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ABSTRACT

A new acoustic Doppler current profiler, V-ADCP, for measuring water
velocity, level,and flow in openchannelsor largepipeswasdevelopedrecently. V-
ADCP uses the broadband pulsed Doppler technology. A numerical model to
calculate flow using theV-ADCP measuredvelocity profile andwater level data was
developed and implemented in the V-ADCP operation software. The numerical
model is appropriate and nocalibration is required for a narrow channel. A V-ADCP
can also be usedas an index-velocity meter for a wide channel. Results from two
testsare presentedin this paper. The first testwas conductedin a 1-m diameterpipe
at theNational Large Water Flow Meter Test Center in Kaifeng, China. The results
indicated that the V-ADCP measured flow agreed well with the standard flow meter
measuredflow. The second test wasconducted in a flume at the Hydraulic Model
Test 3 facility, Royal Irrigation Department, in Bangkok, Thailand. The results
indicatedthat the V-ADCP measuredflow was consistent with the90 degree V-notch
weir measuredflow.

INTRODUCTION

AcousticDoppler technology hasbeen usedin measuring water velocity and
flow in openchannelsor pipesfor many years. Thereare two main types ofDoppler
systems: continuous wave (CW) Doppler and pulsed Doppler. They dif fer in
transducerdesign and operating features, signal processing proceduresand in the
typesof informationprovided. CW Doppleris older,electronically simpler, lower in
cost,and lessin accuracy. CW Dopplerinvolvescontinuousgenerationof ultrasound
waves coupled with continuous echo reception. A two-head ceramic transducer
accomplishesthis dual function with oneheaddevoted to eachfunction. The main
disadvantage of CW Doppler is its lack of depth or distance discrimination. That is,
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since CW Doppler is constantly transmitting and receiving from two different
transducerheads,there is no provisionfor rangegating. As a consequence, theoutput
from a CW measurement contains Doppler shift data from all scattersreflecting
ultrasoundwavesbackto thetransducer alongthecourseof theacousticbeam.

A pulsed Doppler system usestransducers that alternate transmissionand
receptionof ultrasoundwaves.One main advantage of the pulsed Doppler is its
ability to provide Dopplershift datafrom small segments, referred to as the "cells",
alongthe acousticbeamsthrough range gating. Therefore, a pulsedDoppler system
is able to measurevelocities at multiple cells and it is called acousticDoppler current
profiler (ADCP).

According to pulsetransmitting, receiving, and signal processing procedures,
ADCPs are classified into three types: narrowband, pulse-to-pulsecoherent, and
broadbandADCPs. Among the three typesof ADCPs, the narrowband ADCP has
thelowestprecisionandresolution;thepulse-to-pulsecoherent ADCP hasthehighest
precision and resolution, but its profiling range andvelocity range is the least. The
broadbandADCP technology was introduced in 90•s of the 20th century (RD
Instruments,1997). Its precisionis about3-4 timeshigher and resolutionis about10
times higher than the narrowband ADCP. Broadband ADCPshave been widely used
in river or openchannel discharge measurements (e.g., Lipscomb,1995; Simpson,
2001).

An ADFM (acousticDopplerflow meter)that employs thebroadbandpulsed
Doppler technology was introducedin later 90•s of the 20th century by MGD
Technologies (Metcalf and Edelhauser, 1997), a subsidiary company of RD
Instruments (now Teledyne RD Instruments). Recently, Teledyne RD Instruments
developeda new broadband pulsedDoppler technology based flow meter, namedas
V-ADCP (vertical acoustic Doppler current profiler). The V-ADCP is to be a
replacementof theold modelADFM.

In this paper,we fi rst describe thesystemcomponents andspecification of V-
ADCP,followedby flow calculationmethods.We thenpresentresultsfrom two tests.
Onewasconductedin a 1-m diameterpipe at the NationalLarge Water Flow Meter
Test Center in Kaifeng, China. The other test was conductedin a flume at the
HydraulicModel Test3 facility, Royal IrrigationDepartment,in Bangkok, Thailand.

SYSTEM COMPONENTS AND SPECIFICATION

Figure 1 shows a photo of the V-ADCP hardware which consistsof an
electronicshousing, a transducer,and anI/O cable. A half of theelectronicshousing
containselectronicsboards and the other half is for internal battery. The transducer
has four heads: three of them are for velocity profiling and one(in themiddle) is for
water level measurement. The velocity measurement beams havea beam angle of
±20 degree in the flow direction and ±25 degree in the crossdirection. The beam
width is 0.95degree. Eachbeammay haveup to 50 velocity measurement cells so
that there may be a total up to 150 measurementpoints at the cross-sectionof a
channelor pipe. Table 1 showsV-ADCP velocity measurement specification. The
acoustic water level sensor hasa frequency of 600 kHz. Its measurement range is
0.1-10mwith anaccuracy of 0.1%±3mmandaresolutionof 0.1mm.
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Figure1. V-ADCP hardwarecomponents

Table1. V-ADCP velocity measurementspecification
Systemfrequency 2400kHz
Number of cells 3-150� 1-50at eachbeam�
Cell size 3-20cm
Maximum profiling range 5m
Blanking distance 3cm
Measurementrange ±5m/s[default�� ±20m/s [maximum]
Accuracy ±0.5%± 0.2cm/s
Resolution 1mm/s
Maximum dataoutputrate 1Hz
Note: the maximum profiling range depends on temperature, salinit y, and solids
concentration.

FLOW CALCULATIO N METHODS

A V-ADCP measuresstream-wise velocity profiles and water level. Two
methodsmay be employed to calculateflow usingthe velocity andwater level data.
Oneis a numericalmethod andtheotheris index-velocity method. Theprinciple of
the numerical method is to generate the whole cross-section velocity distribution
usingamathematical model. Flow Q is calculated by:

��=
A

dydzzyuQ ),( (1)

where u ),( zy is the stream-wise velocity (perpendicular to the cross-section)
distribution function (i.e., the mathematicalmodel); ),( zy is the cross-section
coordinates;A is thewetted cross-section area.

A mathematical model for velocity distribution, developed by HR
Wallingford (1992), was used for ADFM. The HR Wallingford model has six
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unknown coefficients that need to be determined by regressionof velocity data.
However, theHR Wallingford model was found unstable, sometimes resulting in
significant uncertainty in thecalculated flow.

We developed a simple mathematical model that has only three unknown
coefficients. A numerical scheme wasdeveloped to implementthemodel for flow
calculation. The channel cross-section is first divided into a grid with square or
rectangular elements. Thevelocities at all nodes of thegrid are then calculated using
the model with the coeff icients determined by regressionanalysis of the V-ADCP
measured velocities. Finall y, a Gaussian numerical integration is applied to Eq. 1 to
calculate flow. The numerical flow calculation methoddoesnot require calibration.
It is appropriatefor a narrow channel, i.e.,a channel with a small width-to-depth ratio,
say, lessthan 3. 
 The principle of index-velocity method is to establish a rating for the
relationshipbetween the channelmeanvelocity V andindex-velocity VI. The index-
velocity is the averaged velocity of the V-ADCP measured stream-wise velocities at
all valid cells. Themean velocity is determinedby other flow measurement methods
suchas a moving boat ADCP method. Therefore, the index-velocity method is a
calibration method and a V-ADCP is used as an index-velocity meter in this case.
Theadvantageof the index-velocity methodis that it canbeusedfor a wide channel
with a large width-to-depth ratio. In using the index-velocity method,flow Q is
calculated by:

VAQ ×= (2)

where
)( IVfV = (3)

wheref(VI ) is a rating model. Five rating models may be used for index-velocity
rating (Table2).

Table2. Ratingmodelsfor index-velocity rating
Ratingmodel Mathematicalexpression

Linear (oneparameter)
IVbbV 21 +=

Second-order polynomial 2
321 II VbVbbV ++=

Power law 2

1
b

IVbV =
Compoundlinear

IVbbV 21 += VI � Vc

IVbbV 43 += VI � Vc

Two parameter linear
IVHbbbV )( 321 ++=

Note:b1, b2, b3, andb4 are rating coeffic ients;Vc is a critical velocity at which the two
linearrating modelsgive thesamemeanvelocity value.

Both of the numerical and index-velocity methodsare incorporatedinto the
V-ADCP operationsoftwareQ-Monitor-V. The software is usedfor system set-up,
real-timedataacquisitionanddisplay, and flow calculation. It is alsousedfor data
playback andpostprocessing.
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TESTS AND RESULTS

This sectionpresentsresults from two tests. Thefirst test wasconductedin a
1-m diameterpipe at the NationalLarge Water Flow Meter TestCenter in Kaifeng,
China. The secondtest was conductedin a flume at the Hydraulic Model Test 3
facility, Royal IrrigationDepartment(RID), in Bangkok, Thailand.

Pipe test. Thetestin a pipeat theNationalLargeWaterFlow MeterTest Centerin
Kaifeng, China wasconductedon March 15 and 16, 2006. The facility hasa 20m
steady overfall water tower andmeasuresflow usingthestandardvolumetric method
with anaccuracy of 0.1%of measuredflow. Thepurposeof the testwasto collect
V-ADCP data and standard flow data for the developmentand verification of the
numerical flow calculation model.

Figure 2 shows the test pipe line and the installation of the V-ADCP
transduceron thebottomof thetestpipesection. Thetest pipe line has a diameter of
1m anda length of 40m. During the test,water waspumpedfrom an underground
reservoirinto the water tower. A constant water headof 20m waskept in the pipe
line due to the overfall from the tower. The water in the pipe was flowing and
entering into themeasurementtankthrough a commutatoror backto theunderground
reservoirthrough a by-passpipe. Theflow wasadjustedfive timesat 2.35, 1.62,1.21,
0.70, and 0.40m3/s during the test; each flow was kept for about 20mins. Three
measurementsat eachflow weremadeusing thevolumetricmethod.

Figure2. Test pipeline and installationof theV-ADCPtransducer

TheV-ADCP wasconfiguredwith cell size5cm,numberof cells 22,blanking
distance5cm,samplingintervaland averaging interval10s. At thesesettings, theV-
ADCP ping rate was 34 Hz. The V-ADCP run from 22:41:51 to 00:46:31 and
collected 748setsof velocity profile data.

Figure 3 showsa comparisonof theV-ADCP measuredflow and thestandard
flow meter(thevolumetric method)measuredflow. It can beseenfrom Figure 3 that
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the V-ADCP measured flow agrees well with thestandardflow meter measuredflow;
thedifferenceis lessthan 1.3%.It shouldbementionedthattheflow datafor thetwo
low flows wereruled out andnot shownin the plot. It wasfound that the side lobe
effect wassignificantdue to less scattering materials at the two low flows, resulting
in biasedvelocitiesat the middle cellson the two slantbeams.
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Figure3. Comparisonof theV-ADCP measured flow and thestandard flow meter
(thevolumetricmethod)measuredflow in thepipe test

Flume test. The test in a flume at the Hydraulic Model Test 3 facility, Royal
Irrigation Department(RID), Thailandwas conductedon June 21, 2006. The test
flume wasabout50mlong, 0.99mwide,and 1m deep. TheV-ADCPtransducerwas
mountedon thebottomof thetestsectionof theflume. Thedownstreamof theflume
wasa pond. Thewaterwaspumpedout from thepondandtransferredthrough a pipe
to the upstream,entering a flow measuring tank. The tank had a 90 degreeV-notch
installedto measureflow.

TheV-ADCP wasconfiguredwith cell size3cm,numberof cells 30,blanking
distance4cm,sampling interval andaveraging interval 5s. Two major data files were
collected (other small fil es were disregarded). The first and seconddatasetswere
collectedfrom10:54:56to 11:25:36and 11:42:04to 12:41:19,respectively.

The test facilit y supplied a flow calculation equation for the 90 degree V-
notchweir:

1000/01472.0 43.2HQ = (4) 

whereQ is in m3/s; H is thehead ontheweir in cm.
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On the other hand, according to • ISCO Open ChannelFlow Measurement
HandbookŽ(Grant andDawson,1995), the flow calculation equationfor a standard
90degreeV-notchweir iswrittenas:

1000/1380 5.2HQ = (5) 

whereQ is in m3/s; H is in meter.
It is noticedthat Eq. 4 is slightly different from Eq. 5. Both equationsare

used. Figure4 showsa comparisonof theV-ADCP measuredflow and the V-notch
weir measuredflow. It can beseenfrom Figure 4 thattheV-ADCP measuredflow is
in themiddleof theV-notchmeasuredflow calculatedby Eq. 4 andEq.5.
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Figure4. Comparisonof theV-ADCP measured flow and theV-notchweir
measured flow in theflumetest

CONCLUSION

V-ADCP, the recently developedbroadband pulsed Doppler systemfor open
channeland large pipe flow measurement,is a replacementof the old modelADFM.
V-ADCP can be used in narrow channelsas a flow meter without a need for
calibration. It can alsobeused in wide channels asanindex-velocity meter. Thetest
resultsfrom the 1-m diameterpipe at the National Large Water Flow Meter Test
Center in Kaifeng, Chinaindicated that theV-ADCP measured flow agreed well with
the standardflow meter measuredflow. The test results from the flume at the
Hydraulic Model Test3 facility, Royal Irrigation Department,in Bangkok, Thailand
indicatedthatthe V-ADCPmeasuredflow was consistent with the90 degree V-notch
weir measured flow. However, future tests are required to verif y V-ADCP flow
measurementaccuracy in openchannelsor largepipesat avariety of conditions.
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