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ABSTRACT

This paper is concerned with velocity measuremienstallow water flows by using Ultrasonic VelocRyofile (UVP)
probes. The measurements were made in a 10 mQohg) wide flume whose slope is 0.00117. Diagondl a
horizontal positioning of a single probe and thenbmation of two probes were tested as configunatiof the UVP
probes. Streamwise and transverse velocities wateened. A sensitivity analysis was performed toRJyarameters,
namely to the distance of the window for each mesmant and to the distance between each measuwing phe
influence of four different seeding materials wlsoassessed. Filters for eliminating noise ankiespivere applied.
For 1D measurements, UVP streamwise velocities wenmgpared with Pitot tube measurements. For 2D
measurements, streamwise velocities and turbuiéensities were compared with known laws. The tesllow the
importance of i) setting optimal UVP parametersieal ii) of positioning adequately the UVP probed &) using
appropriate seeding.

INTRODUCTION

The measurement of instantaneous velocities innflates has long been a challenging issue. Differe@asuring
equipment has been used, ranging from expensive@nglex laser Doppler systems to less expensivsthiurobust
equipment like the Pitot tube. Due to their reletymow price and easy handling, Acoustic Dopplatems are widely
used at present. Ultrasound (US) systems, basedtmyraphy and Doppler effect, allowed the devekmrof
equipment capable of measuring almost instantaneslosity profiles (Takeda, 1995).

Initially the Ultrasonic Velocity Profile (UVP) témique was limited to opaque fluidsd. Takeda and Kikura, 2001,
Wiklund et al, 2006) and it was typically used to measure acpiige walls in small scale pressure floegy(Takeda
1995, Ozaket al, 2002, Kikuraet al, 2004). The use of UVP in open-channel water fl¢g. Kantoushetal., 2008)
is recent and still rare. Nevertheless, this tepiriseems promising since it allows measuremerstisaiiow flows,
frequently encountered in experimental facilitiz&sd not achievable witle.g, Acoustic Doppler Velocimeters (ADV).
The UVP probes emit a US beam that travels aloa@#is and after receive the echo from the same asareflected
in small particles present in the fluid. The UVRBtgyn measures the time delay of the echo to ré&chrbbe and the
Doppler frequency shift. Knowing the speed of thersl in the fluid, it calculates the distance dml\telocity of the
particle. A more detailed description of this teiciue is presented, for example, by Takeda (199®8quently the
particles present in the water are sufficient féfRumeasurements (Metflow, 2002) but most usersyaggeding
particles in order to improve the quality of measunents (Wikluncet al, 2006, Kantoushkt al, 2008).

An illustration of a US beam, and a graphic scateaf UVP probe with a working frequency of 4 MHe aresented in
Figure 1. In the same figure, the main parametedscharacteristics of the UVP probes are listedhEampling
volume represented along the US beam is knowntanfeel”. In US measurements, the size of the comblame is
important €f. Kikuraet al, 2004) but not always easy to identify. As shawfigure 1, the US beam begins with a
diameter equal to the probe diameter (5 mm in #se of the probes used in this study), decreasitiweifirst part of
the path until it reaches the focus point (in wad¢rl6.9 mm from the probe) where the diamet&rds mm. Then the
beam is divergent (2.2° for 4 MHz probes in watéhe sampling volume is a cone with planar basésse diameters
are defined by the beam divergence and the distaoicethe probe. The thickness (channel width)aréd by the
user. This means that velocity consists of theayewrelocity of the particles in that volume. Tlhghlest intensity of
the US beam is in its axis, where most of the plagiare sampled.

Although the UVP technique has been developed Bomkasurements, measurement of 2D velocity fiesiisguUVP
probes has been reported to give promising refldilseda, 1995, Takeda and Kikura, 2002, Kikefral, 2004,
Kantoushet al, 2008).

In the present study, experiments in a shallow agemnel were performed in order to evaluate thsigeity and the
accuracy of velocity measurements taken with UMbbps. A diagonal and a horizontal positioning ef th/P probe
were tested and the results were compared with tibe measurements. With the probe in a horizqrasition two
UVP parameters were analysed and the influenceeo$¢eding materials was assessed. By crossingltresound
(US) beams, 2D velocity point measurements hava bele and turbulence intensities have been eeal @aid
compared with known standard solutions.
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Figure 1. Schematic representation of the UVP probe and US beam (parameters 1 to 7 are chosen by the user).

EXPERIMENTAL SETUP, MEASUREMENT EQUIPMENT AND SEEDING

The experiments were made in a 10 m long, 0.4 neaittl 0.1 m high trapezoidal flume with 45° indlifeanks. The
channel slope is 1.17xT0m/m and its bottom is made of polished concrete 0.009 m*%s). The supply is assured by
a constant level reservoir; an electromagnetic fil@ter is used to monitor the flow rate (accurac§.8f6). A
honeycomb device and a polystyrene plate were glatthe upstream section of the channel to ertherflow
uniformity and stability. The experiments were démesubcritical flow regime, the water surfacedebeing

controlled by a tailgate located downstream. Wdégths were measured by using three point gauges.

In all tests, a uniform regime was establishedesponding to a water depth equal to 0.06 m andchdige equal to
13.9 I/s (Reynolds numbeRe= 8.56 x 10 and Froude numbeffr = 0.67). The measurements were obtained in a
cross section that is 6 m far from the upstrearti@edo allow for the complete development of bmndary layer.

The velocities were measured using 4 MHz UVP prabeba Pitot tube with 3.2 mm of diameter, conrgttea
differential pressure transducer. Three differanbp set-ups were tested. First, the completecatprofile of the time
averaged velocity was measured by mounting thegowith an angl® equal to 20° with the flume bottom (Figure 2a).
Secondly, the probe was mounted horizontally, frgntipstream (see Figure 2b, anglequal to 90°). This position,
used for instance by Manestal. (2006), allows the US beam to find more partieed reduce the reflections with an
important improvement of the results. Neverthelebas the disadvantage of taking a profile ofihkocity parallel to
the bottom. For this configuration, two aspectsehbeen analysed: the UVP system parameters; tlieimtke of

seeding conditions. Finally, 2D velocity measureteaavere made in the centre of the flume with thabps
configuration presented in the Figure 2c, allowting evaluation of the accuracy of time averagedortés and
turbulence intensities measurements.

UVP probe o/
(a) (b) : (©)
7 \ » 7 1 J Se—
0=20"4 > \
/ — UVP probe 1
FLOW 2/ > ’7‘ —_— 7
o »/ FLOW Meas. axis FLOW
o/ 7/ | 8 =90° UVP probe
&/ »/ | AN
s/ UVP probe 2
/ >
/ _
S S S S S S S R
/

Figure 2. (a) Diagonal position of the probe; (b) horizontal poéition of fhe probe; (c) 2D velocity measurements.

Since the UVP system measures echoes from refigptirticles suspended in the fluid, it is frequentteded to add
such particles (seeding). Three types of seedinticfzs were chosen from the available materiateyTconsist of
crushed nut shell, bakelite and silica powder (€4l According to the theory of the US reflectinmarticles, these
particles should have specific density close tod diameter larger than one fourth of the waveledthe emitted US
burst (i.e. particles should have @& for 4MHz probes, Metflow, 2002). However, soméhaus obtained good results
using seeding particles with diameters betweam3and 3Qum (e.g. Satoet al, 2002).

Table 1. Seeding particles characteristics.

. Specific Mean diameter
Materials :
gravity (um)
Crushed nut shell 0.94 110
Bakelite 1.25 40
Silica powder 2.65 20

ASSESSING UVP CONFIGURATIONS AND SEEDING CONDICTIONS

Introduction

In this section the operation of the UVP and tHfeience of the seeding materials are analysed.ré&@qusly
mentioned, a diagonal positioning of the UVP pralas tested in order to obtain a complete instaoiasmgelocity
profile; comparisons with Pitot measurements aesgmted and discussed. A horizontal positioninhp@fprobe was



also tested. For this configuration, different Upd&ameters were changed and optimized. Completarstrise
velocity profiles were obtained for four seedingditions: without seeding and with the three memdibseeding
materials. The data precision was assessed; ferairaraged velocities, results are compared witt Ribe
measurements. The total discharge obtained byratiag the velocity over the entire cross-sectinampared with
the discharge measured by the electromagnetic fetem

Probe measuring in diagonal position

After testing different angle® (Figure 2a), it was decided to set a diagonaltjpssivith 6 = 20°. The UVP system does
not measure along a vertical, thus a projectiondé&& made to obtain the streamwise velocity. it a

completely instantaneous vertical profile, sinae th/P probes measures in a diagonal line.

In the diagonal position the start and end chareraiisthe minimum and maximum depth were definegdpmetric
reasons.e. the start channel is as close to the probe ashpe®ssd the final channel is right after the flubwtom. The
parameters were fitted by observation of the sludiplee vertical profile of the streamwise velocitjhe best
longitudinal velocity profiles corresponding to tleeir seeding conditions are presented in the EiguiThe profiles
were measured in the flume axis; they are presentachon-dimensional coordinates, with the frintielocity, u, ,

calculated by the formula =, /gR,i , whereR, is the bottom hydraulic radius as defined in Varam Brooks (1957)

andi is the slope of the channel. During the experisethie water temperature was measured and thegaveatue
was 15°; the kinematic viscosity, can be assumed to be 1.14X18%s.
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Figure 3. Results obtained with the UVP probein the diagonal, for four seeding conditions and with Pitot tube.
(ParametersNumber of cycles: 5; Number of repetitions: 25@jd¢ Filter: 5; Maximum depth: 175.01 mm; Veloainge: [-0.95;0.95] (m/s);
Number of samples: 2000; Channel width: 0.93 mrartg&hannel: 0.37 mm; End channel: 69.75 mm)

As compared with Pitot tube measurements, therbeslts are obtained by using crushed nut sheléading which
tends to confirm the above mentioned minimum di@met 93um for seeding particles. In general, the UVP pesfil
are inaccurate. This inaccuracy is ascribablefteations of the US beam in the bed. It is obvithet the results for
the near surface zone are affected by the preséitbe probe. Different parameters for the UVP polvere tested
and the density of the seeding particles was isedut the results revealed always the same paler other angles
the results were similar; so it was decided totheegrobe positioned in the horizontal positier=(90°, Figure 2b).

Probe measuring in the horizontal position - Sensibility analysisto UVP parameters

For the UVP probes mounted in horizontal positieig(re 2b), it was decided to perform the sengjbdinalysis to
UVP parameters chosen by the user (namely parasrieter? identified in Figure 1). Next, only thesuéts of the start
and end channel and the channels distance aresdéestuThe results and the values of the paranatemresented in
the Figure 4. The measurements were taken at ®0B&m the bottom.
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Figure 4. Velocity measurements:. (a) for five channel widths; (b) for five combinations of the start and end

channel. (ParametersNumber of cycles: 4; Number of repetitions: 32jgédevel: 6; Maximum depth: 175.01 mm; Velocitpga: [0;0.779]
(m/s) ; Number of samples: 1024y Figure 4a: Channel width: variable (see legend); Start chirfddemm; End channel: 98 mrm Figure 4b:
Channel width: 0,46 mm; Start and end channelsialffes (see legend Start end / End Channel))

From Figure 4a it can be concluded that as thamtist of the measuring point to the probe increeemeasured
velocity decreases by up to 10 %. This effect is tuthe weaker echo coming from particles farff@m the probe.
This reason also explains the results presentEdyure 4b. Another possible reason for the biggattsr in the results



of the streamwise velocity in Figure 4b) is thd&dher end channel results in a longer perioccoéiving mode of the
probe. It means that the probe will have more timeeceive reflections from the flume walls.

This could also be the reason for the scatteranvelocity values for channel far from the UVP mroBesides that, the
divergence of the US beam can also have some ntftlueDue to that divergence, the sampling volunmoif the
same size in the entire measuring axis. It is biggéhe channels that are farther away from tlaber catching
particles that are around the beam centre. If walu¢he initial zone are chosen, measurementsinesh@ost constant
(until 90 mm from the probe the larger differens8%).

Probe measuring in the horizontal position - Influence of seeding on the measur ement of the streamwise velocity
As a consequence of the previous findings, thisyaisawas done with the UVP probe positioned hartatly. For
evaluating the influence of 4 different seedingditons, the time-averaged values of velocity aiedi with the UVP
system were integrated over the cross-section &mnd eompared to the discharge measured usingebarhagnetic
flowmeter. The mesh for cross-section integratianudes 12 verticals with 13 measurement pointh eae (total of
156 measuring points).

It should be noted here that the method propos&biing and Nikora (2002) was used to detect aptace the spikes
of the velocity time series. This method is basedhe phase-space threshold method that is corsidehe the most
suitable for detecting spikes. After the detectibie, replacement of the spikes is made using 12pon either side of
the spike to fit a third-order polynomial that igdrpolated across the spike. The number of spikése series
obtained using each seeding particle could be asexuh indicator of the quality of the measuremehtsummary of the
spikes found in the measurements is presentectiimable 4, where the results without seeding shaetnmore spikes
than the results with seeding. The crushed nut seems the best seeding, rendering the lower nuaiflspikes.

Table 4. Spikes counting for whole data (116,550 samples) and per time series.

UVP UVP UVP UVP
(No seeding)| (Crushed nut shell) (Bakelite) | (Silica powder)
Total Spikes detected 1888 869 117§ 1123
Spikes detected per time serigs 17 8 11 10

The results of the cross-section distribution widiaveraged velocity are presented in the Figuidéy are all very
similar.
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Figure5. Cross-section distribution of time averaged velocity for different conditions (a) no seeding; (b) crushed
nut shell; (c) bakelite and (d) silica powder. (Parametersnumber of cycles: 4; number of repetitions: 32isédevel: 6; Maximum
depth: 175.01 mm:; Velocity range: [0;0.779] (mfs)mber of samples: 1024; Start channel: 34 mm;dBaginel: 98 mm; Channel width: 0,46 thm

Discharge obtained by integrating the time averaggacity fields over the cross-section are preseim the Table 2
for the four seeding conditions.

Table 2. Dischargesresulting from the velocity integration for the four seeding conditions; comparison with the
measur ement of electromagnetic flowmeter.

Electromagnetiq UvP UvP UvP UvP
Flowmeter (No seeding) | (Crushed nut shell) (Bakelite) (Silica powder)
Discharge (I/s) 13.9 13.7 13.9 14.0 13.9
Deviation (%) - -1.4 0 0.7 0

The differences between different seeding conditimme very small but bigger than the flowmeterraniee (0.3%). In
two cases, the difference to the flowmeter is\Wihen the probe is set in the horizontal positiot ane is only



interested in getting the total discharge, the n@hitontamination of the water seems enough t@agetptable results.
Still, for more accurate results, appropriate seggiarticles should be added.

By applying the Clauser’s method (Coles, 1968htoresults from the inner region of the flow in thés of the flume
the friction velocity,u-, has been determined. The channel is hydraulisafigoth (1.k_ /v =3.1, wherek_ is the

Nikuradse’s equivalent roughness). The verticafilgroontains eight points in the inner regiom.(y/d < 0.2, wherg
is the height andl is the water depth). The log-law

u_ LOQ(LL_VJ B @)
u K \

can be transformed and fitted to the average lodiitl velocity measurements so as to deliver expertal values of
u- and B, as soon as the von Karman constant is.fikesuming< = 0.41, it was possible to calculate the valueB of
and u included in Table 3 for the four seeding conditi@s well as for the Pitot tube.

Table 3. Values of thefriction velocity obtained for different seeding conditions.

Fromthe channel | ;p UVP UVP UVP Pitot tube
slopeU, =,/ gR)i (No seeding)| (Crushed nut shell) (Bakelite) | (Silica powder)| measurements
B () 3.09 4.99 3.70 3.66 5.03
u- (m/s) 0.0234 0.0280 0.0250 0.028y 0.0286 0.0251

Despite of some scatter found in the evaluatiotheffriction velocity from different seeding coridits, the values
obtained seem reasonable. The values of frictitocitg, u., obtained with the log-law are higher than theueal
computed from the channel slope, confirming thdifigs of Bironet al (2004). For the value &, Cardoso (1990)
suggests 5.1 for uniform flow. In the present wdok,the different conditions, values between 388 5.03 were
obtained. Bearing in mind the robustness of thetRitbe measurements, the best values issued fidihdde obtained
with crushed nut shell as seeding particles.

Turbulenceintensities and 2d time aver aged velocity measur ements

The measurements of streamwise and transversetieogere done in the axis of the flume crosshgWS beams of
two probes as shown in the Figure 2c. Taking ilctmant the results presented previously, the measemts were
made using crushed nut shell particles as see@ihmgresults of time averaged velocities and turiulgensities ’
andv’ for streamwise and transverse turbulence intes3itn the axis of the channel are presented iar€i§. As
suggested by Bombat al. (2008), the probes worked alternatélg, after one probe collecting a sample, the UVP
system switch to the other probe, collecting anosaenple. The angle between each probe and thedilestion is 45°
and the angle between the probes is 90°.
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Figure6. 2D Velocity vertical profilein the middle of the flume (a) and turbulence intensities (b)
(Parameterst = 1480 m/s, number of cycles: 2, number of réjpes: 256, Noise level: 6, Maximum depth: 109.89,Welocity range: [-0.623;
0.618] (m/s), number of samples: 2100, Start chianfd.99 mm, End channel: 108.32 mm, Channel wids7 mn).

In Figure 6a the results obtained using the Pitlé tand the results computed with the log-law psedovithB = 5.1,
are also presented for comparison. Computing tbedin velocity with the Clauser’'s method, as ie tirevious
section, one obtains = 0.0236 m/s anB = 5.03 for the two UVP probes set-up. The reslitsv a reasonable
agreement with the log-law, although the two prodesup seems to give slightly lower streamwisediéks than the
Pitot tube.

Analyzing hot-film anemometry data, Nezu and Nakeay§1993) recommended the following exponentialsiaov
express the turbulence intensities in the streamwisand in the cross-wisg;, directions.

u =2.30exf{-y/h) 3)

£l< £

=1.63ex{-y/h) (4)



Equations (3) and (4) are shown in Figure 6b witeeestreamwise (obtained with one and two probed)ti@nsverse
turbulence intensities are presented. The resutte & good agreement of the streamwise turbulereesity obtained
with one and two probes. The transverse turbulérteasity has a worse agreement with the expordatiaof Nezu
and Nakagawa (1993), especially in the outer I@yer> 0.4).

CONCLUSIONS

A set of experiments was performed in order toaital the quality and precision of the measuremeitisa UVP
system in a open-channel flow. For this analysfferent configurationsdf. Figure 2) and different seeding conditions
were used. For diagonal positioning of the prolwegis not possible to obtain accurate vertical fFsfof the

streamwise velocity. Even using different partidssseeding added to the water, the results wereonect, revealing
effects of reflections from the channel bottom.

For horizontal positioning of the probe the resiriten different tests (changing the start and emghoel and the
channel width) showed that a weaker echo coming fitee particles distant from the probe generat¢only a
reduction in the velocity values but also sometscalevertheless, the results near the probe reataiurate without
significant differences between the measuremehk&ntaith different parameters.

Regarding the influence of seeding conditions ddyeth and cross-section averaged results showaetiagreement,
irrespective of the type of seeding condition. Tdwlaw was successfully fitted to the values & trertical profile of
time averaged velocity in the axis of the flumeeMalues obtained for friction velocity and for constar® are
sensible to seeding conditions, being the besttsesbtained with crushed nut shell that has a diamslightly higher
than the theoretical minimum diameter.

By crossing two probes, the 2D velocities profaées the turbulence intensities were obtained rawgatasonably
good agreement with analytical exponential laws.
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