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ABSTRACT

A new acoustic Doppler current profiler, V-ADCP, for measuring water
velocity, level,and flow in openchannelsor large pipeswasdevebpedrecenty. V-
ADCP uses the broadband pulsed Doppler technology. A numeical model to
calculate flow using the V-ADCP measued velocity profile andwater level data was
devdoped and implementeal in the V-ADCP operaiton software. The numerical
mode is appropride and nocdibration is required for anarow chanrel. A V-ADCP
canalso be usedas an indexvelocity meter for a wide chanrel. Resuts from two
testsare presentedn this paper. The first testwas conductedn a 1-m diameterpipe
at the Nationd Large Water Flow Meter Test Cente in Kaifeng, China Theresults
indicated tha the V-ADCP measured flow agreed well with the standad flow meter
measuredlow. The second testwas conduded in a flume at the Hydraulic Model
Test 3 facility, Roya Irrigation Depatment, in Bangkok, Thailand. The results
indicatedthat the V-AD CP measured| ow was consistat with the 90 degres V-notch
weir measuedflow.

INTRODUCTION

Acoustic Dopplertechndogy hasbeen usedin measurig wate velocity and
flow in openchannelsor pipesfor mary years. Thereare two main types ofDoppler
systems: continuous wave (CW) Doppler and pulsed Doppler. They differ in
transducerdesgn and operatng feaures, signal procesang proceduresand in the
typesof informationprovided. CW Doppleris older, electronically simpler, lowerin
cost,and lessin accuacy. CW Dopplerinvolvescontinuousgeneration of ultrasound
waves coupled with continuous echo reception A two-head ceramic transducer
acconplishesthis dual funcion with one headdevoed to eachfunction. The main
disadvantage of CW Doppler is its lack of depth or distance discrimination. Tha is,
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since CW Doppler is constanty trangnitting and receivirg from two different
transduceheadsthere is no provisionfor rangegating As a mnsquene, the output
from a CW measurenm@ contains Doppler shift data from all scattersreflecting
ultrasoundvavesbackto thetransducealongthe courseof theacousticbeam.

A pulsed Doppler system usestransduers that aternate transmissionand
receptionof ultrasoundwaves.One main advartage of the pulsed Doppler is its
ability to provide Doppler shift datafrom smal segnents, referedto asthe 'cells’,
alongthe acousticheamsthrouch range gating. Therefae, a pulsedDoppler system
is able to measure velocities at multiple cdls and it is cdled acousticDopper current
profiler (ADCP).

According to pulsetransmitting receivirg, and signal processimg procedues,
ADCPs are classfied into three types: narrowband, pulse-to-pulsecoherent, and
broadbandADCPs. Among the three typesof ADCPs,the narrowtand ADCP has
thelowestprecisionandresolution;the pulse-to-pilse coheent ADCP hasthe highest
precision and resolution, but its profiling range and velodty range is the lesst. The
broadbandADCP techrology was introducedin 90es of the 20th century (RD
Instruments1997). Its precisionis about3-4 timeshigher and resolutionis about 10
times higher than the narowband ADCP. Broadband ADCPshave ben widely usal
in river or openchanrel dischage measuemens (eg., Lipscomb,1995; Simpson,
2001).

An ADFM (acaustic Dopplerflow meter)that employs the broadbandgulsed
Doppler technolgy was introducedin later 90es of the 20th centuy by MGD
Technol@ies (Metcalf and Edelhauser 1997), a subsidiay compary of RD
Instruments (now Teledyne RD Instruments). Recenty, Teledyne RD Instruments
developeda new broadland pulsedDopple tecmology based flow meter, namedas
V-ADCP (vertical acoistic Doppler current profiler). The V-ADCP is to be a
repla@mentof the old model ADFM.

In this paper,we first describe the system componrents andspecficaion o V-
ADCP, followed by flow calculationmethods. We thenpresentresultsfrom two tests.
Onewascondictedin a 1-m diameterpipe at the National Large Water Flow Meter
Test Centerin Kaifeng, China. The other test was conductedin a flume at the
Hydraulic Model Test3 facility, Royal Irrigation Departmentin Bangkok, Thailand.

SYSTEM COMPONENTS AND SPECIFICATION

Figure 1 shows a phob of the V-ADCP hardwvare which consistsof an
electronicshousirg, atransducerand anl/O cabk. A half of the electronics housing
containselectronicsboads and the other half is for internd battery. The transduer
has four heals: three of them are for velodity profiling and one(in the middle) is for
water level measuremant The velocity measuranent beans have a beam ange of
+20 degree in the flow directionand +25 degree in the crossdirection. The beam
width is 0.95degree. Eachbeammay have up to 50 \elocity measurenent cells so
that there may be atotal up to 150 measuementpoints a the cross-sectiorof a
channelor pipe. Table 1 showsV-ADCP velocity measurenent specificaion. The
acousitc water level sersor hasa frequengy of 600 kKHz. Its measuenment rarge is
0.1-10mwith anaccuacy of 0.1%+3mmand aresolution of 0.1mm.

4426



33rd IAHR Congress: Water Engineering for a Sustainable Envionment

Figure 1. V-ADCP hararecomponents

Table 1. V-ADCP velocity measurenent specificaion

Systemfrequeny 2400kHz

Numbe of cdls 3-150 1-50ateachbeam

Cell size 3-20cm

Maximum profiling range 5m

Blanking distance 3cm

Measurerentrange +5m/s[default +20m's [maximum]
Accuracy +0.5%= 0.2cm/s

Resolution Imm/s

Maximum dataoutputrate 1Hz

Note the maximum profiling range depends on tempeaature, sdinity, and solids
concentation.

FLOW CALCULATIO N METHODS

A V-ADCP measuresstreamwise velocity profiles and water level Two
methodsmay be anployed to calculateflow usingthe velocity and waterlevel data.
Oneis a numericalmetlod andthe otheris index-velociy method. The principle of
the numeica mehod is to geneate the whole cross-setion velodty distribution
usingamahematical modd. Flow Q is cdculated by

Q = u(y.2)dydz )

A
where u (y,z) is the strean-wise veodty (perpendicular to the crosssedion)
distribution function (i.e., the mathematicalmodel); (y,z) is the crosssedion

coordinatesA is thewetted crosssedion area
A mathematical model for velocity distribution, developed by HR
Wallingford (1992), wa used for ADFM. The HR Wallingford model has six
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unknown coefficient that needto be determined by regressionof velocity data.
However, the HR Wallingford modd was found unstéle, somdimes resulting in
significant uncertainty in the cdculated flow.

We devdoped a simple mahematical model that has only three unknown
coefficiens. A numerical scherme wasdevelopa to implementthe modelfor flow
cdculation. The channel crosssedion is first divided into a grid with squae or
rectanguar elements. Thevelodties at al nodes of thegrid are then cdculated using
the modd with the coefficients determined by regression andysis of the V-ADCP
measured velocities. Finaly, a Gaussian numeical integration is applied to Eq. 1 to
calculate flow. The numerical flow cdculation methoddoesnot require calibration.
It is appropiatefor anarow chanrel, i.e.,a channel with asmdl width-to-depth ratio,
say, lessthan 3.

The principle of index-velocity method is to establish a rating for the
relationshipbetwesn the channelmeanvelocity V andindexvelocity V,. Theindex
velocity is the averagel velodty of the V-ADCP measured strean-wise velodties at
al valid cdls. Themean velocity is determinedby othe flow measuremat methods
suchas a moving boat ADCP method. Therebre, the index-velocity method is a
cdibration method and a V-ADCP is usal as an indexvelocity mete in this case.
The advantaye of the indexvelocity methodis that it canbe usedfor a wide channel
with a large width-to-depth ratio. In using the indexvelocity method,flow Q is
cdculated by:

Q=AxV ()

where

V=1(V,) )

wheref(V, ) is arating modd. Five rating modds may be used for index-velocity
rating (Table 2).

Table2. Ratingmodelsforindexvelocity rating

Ratingmodel Mathenaticalexpression
Linear (one paramete) V =hb +h)V,
Second-ordepolynomial V =b +bV, +hV,?
Power law V =hV,"
Compoundinear V =b +hyV, Vi Ve
V =b,+b,V, Vi V¢
Two paraneter linea V =D, +(b, +b,H)V,

Note: by, by, bs, and b, are rating coefficients; V; is a aitical velocity at which the two
linearrating modelsgive the samemeanvelocity value.

Both of the numeri@l and indexvelocity methodsare incorpoatedinto the
V-ADCP operationsoftware Q-Monitor-V. The softwareis usedfor system set-up,
real-timedata acquisitionand display, and flow calculation. It is alsousedfor data
playback andpostprocesing.
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TESTS AND RESULTS

This sectionpresentseallts from two tests. Thefirst test wasconductedn a
1-m diameterpipe at the National Large Water Flow Meter Test Center in Kaiferg,
China. The secondtestwas conductedin a flume at the Hydraulic Model Test 3
facility, Royal Irrigation DepartmentRID), in Bangkok, Thailand.

Pipe test. Thetestin a pipe at the NationalLarge WaterFlow MeterTeg Centerin
Kaifeng, Chinawas corductedon March 15 and 16, 2006. The facility hasa 20m
steady overfal water tower andmeasuresflow usingthe standardvolumetric method
with anaccuray of 0.1%of measuredlow. The purposeof the testwasto collect
V-ADCP data and standard flow data for the developmentand verification o the
numesical flow cdculation modd.

Figure 2 shows the test pipe line and the installation of the V-ADCP
transduceon the bottomof thetestpipesection. Thetest pipe line has a diameter of
1m andalengh of 40m During the test, wata was pumpedfrom an undeiground
reservoirinto the water tower. A congant water headof 20m waskeptin the pipe
line due to the overfall from the tower. The waterin the pipe was flowing and
enterirg into the measuementtankthroudh a commutatoror backto theunderground
reservoirthrough aby-passpipe. Theflow wasadjustedfive timesat2.35, 1.62,1.21,
0.70, and 0.40n7/s during the test; each flow was kept for about 20mins. Three
measurementdt eachflow were made using thevolumetricmethod.

Figure 2. Testpipeline and installationof theV-ADCPtransducer

The V-ADCP wasconfiguredwith cell size 5cm, numberof cells 22, blanking
distancebcm, samplingintervaland averaging interval 10s. At thesesetting, the V-
ADCP ping rate was 34 Hz. The V-ADCP run from 22:41:51to 00:46:31 and
collected 748sds of velocity prdfile data.

Figure 3 showsa comparisonof the V-ADCP measuredflow and the stancard
flow meter(the volumetic method)measuedflow. It can beseenfrom Figure 3 that
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the V-ADCP measued flow agrees well with the standardflow meer measiredflow;
thedifferenceislessthan 1.3%.It shouldbe menionedthattheflow datafor thetwo
low flows wereruled out andnot shownin the plot. It wasfound that the side lobe
effect was significantdue to less <atering materials at the two low flows, resuting
in biasedvelocitiesat the middle cells onthe two slantbeams
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Figure 3. Comparson of the V-ADCP measurel flow and the standad flow meter
(thevolumetricmethod)measiredflow in the pipe test

Flume test. The testin a flume a the Hydraulic Model Test 3 facility, Royal
Irrigation Department(RID), Thailandwas conductedon June 21, 2006. The test
flume wasabout50mlong, 0.99mwide, and 1mdeep. TheV-ADCPtranglucerwas
mountedon the bottomof thetestsectionof the flume. The downstreanof theflume
wasa pond. Thewaterwaspumpedout from the pondandtranserredthrouch a pipe
to the upstream,entering a flow measumg tank. The tank hada 90 degeeV-notch
installedto measurdlow.

TheV-ADCP wasconfiguredwith cell size 3cm, numberof cells 30, blankng
distance4cm, sampling interval andaveraging interval 5s. Two mgjor data fil es were
collected (othe smdl fil es were disregarded). The first and seconddatasetswere
collectedfrom 10:54:56to 11:25:36ard 11:42:04to 12:41:19 respectivey.

The test fadlity supplied a flow cdculation equation for the 90 degee V-
notchweir:

Q =0.01472H3>**/1000 (4)

whereQ is in m*/s; H is the head ontheweir in cm.
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On the other hand, acording to <ISCO Open ChannelFlow Measurement
HandbookZ Grant and Dawson,1995),the flow calcultion equationfor a standard
90 degreeV-notchweir iswritten as:

Q =1380H >° /1000 (5)

whereQ isin m*/s; H is in meter.

It is noticedthat Eq. 4 is dightly differentfrom Eq. 5. Both equationsare
used. Figure 4 showsa comparisorof the V-ADCP measuredlow and the V-notch
weir measurediow. It can beseenfrom Figure 4 thatthe V-ADCP measuedflow is
in themiddle of theV-notch measuredliow calculatedby Eq. 4 and Eq. 5.

0.18 ~
0.16 -
0.14 A
<£ 0.12
€ o1-
Q
< A
X 0.08 - A AAAAaAaa,
3
i 0.06 4
0.04 -
0.02 A
0 T T T T T T T T T )
11:38 11:45 11:52 12:00 12:07 12:14 12:21 12:28 12:36 12:43 12:50
Time
[—V-ADCP « WeirEq.4 & WeirEq.5|
Figure 4. Comparisorf the V-ADCP measued flow and theV-notch weir
measured flow in theflumetest
CONCLUSION

V-ADCP, the recently developedbroadtand pulsed Dopple systemfor open
channeland large pipe flow measuement,is a replacementf the old model ADFM.
V-ADCP can be usedin narrow channelsas a flow meter without a need for
cdibration. It cen adsobe useal in wide channds as anindexvelocity meter. Thetest
resultsfrom the 1-m diameter pipe & the National Large Water Flow Meter Test
Center in Kaifeng, Chinaindicated that the V-ADCP measurel flow agreed well with
the standardflow meter measuredflow. The test resultsfrom the flume at the
Hydraulic Model Test 3 facility, Royal Irrigation Departmentjn Bangkok, Thailand
indicatedthatthe V-AD CP measuredlow was consistat with the 90 degres V-notc
weir measued flow. However, future teds are required to verify V-ADCP flow
measuremerdccuacy in openchanrelsor large pipesat avariety of conditions.
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