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PERFORMANCE OFATILT CURRENT METER IN THE SURF ZONE

Asger Bendix HansénStefan CarstensirDrude Fritzbgger Christensesnd Troels Aagaafd

Abstract

Tilt Current Meters (TCM'’s) are relatively simple aimxpensive instruments for measuring currentsviers and in
the sea. Their low cost and easy deployment mémstrelatively large number of TCM’s can be deptbgompared
to more conventional current meters such as Acowtippler Velocimeters (ADV'’s) or Acoustic Doppl@urrent
Profiler (ADCP’s). Although, the accuracy of the ividual measurements may not be as good as coonahtturrent
meters, the possibility of deploying many instrumseis a great advantage when studying spatial ti@mg in flows.

This is especially the case when data is later dsecomparison with numerical models whose resafts also
associated with considerable uncertainty. Previstugies have mainly considered steady currentdal fiows in

which velocities were relatively low and the imgorte of waves limited. The presence of waves adusrer of
important challenges to the measurements as thedyaiamic forcing changes and the oscillationdhefTCM cannot
necessarily be averaged out as for a steady cuifaig study addresses some of these challengesddyzing the
performance of a TCM in the surf zone where wavéalrinotion is dominant.

Key words. coastal hydrodynamics, surf zone, observationairigeies

1. Introduction

In recent years, the use of tilt current metersNfELas a method for measuring flow speeds in thehss
received renewed attention. With the emergence af kost micro-electro-mechanical (MEMS)
accelerometers and microcontrollers it has becawssiple to construct a TCM at costs which are ardér
magnitude smaller than the conventional flow metehsch are otherwise used, e.g. Electro Magnetic
Current Meters (EMCM), Acoustic Doppler VelocimetdADV) and Acoustic Doppler Current Profilers
(ADCP). Although the quality of the flow measurermaith a TCM cannot compete with the conventional
methods this may be an acceptable trade-off inscadeere spatial variations in the flow field are of
interest. This is especially the case when measmtsmare intended for comparison with numerical
modelling, the outputs of which often have a langecertainty than the field measurements.

Figurski et al. (2011), Lowell et al. (2015), Maactt et al. (2014), and Radermacher et al. (201%¢ b
recently studied the performance of TCM's in diffier coastal flows. The TCM’s used in these studieyg
in size and shape (typically spherical or cylindfidout the flows considered have mainly been titbai's
with current speeds smaller than 1 m/s. One exaejsiFigurski et al. (2011) who used a TCM toreate
wave conditions by looking at the standard deviatib the TCM tilt. Results from previous studie®wsh
that TCM’s can deliver quite good accuracies (0r35, Marchant et al., 2014 or 2% Lowe et al., 2015)

The promising results observed in these studieswrage further development of the technique soithat
might be applied in a wide variety of flow condiigd More specifically, we are interested in devilgp
the use of TCM’s in the surf zone. The presencwafes adds a number of important challenges to the
measurements as the hydrodynamic forcing changgsnation of the TCM may affect the measurement.
Some of these issues were addressed by (Hanse@amsténsen, 2017) who investigated the behavior of
generic TCM's in waves theoretically and in a serad laboratory experiments. The generic TCM's
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covered a spherical floater and various cylindrit@hters with hemispherical end caps. Based os dhi
recommendation was given for dimensioning a TCMadlé for use in the surf zone.

An opportunity to do an ad-hoc field test arosardythe study reported by Hansen and Carstenselvj20
This paper presents the result of this field testhe field test, the measured flow velocity ofeoof the
TCM's tested by Hansen and Carstensen (2017) wagpaeed with those made by a nearby positioned
ADV.

2. Measuring principle

A TCM (Figure 1) estimates flow spedd, from measured tilt angl®, given a known response curve. The
generic tilt current meter shown in Figure 1 haylandrical flotation body of lengthwith circular cross-
section and spherical end caps. The pivot pointatoed with the stiff tether limits the degrees i&edom

of the floatation body to pitch and roll.

Two issues have to be addressed in order to estahliheoretical response curve for an unsteady flo
(Hansen and Carstensen, 2017). First, the in-liydrddynamic load has two contributions (drag and
inertia forces). Secondly, the natural frequencyh&f TCM could coincide with frequencies in thewflo
causing resonance.

Regarding the in-line hydrodynamic load, the reltimportance of the drag force and inertia foroe a
described by the Keulegan-Carpenter number

KC=—m 1)

whereU,, is the maximum wave orbital velocify,= 1/f, is the wave period,, is the wave frequency and
D the diameter of the body. The drag force become®asingly important as th&C number is increased.
For example, a fixed cylinder may be consideredy-di@minated forKC numbers larger than 20 — 30
(Sumer and Fredsge, 2006). This suggests thataimeday be neglected as long as the TCM is suffilyien
small.

The natural frequency of the TCM may be estimatga@dnsidering the TCM as an immersed pendulum
damped by viscous and inertia forces (Sumer andskes 2006). Hence, the natural frequency can be
expressed as

f = 1 F )
" 277\ L (m+m) )
whereFg is the net submerged weight (equationd)s the massn’ = pC,V is the hydrodynamic mass in
which C, (= ¥z for a sphere, hence %C,, < 1 forl > 0 in an ideal fluid) is the hydrodynamic mass
coefficient of the floatation body, and, is the distance from the pivot point to the cemtemass of the
floatation body (see Figure 1). Assuming a unifanass distribution in the floater this distancéjss L +

%(D + 1), whereL is the tether length arid is the diameter of the floater. The natural freuyeof the
TCM should be sufficiently larger than the expectemle frequencies in order to avoid resonance and a
frequency dependent response curve. This can hevachby carefully choosing the dimensions of the
TCM.

With this in mind, the theoretical response curaa be determined by considering the force balamtkee
angular direction (see Figure 1) between the dvegefFp 4, and the net submerged weight
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Fgsin@) = Fy 3)
The net submerged weight can be written

Fg = g(pV - m) (4)

where pgV is the buoyancy force on the floatation bogdyis the density of wateig is gravitational
acceleration, an¥l is the volume of the body.

The drag force in the angular direction can be esgrd using the cross-flow principle (Sumer andsae,
2006) by

1 1
Fop= EpCD AUZ = EpCD Acog (8)U? )

whereC; is the drag coefficienf is the frontal projection area of the floatatiosdp andU, = U-cosf) is
the velocity normal to the floatation body axiseddly, the drag coefficient assumes an approximatel
constant value (Hansen and Carstensen, 2017)c@hibe achieved by carefully choosing the dimerssion
of the TCM.

Inserting the expression for the two forces (Equei4 and 5) into equation (3) and solvingUogives

_ /tan(é’)

wherek is a function of the TCM properties (essentiallggs and diameter) as well as the drag coefficient

_[29(pV -m)
k= /—pCDA (7)

Equation (6) and (7) can be used to obtain the 8peedU, from the tilt anglep. The flow direction is
given by the tilt directionp. The flow speed and direction can then subsequéeticonverted into the
horizontal velocity components é&ndv) of the flow.

Fy

Fysin(6)

pivot poinf’"*..:f::

Figure 1. Definition sketch of a generic tilt curteneter with a stiff tether of lengthand a pivot point that only
allows pitch 8, and roll motiong. The floatation body is a circular cylinder havitigmeteD and lengtH with
hemispherical end caps. Flow spegdis derived from the tilt anglé,
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3. Technical specifications
The left panel in figure 2 shows the prototype T@Ml Table 1 lists its dimensions.

The floatation body of the TCM is tethered withigid carbon fiber tube to a watertight box through
flexible rubber tube (the pivot point). Accelerometgyroscope and magnetometer (9-DOF) are mounted
inside the floatation body. Electrical wires rusitge the tether and connect the sensors to a moictadier
(Arduino Pro Mini) located in the watertight boxoah with a real time clock, SD-card for data loggand
batteries. An absolute pressure transducer is raduntthe bottom of the watertight box and is reledr
with the same microcontroller ensuring synchronmessurement of tilt and direction of the TCM aslwel
as pressure. The water surface elevation can beatéstl from the measured pressure. Surface elevistio
important, as the TCM has to be submerged in dadgive reliable data using equation 6.

Equation 6 is the so-called response curve foltbBl. It can be used to convert measured tilt ahglen
estimate for the flow speed. The coefficiénin equation 6 equals 0.42 for the present TCM. fibkt
panel in Figure 2 shows the response curve forit@isl. Also included in the figure is calibrationtddor

both steady current and waves. The calibration dats measured in dedicated laboratory tests at the
hydraulic laboratory at the Technical Universityl@énmark. Details of these laboratory tests arergin
Hansen and Carstensen (2017).

The orientation of the floatation body in a staipn position can be determined from the measured
accelerations with respect to the gravitationddfi@he z-axis of the accelerometer is positiornedirie
with the tether with the positive direction upwardisis means that the accelerometer measagea,( a,)

= (0,0,-1g) when the TCM is in the vertical positidHerea,, a, anda, are the accelerations in the local
coordinate system of the floatation body.

Since the TCM is limited to roll and pitch motioorthogonal to the accelerometers z-axis) then theze
no inertial accelerations and the only contributiom, is the gravitational acceleratiog, Hence, tilt angle
of the TCM can be easily determined also in a rtatiesary state by

— ~ncl| &
g= -z
cos ( J (8)

The tilt direction,¢, of the floatation body in the stationary positioan likewise be determined with
respect to the gravitational field.

g= cos? L g= sin™® L )

or
2 2 2 2
Jai+a; Ja, ta;

Using this relationship also in the non-stationatate result in errors resulting from e.g. inertial
accelerations iy anday. It is possible to compensate for this error bsnbming the acceleration readings
with the gyroscope reading. The two common methimdsapplying this compensation are known as
complementary filter and Kalman filter. Applyingcufilters would remove much of the error caused by
inertial motion of the TCM as well as electricalise This type of filtering has not been perfornedhe
present post-processing.

Equation (6) and (7) can be used to obtain the 8peedU, from the tilt anglef. The flow direction is

given by the tilt directionyp. The flow speed and direction can then subsequéetconverted into the two
horizontal velocity components éndv) of the flow along the X- and Y-axis of the TCM.
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a a
u=U—>— and V=U—=2

The final step is to use the magnetometer to defieee velocities relative to the geographical dmate
system (i.e. as cross-shore and long-shore velocityponents).

To achieve a greater accuracy, the response cuayebm fitted to the calibration data rather thaimgis
equation 6 and 7 (see Hansen and Carstensen, 2IMig)was utilized in the present post-processing.
Furthermore, in the present treatment of the daige on the measurement was removed by filtehieg t
calculated components of flow velocity with a 2ldwvlpass filter using a hamming window.

Table 1. Properties of the present tilt currentemet

L [mm] | [mm] D [mm] V [cm?] Alcm? m [g] k m* = m/(pV) f, [

100 50 32 57.4 24.0 28 0.42 0.49 1.06

1.8

o Current
®  Wave
Response curve

0 10 20 30 40 50 60 70 80
0 (degrees)

Figure 2. Present tilt current meter. Left: Picttaken in current flume at the hydraulic lab atTeehnical University
of Denmark (DTU). Right: Response curve (Hansen andt&@ssen, 2017).

4. Field experiment

The performance of the prototype TCM in the sumieavas tested in conjunction with the TASTI field
experiment (Brinkkemper et. al. 2017) which wasriedr out in September and October 2016 at Vejers
Beach on the Danish North Sea coast. Vejers Beaphriences semidiurnal tides ranging from 0.6 m
(neap) to 1.2 m (spring) and has a multiple (3-d) fystem. As part of the experiment, a rig coiagin
three acoustic current meters (SonTek ADVOcean geplwvas deployed on the seaward flank of the
intertidal bar (Figure 3). One of these ADVs isdises reference to the present TCM measurement. The
TCM was deployed at the same cross-shore locatiowever separated by approximately 1.5 m in the
longshore direction from the reference ADV. The T@lsls placed at approximately the same height above
the bed as the reference ADV.

The ADV measured in periods of 30 minutes everyrhwith a sampling frequency of 10 Hz. Flow
velocities were rotated numerically in order to mmize small tilt errors of the sensors. Instrumeoise in
velocity time series recorded by acoustic sensorgery common, especially, in the surf zone duthé&
presence of air bubbles and data points with aasigorrelation value lower than an applied threghufl
55 % were replaced by a filtered value obtainethfen0.5 second moving average.
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The spatial distance between the TCM and the ADWsidt allow for a direct comparison. For this i@as

no attention was given to synchronize the clocklenTCM and the ADV'’s. Still, the relatively unifor
coastal profile suggests that the time series tfcity estimated from the TCM could be comparedhwit
the velocity measured by the ADV provided a cramsadation was first performed. The cross-correlati
was performed using the cross-shore velocity compbrand subsequently applied to the longshore
velocity component as well. In this way, comparabiee-series of cross-shore and long-shore veldoity
both the TCM and the ADV was obtained. The datanfilhe TCM (and pressure sensor) has been
organized in a similar way as the ADV data eventftothe recordings cover the entire deploymenbpleri

During the period of the TCM deployment the wavaditions were gentle with a small, long period dwel
(Hs< 0.6 m andT, = 12 - 13 s) coming from the North West. These ciimis meant that waves were
breaking at the location of the instruments durpagt of the tidal cycle. Furthermore, there was an
observable longshore current towards the south.

Figure 4 shows the wave spectrum for the highesirdeed significant wave heightls. This significant
wave height was recorded just prior to high tideshewn in figure 5 (grey hatched area). The wave
spectrum and tidal variation were calculated basethe estimated surface elevation, which was ddriv
from the pressure recordings using a hydrostaditster function.

08 T T T T T
—~ 0.6 _
o
E 04r 1
=
202+ i
0 A /\\,_/\r—/v\/m | |
0 0.1 0.2 0.3 04 0.5 0.6

£

Figure 4. Wave (energy) spectrum on September @15 Between 17:00 and 17:36,= 0.6 m andl, = 13.3 s.
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Figure 5. Water level above the pressure sensavisgdhe tidal variation during the field experimehhe time series
start on September 21, 2016 at 14:00. The half-hetiod marked in grey is used for detailed congueribetween TC
M and ADV below. See also wave energy spectrunthigrparticular interval in figure 4.

5. Results

A time series of flow speed and direction was dmtifrom the accelerometer readings of the TCM as
detailed above. First, the accelerometer readirgye wrocessed to give tilt angle and direction.nT liee
response curve presented in figure 2 was applig¢detdilt angle to give the flow speed. Finallye thow
speed and direction was recalculated to cross-shark long-shore velocity components, and v,
respectively. Due to an issue with the magnetomettdre TCM, the rotation of velocity componentsrir

the TCM coordinates to long-/cross-shore directieas done based on the wave direction. The wave
direction was determined as the direction in whiwdh variance of the velocity was largest. Compatimg
wave direction in the TCM measurements to thathie ADV measurements allowed for the TCM
velocities to be rotated to the ADV coordinate eyst

Figure 6 shows a part of the 30-minute long crémses and long-shore velocity time-series measused b
the TCM and the ADV just prior to high tide whetetlargest significant wave height was recordea Th
cross-shore velocity component, measured by the TCM is seen to compare well thidh measured by
the reference ADV. All peaks are present in bathetiseries although there is a tendency for the pak
the TCM data to be slightly lower than in the AD®ta. This may be due to the low pass filtering &tz2

of the TCM data or it could be a sign that the dyeeurrent response curve is not valid right atpeak
where the flow is highly transient. One thing tdioe is that the natural frequency of the TCM isgant in
the velocity time series. It is particularly cledre.g. t = 1580 s in the cross-shore velocityaighown in
figure 6.

The long-shore velocity component, measured by the TCM is seen to vary rather sintdathat
measured by the reference ADV. However, it is appiathat there is an offset between the two sggnal
This offset could be caused by the spatial distdreteieen the two devices or possibly an offsetrarro
the roll angle.
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Figure 6. Comparisons of velocity components meabswith the TCM and the ADV. Time axis is relatieelt7:00
hours on September 21, 2017.

Another way of presenting the cross-shore and kimaye velocity components is as a variance spectrum
The variance spectrum farandv measured by TCM and ADV are all given in figurdrvthe range 0 €

< 0.8 Hz, the variance spectra for batandv measured by the TCM and ADV are practically ideaitat

the primary frequencies and quite similar at thghbr harmonics. The variance spectrum for the eross
shore velocity is practically identical alsofat OHz, while the difference in the mean long-shouerent
seen in figure 6 is naturally presentfat 0 Hz in the variance spectrum farThe peak frequency &
0.08Hz) is clearly visible in the cross-shore véjoand to a lesser extent in the long-shore véjogignal.
This indicates that the wave front approaches tasttine at a slight angle which is consistent wfita
generation of a longshore current. The second landl harmonic of the peak frequency are also nabte

in the spectrum for the long-shore velocity comptne

15 T T T T T T

L ———ADV| |
—— TCM

(m*s™)

= 0.5 _

0 0.2 0.4 0.6 0.8 1 1.2 1.4

| .. L I\ 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4
f(sh

Figure 7. Comparisons of the variance spectrurh@ftlocity components measured with the TCM and\Di&

In the range 0.8 £< 1.2 Hz there is actually a difference betweaenwvhiriance spectrum for e.g. the cross-
shore velocity measured by the TCM and the ADVuUFég8 shows the variance spectrum for the cross-
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shore velocity component on a logarithmic scaleis Ttighlights the difference between the signal
measured by the TCM and the ADV in the range 0f&4.2 Hz.

The natural frequency calculated using equation&so shown in figure 8 and is seen to coincida thie
range where there is a discrepancy between the-stage velocity spectrum measured by the TCM and
the reference ADV. Rather than creating a sharj pethe spectrum, the natural frequency of the TEGM
seen to affect a broader range of frequencies. @ansbe explained by a number of factors: Firataégn

2 assumes a small angle approximation to be vHlithis is not the case then the vibration equation
becomes non-linear. Secondly, the hydrodynamic rmasfiicient may not be a constant but influencgd b
the flow.

S m*s™h

f(sh

Figure 8. Natural frequency of TCM apparent in theance spectrum of the cross-shore velocity. ¥akrtliashed line
indicatesf,, calculated using equation 2.

Figure 9 presents scatter diagrams of the crosesral long-shore velocities measured with the AdDV
the horizontal axis and that measured with the T@Mhe vertical axis. For the cross-shore velocity,
most of the data points align close to the 1:1 livgicating a good correlation between the ADV dimel
TCM recordings. This was expected given the tintéesecomparison presented in figure 6 and the
spectrum comparison presented in figure 7.

For the long-shore velocity, the correlation appears to be not as good athéocross-shore velocity. This

is in agreement with what was observed in the tgases plots in figure 6. However, calculating the
standard deviation of the TCM velocities from th®MA velocities gives 0.12 m/s for both velocity

components.

1.2 - 1.2
“ L Read .
0.8 . e 0.8
et v 2.
0.4 ¢ o - 0.4
s
= o % i =
,U L3 &) Fpos,
= O & 1 &5 0r .
kX ' 4
-0.4 1 2 -0.4
:_o .:. 3 .!'.
-0.8 -0.8 SN o
08 -04 0 04 08 1.2 08 -04 0 04 08 1.2
uADV VADV

Figure 9. Scatter diagrams of velocities measuriéd te TCM and the ADV in the cross-shore directflaft panel)
and in the long-shore direction (right panel). Redd represent an exact match. The data set ctiveB9)-minute
burst recorded at 17:00 hours on September 21,.2016

A summary of the entire data set is shown in figl®dan the form of a comparison of mean velocites
standard deviations. The standard deviations aeckto the significant wave height and can treebe

952



Coastal Dynamics 2017
Paper No. 218

taken as a measure of the ability of the TCM tosueathe flow related to wave orbital motion, wtitie
mean velocities give an indication of the abilifyttte TCM to measure wave-averaged velocities.

Figure 10 illustrates that the general observatinade previously in the detailed comparisons alid f@r

the entire data set. That is, the wave motion ésgmted by the standard deviations) is capturedwell

by the TCM both in the long-shore and the crosgeshlirections. Regarding the wave-averaged flow the
TCM gives very good results for the cross-shore mpoment while there is a consistent tendency for the
TCM to somewhat overestimate the magnitude of theenaveraged long-shore current.

While this discrepancy could, in part, be due t® spatial distance between the two sensors itpsazd
mainly to be due to a certain degree of stiffneshé pivot point of the TCM. Similar behavior betsame
TCM was observed by Hansen and Carstensen (201@dssible explanation is that the forces from the
silicone tube which forms the pivot point are nosignificant. It may be that after experiencing an
asymmetrical pull over a period of time the tubdl wfhow some kind of hysteresis and be more easily
turned in one direction than another. Such unwah#ddvior could most likely be remedied by impragyin
the construction of the pivot point.

0.4 T H T T H T H T H T H T T T H T H T

R e S

0.2 +++++¢¢¢¢¢¢:’:—

0.1 4

u (m/s)

0r . . s ]

-0.1 M Y S P "t » | o

T T T T T T T T T T
0.2 + 4+ + i
. or N i
g
Y 02 b
04+ .y
-0.6 1 ] 1 I I 1 1 I 1 ]
14 16 18 20 22 0 2 4 6 8 10

hours

Figure 10. Statistics of the TCM (blue) and ADV (rldw measurements across the whole test peridthéan flow
velocities and ‘+' standard deviation from the meBop panel: cross shore velocity,Bottom panel: Longshore
velocity, v.

6. Conclusion

The present ad-hoc field test suggests that if gnigpdimensioned, a TCM is able to provide useful
measurements of flow in a wave-dominated enviroriragoh as a surf zone. The spatial distance between
the TCM and the reference current meter meantithahs not possible to quantify the accuracy of the
TCM but in spite of this, good agreement was fobetlveen the two measurements. Comparison of both
time series and spectra indicate that the TCM captuery well the wave orbital motion both in thiess-
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shore and long-shore directions. In the cross-stiveetion also the wave averaged velocity was veslf
captured by the TCM but in the long-shore directibe magnitude of the wave-averaged velocity was
overestimated. This overestimation is believedeabe to the construction of the pivot point and st
probably be remedied by improving the design ofgiivet point. All in all, the present results suggthat
TCMs could be very useful instruments for measungstal flows especially when the data is intended
for comparison to numerical models. In this case thduced accuracy of the TCM compared to
conventional instruments will often be insignifitamut the lower cost of the TCM will allow a much
greater spatial resolution which is an advantagenadalibrating or validating numerical models.
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