

v’ Trashracks use suppbrting beams which produce additional head losses. Tests
with trashracks that consist of both horizontal and vertical beams would be useful
to quantify the total head loss produced by trashracks.

v" Trashracks with inclined bars are to produce louver effects thereby preventing
certain species of fish from being entrained into turbine. Because of the
asymmetric nature of flow associated with inclined bars, it is argued to be
susceptible to more severe hydrodynamic load imbalance. The vibration

characteristics of inclined bars should be thoroughly assessed so that for the

104



purpose of fish protection, moderate bar inclination can be employed to provide
louver effects for fish without significantly increasing head loss.

Streamlined bars are useful in mitigating head losses produced by trashracks.
They are however not used for trashrack construction because of its susceptibility
to vibration and difficulty in cleaning with cleaning machine. There is the need to

study the vibrational characteristics of trashrack consisting of streamlined bars.
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APPENDIX

Table A-1: Summary of head loss (4%) for Series I

Test o Uy Ah (mm)

(m/s) | Eq. Eq. | Eq. | Eq. | Eq. | Eq.
2D | 22 1 23)| 24 | 2.5 |(@.12
QU | 0° ]0.25 2.95 1.25 1094 | 091 | 099 | 0.85
GUysy | 0° 10.50 4,18 6.51 |3.77 | 3.65 | 3.96 | 3.39
U6 | 0° | 0.73 20.21 | 13.43 | 8.04 | 7.78 | 8.43 | 7.22
GUssy | 6° | 0.50 4.24
&Uysy | 9° | 0.50 5.13
G:Uns2 | 12° 1 0.50 9.63

Table A-2: Summary of head loss (4%) for Series II

Test L U; Ah (mm)

(mm) | (m/s) | Eg. Eq. Eq. | Eq. | Eq. | Eq.
QD | 22 | @3 | 4 | 25 |1

SQ-Lso-po.20 50 104871 3.78 6.46 358 | 346 | 3.13 3.21

SQ-Ls-po20 76 10500 4.18 6.51 3.77 | 3.65 | 396 | 3.39

SQ-Liopozo | 110 | 0.547 | 7.78 8.89 452 | 437 | 5.55 4.05

SQ-Lyopoze | 110 | 0519 853 | 1112 | 6.90 | 6.67 | 8.69 | 6.04

SQ-Lio-poss | 110 | 6.504 | 1547 | 14.60 | 10.12 | 9.79 | 12.71 | 8.93

Table A-3: Summary of head loss (4h) for Series II]

Test L U, Ah (mm)
(mm) | (m/s) | Eq. | Eq. | Eq. | Eq. Eq. Eq.
2D 122 | 23) | 24 | 25 | (.12
SQ-s6-Lso 50 10487 2.62 | 294 | 145 | 141 1.26 1.45
| SQ-s9-Lsp 50 |0.487 | 4.15 | 460 | 268 | 259 | 220 | 2.47
SQ-s12-Lsp 50 |0.487| 520 | 585 | 425 | 4.11 3.31 3.77
SQ-s12L76 76 10483 | 530 | 5.78 | 4.18 | 4.04 | 3.90 3.71
SQ-s12-Lioo | 100 10493 | 5.69 | 6.65 | 436 | 4.21 4.57 | 3.86
ST-s12-L1gp | 100 | 0.471 | 2.42 | 503 | 1.25 | 1.17
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Table A-4: Summary of head losses, 4/ for various test conditions.

Bar P U, Ah (mm)

Type (w/s) | Eq. | Eq. Eq. | Eq. | Eq. | Eq.
D 22 | 23| 24a ]| @5 |12

Square leading | 0.24 | 0.543 | 7.93 | 15.84 | 7.82 | 7.56 | 8.14 | 6.84

edge (SQ) 0.18 | 0.555| 7.49 | 11.33 | 5.52 | 534 | 537 | 4.90

0.16 1 0.547 | 498 | 885 | 4.05 | 3.91 | 3.88 | 3.67

SQ-s12-Lio [ 0.12 0546 233 | 596 | 2.58 | 2.50 | 228 | 2.46

0.09 10557 1.59 | 458 | 190 | 1.84 | 1.52 | 1.90

(Series 1) 0.08 05571 072 | 3.73 | 147 | 143 | 1.14 | 1.54

Round leading | 0.24 | 0.560 | 5.67 | 16.70 | 6.29 | 6.08

edge (RD) 0.18 1 0.558 | 3.81 | 11.22 | 4.22 | 4.08

0.16 | 0.560 | 3.31 9.19 | 3.21 | 3.10

RD-s12-Ligo 0.1210.557| 1.38 | 6.05 | 2.03 | 1.96

0.0910.563 | 1.00 | 456 | 1.47 | 1.42

(Series 2)  17508[70.565 | 0.86 | 3.81 | 1.15 | L1

Square leading | 0.24 | 0.545 | 7.61 | 15.11 | 7.88 | 7.62 | 6.09 | 6.89

edge (SQ) 0.1810.548 | 6.66 | 10.39 | 5.38 | 5.20 | 3.88 | 4.77

SQ-s12-Lsp 0.16 1 0.553 | 4.87 | 850 | 4.13 | 4.00 | 294 | 3.75

0.12 1 0.551 ] 2.60 | 592 | 2.63 | 2.54 | 1.73 | 2.50

(Series 3) 0.09 0561 153 | 448 | 193 [ 187 | 1.15] 1.93

0.08 0561 134 | 3.74 | 1.50 | 145 | 0.86 | 1.56

Square leading | 0.18 | 0.548 | 5.15 | 10.01 | 491 | 474 | 4.06 | 4.38

edge (SQ) 0.14 {0.558 | 4.21 | 732 | 3.52 | 341 | 2.68 | 3.25

0.1210.558 | 348 | 6.00 | 2.70 | 2.61 | 2.00 | 2.57

SQ-s9-Lso 0.0910563] 2.00 | 433 | 1.79 | 1.73 | 121 | 1.81

0.0710.567] 0.15 | 328 | 1.30 { 1.25 | 0.79 | 1.39

(Series 4) 0.06 | 0.567 | 0.27 | 2.77 | 1.01 | 0.98 | 0.59 | 1.14
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Table A-5: Summary of head losses, 4k for various test conditions.

Bar L s ba | n| p U; | Ah (mm)

type (mm) | (mm) | (mm) (m/s) | Eq. (2.1)

Square 100 12 50 0 |18 0.24 | 0.543 7.93

leading edge | 100 12 50 | 10 | 18| 0.24 | 0.495| 13.08

(SQ) 100 | 12 | 50 |20 |18]024 |0491| 24.73

100 12 50 |30 ]|18]0.24 0477 48.23

SQ-siz-lioo ™00 |12 | 75 | 0 |12 ] 0.16 | 0547 | 4.98

(Series 5) 100 12 75 10 | 12 1 0.16 | 0.499 6.64

100 12 75 120 (12]0.16 ]0.501 | 17.71

. 100 12 75 130 [12]0.16 | 04838 | 43.37

100 12 100 0 | 9 [0.12 (0546 233

100 12 100 {10 | 9 | 0.12 1 0.501 7.64

100 12 100 | 20| 9 | 0.12 | 0.500 | 15.93

100 12 100 [ 30| 9 | 0.12 {0495 | 19.21

Round 100 12 50 0 |18} 0.24 | 0.560 5.67

leading edge | 100 12 50 | 10 |18 ]0.24 {0.493 6.12

(RD) 100 12 50 |20 (18102410488 13.32

100 12 50 [30|18]0240485] 30.82

RD-sixlaoo 700 | 12 | 75 | 0 |12 0.16 | 0.560 | 3.31

100 12 75 10 | 12} 0.16 | 0.502 5.67

(Series 6) 100 12 75 |20 | 12]0.16 {0.499 | 11.52
100 12 75 |30 |12 0.16 | 0491 | 30.79

100 12 100 | O 0.12 | 0.557 1.38

100 12 100 | 20 0.12 1 0.498 | 10.48

9

100 12 100 { 10 | 9 | 0.12 | 0.501 4.01
9
9

100 12 100 | 30 0.12 1 0.496 | 19.67

110



