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SUMMARY

This project aimed to quantify the impact of charirletkage, free surface effects, and foundatmms
turbine performance using both porous disks and an axial flow tm&urpport the development of the
IEC/TS 62606200 standardA combination of computer simulatiog8FD) and experimental testing in
a flume tank at the University of Victoria was used to cia@d&late the work and help interpret the
results.

Both the &periments and CFD simulations showed that placing a turbine (represented as a porous disk)
near the free surface has the effect of decreasing power output, provided that the physical characteristics
of the turbine are unaltered (identical porosity seltintj the turbine settings are modified, however,

such that the turbine operates at the maximum power point, the power produced is nearly identical.

In addition, CFD simulations showed that a turbine foundation could have a significant impact on
turbine performance.Two foundations types were considered for this project: a streamlined monopole
installed downstream of the rotor and a heavier gravity type foundation placed in the plane of the rotor.

The first foundation had a negligible effect on powesdoiction while the second increased power
production substantially. The impact of the turbine foundation was therefore shown to be directly
coupled to the shape of the structure and itébés i

Results from CFD simulations and expnents on an axial rotor were in good agreement in terms of
predicting the peak power point. Overall, the CFD predicted higher performance values with the largest
discrepancy occurring at tip speed ratios lower than the peak performance point. CFbasimulare
subsequently used to derive performance values for a range of blockage ratios since this was not
possible with the current experimental setup. These results showed that both thrust and power for the
axial rotor were less affected by channel kbiye compared to the porous disk or predictions made

using actuator disk theory. This outcome leads to the conclusion that the increase in thrust and power
derived using actuator disk theory (and porous disks) for increasingly constrained channelyare like
represent the upper bound for real rotors. The actual boost in power for a physical turbine placed in a

bl ocked channel will var yyandéfoengationdi ng on the tur bi |

The results of the work completed as part of this project supports the IEC/TS-BRBAGrking
groupds decision not to include any generic corr
performance measurements based on the amount of charoield#o
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1 INTRODUCTION

To date, turbine performance studies have shown that channel blockage carshbstatiaimpact

on turbine power outpuf previous TC114 studgompleted in 201Hemonstrated thatven relatively

small amounts of channel blockage, on the order of 5% of the channel cross section area, can lead to a
measurable imease in turbine performance.

Similarly, Nishino and Willder{1], [2] alsocompleteda serieof studies usin@D computational fluid
dynamics (CFD) simulation® investigate the effect @®lockage ratio on turbine power output. In their
July 2012paper[1], 3D CFD simulations were run whetearbines were modeled as porous disks, and
blockage ratio and aspect ratio were varkidure 1-1 showsthe results from this study witbFD data
compared td.D linear momentum actuator disk theory (LMADT). The resultBigure 1-1 showgood
agreement between tid#-D simulations and LMADT.

In August 2012 Nashino and Willdempublisheda secondstudy[2] looking intothe effect of channel
blockagefor turbine arraysThe turbine array consisted of multiple turbines positiogsieeé by side
along a line perpendicular to the flow direction. The parameters that were varied wailkahannel
blockage and the spacing between turbines. It was founibthaiv channel blockage ratidere was
an optimal spang between turbines. Fdigh channel blockage ratidsowever,it was found that the
array power is maximized when the spaetween turbines is zero.

3 L | | [ | R O P
. Quasi-inviscid
L . B =0 (Low FST)
25 «  PB=0.1(LowFST) b
B = 0.1 (High FST) = A
LMADT 3 il
, ~ /B
21 '_' T -1
3
R %
CrastSF o3 o ; - 3
Eox 3 3
» E[\ - : ;
1r E .; - 1
i : -
05 2 - .
e 3 ]
g o
) 1 1 | SO T | L A
0 01 02 0.3 04 0.5

B

Figure 1-1: Comparison of turbine power coefficient between 3D RANS and 1D LMADT mgthods

Most studies to datiocused on modeling range of turbindlockage ratios andrray configurations,

but neglected the effect tie water surface or turbifieundationsAn analysis bywhelan et a[3] did

usea modified 1D actuator disk type analysis method to predictthevpresence of theurface would

affect turbine power outpuComparisonof this modelto experimerg showed good agreement and
conclude that the extractable turbine power is further increased when the turbine is placed in proximity
of the waer surface. Porous plates spanning the width of the channel wereouskd &xperiments

while the CFD modeling was done in 2D. This project therefore builds on this work by working with
round disks and performing CFD modeling in 3D.

Preparedfor: TC-114 Final Report 11
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(b) 4.5

0 0.2 0.4 0.6 0.8 1.0
Axial induction factor

Figure 1-2: Effect of blockage ratioop o we r wi t h 7 A® farnede wsi utrhfoaj@e fobt ai ned

Given the results of these previous studies, further investigation of the impact of foundations and the
free surface on turbine performance is warranted. This is@gplicable tdoth tidal ad river turbine
applications. The investigation into free surface effects is especially relevant to tunbioyntents in

rivers since thestend to be shallow sites.

Preparedfor: TC-114 Final Report 12



Impact of channel blockage, free surface proximity and foundations on the performance of tidal and river energy coniprte?9'", 2014

2 OBJECTIVES

This project set out to meet the following objectives:

)l

Use CFD and experimento develop series of correction curves to account for blockage as a
function of depth with and without inclusion of free surfadéhis is especially applicable to
shallow tidal/river sites.

Use CFD to determine the impact of turbine foundationslockage correction curves.

Determine dependence of scale/Reynolds nundmethrust and wake of porous disk and
resulting blockage correctiarsing CFD This is important so that we can satisfy ourselves that
additional exp. work looking at arrays is reggatative ofull-scaleturbines.

Contrast the use of porous disks vs. an actual axial flow rotor for deriving blockage correction
curves based on both experiments and CFD simulations.

Provide recommendations to TG Turbine Performance Standard.

Preparedfor: TC-114 Final Report 13
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3 FLUME TANK EXPERIMENTS

The objective of the experimentadork wasto obtain qualityperformancedatafor both porous disk

andan axial flow rotor. This data was subsequentypared to CFD model resulill experiments
were conpleted athe University ofVictoria Fluids Research Lalksing the flume tankhown in Figure
3-1.

Experimental results were obtained $ewveralbporous disks sizes and blockage ratios.

An existirg rotor rig was used to tegte performance of the axial rotéx.new set of bladedowever,
was designed for this project to minimize blade bending. This ensured a better agreement between
experimens and CFD models (that dimbt account for blade bending).

Figure 3-1: Flume tank at th&Jniversity of Victoria

3.1 DESCRIPTION ORNATER TUNNEL

The test section of the water tunnighs a cross section of 45cm x 45cm and length of approximately
2.5m. The top of the test section can be epdaor tests involving a free surface (@mater surface), o

can be closedff using two acrylic lids. With the lids installed, the effects of free surface deformation
are no longer presenthe walls of the test section are clear acrylic allowiisgial access through the
sides and bottom.

The existing acrylic is were designed to sit 45cm above the tank bottom. A false top with a variable
vertical location setting was therefore built to enable testing at various blockage ratios.

The flow is driven by a singlstage axial flow propeller pump delivering a maximilow rate of 405
L/s. The pump shaft RPM is controlled using Toshiba VT130H7U6270 frequency conirbBenater
flow speed is controlled bgpecifying the nominal frequencys apercentage of the memum.

Preparedfor: TC-114 Final Report 14
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The timeaveraged inlet velocity was calculatesing a mechanical current meter with a model 2030R6
propeller (0 called low speed flowmeterpetting a nominal frequency to obtain the desirgelt

velocity wasdone forevery single experimental setamce the frequency control does not guaraatee
stable and constant velocity. This is important because small differences in mean velocities will have a
considerable impact on thlerust andpower coefficients.

The inflow to the test sectiaonsists ofa perforated plate, honeycomb section, 5 {rigtosity screens

and a 6:1 contraction. Downstream of the test sectienflow is diverted by turning vanes in the
return plenum into the return flow pipe located underneath the test section. The design turbulence level
is approximately 1.0%however his was also assessed as part of the experimental campaign.

3.2 EXPERIMENTAL SETUP

3.2.1 Porous Disk

The turbines were represented by porous dfsksthe first set of experimentdhese disks were
designed to provide a specific resistance to the flow such thatothk disc thrust force was
representative of the thrust of an actual spinning rotor.

The porous disks were designed using the commercial CADSwla@dworksand fabricated using a
Fused [@positionModeling(FDM) machine This is essentially a 3D printdrat buildsup the model
geometry in layers.

For the purpose of these experiments, 2 different porous @ie&Eigure 3-2) were printed using the

FDM: a150 and 219 mm diametdisk. The smakr disk was used for experimerggidyingthe effects

of free surfaceThelarger diametedisk was desigesdt 0 mat ch t he axi al rotords
thrust coefficients over a range of velocities twdl be used for CFD analysis. Both disks were built
using50% porosity ané regularly spaced grid of square pores.

It is important to note that porous disks are only similes of actual turbines. Their primary similarity is
that both turbines and discstect energy (momentum) from the flowhe flow phenomengn
however,is different in both cases; for turbines, a combination of lift (pressure) and drag (viscous)
forces are created locally by the blades, whereas the discs create the pressure drophtnrdisgh

through viscous losses and associated downstreamsrade! turbulence only. Flow phenomenon such

as swirl and discrete vortex sheets shed from the blades are also neglected when using porous disks. In
sum, the overall pressure drop and momentinange experienced by the flow passing through an
actual rotor or porous disc is similar, but the physical mechanism is different.
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Figure 3-2: 15 cm and 21.9 cm diameter porous disks using FDM

3.2.2 Force Measwment

A load cell was used to measure the drag force on the diskdoatieellwas housedn a watertight
enclosurghat connected the disk to the mounting stagshown inFigure 3-3. This setup allowed the
disk drag to be measured directly.

The chosen load cell was the Omega LCMRON, rated to a maximum load of 20N. The expected
forces were approximately 10N. The sensas chosen to provide a good sigt@hoise ratio, and to

be as unobtrusive to the flow as possible. The load cell had a diameter of 1.27cm. The housing was
made to have the smallest diametasible, which endedp beingl.905cm. While this may seem@rge
compared to the disk diameter of 10cm, the cross sectional area of the sensor housing was only 3.6% of
the disc area. This was considered acceptable.

The manufacturerodos calibration for the | oad cel
present in the housing seals, so a detailed calibration was conducted fositlieldad cell. The sting

was oriented vertically and known masses were loaded onto the porous disk, during which time the
sensor output was recorded. Plotting the sensor bugpload providedhe calibration curve shown in

Figure 3-4. The calibration tests were repeated three times to assess the repeatability. Some minor
hysteresis was observed, but there was good consistency between the three tests.
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ITEM | PART # NAME [*1R ¢
1 SFDoM FILON i
2 SFDO0Z REDUCER FITTING 1
3 SFDO03 HOUSING 3
4 SF0004 CELL HOLDER 1
5 SF0O05 PUSHER PLATE 1
[ SFDO0E SLIDER ROD 2
T SFDO0Y BLIDER BUSHING 3
8 SFD008 END PLATE 1
a TRAPDO1Z WASHER PLATE 2
17 SPDOCS CONDUIT 1
0 51206K471 148 NPT NIPPLE 1
1 LCMED-20M | LOAD CELL 1
12 CUT-0OFF 4-42 SCREW 2
13 G2E2KET4 K13 METRIC O-RING 1
14 GZEIHE1 1%4.5 METRIC O-RING 2
15 921854112 44034 SCREW 2
16 921854106 4400104 SCREW 2

SECTION EBE-B
SCALE 1.000

Figure 3-3: Detail of the load cell housing

runl
run2
o rind

calibration | .-

Applied Load (N)

0.4 0.6 08 10 1.2
Sensor Output (mV/V)

14 1.6

Figure 3-4: SensorCalibration Curve

3.2.3 Axial Rotor

An existingsmall scale rotor rigvas used to test the axial rotor. The rig wasigned to reproduce in a

more realistic manner the flow phenomenon that exists around tidal turbines. The testing rig basically
consists of a tieebladed rotor attached to a main horizorstahftthatdrives the rotor, driven by a belt
carried up through a vertical supptube. The horizontal and vertical tubes that compose the support
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structure are madef aluminum tubing and are submergecthie water tunnel so that the motor and
instruments of the system are placed outside the water, on top of the cover of thanwateas shown

in Figure3-5. Thesaled rotor has a diameter of 21.9 cm. Lar{djagives a detailed description of the
rotor rigdbs manufacturing process.

Cross section of tunnel facility

Figure 3-5: Schematic of the testing rig (left) and physical rig (right)

3.2.4 Torque cell

A torque cell was attached to the motor (see FigeBe t®8 measure therque curve thadlescribes the
performance of the axial rotdor a specific set of blade$he Novatech F328 1 Nm loadcell was
chosen to measure the reaction torquéhefmotor This type of load cell fits between a motor and its
mounting structure acting as a coupling.

Theload cell hasthe capability to measure torques randirggn -1 Nm to +1 Nm, and read values as
smallas the minimum exgrted torque for the experime®01l Nm. TheDAQ system mustherefore
becapable oprocessing aignal of 60uV.

Plates and posts compose the structure that houses the motor and tordie ¢tetjue cell is attached
to a plate the motor is attached to the torque cell ariteaible @upler attaches the output shaft of the
motor to the pulley shafts that driviee belt systemA schematic of the instrument assembly is shown
in Figure3-6.
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PARTS LIST
ITEM qry PART NUMBER
1 1 Base
2 1 Torque cell plate
4 1 Torgue Cell
5 1 [Mounting Plate
6 Fa Poste
7 1 Back Plate
8 1 AKM23D Servo Motor
9 1 Back Plate Grounded
11 1 Shaft
13 1 Front Shaft

Figure 3-6: Instrument structure

3.2.5 DAQ Rio System

The NI CompactRigackagewvas selected as a combined control and DAQ sysIais.technology is
portable, it communicates over the network, contaimeaktime processor, a recéigurablefield
programmable gate array (FPGA), and a varietgraflog and digital input/output modulesmeetthe
experimental requirement&ach of the NI modules of the CRio package connects directtheto
sensaos andmotor. Thisallows the useto customize the system architecture.

The torque cell readings, the porous disks force data and the motion control sgstimdrive the
motor at a desired speed wateprogmammed using NI Labview software. Labviewaigjraplical tool
usedfor designing, prototyping, and deploying embedded applications.

The NI 9237 module was selecteat freading both torque cedind porous disk output signalShis
device is a 4hannel, 248Bit, +25 mV/V, full bridge analog input modul&able 3-1 shows the
accuracy of the module under differem¢asuremertonditions.

Table3-1: Summary of eors in NI 9237

Measurement Conditions* Percent of Reading** | Percent of Range***
(Gain Error) (Offset Errar)
Calibrated typ (28C,%5 °C) 0.05% 0.05%
Calibratedmax (-40 to 70°C) 0.20% 0.25%
Uncalibrated typ (25C,£5 °C) | 0.20% 0.10%
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Uncalibratedmax(-40 to 70°C) | 0.55% 0.35%

*Before offset null or shunt calibration

** Applies at data rate of 50 kS/s. Lower data rates can have up to 0.20% of r
additional gain error

*** Range equals 25 mV/V.

3.2.6 Blade set

In past experiments different blade setsvere tested in the flume, going from linear chord/twist
distribution to optimized blades usiran internal excel optimization tool developed by Dr. Curran
Crawford. While the first set had a relatively poor performance, the second one was bending around
20% (calculated as the distance of the tip from the axial plane normalized by the total length of the
blade) when the flow velocity was within the range of the experiments. Furthermore, there is a
Reynolds dependency on therformance of the blades that dedo be takeinto account in order to

obtain better results. The challenge then was to obtain a blade profile that maximizes the performance
of the axial rotor using optimization algorithms while keeping the blade stiffness within accepted
values.

The blade wasnodeledusing a finite element method (FEM) ensure that the required blade stiffness
was achievedA static structural analysis was carried osing ANSYS 14.Qo find the maximum
deflections of the blade. Different alternatives to make a blade stiffer were discussed, from changing the
material, building method, increasing chord thicknesssettinga minimum chord length for the
optimization.

After evaluatingte alternatives, the approach chosen was to set a minimum chord lengihad e
most viable alternative in terms of building cost, complexity atsuring acceptableotor
performance. Making the airfoil chords thicker would have been an easier méithtothis will
implicate increasing the drag force, affecting its performance.

Now when designing a blade the airfoil profile selection plays a fundamental role in its future
performance. After researching airfoil profiles from the University of IllirtisJrbanaChampaign
(UIUC) Low-Speed Airfoil Test prograrfb], the SD8020 was selected showing the best behavior for
low Reynolds number. The problem arises because ExcelBEM considers lift and drag coefficients for
different Reynolds numbers but the amble data just gives values for Reynolds numbers higher than
the ones that describes the experiment and definitely not for the thickness that will be used for this
project. It was necessary to test this airfoil for the desired conditions. For this par@bBsairfoil test

was carried out using the selected airfoil with 15% thickness. Using the FDM, a 7 cm airfoil chord was
printed and tested at the water tunnel for different Reynolds number, as shdéuiguiie 3-7. For

further details about the testing apparatus please ref&otd (2012) [6]. The velocity fieldwas
obtained usindparticle Image Velocimetry (PIV) and finally the employed method to lifh@nd drag
coefficients was adapted usimgn Oudheusden et al (2007] and Ragni et al (20098] techniques

who have obtained high accuracy airfoil lift and drag coefficients.

Once the above mentioned coefficients were obtained for different Reynolds numbers, ExcelBEM was
implemented in order to find the optimal chord and twist distribution using a restriction on the
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minimum chord length (found from FEM analysis) to keep théeblstiff. The resultant blade design
can be seen iRigure3-8.

Top securing
Plate

Alignment
Shaft

Water tunnel
Cross-section

Figure 3-7: 2D Airfoil testing appaatus

bl

Figure 3-8: Final blade design for the axial rotor
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3.2.7 Flowmeter

A fundamental aspect to consider for this project lies on the ability to capture-avigmreged inflow
velocity. It is critical for theaccuracy of the results to be able to obtain a reliable measurement of the
flow, since a 1% difference in the readings leads to an approximately 2% difference on the thrust
coefficient, thus the results could lead to misinterpretations. The instrumerfousesolving the flow

speed is a Mechanical Flowmeter Model 2030R6 that uses ardsghution rotor for low speed
applications.

The Flowmeter incorporates a precision molded rotor coupled directly to a sixcdligiter which
registers each revolutiorf the rotor and displays it as an automobile odométes. The counter is
located within the body of the instrument and is read through clear pleailicThe flowmeter is
properly balanced to maintain horizontal position when suspendedhetowing bidle at speedThe
instrument is shown iRkigure3-9.

This technique to get an inflow speed depends greatly on the duration of the measurement. It was
empirically shown that data gathered for less than 5 minutes led to significant differences between data
sets. Fordo  minutes the velocity remained fairly consistent, hence for every experiment in this
project 10 minutes of data were acquired to deteerttie flow velocity at the inlet of the flume tank.

To obtain a final timeaveraged velocity the relationship between counts and time must be assessed. 10
counts equals to 1 rotor revolutioApplying the calibration curve provided by the manufacturer, a
expression to obtain the velocity in m/s is shawthe following equation:

Y6530

W0Wwwww

Where
0O 0Qi 0k ®Q
Y6 0QQQQITHEEWR O i
YéEODEEi WHFOTT
Hence

'rY =
(o}

Where t is the duration of thmeasurement in seconds.
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Figure 3-9: Calibration curve for 2030R6 flowmeter (above) and mechanical flowmeter (below).

3.3 POROUSDISKS EXPERIMENTS

A series ofporous disk experimentgere conducted irthe flume tank. It is first intended to study the

free surface effects and the impact on both thrust coefficient and water height along the flume. This will
be compared with the case where a-deformable top surface is introduced. Furthermore, the
objedive of this study is focused also on capturing the effects of blockage ratio in the performance of
tidal turbines when the mentioned conditions are present. Since the water tunnel acrylic lids have a
fixed position when installed, they cannot be usedf@anging the cross section area of the flume, thus

it was necessary to design a false bottom/top that can generate different blockage ratios in the absence
of free surface effects. Looking at the current design of the flume, it is not possible to iriatsdl a

bottom without machining the visualization section, thus the only option left was to come up with a
design for installing a false top.
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3.3.1 Closed topexperiments

The goalof this part of the experiments is to provide a characterization for the 2 phsigsthat are

being studied, i.e. determine the thrust coefficient over a range of inflow speeds and decide whether
there is Reynolds dependency or not. In order to accomplish this, the porous disks were tested with the
acrylic lids on, so no free surfaavas considered for this purpose. A schematic of the experimental
setup is shown ifigure3-10.

The porous disk is located at 0.985 m from the inlet. The disk has been aligned so it is perpendicular
with the flow direction (zero yaw) and right at the center of the cross section lplastder to obtain a
consistent data set from the force sensor a specific protocol was established when the calibration test
was performed. It basically requires to preload de load cell before getting the assembly into the flume.
This was done for everyrgjle collected measurement.

Z

Inlet

98.5 cm

22.5cm

225 cm

Figure 3-10: Location of the porous disk in the visualization section of the flume

The thrust coefficient was calculatad follows:
O
p ” '?'Y Al
7Y 0
C
WhereO is the experimental disc force aad is the cross sectional area of the porous disc. The
thrust coefficient uncertainty was determined using typical error propagationcueesrior the force
uncertainty. Further details are presented in se@tian

&

3.3.2 False topexperiments

The second phase of the experiments involved measuring the drag force on the 15 cm porous disk for 3
different blockage ratios. The blockage rasalefined as the ratio of the modidntal area to the test
section area. Since the model area corresponds to the surface of the porous disk, the flume cross
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sectional area needs to be modified in order to achieve different blockage ratios. As statedHzefo

current lids are fixed on the flume tank and cannot be used for modifying the cross sectional area, thus a
false top was design and built in order to meet the requirements of this project.

The false top is made out of two 114.3 x 44.8 cm Highsty polyethylene (HDPE) rectangular

pieces, coupled by two standard aluminum rectangular tubes of 220 cm length. It is intended to be able
to adjust the height of the false top with respect to the bottom of the water tunnel. To accomplish this T
slot alumnhum extrusions were found to be an excellent choice and suitable for this assembly. The T

s |

ot

profiles

wer e

attached

t o

Cross

bar s

sting was drilled in order to match the desired disk pasitiom the previous experimeriigure 3-12
shows the final result of the design.

nst al

The drag force on the disk was measured for blockage ratios of 0.087, 0.117 and 0.175, i.e. the false top
was placed inside the water tunnel at 3 different heights, measured from the bottom of the flume tank, at
45, 33.8 and 22.5 cm respectiveligure 3-11 shows a simple sketch of the cross section plane. For

each case the water tunnel was filled 7 cm above the false top, making sure that wheariimeep

were conducted themgere no free surface effedtappeningn the wake region.

45 cm

BR=0.087

/ <15 cm
‘\f/

BR=0.117

()

NS

33.8¢m

\(1‘3 om

22,5 cm

BR=0.175

/ - ""\(15 cm
T

\_/

45 cm

45 cm

45 cm

Figure 3-11: Schematic of the different Blockage ratios

The inflow speed for every case is intended to be ideally @/s, in order to match the open flume

conditions (Refer to sectidh3.3for further details about this option). To accomplish this the coatroll

of the pump was set at different frequencies and velocity data was gathered in order to find a frequency

value that gives an inflow velocity as close as possible to the desired value; VTau€sobtained

with this method are shown Figure3-17.
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6
> PARTS LIST
\ TEM qQrY PART | mATERIAL

1 i Fals Top HOPE
2 2 SUf bar Aluminum
S S— T (¢ _(huminun
s ba ar

Figure 3-12: False top design (above) and experimental setup (below)

3.3.3 Open flume(free surface) experiments

The effects of free surface are visible whervaater interaction is allowed. By taking the lids from the

flume tank, it is possible to observe this behavior and to capture the required parameters when the
porous disk sits pegmdicular to the flow direction. For this part of the experiment it is intended to
measure two variables, the drag force of the disk for the same blockage ratios used in the previous setup
and the water height along the centerline of the flume.

There is aspecific requirement for this part of the experimental process. The inflow speed of the flume
tank must be set up as close as possible to 0.77 m/s. This value was determined to be the minimum
value for which it is possible to obtain clean force readingss@in the signal has a negligible impact
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