NEW ACOUSTIC METER FOR MEASURING
3D LABORATORY FlLOWS

By Nicholas C. Kraus,' Member, ASCE, Atle Lohrmann.? and
Ramon Cabrera’

INTRODUCTION

The U.S. Army Engineer Waterways Lxperiment Station (WES) operates
a large number of physical-model tacilities, encompassing several thousand
square meters of water surface. ‘These facilities, used in support of both
engineering and basic hvdraulic and wave rescarch studies. encompass
broad range of applications. including udal and niver flow. spillway design,
ship navigabilitv, breakwater stability and riprap protection, movable bed
modeling, spectral coastal wave modeling. and wave-generated currents.
Two- and three-dimensional, steadv and unsteady, and laminar and tur-
bulent water tflows are generated in these faalities that range in size from
laboratory scale to near-prototype scale. Also. although many modcels are
housed n enclosed shelters, others stand open to weather. Most models in
shelters are exposed to ambient atmosphere temperature and humidity tluc-
tuations.

Under these different phvsical and tlow conditions, and with different
requirements tor accuracy. point flow measurements are made with a wide
variety of custom-made and commerctal devices. Such devices include laser-
Doppler velocimeters (LD Vs) o micropropelers. time-of-flight acoustic-type
current meters, clectromagnetic current meters. and Pitot tubes. A new
rescarch mitiative to study the hvdrodvnamres at inlets and entrances. which
mvolves tidal flow. wave transformation. wave-induced currents, and wave-
current mteraction, prompted formation of an interlaboratory commuttee
at WES to determine technical specifications for a new three-dimensional
(3D3) current meter. The objective was to develop a current meter that could
be deployed on most tacthties, while meeting technical spectfications of the
users and reducing requirements of support staff in maintaining several types
of meters.

This note mtroduces main requirements tor the new current meter, the
3D acoustic-Doppler velocimeter (ADV) developed. and selected results of
performance tests.

REQUIREMENTS

The requirements for the new current meter can be divided into two
categories. practical operation and technical specifications. Main require-
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ments for practical operation were relatively modest cost (less than ap-
proximately $10.000, including hardware and software) so that a wide-area
model project could afford several devices: casy portability: mechanical
ruggedness to withstand normal activity and frequent relocation on large
physical models: environmental rugm.dnus to withstand changes in tem-
perature and humidity: sufficiently small size so as not to disturb the flow;
stability over long time periods to eliminate frequent calibration: use of
normal power with standard electrical component safety: and intertace ca-
pability with common personal computers and mainframe data-acquisition
systems.

‘The operations requirements suggested investigation and development of
an acoustic-type device based on the Doppler-shitt vclocit_\'-mcu.wrcmcnl
principle. Such devices are relativelv insensitive to drift due 1o aging
components and environmental factors, and they have seen routine use in
occanographic applications. The main question was whether o miniature
Doppler-type 3D current meter could be developed to satisty the technical
requirements. Another general conclusion was that a point- type current
meter, as opposed to an instrument that can profile through the water
column, would satisty the majority of present needs for flow measurements
at WIS,

Not all the technical requirements can be described here | but several basic
ones are as tollows.

«  Measurement of 3D current with resolution 001 mmyes over the range
010 2.5 mis.

+ Accuracy better than +0.23% or = 0.25 emi/s. whichever is greater.

« Controllable sampling rate up to 25 Hz.

+  Operating depths: minimum depth 20-30 mm for horizontal velocity
only. and 55-70 mm for 3D velocity: maximum depth 5 m.

«  Minimum distance trom sampling volume to boundary of 5 mm.,

«  Operating temperature range 0°C to 40°C,

+  Minimum flow disturbance. to be evaluated in performance tests.

DESCRIPTION OF CURRENT METER

A six-month development project. including two sets of tests at WES in
several different model facilities. as well as calibration tests in a tow channel.
led 1o final design and fabrication of the 3D ADV. In a tvpical configuration,
the system consists of a probe attached to a 7-mm thick, 40-cm-long stem
thatis casily attachable to and detachable from asignal conditioning module.
A cable of up to 30-m length connects this assembly to the signal processing
module, installed in a 386/486 personal computer. which also serves as the
power supply. The signal processing 1s controlled by a menu-driven intertace
in which data-collection parameters, such as sampling frequency and du-
ration. and signal graphical display in engineering units and at various scales
can be controlled. Ready detachability of the probe and stem from the
conditioning module allows interchange ot stems of different lengths and
configurations as, for example. stems with right angles for reaching around
model structures.

Fig. 1 shows the prototype probe and stem. and Fig. 2 shows details of
the probe. To mecet the requirement for mimmum operation depth, the
sampling volume s located 50 mm tfrom the probe. This distance is com-
mensurable with an operating frequency of 10 MHz and permits use of
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SCALES

FIG. 1. Measurement Probe and Stem

. ‘\\
Sampling volume A N

A .=

FIG. 2. Measurement Probe

small, narrow-beam. ceramic clements, giving subcentimeter spatial reso-
lution. Three receivers are placed at 1207 azimuth angles. The angle between
cach receiver, sampling volume. and transmitter 1s 30 This angle was de-
termuned through a balance between probe size and statistically induced
variance in the horizontal velocity components. In the present configuration

408



Horizontal velocity component (cm/s)

Receiver2 . R

. eceiver 1
e Transmitter / \\\\\

Bistatic angle

FIG. 3. Acoustic Beam Configuration

40

30

10

-10

ADV : Solid line
-30 )
LDV : Dash-dotted line

0 2 4 6 8 10 12 14 16 18
Time (s)

FIG. 4. ADY and LDV Comparisori

20

cach receiver arm s 27 mm long, and the variance is typically less than |
(cm/s)-.
Fig. 3 shows the operation principle of the Doppler measurement tech-
mque. The transmit transducer produces periodic short acoustic pulses. As
the pulses travel along the beam. ambient scatterers such as microbubbles,
suspended sediments, or sceding material. scatter a tny Iraction of the
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acoustic energy. These acoustic echoes are detected by the receive trans-
ducers if they originate at the sampling volume defined by the intersection
of the transmit and receive beams. The frequency of the echo is Doppler
shifted according to the relative motion of the scatterers, assumed to be
traveling with the velocity of the fluid flow. Orthogonal components, such
as the indicated v, and . of the total velocity vector V can be computed
by knowledge of the geometry of the beams.

The velocity vector obtained from the ADV 1s determined by the three
measured velocity projections and a transtormation matrix that incorporates
the relative position of the three recetver arms and transmit transducer. The
transformation matrix can be determined empincally by calibrating the sys-
tem at onc speed and will remain constant if the physical dimensions or
geometry of the probe remain unchanged. Given a correct transformation
matrix, a highly accurate 3D velocity measurement system is assured if the
Doppler output 1s hnear over the full velocity range.

The strength of the echo relative to the clectronic noise level can be
expressed as a signal-to-noise ratio (SNR). The SNR 1s a central parameter
in ADV operation and 1s a measure of the scattering strength. The ADV
interface reports this quantity. and 1t has been found that a 20-dB SNR
assures reliable velocity measurement. Microscale and larger wair bubbles
serve as excellent natural seeding for achieving a high SNR.

EXAMPLE RESULTS

As part of the ADYV evaluation, tests were conducted in a spillway model,
two-dimensional (2D) wave channel. 3D wave basin, ship navigation model,
a ncar-prototype scale rip-rap test circular channel, and a precision tow
channel. Three example results are presented.

Fig. 4 compares concurrent measurements of the honizontal component
of the wave orbital velocity under random surface waves made with a 2D
Dantec Corporation LDV and the 3D ADV. The sull-water depth in the
wave channel was 0.3 m, and the sampling volume of both instruments,
aligned visually, was located approximately .15 m below the water surface.
The broadband random waves had mean period of 1.0 s and root-mean-
square wave height of 0.15 m. The LDV sampled at 50 Hz and the ADV
at 25 Hz. Fig. 4 shows good visual agreement in shape and peak of the
oscillatory signals from the two instruments. Lincar regression was per-
formed on the data sets, giving a slope of 1.03 and offsct of 0.11 cm/s.
Similar good agreement was obtained for the much weaker vertical velocity
component despite the configuration of the ADV probe and stem being
aligned vertically 1in the wave channel.

The second example gives a result from a test in a 3D directional wave
basin. The ADV was placed just seaward of the predominant zone of broad-
band random breaking waves of zero-moment spectral wave height of 15.0
cm and spectral peak period of 1's. The waves arrived obhquely at a fixed
initial angle of 30° on a horizontal bottom that joined to a 1730 slope. The
ADY was in water depth of 32 cm and sampled at 16-cm depth. Fig. 5 shows
a Y-s segment of the record. The x-axis pointed positive onshore | the y-axis
alongshore, and the z-axis positive upward. The y-component of velocty
has a mean of — 2.2 cm/s and represents the weak scaward tail in the wave-
induced longshore current; the x-component of velocity had a mean of — 0.8
cm/s and represents the undertow, and, possibly. a spurious basin circula-
tion; the z-component has a mean of (.08 cm/s. which is below the estimate
of statistical variance for this short record. The honzontal flow pattern
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determined by the ADV agreed with qualitative observations of the move-
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FIG. 5. Example Result in 3D Wave Basin
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FIG. 6. Example Resuit of Tow-Channel Test

ment of dye injected near the meter.

The final example pertains to tow-channel tests conducted at NorthWest
Research Associates, Ine. (NWRA). in Bellevue . Wash. The NWRA chan-
nel s 9.75 m long and 0.91 m wide, and the test condition water depth was
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0.91 m. The ADV probe was attached to a tow carriuge mounted on top
of the channel that is driven by an clectrical motor. The carriage speed iy
determined both by tachometer and by clapsed time for the carriage to pass
three optical sensors located on the channel wall. The standard deviation
of these four speed estimates was 0.2% over the range of 1 10 250 ¢m/s,

Fig. 6 shows the ratio between carriage speed and d]()HL channel velocity
component over carriage speeds from 10 to 250 cm’s. The output is lincar
with = 0.25% over a range of 15 to 250 cmys. To assure complete satisfaction
of the accuracy requirements. calibration in a single-speed tow channel
accurate to +0.1% 18 required. A tow channel that meets this specification
is under construction. Rotation of the probe around the vertical axis in the
tow-channel test mintmally changed the measurement. The difference be-
tween a worst-case configuration (one probe ahgned directly into the flow)
and the best-case configuration (tflow between two receivers) was less than
0.5%.

CONCLUSIONS

A new 3D ADV has been designed and successtully tested in a variety
of engincering physical-model settings involving oscillatory flow and uniform
flow. The current meter showed good linearity in magnitude and direction
in uniform-flow tow-channel tests, The ADV s :u;:,g,ui and can be deployed
and relocated castly to measure 3D water velocity i facilities and flow
regimes encountered in most hyvdraulic laboratory situations. Future de-
velopments of ADV technofogy include a field version and a profiling ver-
S10M.
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