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ABSTRACT 

The efficient operation of hydroelectric generatbg plants requises an accurate definition 

of the paformance relationships of each nisbine/generator unit. Of the information 

obtained by perfoxmance testing, discharge is the most diflicult to me- accurately. It 

is envisioned that acoustic ûansit-time velocity mea~ucement technology can be applied 

at low-head plants to obtain more accurate discharge measurements over current 

practices. The technique proposed herein involves continuously traversisig a number of 

acoustic paths, each providing a chordal average velocity measurement, across the turbine 

intake to obtain a complete integration of the complex velocity profile typical of low- 

head hydroelecûic plant conditions. Hydraulic laboratory testing of a single acoustic ceil 

is the focus of ülis study. 

The acoustic ceil was traversed across a laboratory intake structure to mesure discharge; 

this measurement was compared to known laboratory flowrate to assess the accuracy and 

repeatability of the proposed discharge measurement technique. Various continuous 

sampling strategies (i.a, traverse rates) and discrete sampling strategies (Gauss-Legendre 

positioning) are evaluated. A nwnber of flow pemirbances were also added to the intake 

structure to evaluate the technique in complex flow conditions. 

Based on the results describeci herein, it is concluded that the proposed continuous 

travershg technique can provide efficient, accurate and repeatable discharge 

measurements under complex fiow conditions relative to discrete sampling techniques. 

In disturbed fiow conditions, testing revealed that discrete sampling strategies were 

subject to considerable systematic integration m r .  Further laboratory testing of a 

multiple celi system is recommended because of the promishg results obtained h m  this 

study. Also, two key recommenâations peaainiiig to field testing of low-head plants are 

made: 1) low order discrete sampiing techniques shotsid not be practiced, and 2) carefûl 

consideration should be devoted to the geometry of the acoustic paths as conflicting 

effects on accuracy are dependent on the acoustic pathlengths and path angles ernployed. 
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CHAPTER 1 

INTRODUCTION 

In order to efficiently operate hydroe1ectric generating plants the performance 

characteristics of the hydroelectric turf,ine/ge~1erafor uni& must be accurately known. 

Field performance testing is used to obtain the necessary head, power. gate setting and 

discharge iaformation required to develop efficiency relaîiomhips for each unit. 

Inaccurate testkg yields efficiency relationships that incomtly identify the b a t  

operating point of the hydroelectric unit; this can result in signincant loss of generation 

revenues. Perfomiance tests are also carried out for acceptance testing of new 

hydroelectric units or components thereof and to identify a need for unit service. In 

addition, discharge relationships developed through performance testing are used for 

accurate management of the water resource on the scale of the river system. 

Of the measurements required for a performance test, accurate discharge data is typically 

the most difficult to obtain. Numemus discharge measurement techniques have been 

developed for performance testing, however the majority of these methods are not 

conducive to the physical characteristics of low-head plants. Low-head plants typically 

have short conduit systems that limit fIow meterhg to the intake area, where velocity 

profiles are quite complex. Many utilities operating low-head plants use the curent- 

meter approach to masure discharge. This technique involves travershg a .  array of 

propelier-type flow meters, mounted on a space truce, across the turbine intake to obtain a 

grid of velocity measwements. A summation technique is then applied to the products of 

velocity and the respective anas to obtain a discharge measurement, There are a numba 

of problems associated with this approach, vÿr the ability of the numerical summation of 

a limited number of velocity measurements to accurately determine discharge. 

It is anticipated that acousfic technology can be used to develop an improved method of 

metering flow through low-head units. UnWre propeller-me flow meters, which provide 

a point measurement of velocity, acoustic instrumentation can provide chordal average 



velocity estimates by measuring the transit-time of acoustic pulses travelhg t h u g h  the 

flowing water. It is proposed that acoustic instrumentation be wntinuously traverseci 

across the turbine intake to essentidly sample the entire velocity pr~file. Complete 

integration of the complex velocity pronle should nsult in an acMate discharge 

measluement. With impmved discharge measmement data, the best operating point of 

the hydroelectric unit can be better deheû, thus impmving the efficiency of generating 

hydroelectricity. 

The goal of this resemh is to develop an acoustic discharge measurement @DM) 

technique through hydraulic laboratory testing- The performance of a single, large scale 

'acoustic cell' was assessed by comparing discharge measurements in an intake with 

known laboratory discharge values. The celI was tested in &orm fiow conditions using 

continuous and discrete level traverses to assess the repeatability and relative accuracy of 

these sarnpling strategies. To assess the performance of the ADM technique and the 

various sampling strategies under complex flow conditions, a number of disturbances 

were added to the flow. 

Chapter 2 provides a background discussion of hydraulic performance testing and an 

o v e ~ e w  of established discharge measurement techniques. Also included in this chapter 

is an explanation of the difficulties of flow measwment at low-head plants and a detailed 

explanation of the curent-meter method typicaily applied to these conditions. Chapter 3 

provides detailed background and review of literature on the practice of acoustic flow 

measurement. The pmposed technique of acoustic discharge measurement is explaineci in 

Chapter 4 dong with an overview of the testing program and apparatus used to evaluate 

this technique. Chapter 5 explains the &ta pmcessing quired for the laboratory 

reference discharge and the acoustic discharge measurements. The laboratory test results 

and subsequent analysis and discussion is presented in Chapter 6. The performance of 

the acoustic discharge mea~uement system under both uniform and disturbed flow 

conditions is the focus of Chapta 6. A discussion of errors is then presented at the end of 

the chapter. The final chapter, Ciiapter 7, presents a summary of the resuits obtained 



fiom the analysis, followed by ncommendations for ftture studies of the proposai 

technique in both the laboratory and field enviramnents. 



CHAPTER 2 

BACKGROUND: PERFORMANCE TESTING OF 

HYDROELECTRIC 'MJRBINES 

2.1 FIELD PERFORMANCE TES'MNG OF HYDROELECTRIC TURBINES 

The economic and efficient opemîtion of a hydroelectric generating station reqW an 

accurate description of the head-power-discharge, head-gate-discharge and head-power- 

efficiency relationships for each hizbine/generator Mit. Figure 2.1 iliustrates a typical set 

of curves desmihg these relationships. The principle objective of field performance 

testing is to obtain the necessary ùifonnation to develop such curves that are in nim used 

to detennine the optimum setting of the turbine wicket gates correspondhg to peak 

absolute efficiency, commonly referred to as 'best gate.' Substantial economic loss can 

result h m  the inaccurate defmition of this operating curve. For one of Manitoba 

Hydro's low-head plants, a 1 percent em>r in the definition of best gate can translate to a 

loss of tens of thousands of dollars in generation revenues per year for each unit. When 

considering the entire hydroelectric generating utility, this impact could be substantial. 

Performance testing is also used for: acceptance testing of new hydroelectric units or 

components thereof; identifyuig the need for upgrade or maintenance works, for example 

turbine m e r  replacements or trash removal; and accurate management of the water 

resource on the scale of the river system. 

Although the performance of hydroelectric turbines is typically model tested in a 

labotatory environment, it is neccssary to undertake prototype testhg in the field since 

complete similitude of ali pmperties is not possible. Some disagreement between model 

and prototype geometry is likely, and facors such as approach flow conditions, intake 

and trash-rack head losses and the effecî of operating adjacent mïts are typicaily not 

modeled (Arndt and Gulliver, 1991). Furthmore, the more direct approach of assessing 

the need for refurbisbment or upgrades is to perfomi field testing. 



2.2 COMPONENTS OF PERFORMANCE TESTS 

The main objective of performance testing is to determine the absolute efficiency of the 

hydroelectrïc unit. That is, what is the proportion of power generated to the power 

consumed, which can be expnssed as 

4 e - P r  p-" 
P, 4 '  

where q = turbindgenexator unit absolute efficiency, 

P. = power generated (available for transmission), 

pc = total hydraulic power connimed to rotate turbidgenerator unit, 

and 

Pr = total losses. 

Unit absolute efficiency can be subdivided into four component efficiencies, three of 

which are related to the turbine. FUst, the hydraulic efficiency of a turbine accounts for 

the head losses between the intake and exit of the unit, as defined by 

where q, = hyârauiic efficiency of turbine. 

Hu = head utiiized by the turbine runner, 

Hm = net head, and 

Hi = head losses between the intake and exit of the unit. 

The net head is definecl as the diffetetlce between the totai head at the turbine intake less 

the remaining hydraulic head at the ciraft tube. The second component of absolute unit 

efficiency is the volumetnc efficiency, which is given by 

a a-a q , = =  
Q, a '  



where Q = volumetnc efficiency of turbine, 

Q, = effective flow acting on the turbine m e r ,  

Q, = total flow in the passage, and 

Q, = leakage past turbine m e r .  

Water not acting on the turbine r u ~ e r ,  rather leaking between the m e r  and the 

housing, does not produce work. The abiiity of the machine to transmit power f b m  the 

turbine m e r  to the grnerator is dehed by the mechanicd efficiency, 

where q,, = mechanical efficiency of the nubine, 

Pt = brake powa available at the shaft which is transfened to the 

generator, and 

Pf = power consumed by mechanical friction. 

Mechanical losses include mechanical fiction, for example, bearing losses and viscous 

losses between the runner sh& and cashg. 

The efficiency of the turbine, q , is de- as 

The fourth, and final, component of unit absolute efficiency is the generator efficiency, 

defined by 



where II, = genemtor efficiency, 

4 = power output of generator, and 

Pt = generator losses (e.g., resistive, inductive and fiictional losses). 

This represents the ability of the generator to convert the rotational power h m  the 

turbine shaft to electrical power for transmission. The overail unit efficiency is defined 

as 

The total electrical power generated h m  the unit is defineû by 

5 = WQK 9 

where y = specific weight of water. 

Equation (2.8) is used to determine the absolute unit efficiency by measuring the 

generation output, head conditions and the unit discharge. If generator efficiency is 

known, equation (2.7) may also be used to determine the turbine efficiency. 

Generation output is typically measwed via a watt-hour meter instatled on each unit 

Headwater and tailwater level measurements are obtained using water level 

instrumentation, for example acoustic echo level sensors. Wicket gate settuigs are 

typically measured indirectly using a linear variable differential transducer (LVDT) 

rnounted on the sewo-piston that rotates the gates. The relationship between servo-strole 

and wicket gate angle is then used to determine the setting of the gates. Of ai l  the 

information required for pafonnance testing, unit discharge is usually the most difficult 

to obtain. As such, considerable effort has been devoted to masure unit discharge 

accurately; this has lead to the development of a nimiber of discharge measuement 

techniques. 



2.3 ESTABLISHED TECHNIQUES OF FLOW MEASUREMENT FOR 

PERFORMANCE TESTING 

There are a number of methods that have been developed and code accepted (ASME, 

1992; IEC, 1991) to measure the fiow tbrough a turbine. The applicability of a given 

method depends on the characteristics of the intake, conduit, turbine, magnitude of 

discharge and operation specific conditions such as the ability to completely shut d m  or 

de-water a unit To provide some background, the more popular methods are outlined 

below. The current-meter and acoustic transit-time methods are of particula. relevance to 

this thesis, as such Sections 2.4 and 3.3 provide detailed background information on these 

techniques, respectively. 

Gibson Pressure-Time 

The Gibson pressure-tirne method, also hown as the gravimetric method, involves 

measuring the change in pressure required to decelerate a mass of fluid between two weli- 

spaced pressure taps to estimate discharge. The integral of dinerential pressure h m  

initiation of the test to the completion of the gate closure is proportional to discharge. 

Aithough this method has produced accurate r d t s ,  it is best suited to hi&-head plants 

that have long penstock systems (Levesque, 1994). An additional limitation of this 

method is load rejection is required (ie., a fûll shut down of the turbine by closure of the 

gates). 

Tracer-Dilution 

The tracer-dilution method is based on th ie mass balance of a consemative dye that is 

pumped at a constant rate into the intake passage and sampled at the draft tube outlet. 

Total discharge is detemiined as the ratio of the initial tracer concentration to the final 

mixed concentration times the injected fiow rate. The literature has shown that accurate, 

precise absolute efficiency may be obtained fiam this method (Nystrom, 1991). 

However, an inherent weakness of this method is the difnculty of obtaining thorough 

mixing, paaicularly for short conduit systems (Winstone, 1989). 



The Allen salt velocity me- a h  known as the transit-time method, uses two weil- 

spaced electrode stations to determine the transit-tirne of the center of a salt cloud by 

generating a c o n d u c ~ c e  chrwiogmph. Aithough this method has been considered 

accurate enough to deme referrnce discharges for cornparison studies, it is disniptive to 

plant operations as considerable d o m  t h e  is required to instail and remove the special 

test equipment fbm the intake and draft nibe passages (Spencer, 1986). To obtain 

accurgte discharge measurements, long transit-times are r e q d  As such, the technique 

is best suited to uni& with long penstock systems. 

Difleerenîid Pressure 

The differential pressure method is based on the well-known fact that discharge can be 

related to differential pressure in a conduit of varying cross-sectional area. Typicdy, 

differential pressure is measured across the 'Winter-Kennedy' teps in the turbine scroll 

case. A calibration of the proportional relatioaship may be obtained by modeling, 

however similitude error limits the accuracy of the discharge estimates for the prototype. 

The differentai pressure method is p-ly used to test relative performance of a 

hydroelectric units to identiry, for example, the reduction of turbine efficiency due to 

m e r  Wear. 

The current-meter method is a well-established technique for metering low-head plants. 

A number of 'point velocity' measurements are obtained within the flow area ushg 

propeller-type flow meters. An appropriate suxnmation of the grid of velocity 

measurements yields an estimate of discharge. 



Transit-time acoustic discharge rneasurement, commody r e f d  to as acoustic discharge 

measunment (ADM) is a popular technique for flow meterhg within Miforni conduits. 

The method operates on the principle that the velocity of an acoustic signal in water is 

influenceci when a component of the water velocity is piirallel to the direction of acoustic 

propagation (Schuster, 1975). The average water velocity dong a path between a pair of 

acoustic Craosducers is proportionai to the diffeiaice between the acoustic transit-times of 

each direction. A discrete number of average chordai velocities are obtained h m  

acoustic transducer pairs iostalled at fixeci levels within the conduit and then integrated 

across the fiow area using numerical integration techniques. 

2.4 DISCHARGE MEASUREMENT FOR PERFORMANCE TESTING AT LOW- 

LIEAD PLANTS 

Performance testing is g e n d y  more difEcult at low-head plants than at hi&-head 

plants. Figure 2.2 illustrates a typical cross section of a low-head unit The 

characteristicaiiy short, non-uniforni conduit system of low-head plants predudes 

accurate absolute discharge measment  by the majority of established techniques. For 

example, tracerdilution tests are best SUIted to long conduit systems because adequate 

mixing of the concentrate is required- The Ailen sait velocity method is not applicable to 

low-head plants because long transit-times are required 

The current-meter method is typically employed for testing low-head plants- A finite 

number of point velocity samples are obtained at specined locations within the turbine 

intake using a pmpeiler type velocity meter, or 'Ott' meter, as shown in Figure 2.3. The 

meters are either installed on a M e  fixed inside the intake, which requires de-watering 

of the unit, or by traversing an array of meters mounted on a carriage down the stop-log 

guides (Figure 2.2) and sarnpling velocities at specified levels. Figure 2.4 illustrates such 

a caniage used for Ott meters. Point velocities are sampled at each level for a dehed 



duration; hydraulic testing codes rewmrnend a duration of two minutes or more (ASME, 

1992; IEC 1991). An appropriate summation of the grid of velocity measurernents times 

the respective areas yieIds an esha te  of discharge. Various positionhg and summation 

strategies are specifled in performance testing codes. It has been estimateci that the 

uncertainty of the curent-meter technique is approximately 2 % (e-g., Mïkhail, 1994; 

EC, 1991). 

A signifiant difficuity associatecl with any velocity measurement meîhod being applied 

at low-head plants is the ability of the technique to ade~uately sample the complex 

velocity profdes within the intake. Figure 2.5 iliustrates a typical profile obsavad at a 

low-head plant h m  a cmt-meter  test. The intersections of the gridlines represent 

single velocity measurements. Two features of this figure are worth highlighthg: 1) the 

water velocity is not measured between the grid intersections; and 2) the profile is not 

uniform. A number of factors contribute to the complexity of the velocity profile: 

1) the close proximity of the metering plane to the buIkhead and pier structures; 

2) disturbance h m  major elements of the trash-racks shortly upstream of the 

metering plane; 

3) blockage of the trash rack; 

4) flow reversais; 

5) operation of adjacent units; and 

6) non-uniform, converging intake geometry. 

Among the several advantages of the curent-meter method of discharge measurement are 

its relatively low initial cost and minimal dimption to nonnal plant operations when the 

traversing appmach is employed. As opposed to the majority of the aforementioned 

methods that require considerable down time, de-wate~g and installation of speciai 

equipment within the water passages, traversing the intalce with propeller meters does not 

significantly disrupt plant o p d o n .  Discrete sampiing of velocities provides useful 

information about the spatial variation of velocity across the metering plane for the 



assessrnent of întake and üash-rack performance. In addition, individual velocity 

measurements c m  be used to more accuraîely calculate the kinetic energy at the intake. 

There are, however, dennite shortcomings of the current-meter method, including: 

1) the inability of the finite sampiing strategy to accurately represent a complex flow 

profle; 

2) each meter requires unique periodic caiiiration; 

3) the difnculîy in accuraîely measuring flow reversah; and 

4) the dismption of the fiow field by the travershg apparatus. 

Employing acoustic technology at low-head plants will potentially improve the accuracy 

and efficiency of discharge measurements over the curent-meter method. Acoustic 

discharge measurernent is the focus of this thesis, as such, the foiiowing chapter provides 

detailed background on this field 
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Figure 2.1 Typical pafomance c m e s  for a tow-head hydroelectric plant. 



Figure 2.2 Cross-section of a low-head hydroelectrïc unit 

Figure 2.3 On meter. 



Figure 2.4 Carriage for Ott meters. 
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Figure 2.5 Velocity profile O btained fkom current-meter me thod. 



CHAPTER3 

LITERATURE REVIEW: 

DISCHARGE MEASUREMENT USING ACOUSTICS 

3.1 DOPPLER VEtOCIMETRY 

Doppler velocity measunment is based oa Doppler shiff theory where frequency shifts of 

acoustic echoes, or back-scatter, are directly proportional to the compomnt of flow dong 

the acoustic beam axis. Acoustic sigaals that echo off suspendeci sediments or air 

bubbles are time-gated to define the location of the velocity sample and analyzed to 

determine the fkquency shift of the pulse. Three or more beams are used to M y  resolve 

the resdtant velocity. 

Acoustic Doppler theory was f h t  applied in the marine enhnmen t  to develop speed 

and position detecting instrumentation for submarine vessels. Since then, technology 

empioying the Doppler principle has become weli-established in marine research. With 

respect to discharge measurement, acoustic Doppler current pmfiling methods (ADCP) 

are widely used for oceanogmphic flow measurements. More recently, ADCP has been 

applied to shallow water discharge measurement, for example in rivers and estuaries. 

Since 1967, the U.S. Geological Survey has developed and encouraged development of 

acoustic Doppler technology and methods to m e a m  riva discharge h m  a moving 

vessel to eliminate problems associated with the existing practice of shdow water 

profiling (Simpson and Olûnann, 1993). 

For shallow water ADCP, the transducer instrumentation is typically fixed alongside a 

vessel that is steered using a gyrocompass and trimgdation positionhg technology. 

Eiiminating the vessel velocity component h m  the traverse, yields a number of velocity 

estirnates for various depths in the waterway which are integrated to yield a- discharge 

measurement. Simpson and Oltmann (1993) applied ADCP on the Sacramento River, 

California. M e r  correcting for systernatic aror, they estimated the uacertainty bounds to 



be approximately f 1.5 %, which is similx to conventional current-meter discharge 

meastuements, however the metbod is much more e5cient. It is important to note that 

these uncertainty leveis are largely dependent on the Jpeçinc conditions of the test and 

location, for example the numba of sampling stations and the geometry of the metering 

section (in this case, the riverbed). 

ADCP is not yet establisid in the hydroelecûic field In one application, B k h  and 

Lemon (1993) used a similar iastnuaent as Simpson and Oltmam (1993) to sample a 

three dimensional grid of forebay velocities for comp~son  to a physical mode1 of the 

Rocky Reach hydmelectric dam located on the Columbia River in Washington State. 

The authors highlighted the efficiency and non-intrusive qualities of the method, however 

it was apparat that were definite limitations in applying the technique to discharge 

measurement through plant intakes. First, attempting to profile close to a turbine intake 

resulted in reflections off the powerhouse face and retumed compted echoes. In 

addition, it was M c u l t  to obtain velocity samples at bottom boundaries because of echo 

retums nom side lobes not aligned with the primary beams of the insüument. Also, the 

uppemost level of the profile was not sampled because a 'quiet tirne' was required for 

the tramducers to stop ringing before retums could be Listened for. Despite these 

shortcomings, with appmpriate beam geometry, it is possible that ADCP will attain a 

presence in hydroelecûic turbine perfomance testing- 

3.2 ACOUSTIC SCINTILLATION 

Acoustic scintillation velocity measurement is a correlation sonar technique that has been 

used to measure flows by analyzing the time record of scintillations between hvo acoustic 

paths separateci by a known distance. Scintiiiations are the random fluctuations of the 

amplitude and phase of a wave caused by variations in the reht ive index of the 

medium, which results h m  turbulence in the flow. Numerous applications of this theory 

have been documentecl, such as wind velocity measurements (Lawrence et al., 1972) and 

tidal turbulence and velocity measurements (Clifford and Farmer, 1983). The 



applicability of acoustic schtiuation discharge measurement to hydroelectric plants is 

currentiy under study (Bell and Lemon, 1996; Birch and Lexnon, 1995; Lemon, 1995; 

Birch and Lemon 1993). 

Figure 3.1 is a simplifiecl illustration of the principle of scintillation velocity 

measurement. Statisticd comlation of the received acoustic signals is used to trace the 

advection of a random distubance across the two p a h  of closely spaced transducer 

pairs. By caiculating the average advection time and howing the separation between the 

paths, the lateral average velocity can be calculated, La, 

- L h  
VR =- 

At' 

where Y ,  = average normal velocity, 

br = path separation, and 

& = lag the.  

Integrating lateral average velocities, either by continuous traversing, traversing and 

stopping to sample, or by sampiing fiam numemus ûansducer pairs 6xed at differmt 

levels in an intake, yields an estimate of discharge. Beli and Lemon (1996) 

recommended mounting numemus transducer pairs to a rigid kme that cm be positioned 

in the intake gate slots. 

Bell and Lemon (1996) discussed sources of emr7 both systematic and random, of the 

scintillation technique for flow measurement The systematic uncertainties were 

classifiai as: 1) bypass flow; 2) i n t e e o n  enw; and 3) lateral average velocity 

measurement enor. Bypass waç d e ~ e d  as flow outside of the meterhg area not captured 

by the acoustic paths. To integrate the velocity profiie, the researchers applied an 

adaptive Romberg integration algorithm, with a cubic spline interpolation in the integrand 

between the measured points. The authors explained that the emr of this integration 

technique was sirnilar to that of the Gauss-Quadrature method which is explained in 

Section 3.3.2. The systematic uncertainty of the lateral average velocity measurements 



resulted h m  the combination of the uncertainties in the measurement of traasducer 

spacing, array orientations and of timing by the instrument electronics. 

Beii and Lemon (1996) identifiai a n u m k  of possiile somes of d o m  uncertainty: 1) 

IateraUy averaged velocitr, 2) the variability of the discharge and flow districbution with 

time; 3) uncertainty of the angle of the flow inûoduced by off-axis components; 4) 

movement of the fiame in the gate slot; and 5) electronic uncertainties. The latter two 

sources were not considered to be signifiant relative to the fkst thm. The most 

sigaificant contribution to the first source of uncertainty was dehaing the exact-location 

of the peak of the 'cross-correlation' curve when calcuiating the advection the .  The 

second random uncertainty, temporal varîat,ility of discharge and flow distribution, is 

significant to any technique that does not employ sirnultanmus velocity samphg and 

continuous discharge measurement, The authors cautioned that this variability must be 

evaluated carewy as velocity variation recorded at one location in the flow may be 

compensated by variations at other locations. The cosine response of the instrumentation 

was investigated in laboratory tow-tank tests. It was determined that the random 

uncertaiaty of the horizontal velocity component increased h m  0.4 to 0.5 % after 

rotating the transducer arrays by 45 degrees. 

Acoustic scintillation flow measurement has strong potmtial to develop within the field 

of hydraulic performance testing. It is particuiarly weli-suiteci to low-head plants, where 

the characteristics of the intake and conduit system pnxlude the use of other established 

non-intrusive discharge measurement techniques. 

3.3 TRANSIT-TIME ACOUSTIC DISCHARGE MEASUREMENT 

Transit-the ADM is, by far, the most widely accepted acoustic technique for discharge 

measurement in the field of hydroelecbic performance testing. ADM is the focus of this 

research, thus the practice is reviewed thomughly in the folîowing sections. 



ADM operates on the principle that the velocity of an acoustic signai is influenceci by the 

velocity component of the fiowing medium paraIlel to the direction of acoustic 

propagation, as illustrateci in Figme 3.2. Sound pulses ûaveling upstream are impeded by 

the flow resulting in increased transit-times, conversely, dowmtream transit-times rne 

reduced. The average water velocity dong a path between a pair of acoustic traasducers 

is proportional to the difference between the upstream and downstream transit-times. 

Equatiom (3.2) and (3.3) explain how the chordal average no& velocity of flow can be 

calculated fkom acoustic transit-tirne measurements. Referring to Figure 3.2, the velocity 

of upstream and downstream traveling acoustic pulses can be calculated as 

where YP, 

vp, 
C 

v, 
L 

t u  

td 

L 
=c-Vp =-, and 

t u  

= amustic puise velocity traveling upstream, 

= acoustic pulse velocity travehg dowastream, 

= speed of somd in water, 

= water velocity in the direction of the acoustic path, 

= length of acoustic pathline, 

= upstream acoustic pulse transit-tirne, and 

= downstream acoustic puise transit-time. 

Solving for the pathline water velocity results in equation (3.3). 

Dividing the pathline average water velocity by the wshe of the path angle (9, yields 

the chordal average normal velocity 



3.3.2 Integration of the Velocity Profile Using Discrete Level Sampliig: Gauss- 

Quadrature Integration 

A powemil numericd method of approrrimating integrals, generaiiy refmed to as 

Gaussian or Gauss-Quadrature (GQ) integration, is traditiody used for ADM- The 

technique requires that the fimction to be integrated be evaluated at specined ordinates, xi 

which correspond to the zeros of orthogonal polynomials (e.g., Legendre, Laguerre, 

Hermite). For rectanguiar conduits, Legendre ordinates are used WC, 1991). Clearly, 

the real function describing the velocity profile, vfi), is never t d y  bown. However, 

sarnpluig the velocity at specified levels in the intake, correspondhg to xi, provides the 

fùnctionai evaluation, vw. It can be shown that an N level GQ integration c m  exactly 

evaluate the integral of a (2N-1)* or lower-order polynomial (Nielsen, 1964). Appendix 

A provides a detailed explmation of Gauss-Legendre integration. The following is an 

illustration of the technique. 

A transformation of the integration intend, over the vertical distance of the intake [h, 

h,] to a standard interval [x, x,] is first applied, 

where f(x) is the transfomied function. 



The integrai is then evaluated using the Quadrature de, 

where wi = integration weights, 

xi = ordinates of the integration (zeros of a Legendre polynomial), 

aad 

N = the number of functional evaluations used (sampling levels). 

As an illustration, consider the hypothetical velocity profde ilIustrated in Figure 3.3 and 

assume a unit width. This profile was generated by plotting the 7& order polynomial 

given by 

where vfi)  is velocity in d s .  For clarity, only 4 decimal places are shown, however a 

higher accuracy was maintaineci through the foilowing calcuiation. To exactly evaluate 

the integral of this polywrnial, a 4 level GaussLegendre integration is used. From 

equations (3.5) and (3.6). the transfomeci integral is evaluated as 

Figure 3.3 includes the 4 evaluations of the hction vflJ that correspond to the xi 

ordinates. Table 3.1 sunxnarizes the ordinates, weights and bctional values required to 

evaiuate equation (3.8). 



Table 3.1 Gauss-Legendre w, xi and fhctionai evduations 

for order polynomial integration. 

Ushg calculus, the integral is given in equation (3.9). 

The calculated error was less thau IO-' %; a result of the precision of defïning xi and wi. 

3.3.3 Initial Development of ADM 

The major drive towards acoustic flow measurement began in 1957, when the California 

Department of Water Resources, the U.S. Geological Smey and the U.S. Corps of 

Engineers teamed with a U.S. manufàcturing Company to develop an acoustic velocity 

flow meter (Lanning and Ehrhart, 1977). This effort was prompted by the possibility of 

applying subrnarine sonic equipment to measuring large fîows of water at an accuracy 

previously thought to be unaaairiable. This initiai phase produced a limited degree of 

success, primarily due to the non-optimal placing of acoustic paths and the use of 

inadequate transducer technology; hydrophones were originaUy use& as opposed to 

piezoelectric crystals that are used today. 



The California Department of Water Resources and another company undertook the 

design and fabrication of one pipe fiow meter and two canal flow meters at key control 

locations dong the California Aqueduct AU of the installations were singie path, crystai 

transducer configurations; the canal tiansducers were momted on rails to facilitate 

metering at varying depths. These installations were problematic because the transducers 

were susceptible to damage due to w'brations aml the canal travershg mechanism tended 

to breakdown. In orda to overcome the pmblems associated with travershg the canal 

and to irnprove the accuracy of the canal meter in unstable flow, a stationary 4 level 

Gausssampling strategy was employed (Lanning and Ehrhart, 1977). Laboratory testing 

of Gauss sampling for canal and pipeline flow rates confirmed the capability for highly 

accirrate flow rneasurement, even under unstable flow conditions. Since this initial 

development, transit-the acoustic velocimetry has been extensively tested and applied to 

a number of fields, such as petroleum, hydroelectric, thennoelectric, water resources and 

wastewater. 

3.3.4 Application of ADM to PerCormance Testhg 

The potential for highly accurate, non-intrusive discharge measuement has resulted in 

the extensive growth of ADM in the field of hydmelectnc performance testing. Acoustic 

installations are best suiteci to high-head hydroelectnc plants that charactdsticaiiy have 

long penstock systems. Given these condîtions, ûansduccrs may be installed well 

downstream of a disturbance, for example a bend, convergence or intake structure, where 

a fblly-developed symmetrical velocity profde exists. Extensive inter-comparison field 

testing of ADM has been undertaken (e.g., Grego, 1996; Sugishita et al., 1996; Missimer 

et al., 1986) have ilIustrated the usefiilness of this technique for high-head applications. 

Through laboratory testing and numerical modeLing, it has been show that discharge 

may be measured with uncertainties of corisiderably less than 1 percent (Laweli and 

Hirschfeld, 1979; Laaniag and Ehrhart, 1977). 



Lowell and Hirscbfeld (1979) identifieci t h e  sources of enor in acoustic flow-meters: 1) 

'as built' dimensional uncertainties; 2) integration exrocs which resuit h m  mcertainties 

in the velocity profile; and 3) emm which are due to upstream conditions. Typicai 

dimensional uncertainties were esth&d to result in flow rate enors of f0.2 to H.3 %. 

The authors stated that, ''AsSUIlllIlg good geometry and upstream conditions, integration 

mor  of four-path meters has shown to be l e s  than 0.1 %." Lowell and Hirscbfeld (1 979) 

approximated that four-path systems applied to ideal conduits would measure discharge 

with an uncertainty of less than M.5 %. 

Also addressed in the literature is the susceptibility of fixexi level ADM to integration 

error in non-ided fiow conditions. UnderSbtldably, the more complex the velocity 

profile is, the more difficult it is to integrate that profile to obtain a discharge 

measurement. It has been recommended in the literature (Walsh et al., 1996; Dube, 1995; 

IEC, 1991) that certain measures be taken to reduce the uncertainties resuîting fiom the 

iategration, profiie and upstream conditions; these are as foiîows: 

I ) use crossed-plane con.f5gurations; 

2) onentate the planes to rninimize errer due to upstream perturbames; and 

3) increase the number of acoustic paths to better sample complex, asymmetric 

velocity pm61es. 

For applications where the streamline direction is dficult to speciry, for example when 

the measurement section is too close to an upotream bend, transition, or obstruction that 

causes asymmetrical profiles mdlor converging or diverging streamlines, crossed path 

configurations have been recommended. Using a mssed plane configuration 

significantly reduces the error resulting h m  an assumeci resultant velocity direction (6 in 

Figure 3.2). The accepted approach is to simply average the nomal velocities denved 

nom the two planes (IEC, 1991). 

With respect to the second m m ,  Lowell and Hùschfeld (1979) indicated that cross- 

flow errors can be ceduceci by orienthg the acoustic paths so they are perpendicuiar to the 



plane of a bend or elbow. With this practice, cross-flow compunents are directed 

perpendicular to the acoustic paths, thus not Muencing the transit times and the 

dependent velocity measurements. 

Increasing the number of acoustic paths can improve the accuracy of the integration of 

non-ideal velocity pronles. As introduced in Scction 3.33, by increasing the number of 

fiinctional evaluations, the Gauss integration methad am be wd to evaluate more 

complex integrals, Le., highet order polynomiaIsœ Walsh et al. (1996) compared the 

perfomiance of a 4 and 9 level acoustic installation at the Robert Moses Niagara Power 

Plant, New York. The field study addressed the integration uncertainties of stationary 

ADM under non-uniform, or skewed, velocity profiles. The instaiiation was located two 

diameters downstream of a 48 degree elbow. Data h m  60 tests at a range o f  gate 

openings reveded a systematic diffefeflce of 0.9 % between discharges obtained h m  the 

4 and 9 level systems. The authors concluded tbat this disagreement was primarily due to 

a velocity deficit in the profile that the 4 path systern "wuldn't see," that the 9 path 

systern could. This study highlighted the need for additional sarnpling levels to 

adequately estimate the integral of more complex velocity profiles. 



Figure 3.1 Acoustic scintillation flowmetering principle. 

TRANSDUCE 

Figure 3.2 Rinciple of transit-time acoustic velocimetry. 



Figure 3.3 Hypothetical velocity profile represented by a 7* order polynomial. 



CHAPTER 4 

PROPOSED TECHNIQUE AND TESTING PROGRAM 

4.1 PROPOSED ADM TECENIQUE FOR LOW-HEAD PLANTS 

It is anticipated that transit-time acoustic velocirnetry can be used to provide improved 

estimates of discharge. The proposed technique is in essence a hybrid version of the 

traversing current-meter and ADM methods. An array of acoustic paths can be 

configureci to obtain chordal averages of velocity at a high sampling rate. By traversing 

this array across the intake via the stoplog guides, vimially the entire flow profile can be 

sarnpled This technique will provide a more complete integration of the velocity profile 

relative to discrete sampbg techniques, such as the curent-meter and existing ADM 

approaches. Improving the integration will result in a very accurate discharge estimate. 

Employing acoustic velocimetry will also provide information about high fiequency 

fluctuations and accurately measure flow reversais; cumnt-meter technology does not 

provide this information. 

Figure 4.1 illustrates a single 'acoustic cell' coasisting of two pairs of acoustic 

transducers in a crossed path configuration. For each transducer pair, the travel times of 

upstream and downstream traveling acoustic puises are measured and an average line 

velocity is obtained between the transducers. A number of these acoustic cells would be 

mounted adjacently, as depicted in Figure 4.2. Each cell would masure chordal average 

normal velocity. The carriage of transducers would be continuously traversed down the 

stop-log guides ushg similar gantry and c h g e  equipment as used for the curent-meter 

method, to vertically integrate the velocity profile. 



4.2 TESTING PROGRAM 

Preliminary evaluatîon of the technique was camed out by testing a singie acoustic cell in 

the Hydraulics Research and Testing Facility (HRTF) at the University of Manitoba A 1 

m by 1 m intake was wnstmcted to defhe a metcring plane. A positionhg system was 

used to traverse the four acoustic transâucers across the flow area to sample average 

chordal velocities. The technique was evaluated primarily by wmparing the discharge 

measurements deriveci from the acoustic ceii with known labomtory discharge values. - 

Specifically, a teshg program was designed to detennine: 

1) the accuracy of the sïngie cell system; 

2) the repeatability of the single ceii system; 

3) an appropriate sampling strategy (Le., traversing rate, GL samphg); 

4) the accuracy of the discharge measurement technique for measuring non-donu 

velocity profiles; and 

5) the suscephiiiïty to m r  under disnirbed and non-paralle1 flow conditions. 

The accuracy of the technique was evaluated by comparing absolute discharge 

rneasurements with known laboiratory flow supplying the model. An assesment of the 

repeatability of the technique was made by comparing subsequent measurements of the 

same flow. 

Based on measurement accuracy and repeatability, a range of sarnpling strategies were 

evaluated It was anticipated that traversing the intake too quickly would under sample 

the velocity profile, resulting in inaccurate andor mni-repeatable discharge 

meamrements. Conversely, excessively slow traversing stnitegies would over sample the 

velocity profile without impmving the quality of the discharge measmement. A range of 

Gauss-Legendre (GL) sampling strategies were also tested. The objective was to define 

the appropriate degree of sampkg and the relative performance of continuous vernis 

discrete samplhg strategies in both favorable and disturbed flow conditions. 



As the discharge meaSureLllent techniqge is to be applied at low-head plants, it was 

necessary to assess the technique imda cornplex flow conditions. Flow pertur2,atiom 

were introduced shortly upstream of the metering plane in the intake to assess the ability 

of the technique to integrate non-uniforni velocity p m f h  and to measure fiows 

containhg vortex shedding. 

The typical non-prismatic intake geometry of low-head plants contniutes to the 

complexity of velocity profiles. Since the intakes converge quite rapidly towards the 

turbine, non-paraiiel flow hes exist in the metering plane. To assess the ability of the 

proposed technique to resolve the normal flow componmt under converghg fiow 

conditions, a flow constriction was included shortiy doWIlStfearn of the metering plane to 

introduce non-paralle1 fiow. 

4.3 PmSICAL DESCRIPTION OF LABORATORY SETUP 

4.3.1 Flow Supply, Flume and Intrke Structure and Acoustic Ceii 

Flow Suppiy 

Hydraulic testing was carrieci out on the mode1 floor of the HRTF. The flow system is a 

closed circuit, that is, water is recirculated h m  a sump pit using two high discharge 

low-head purnps (75 and 60 hp) into the constant head tank, tapped off the tank to source 

the flume through a 350 mm PVC pipe, passes through the intake structure, out of the 

flume and retumed to the sump pit. The capacity of the flow system is approxhately 

500 Vs. 

FIume and IirtaRe 

A timber flume and intake structure, shown in Figure 4.3, was constructed to p d o m  

hydraulic tests on a single traversing acoustic celi. The flume was 10.60 m long by 2.48 



m wide by 1.60 m deep. The waiis of the flume consistai of 19 mm plywood sealed with 

a roiler applied rubber Iuiùig (Vuikem 350). 

The supply dropped ver t idy  into the flume upstream of flow straightener. The flow 

straightener consisted of horizontally stacked 290 mm long by 76 mm diameter PVC 

tubes that were contahed by 25 mm flattened expanded metal sheeting on both the 

upstream and downstnam ends. The straightener was used to disnipt the large scde 

turbulence and to direct the flow towards the intake st~cture. To stabilize the headwater 

conditions and f.urther break-up the flow, a 50 mm layer of filter media was attached to 

the upstream side of the flow straightener. 

The leadhg waii of the intake structure was positioned 2.0 m downstmm of the flow 

straightener. The flow was forced to converge laterally to a width of 1.00 m over a length 

of 0.90 m. The fiow then converged verticaiiy to a ceiling 1.00 m high. The intake was 

prismatic (1 .O0 m x 1.00 m) for a distance of 1.42 m. Wioiin this length, the upstream 

face of the metering section was located 0.69 rn h m  the end of the vertical convergence. 

At a distance of 0.10 m downstrearn of the metering section, the intake structure 

converged lateraily to a width of 0.50 m. The vertical convergence shown in Figure 4.3 

was added as a flow disturbance for only a portion of the testing program. A motor 

controlled sluice gate, located 3 .O m do- of the intake structurey released to the 

exit chute which directeci the water to the sump pit. 

The acoustic tramducen were recessed in slots in the waUs of the metering section to: 1) 

rninimize the flow disruption resdting h m  the transâucer sûuts; and 2) minimize the 

flow leakage around the tramducers. Four transducer ports cut into the ceiling of the 

intake provided access to the metering section for the bansducers; thus. the metering 

section was not sealed. The area arouud the metering section was sealed h m  both the 

forebay and taürace resulting in a stiil intermediate p l .  

Figure 4.4 illustrates the exterior of the metering section. In this figure, the tramducers, 

mounted on the end of the transducer struts (Hue in color) are extracted h m  the 



metering section and positioned just above the transduca ports. Figure 4.5 illustrates a 

test in progress. in this case the transducers were positioned near the bottom of the 

metering section with the carriage slightly submergeci in the intermediate pool. Also 

illustrated in this figure is the still water condition of the intermediate pool. 

The acoustic ceIl consisted of four trducers  in a aossed path configuration, as 

illustrated in Figure 4.6. To aisure that the transducers wodd transmit and receive 

sufncient acoustic signal strengths, an accmte alignrnent procedure was use& As show 

in Figure 4.6 the ûansducers were mounted to the ends of the support struts using 

'accordion-like' two-axis optical mirror mounts (Newport mode1 #MlW-075) for 

aiignment in the vertical and horizontal planes. Figure 4.7 illustrates the alignment 

procedure u s d  A small h r  was taped to the face of the transducer being aimed. A 

hand laser pointer, positioned a distance A h m  the opposing transducer was pointed at 

the center of the reflector. n i e  optical mount on transducer 1 was adjusteci such that 

distance A was equivaient to distance B. The adjutment was repeated for the 

perpendicular plane, resulting in the alignment of transducer 1. This process was 

repeated for each traasducer. Table 4.1 includes the respective path lengths and 

orientations for the two paths. 

Table 4.1 Acoustic ceU configuratio~~ 

Acoustic Path mentaton to Row (8) 

ldegred 

Pathlength 

[ml 



4.3.2 Reference Discharge Measmement 

A MSR in-line Magrneter (MAG) was used to monïtor and measure the reference 

discharge (MSR, 1992). Using electromagndic prhciples, this commerciaiiy produced 

meter calculates discharge h m  water velocity measurements at a single location within 

the pipe. For fbliy developed turbulent pipe flow, over a wide range of Reynolds 

numbers, the average velocity occurs at a radiai distance 11% of the pipe diameter inward 

fkom the wail (Flint-Pet- and Rajaraf11~1111, 1987); the MAG meter seiwr is positioned 

at this location within the pipe. The MAG was instaiied 3.30 m (10 diameters) 

downstrearn of the 90 degree elbow and 2.10 m updtrwun of the butterfly valve; this 

positioning well-exceeds the maaufacturer's recommendations to ensure a symmetrical 

velocity profile. In addition, the MAG meter was inserted h m  the bottom of the 350 

mm PVC line to reduce the influence of air entrainment, 

4.3.3 Positionhg System 

Traversing Mechanisin and Cartiage 

To traverse the discharge metexing area, a rigid steel carriage and guide assembly was 

fabricated (as seen in Figures 4.4 and 4.5). The transducers were mounted on the ends of 

four HSS 33~2.5 mm steel stnits projecting downward h m  the carnage. The 

1.40~ l.OOxO.30 rn camiage was guided by concentnc coilars that slide verticaily around 

two HSS 73x4.8 mm steel columns. The wlumns were stabilized and aligaed to the 

vertical using four adjustable guy wires. 

The carriage was positioned by a servo-motor controlled lead-screw. The lead-screw was 

a 22.2 mm diameter, 2.82 mm/thread galvanized tbreaded rod. The maximum traverse 

length was 1.30 m; a distance greater than one meter was used to provide access to the 

transducers for installation and alignment. To reduce the required torque h m  the 

positioning motor, the carriage weight was counter-balanced using a puiiey/deadweight 

system. 



A computer controlled electronic positionhg system was used to accurately and precisely 

traverse the ~ u c e r s  a m s s  the flow. Figure 4.8 is a schematic diagram of the 

positioning system. A Galil DMC-1020 two axis bus mounted controiier card was 

installed in an AT-baed PC. An d o g  signal between f 10 volts was transmitted to the 

amplifier to control the velocity, acceleration and position of the motor. An Electrod 

BDC-2SL ampiifier was used to power the Electroeraft E-3626 brushless savo motor 

which rotated the lead--W. Coupled with the specined amplifier, the motor was rated 

at 17.6 kg-cm peak torque and 4.4 kg-cm continuous stall torque. A LOO0 pulse per 

revolution @pr) opticd encoder, aflked to the top of the motor, provided feedback to the 

controller to monitor position and velocity. The controller system deciphers the encoder 

signal in quadrature, thus the resolution of the positioning system was 4000 counts per 

revolution of the motor s h a  with a 2.82 d t h r e a d  lead-smw directly connected to the 

motor, this translated to a vertical resolution of just over 7x104 mm. 

Programming of the Positioning System 

ASCII text files were created to control the positioning system for the various traverses 

tested. The minimum that was required to commaad a move was rotational speed, 

acceleration/deceleration and relative or absolute position. Additional commands such as 

pausing, emr limit, torque limit and hining integrators were used to accurately execute 

both the continuous and GL traverses. Appendix B contains sample position controiier 

p=ograms- 

Conbliuous moni to~g of position and pmper tuning of the amplifier and controlls card 

ensured accurate and precise positioning of the transâucers. An emr limit was defined to 

reduce the variability in traverse rates and to safeguard against damage to the controller 

system resulting h m  possible jamming of the travershg camiage. The motion was 

halted and an ermr code was displayed if the encoder feedback indicated that the position 

error exceeded this limit; an e w r  M t  of 2000 counts was de- which translated to 



1.41 mm of vertical traverse. Thus, as the caniage was traversing, the maximum 

instantaneous position e m r  was 1.41 mm. 

Transducers 

1 MHz tramducers were deemed to be appropriate as the patblengths of the lab ceil were - 

approximately 1 m and the prototype pathlengths would likely be between 1 and 5 

meters. Lower lhquency signals are less susceptible to attendon, however the trade- 

off from using bigher hquency acoustics is that received signals are not as weil-dehned 

Piezoelectric ceramic discs, 19.05 mm in diameter, were potted in custom machineci 

stainless steel housings. The discs were composed of Iead zirchonate titanate with fired 

on silver electrodes, aligned to radiate in the thickness direction. Figures 4.9 and 4.10 

illustrate the ceramic discs and steel housings and the final potted transducer, 

respectively. The prirnary lobe of the traasducer was essentialiy cylindricai over the 

pathlengths used. The Company responsible for pottiug the transducers (Focal 

Technologies Inc., Dartmouth, Nova Scotia) estimated that the piimary lobe diameter was 

approximately 2.5 cm at a distance of 1 meter nom the transducer fiice. 

Signal generation and timing electronics were adopted h m  the Velocity-Density- 

Vorticity (VDV) oceanographic sensor technology developed by Focal Technologies, 

hc., Dartmouth, Nova Scotia Urive# et al., 1996; Trivett et ai., 1995). 

Figure 4.1 1 iiiustrates a schematic of the standard VDV electronics. While the original 

VDV transmis a 5 MHz ikquency, the setup for testing was modified to use 1 MHz 

transducers. The electronics were modified to ultimately be capable of making 

measurements h m  seved transducer pairs to be mounted on a traversing' M e ,  as 

describeci in Section 4.1. The current configuration samples velocity at appmximately 8 

Hz, and üansmits the data via an RS-232 serial data link to a PC. The electmnics 



package, excluding the ûansducers, was housed in a sealed 5 cm diameter PVC pipe, 32 

cm in length. A DC power supply was used to powa the modifieci VDV electronics. 

The VDV package contained a Programmable Amy Logic (PAL) device that perfiormed 

travel tirne measurements. Two PIC rnicfo-controiiers aquired the PAL data in m l -  

time. A 'TattleTale 5F' was included in the package to perform supervisory control and 

timing of the velocity measurements. Powered by the DC supply, the TattleTale was run 

on command fhm the data logging PC. 

C++ source code, written by Focal Technologies, was nui as a fiont-end to the system. 

The program calculated, displayed and logged pathlllie velocity and sound speed 

measurements for the two pairs of transducers based on specîfied pathlength values and 

transit-tirne data h m  the TattieTale. 
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Figure 4.1 Single crossed-path acoustic ceii. 
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Figure 4.2 Conceptual array of acoustic cells. 
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Figure 4.3 Flume and intake structures. 



Figure 4.4 Extenor of metering section. 



Figure 4.5 Test in progress showing intermediate pool. 
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Figure 4.6 Plan view of acoustic cell. 
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Figure 4.7 Alignment of acoustic tramducers. 

Figure 4.8 Schematic of positionhg system. 



Figure 4.9 Ceramic discs and transducer housings. 

Figure 4.10 Potted ûansducer. 
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Figure 4.1 1 Schematic of VDV electronics (adopted h m  Trivett et al., 1995). 



CHAPTER 5 

POST-PROCESSING OF DATA 

Figure 5.1 illustrates the data coileztion components and the general data processing steps 

used in testing. Three independent systems were nm in parailel: 1) the reference 

discharge mea~u~ement; 2) the acoustic velocity measurement system; and 3) the position 

control system. Post-processing of the refanice discharge and acoustic velocity 

measurement systems was perfiormed using Matlab script files. Appenâix C contains 

reprgentative files used for the various testing sequences. 

5.1 REFERENCE DISCHARGE 

The MAG flowmeter was dibrated volumenically before testing the ADM technique 

(Appendk D). Therefore, the first step of pmcessing was to apply the cali'bration 

& = 8.694 + 1.106 Q,,- , 

where Qw = MAG reference discharge vs], and 

Q = MAG raw discharge measuremeat [lk]. 

Figure 5.2 illustrates a typical time record of calibrated, non-nltered MAG meter output. 

Understandably, the variance of the data was high since the meter is designed to calculate 

discharge based on a single velucity measurement of the turbulent flow within the pipe. 

The actuai variability of the true discharge was considerably less. Also evident in the 

figure are a few flow measurements that were much lower t h  the average discharge. 

These anomalies were W y  a result of air entrainment @SR, 1992). Air bubbles attach 

to the sensor head of the meter and break the conductive circuit, d t i n g  in a corrupted 

velocity measurement. To minimize the Muence of air entrainment: 1) the MAG meter 

was iastalled on the bottom of the supply pipe; and 2) fiow rehimuig to the sump was 



redirected to reduce the turbulence and air entrainment in the pmximity of the pump 

intakes, however occasional 'drop-outs' were still o b s d  To circumvent this problem, 

outlia measurements were removed with a simple i t d v e  routine (Appendix C). The 

measurement with the greatest deviation h m  the mean was identifid as an outlier and 

removed. The mean and standard deviation of the remaining data was recalculated This 

process was repeated until the revised standard deviation was lower than a pre-defïned 

tfireshold value (arbitrarily defineci to be 20 Ils). The reference discharge was then 

cdcuiateâ as the mean of the remahhg caliirated values. N o d  operation of this meter 

uses a n I t e ~ g  routine, programmeci within the MAG cornputer, to yield very stable 

discharge measurements. However, this fûnction was bypassed in the form of post- 

processing. 

5.2 VELOCITY AND DISCEARGE MEASUREMENT 

Using Matlab Script mes (Appendix C), the velocity data was pst-processed to: 1) 

segment the data with respect to the synchmnized positionhg of the transducers; 2) apply 

a revised calibration of the velocity data (outlined in Appendix D) to re-calculate the 

pathline velocitr, 3) to resolve the chordal average normal velocity component h m  the 

pathline velocity measurements; 4) identify and remove enoneous velocity data h m  the 

data set; and 5) calculate the ADM measured discharge. 

5.2.1 Synehronuation of Positionhg and Velocity Measurement Systems 

Since the position control and acoustic instrumentation were run independently, a 

stopwatch was used to synchronize position and velocity measurements. The traverses 

were programmai to display a message to 'begin timing' (see Appendix B). A 10 second 

pause was programmeci prior to commencing the traverse. Within this window, the 

logging of acoustic &ta was started and the timing iasbntaneously stopped. Knowing 



the lag time between when the logging of the VDV data commenced and when the 

traverse began, the appmpriate number of 'non-traverse' velocity measurements were 

removed h m  the record Clearly, the direct appmach would have been to simply 

execute the traverse and log the data at the same tirne, however the two systems were 

separated by approximateiy 5 m to reduce the amount of electncal interference between 

the systems. 

Discrete velocity measurements were obtained for GL integration of the velocity profiles. 

The carriage was lowered to the specinc location withui the intake, paused for 2 minutes 

and then lowered to the next pro&rammed location. Throughout the traverse, only one 

acoustic velocity measurement record was logged As such, knowing the traversing time 

between discrete samples and the samphg rate, post-processing was used to extract the 

two minute blocks of data h m  the base record. Separate Matlab script files were created 

for each GL sarnphg strategy (e-g., 10 level, 8 levei, etc); Appendix C contains some 

example script files. 

5.2.2 Pathline Velocity 

PathIine velocity was measured by detexmining the transit-times of an upstream traveling 

pulse (tJ and of downstream traveling acoustic pulses (tJ. Equation 52,  denved as 

equation 3.3 in Section 3.3.1, can be solved for the pathluie water velocity. 

Eliminating the Y,' term resuîts in a simpler solution for Y,, Le., 



The fhctional error of this simplification is on the order of v/lc' . Assuming typicai 

values for Y ,  and c, this m r  is on the order of only IO6 . The speed of sound, c, is 

calcuiated using 

It is important to note that assiiming a value for the speed of sound in water would have 

signincantly compmmised the accuracy of the velocity measwement as this value is 

squared in the calculation. The speed of sound in water is dependent on temperature, 

pressure and salinity. Clay and Medwin (1977) provide an ernpiricai relationship for the 

speed of sound in water 

= empirid estimate of the speed of sound in water [mk], 

= temperature coq, 
= saiinity Cppt], and 

= depth [ml. 

For laboratory testing, temperature was most in€Iuential on sound speeds with salinity, S, 

being zero, and the depth of water approximated as half of the total depth. Equation (5.5) 

was used for cornparison with measured c values. 

Two digital outputs were provideci by the VDV package for each transducer pair, one 

proportionai to the travel the  differetlce for caiculation of Y,, and the second 

proportional to the sum of travel times used to calculate c. Table 5.1 surnmarizes the 

range in digital output and typical comsponding pathline water velocities and sound 

speeds. 



Appendix D outlines the calibration of the VDV system. The caliration revealed that an 

adjustment of the instrument zero ofiet was required. Also, the slew rate, a time 

constant applied to the electmnics, was re-calibrated These two cali'brations were 

appüed to the raw VDV output to determine the measured pathline velocity. 

Table 5.1 Digital VDV output and velocity measurement resolution. 

5.2.3 Normd Velocity Component 

Data 

pathline velOCity** 
speed of sound 

To determine the nomial velocity component of the flow nom pathline velocities, the 

data was transformed using 

= i ' normal velocity measurement for path P. 

= i pathïllie velocity measuement for path P, 

= path angle to nonnai flow, and 

= acoustic path (either X or Y). 

* caiculated based on pathlengths of 1.17 m 
** caiculated based on a sound speed of 1480 m/s 

Range in 
Digital Ouput 

[counsJ 
I4096 
0 - 8190 

5.2.4 Removal of Erroneous Velocity Measarements 

Following testing in the intake stmcture, it was evident that the acoustic system was 

producing some velocity measurements signiacantly différent h m  the true values. 

Fortunately, emneous data was easiiy identifieci as values deviated h m  the expected in 

a systematic manner. Figure 5.3 illustrates this observation, where the correct velocity 

Coftesponding 
Rnnge in 

Memement  
[m/sJ* 
I 7.95 

1119.5 - 1681.4 

Resohtion 

(m/s] * 
0.0019 

0.08 



measurements are in the +15 d s  to +30 cmls range. Otha values deviate h m  the 

expected by appmximately *45 cm/$ or more, d t i n g  in 'lanes' of moneous velocity 

measurements. 

Mer  considerable consultation with Focal Technologies, two possible explanations for 

the ' I d '  data were deriveci: 1) echoing off the plywood intaLe stnicture; and 2) severe 

signal attenuation due to enttaiaed air or suspended solids. The high ai .  content plywood 

boudaries act as an air-wata interface, which is a strong reflector of acoustic energy. In 

the case of the ermneous &ta, a refiected pulse is detected by a transducer. The intake 

geometry consisted of linear joints separated by a consistent distance h m  each 

transducer (with depth); thus, it is reasonable to expect that echoes would result in 

consistent emrs (i-e., lanes). 

A number of m e m e s  were taken to reduce the echoing problem. First, the transducer 

faces were repositioned M e r  out of the slots, i.e., into the main flow. This reduced the 

susceptibility of detecting side lobe echoes off the nearest plywood edge of the slots 

(refer to Figure 4.3). Secondly, 75 mm PVC pipe was cut in half longitudinaily and 

inserted behind the transducers to remove corner reflectors; this was intended to disperse 

any pulses that passed by the receiving transducer. Black rubber is a good absorber of 

acoustic energy because of its chernical maiceup. Strips of rubber were used to Line the 

slots behind the transducers, however this measure did not resuit in any noticeable 

irnprovement and was later removed. 

In addition to spreading loss of an acoustic pulse, the signal strength can be attenuated 

and distorted by silt, solids, entraineci air, marine Life or fouling (Lowell and Hirschfeld, 

1979). This effect can be so severe that the signal is weakened to the point that the 

receive detector misses the desired point on the signal waveform. For the con@uration 

tested, the resulting timing shift couid be 500 nanoseconds or one half or one quarter of 

this, dependhg on the sense of the pulse. This corresponds weU with the constant lane 

separations observed in the data. As discussed in Section 5.1, attempts were made to 

reduce the air entrainment, however it was not completely eliminated. The close 



proximity of the metering section to the supply pipe provideci Little distance for the air 

bubbles to dissipate- 

It is important to admowledge that signal attenuation is a v e y  reai problem in undenivater 

acoustics. For field applications, it is essential that signal recognition circuitry be 

incorporated into the detedion systm to identify missed pulses and avoid severe velocity 

measurement errors WC, 1991; Lowell and Hirschfeld, 1979). 

For Iaboratory testing, only a simple routine was required to remove the erroneous data 

because these values were signiscatitly different h m  teasonable velocities. Withh 

Matiab script, a search was p d o d  to find the indices of velocity &ta that feu within a 

pre-defined window (e-g., i20 cm/s) around an expected average nomal velocity 

(EANV). For continuous traverses the EANV was easily calculated by dividiug the 

reference discharge by the total intake area. A more involveci procedure was used for GL 

sampling strategies as complicated profiles resulted in individual point velocities that 

varied siBnificmtly h m  the overall average. Indexed by location within the intake, 

appropriate EANVs were extracted h m  an ASCII text file containing 100 continuous 

traverse velocities. This file was created prior to processing the GL data by segmenthg a 

continuous traverse into 100 windows of average velocity, each representing 1 cm of the 

traverse. Thus, for each GL ordinate, an expected velocity was referenced and the 'laneà' 

data was removed h m  the record. For the various flowrates and samplhg strategies 

tested, approximately 80 % or more of the data observecl was good, the remaining 'laned' 

data was removed. 

5.2.5 Discharge Calculation 

Discharge calculation for continuous traverse tests was relatively simple. Of the non- 

land &ta set, the records of normal velocities obtained h m  the X and Y paths were 



averaged separately. These two values were then averaged to duce the cross-flow =or. 

Equation (5.7) Summanzes the calculation of discharge for continuous traverses. 

whxe Qm = discharge measmement using CXR, 

CS V A  = r" noxmai velocity components h m  X, Y trarisducer 

paUs 

ns nr = number of nomial velocity measurements h m  X, Y 

transducer pairs, and 

A = area of the metering section. 

Equation (5.7) was used for the continuous traverse discharge calculations under ideal 

flow conditions (Le., undisturbed). Howeva, complicating the flow profile by 

introducing disturbances in the intake reveaied that the occurrence of 'land velocity 

rneasurements was non-random. This was likeIy due to the higher concentration of  

entrained air proximal to the disturbances. Since the velocities near these disturbances 

were generally lower than average and land data was removed h m  the data set, less low 

velocity measuranents were included in the discharge calcuiation. This in tum, yielded 

discharge measurements that were biased slightly high (ie., 1-2 %). To circumvent this 

problem, the metering section was divided into a large number of 'windows', dependhg 

on the record length, and individuai averages were calculated for each whdow. The 

record of window values was then averaged to calculate discharge; this calculation is 

described in equations (5.8) and (5.9). 



where c::, = average noanal velocity for path P in window w, and 

n,, = numba of non-laned velocity meaSuTements for path P in 

window W. 

where Qrn , = discharge measurement using CTR traverse with wïndow 

values, and 

W = number of windows (100400). 

Discrete Sampling (Gauss-Legendre) 

Discharge calcuiation for the Gaw-Legendre traverses was slightly more involved. The 

integral of the velocity profiie, vfi), was approximated using the Gauss-Legendre 

method, as recommended in the IEC code (1991) for rectangular conduits. From Section 

3.3.2 the approximation is given by 

where Q,, = discharge measurement ushg the Gauss-Legendre traverse, and 

W' = the width of the intake. 

The actuai dimensions of the intake stnicture measured to be 0.9985 rn hi@ by 1.013 m 

wide, thus equation (5.10) took the form 



To evaluate vf iJ ,  the average no& velocity over the sampling duration was determinecl 

fiom the n o d  veiocities m d  using the X and Y pathline velocities as described 

by 

"Xi  "YJ 

Cv,IXi Cc% 

A range of GL sampling strategies h m  N of 2 to 12 were evaluated over the course of 

testing. The standardked coordinates, xi? and corresponding weights, wi, are tabulated in 

Appendix A. 



- Post Processing 

Figùre 5.1 Data collection and pmcessing. 



Figure 5.2 Time record of calibrated, non-Utered MAO meter output. 

Figure 5.3 Time record of velocity measurements including 'laned' data 



CHAPTER 6 

ANALYSIS AND DISCUSSION OF RESULTS 

6.1 EVALUATION OF VELOCITY PROFILE STABILITY 

The inherent assumption employed when traversing techniques are used is stabfity of the 

velocity profile. For example, in the case of a discrete velocity measurement strateay it is 

assumed that the true mean of the velocity at the measrrring point is captureci within the 

sarnpling duration. The extreme case of this assumption is exercised when a contïnuous 

traverse is perfiomed as the instrumentation is not stopped to obtain an average velocity 

at each location; the assumption is the profile is stationary. Clearly, even unda favorable 

conditions this ideal never exists. However, the ûadeoff with a continuous traverse is 

more points are sampled m s s  the profile. 

Two sources of velocity profile variability exk t  1) the random turbulent fluctuations in 

velocity at some pdcula r  location on the profile; and 2) the overail variability of 

flowrate with time due to headwater fluctuations or singing of the unit. Hypotheticaliy, if 

the k t  of an instantaneous traverse using an infinite sampling rate was useci, a true 

'snap-shot' of the velocity profile would be sampled and an exact insrantcrneous 

discharge measurement would be obtained. However, the temporal variability of 

discharge would not be captureâ by pdonning such a traverse. Slower traverse rates 

would capture the overail variability of discharge. The optimal traverse would be just 

long enough to capture the variability of the discharge and adequately sample the 

individual velocities such that the turbulent components average to zero. 

To assess the stability of the velocity prohle, the acoustic tramducers were positioned at a 

fixed location witbin the metering area and 15 minutes of velocity data was logged. The 

time senes was segmented into successively d e r  durations, from one complete record 

to 100 segments of 9 seconds of data. For each time segment the average normal velocity 

was calculated using equation (6.1); because both X and Y pathline velocities were 



averaged, low fre<iuency variation of the net horizontal flow direction was eliaiinated, 

i. e., 

whae F,,, = mean n o d  velocity for segment s, and 

s = segment of time series. 

The temporal variability of the normal velocity was evaluated by cdculating the 

merence between the maximum and minimum mean normal velocities for al l  segments 

of the same duration. Figure 6.1 illustrates the resuits obtained h m  a test run at 185.8 

Vs. As expected, the difference between the maximum and minimum segment averages 

increased with a reduction in segment length. The deviation reached a maximum of 3.4 

cm/s or 19.6 % of the mean when the record was divided into 9 second segments. From 

the figure it is apparent that 2 minute averages deviateci by as much as 4 % of the mean. 

This is troubling, as in field practice two minute averages are considemi sutncient to 

obtain representative velocity samples; performance testing codes (ASME, 1992; IEC, 

199 1) recommend this duration as a minimum for discrete sampling techniques. This 

preliminary test suggested that the velocity profile obtaïned in the lab was overly 

unstable, and was not representative of field conditions. 

The variability was, for the most part, due to upstream conditions. In particular, the water 

supply was provideci through a straight drop pipe, without a m e r ,  and there was only a 

short flow development distance h m  the flow supply pipe to the discharge metering 

section. To improve the upstream conditions, two layers of plastic coated pig hair fiIter 

media were attached to the u p s t m  face of the flow straightener. The filter s w e d  to 

back up the water and force the flow to better distniute pnor to entering the straightener. 



The stability of the normal velocity profile was re-evaluated using the same analysis. 

Figure 6.2 iilustrates the resuits obtained at a discharge of 286.0 Vs. Clearly, the low 

fkquency variabiliîy of the nonnal velocity wes dramatically reducd Segmenthg the 

data into 9 second durations, resulted in a deviation between the maximum and minimum 

average of 1.8 cmls or 6.6 % of the mean. Fot this record the maximm deviation 

between 2 minute averages was approximately 0.2 cmfs or 0.8 % of the mean; this was a 

dramatic improvement over the deviation of 4 % observed before the filter media was 

added. RecogniPng that the stability of the profile is dependent on velocity, the same test 

was pedormed for a range of discharges. Figure 6.3 illustrates the d t s  obtained h m  

aii the stability tests. Again, ai l  tests pdormed der the filter media was instalied 

revealed more stable profiles. Understandably, the lower flow (121.7 Vs) segment 

averages were more variable since the fkquency of vortex shedding is lowered as the 

water velocity is reduced. Therefore, a longer sampling period is required to realize the 

average water velocity. The maximum deviation for 2 minute samples was between 0.8 

% and 1.7 %; based on these resuits, a 2 minute duration was considered to be acceptable 

for the discrete sampling tests (Le., Gauss-Legmdre sampling strategies). 

6.2 ASSESSMENT OF SAMPLING STRATECIES 

To assess the accuracy and repeatability of various sampling strategies, 103 tests were 

perfomied over a range of 6 discharges (appmximately 160, 250, 275,350, 400 and 460 

Ys) . Continuous traverses of 20, 12,8,6,4 and 3 minutes and 12, 10,8,6,4, and 2 level 

GL strategies were tested. The travershg rate of the continuous profiles was limited by 

the capacity of the positioning system. The uppa M t  of the range of GL strategies was 

limiteci due to the proximity of the acoustic pathlines to the flow boundaries. A 

disproportionately high nimiber of 'laneci' velocity measurements were obsexved for the 

first and last level o f  hi* order GL sttategies. Thus, testing was limited to a maximum 

of 12 sampling levels. Appendix E contains a detailed list of the d t s  for each test. 



Table 6.1 swnmarizes the testing program, listing the number of fiowrates that were used 

to evaluate each strategy and the total number of tests for each strategy. Not all sampling 

strategies werr tested to the same degree for a number o f  reasotls: 1) as the testing 

progressed, the number of nins for each strategy at a given discharge was reduced 

because the repeatabiîity of the d t s  was quite good; 2) some strategies were 

discontinued eady in the testing program due to the reIatively poor accuracy levels (e.g., 

GL2); and 3) the poor accuracy obtained h m  lower order GL strate- prompted testing 

of higher level GL strategies. 

Table 6.1 Summary of tests perfiormed for undisturbed flow conditions. 

1 Sampling 1 No. of 1 No. of 
Strategy Flowratres tests 

CTR12 2 
CTRS 5 
CTR6 6 
CTR4 5 
CTR3 1 
GL12 5 
GLlO 5 
GL8 6 
GL6 2 
GL4 2 
GL2 2 

Figure 6.4 iilustrates a typical velocity profile obtained for a continuous traverse. This 

particular data was obtained h m  a 20 minute continuous traverse at a reference 

discharge of  388.1 Us. For each traasducer pair, 9676 velocity measurements were 

obtained. Mer moving the echoed or cormpted measuements, 8589 (89 %) and 8493 

(88 %) of the data remainecl for the X and Y paths, respectively. It was quite clear fiom 

the figure that, with no obstructions to the flow, the profile was quite unifonn. However, 

some 'weavllig' of the X and Y velocities indicated an overall helicoidal fiow existed; 

without a crossed path configuration, this would not have been detected and a cross-flow 

error would have resdted. 



Figure 6.5 illustrates velocity profiles for a range of fiowrates. For illustration purposes, 

the pronles were smoothed using 100, 1 cm window averages of twenty minute 

continuous traverses. It is clear fiom the figure that the velocity profile was quite 

uniform and consistent in shape over the discharges tested. Velocities at the top half of 

the intake slightly exceeded the velocities obsaved towards the flwr of the structure; this 

is iikely a result of the vertical convergence of the ceiling shortiy upstream of the 

metering section. AIS0 noteworthy is the f z t  that, although the o v d  smoothed profiles 

were quite llLLifona, small features (Le., peaks and troughs) were observeci. 

Discharge measurement error was defined as 

where Q- is the measured discharge (using either CTR or GL sampling strategies). 

For each sampling sûategy, across all flowrates tested, the average absolute enor ( A M )  

was caiculated to assess the relative performance of sampling strategies. It is important 

to recognize, however, that this rneasure is based on a limiteci sarnple (hm 3 to 16 tests). 

In addition, because not all samphg strategies were tested for each discharge, the AAE 

values are somewhat biased to the correspondhg fiowrates. 



Table 6.2 Summw of d t s  for u n d i e  flow conditions. 

Table 6.2 provides a summary of performance of the various sampling strategies and 

Figure 6.6 illustrates the d t s  for the complete set of tests pdormed. It is apparent 

£tom the figure, that there was considerable variability in the discharge measwment 

enors, especially for the CTR tests and the lower order (Le., N=2) GL tests. This 

varïability, in combination with the fact that only a Iirnited number of tests were 

performed for each sampling strategy, preçludes a statistical identification of the true 

opàmai sampling strategy. However, some comparative observations can be made. 

Excludlng the CTIU sampling strategy, which was subject to a very limited number of 

tests, the data suggested that no significant improvement was gained by using long 

traverses (CTR 20) relative to quicker traverses. The AAE of the CTRZO d t s  (1.18 %) 

was only slightly less than that of the CTR4 resuits (1.37 %). In addition, the 

repeatability of the discharge mea~utemmts was not compmmised by using fister 

traverse rates. This suggests that the uppa b i t  of the traversing rate was not attained. 

With regards to the GL sampkg strategies, a more de- relationship was evident. The 

results asymptotidy approach the zero error axis with increasing sampling levels, N. 

This is expected since the (ZN-1)' degree Legendre polynomial better represents the 



subtie detail of the true veiocity profile as N inaeases. The AAE ranged h m  0.56 % to 

2.77 % for the GL12 and GL 2 sampling strategies, respeztively. 

An important obsmation regarding the npeatability of the discharge measurement error 

cm be made h m  Figure 6.6. Although the variability of the d t s  was g e n d y  quite 

high for each sampling strategy over aii the discharges tested, the agreement between 

consecutive tests at the same fiowrate was quite g w d  For example, the maxiarum range 

in error calcuiated for the CTR4 tests for each fiowrate was 0.60 % compared to the range 

in enors of -1.68 % to 2-81 % over al1 the flows tested. Further discussion of the 

repeatability of measurement is possible by lookhg at data obtained for one flowrate (and 

one test day). Table 6.3 lists the testing d t s  obtained at a flowrate of approximately 

400 Us. 

Table 6.3 Test &ts obtained for 400 Vs flowrate (dsturbed). 

CTR20 
CTR20 
CTR12 
m l 2  
c m 1 2  
CTR6 
CTR6 
C T '  
GL12 
GL12 
GLlO 
GLlO 
GL8 
GL8 
GL6 
GL6 
G U  
GL4 
GL2 
GL2 
GL2 

Empuical 
Sound Spd. 

1477.3 
1478.1 1 1479.0 
1479.0 
1479.9 ' 1479.9 
1480.8 
148 1.6 
1482.6 
1485.0 
1485.9 
1486.7 
1486.7 
1487.5 
1488.3 
1488.3 
1489.1 
1490.0 
1490.0 
1490.0 

Measured 
Sound Spd 

148 1.3 
1481.3 
1481 -3 Y 1480.7 1481.1 

148 1.6 
1480.8 
1481-1 
1481.8 
1483.6 
1487. 1 
1488.2 
149 1.7 
149 1.4 
1492.3 
1492.6 
1492.2 
1492.3 
1492.6 
1491 -7 
149 1.9 

Sound 
Spd Evor 

PA] 
M.33 
+O-27 
M.22 
+O-12 
W.14 
+O-1 1 
+O-06 
+O-02 
*.O 1 
M.07 
+O. 14 
H.16 
4-0.34 
M.32 
M.32 
M.29 
M.26 
1.0.2 1 
M.18 
+O-12 
+O. 13 



For the duration of the enth test squence, approximately 7 hours, the measured 

discharge varied between 394.6 to 401.9 Ils. The water temperature increase over this 

duration (appmrcimately 4.5 O C )  Wrely fesulted in a subtie d e m e  of fictional losses 

within the flow supply system, thus increasing the system output, 

Each subset of fiow measuements for the specific strategy tested were very repeatable; 

for example the CTR20 changed by approlrimately 025 %. The deviation from the 

reference, however, changed âom 2.13 % to 1.33 %. Similady, the CTR6 discharge 

measurements were within 1.4 Vs or 0.35 % for the 3 tests performed but the reference 

discharge varied between 390.7 and 394.4 or 0.94%. These occurrences suggest that the 

repeatability of the ADM method is similar, if not better than the reference discharge 

measurement, The GL £low measurements were also very repeatable. In these cases, the 

errors were more repeatable than the CTR runs; this was Wrely because the longer test 

durations resulted in more representative reference discharge measurements. 

In general, the results in Table 6.3 indicated two distinct biases: 1) aii  the discharge emrs 

were positive and 2) although the speed of sound measurements were very close to the 

empirically calculated values, a negative error was consistent. Biasing of the results 

occurred for di discharges, although the sign and magnitude of the errors were not 

consistent and a direct relatiomhip with discharge did not exist. Figures 6.7 and 6.8 

illustrate this observation. The distinct grouping of the data also suggested that a 

systematic error was present within a testing sequence (i.e., a single fiow rate), but this 

error changed between sequences. AU the sequences were performed on separate days 

exclucihg the 164 Vs and 255 Vs flowrates which were tested over a 9.5 hour period. The 

data suggests that an electronic nror was biasiag either the refaence or the ADM 

systems, or both. The bias of the speed of somd values, although m t  significant did 

suggest that the VDV instrument was biased. A change in the zero o&et of the VDV 

electronics upon restarting for each discharge sequence was suspected as the cause for 

this bias. 



To verify calibration of the VDV instrumentation, a linear tegression anaiysis was 

performed on the complete set of data obtained h m  the sampling strategy investigation. 

Figure 6.9 illustrates the resuiting fit. The slope of the regression line was nearly 

identical to the value calculated h the calibrated d t s  (1 .O041 versus 1.0039). The 

hi& coefficient of determination (9 = 0.9986) c o h e d  that a linear response sa 

existed. 

From this series of sampling strategy tests, a number of observations can be made: 

1) hcreasingiy accurate discharge measurements were obtained as the number of Gauss- 

Legendre sampling levels was increased. Gauss-Legendre tests of N equal8 or more 

resulted in an accuracy better than ai l  of the continuous traverses, with the exception 

of the 8 minute CTR For d o m  velocity profiles, hi& order GL samphg 

strategies were generaüy superior to continwus traversing. These d t s  agreed with 

previous studies (e.g., Lanning, C. and Ehrhart, R, 1977) that, under favorable flow 

conditions (i.e., d o r m  velocity profiles). Gauss sampling techniques are effective 

and often superior to multiple level or continuous sampling methods. Uniform 

velocity profiles can be adequately represented by high order polynomials, thus the 

Gauss integration is quite accurate. Under these flow conditions, the merit of discrete 

long duration sampling (2 minutes) outweighs the em>r h m  not sampling the entire 

velocity profile. 

2) Discharge measurements obtained from both continuous and GL traverses were quite 

repeatable when considering each flowrate separately; the average variability was 

oniy 0.16 %. This indicates that, even though there was considerable variability in 

the velocity profile. as  indicated in Section 6.1, discharges based on 2 minute 

sarnpling durations or continuous traverses as quick as 4 minutes were very 

repeatable. 

3) The bias of enors within each discharge measuranent sequence suggested that a 

systematic e m r  was occunlIlgy but the value of this enor was changing fiom one 



flowrate to the next. This aror was not directiy related to discharge. It is possible 

that the zero ofiet of the VDV or MAG meter electronîcs changed when the systems 

were restarted (i-e.. warmed-up) prior to each discharge measurement sequence. 

4) The speed of sound measurements were in excellent agreement with empirically 

predicted values. 

5) The caiibration of the VDV system, as outlined in Appendix D. was verified. 

6.3 ASSESSMENT OF TEE ADM TECHLriiQUE UNDER NON-IDEAL FLOW 

CONDITIONS 

The proposed ADM technique is to be applied at low-head plants where complex velocity 

profiles typically exist. For this reason, a range of flow disturbances were introduced 

within the intake to assess the performance of the technique under non-ideal conditions. 

6.3.1 Disturbance 1 (Dl): Horizontal 75 mm PVC and Filter Media Fïow 

Obstructions 

To create a complex velocity pronle, horizontal fiow obstructions were instaiied within 

the intake just upstream of the metering area. Although the dimensions of the 

obstructions were not scaled h m  a typical obstruction that would exist at a hydro plant 

(e-g., tcash rack beam), the complex velocity profile that resulted was used to address the 

integration accuracy of the various sampling strategies. Figure 6.10 is a photograph of 

Dl. Expanded metal (25 mm) was attached to the walls of the intake. 320 mm upstream 

of the k t  set of tramducers. A 180 mm high by 60 mm deep bat of pig hair filter media 

was fixeci to the uppa piece of expanded metal centered a distance of 160 mm h m  the 

ceiling of the intake. A second bat of pig hair, 135 mm x 100 mm, was attached 290 mm 

on center h m  the intake floor. Dl also included a 75 mm PVC tube 340 mm h m  the 

ceiling of the intake. 



Figure 6.1 1 illustrates the velocity pmnle messurcd using an 20 minute continuous 

traverse for a 345.1 Vs flowrate. The added disturbances had a dramatic effect on the 

velocity profile; this can be seen by cornparison with undisturbed profiles (e-g., Figure 

6.4). It is quite clear that the position of the flow obsûuctions correspondecl âirectly with 

the velocity deficits observed in the traverse. Figure 6.1 1 also illustrates that the pronle 

approached reverse flow behind the upper flow obstruction. 

A range of sampling strategies were tested for the Dl flow condition at three discharge 

levels (approximately 250, 350 and 460 Vs). Table 6.4 includes summary data for this 

sequence of testing and Appendix E contains a more detailed table of the DL test results. 

For the disturbed flow conditions, the highest level of GL sampiing was 10. The GL12 

traverse resulted in a disproportiouately high number of 'laneci' data at the fht sampling 

level (upper boundary). This was &ely due to a high concentration of entraineci air that 

collected behind the upper obstructions and then floated to the upper boundary of the 

Table 6.4 Surnmary of testhg and results for DL flow condition. 

Figure 6.12 illustrates the discharge rneasurement enon calculateci for the Dl test 

Sampling 
Stmegy 

CTR20 
CTR12 
CTR8 
CTR6 
cm4 
GLlO 
GLS 
GL6 
G U  
GL2 

condition; to maintain a reasonable scale, 4 of 5 GIA tests were not included in the figure 

(approximate mors of -10 %) and ai i  of the GL2 results were not plotteci. For this testing 

* does not include positionhg time nquirrd for GL tests (2-3 min) 

Totcll 
Sampling 

Tirne [min] 
20 
12 
8 
6 
4 
20 
16 
12 
8 
4 

No. of 
Flowutes 

Tested 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 

Nimber 
of Tmts 

8 
7 
7 
7 
7 
7 
7 
7 
5 
3 

Average Absolute 
Yulue of Dilrcharge 

Error PA' 
0.70 
0.74 
0.80 
1 -50 
0.70 
1 .O3 
1.84 
4.26 
8.03 
38.29 



series, the muge in mors was exceptionally larger than for unSorm flow conditions; the 

minimum ermr was 0.01 % for a c'IR8 test at 460.3 Vs and the maximum emor was - 
39.69 % for a GL2 test at 46 1.8 Ils. In general, the CTR sampling strategies produced 

superior resuits. The average absolute value of discharge error was around 1 % for the 

continuous nms. Again, no appreciable improvement in accuracy was observed by 

perfonning slower traverses. 

For GL tests, the accuracy decreased as the number of sampling levels, N, was reduced. 

This is best explained using Figures 6.13 and 6.14. Both figures include a the same 

continuous profile, generated by averaging the normal velocities for 100, 1 cm windows. 

Figure 6.13 hcludes the 4 measured normal velocities for a subsequent G U  test; these 

samples lie close to the conti.nuous traverse data, indicating that the velocity profile was 

stable over long duratiom. Also included in the figure is a Th order polynomial fit to the 

100 data points of the continuous traverse. By inspection, the polynomial fit does not 

trace the actual profile very weiI. Howevei, the discharge calculated using this 

polynomial, by simply averaging Loo0 e q d y  spaced points on the polynomial, agrees 

with the integral of the continuous data to within less than l .O~l0- '~  Vs. Tests results 

revealed that the GIA integration was in error by almost -10%. This result appears to be 

contradictory since a four level Gauss-Legendre integration exactiy evaluates the integral 

of a 7' order polynomial. The reason for the discrepaney is that the best fit polynomial 

does not necessady pass through the true profile at the GL ordinates, x, The G W  

travershg strategy evaiuates the integrai of the (%l)' order polynomials that pass 

through the sampled points; polynomials passing through these points are not necessarily 

the best fit to the entire profile. Figure 6.14 m e r  illustrates this point. In this case, a 

lgm order polynomial was fit to the 100 point profile. Again, the agteement betwent the 

integral of the polynomial and the profile was excellent. In this case, the higher order 

polynomial closely traced the actual profile, even the smaller feahms. The GLlO 

samples lie both on the tme profile and in close proximity to the best fit polynomial. 

Consequently, accurate discharge measurements (i.e., AAE of 1.03 %) were obtained 

using the GLlO traverses. 



Discharge measurement enors were quite repeatable at each flow rate tested, but mrs  

ranged consîderably fimm one fiow rate to the next. SUnilar to results from prior tests, 

this mggesteci that a systematic ofkt azor occumd but changed as each new testing 

sequence was commenced. Refaring to Figure 6.12 the considerable Merence between 

two separate test sequences at 462 Vs (greater than 2 %, on average) confirms that the 

bias was not flow dependent, rather changed h m  test sequence to test sequence. 

Figure 6.15 is a plot of the measurement emrs with respect to flowrate. To maintain a 

reasonable scale, the m a  for GL2 nuis were not plotted, Looking at the continuous 

traverse data, a subtle bias to positive emrs can be detected. The average enor for ali the 

continuous traverses was calculated as 0.51 %; two possible explanations for this positive 

bias are: 1) the acnial caliration of the ADM electronics is biased high (+0.39 % for the 

calibration and +0.41 % for the vdcation); andlor 2) a slight offset emr exists. The 

former explmation is more iikely since the high bias is consistent with discharge. if the 

zero offset was in error consistently, by Say 0.1 cm/s, this effect wodd be less significant 

at higher discharges. 

It is important to highlight the dinerence in total sampling t h e  between CTR and GL 

strategies. Keeping in mind that the specific results are directly applicable only to the 

laboratory conditions tested, the CTR strategies were considerably more efficient. For 

example, the CTR4 tests, which required 4 minutes of sampling the  yielded an average 

absolute value of error equal to 0.70 %. The 8 level GL tests required 16 minutes of 

sampling time (not including the tirne to position the tramducers) and the average 

absolute value of the e m r  was 1.84 %. 

Testing the various sampling strategies in Dl conditions yielded interesthg results and 

revealed some very significant points regarding the accmacy of Gauss sampling strategies 

applied to unfavorable fiow conditions: 

1) A (wt)* order polynomiai may be fit to a complex velocity profile, and yield an 

integral very close to the tme discharge. However, if the Gauss positioned velocity 



samples are not coincident 6th that best fit polynomial, there is potentiai for 

significant systematic emr. For complex velocity profiles with numerou Ulflections, 

ody high order Gauss sampling strategies shouid be employed. 

Ail of the wntinuous sampling strate@= produceci repeatable discharge 

measunments for each testing sequeace, however considerable variabüity in error 

occumd over the range of flowrates. Similar to the undishirbed test sequence, these 

results suggested that an o f k t  enor had occurred. 

Considering the time required to cany out the sampling strategies versus the accuracy 

obtained, the CTR method was wnsiderably more efficient. 

Comparing the results obtained for undisturt>ed fiow, for both CTR and GL sampling 

strategies, the repeatability of discharge measurement was sirnilar. The discharge 

measurement accuracy of the CTR traverses was not comprornised in the disturbed 

flow, however low order GL strategies proQced considerable systematic error. For 

the disturbed flow condition, the merit of sarnpling the entire velocity profile through 

continuous travershg outweighed the e m r  resdting h m  the asassumption that the 

profile is stable. 

6.3.2 Disturbance 2 @2): 4 Horizontai 75 mm PVC Obstructions 

To gain understanding of how the ADM technique would perform under complex flow 

conditions with small scale turbulence (relative to the pathlengths), four 75 mm PVC 

tubes were installecl across the intake 320 nmi upstrearn of the leadhg transducer faces. 

D2 is illustrated in Figure 6.16. The upper tube was located 170 mm h m  the intake 

ceiling and the second tube was installed a M e r  1 70 mm below. The lower tubes were 

installed at the same distances h m  the intake floor. 

Figure 6.17 illustrates the velocity profile obtained h m  a CTR.20 traverse at 453.1 Vs. 

Nonnal velocity pmnles h m  both the X and Y transducer pairs are shown. The 



increased lcvel of turbulence, or vortex sheàding, behind the cylindrical obstructions was 

evident in the individual pair profles. The fi- also illustrates that the lower velocity 

regions directly corresponded with the position of the flow distucbances. 

A d e r  range of sampiing strategies was tested for the D2 fiow condition than for the 

Dl condition. Table 6.5 and Figure 6.18 summarize the resuits obtained h m  this 

sequence of testing. Appendix E contains a more detailed table of the D2 test results. 

Table 6.5 Summary of testing and results for D2 fiow condition. 

On average, ai l  of the sampling strategies tested for the D2 flow condition produced quite 

accurate discharge measurements. The CIn20 traverse yielded the lowest average 

absolute value of discharge aior, 023%. The GL4 sampling strategy perfonned much 

better under D2 conditions than for the previous disnubance; Figure 6.19 illustrates why 

this is the case. Includeâ in the plot is a 100 window average nomal velocity profile 

derived h m  a continuos profile, a Th order polynomial fit to the profile, and the GL4 

normal velocity samples. On average, the best fit polynomial is in ciose proximity to the 

actuai GL sampled velocities, particularly for the intermediate ordinates that are heavily 

weighted in the summation. Thus, the GL traverse evaiuated the integral of a 7"' order 

polynomial that would have pmperly represented the tme velocity profile and an accurate 

discharge measurement was obtained. 

The repeatability of enor was similar to the resuits outlined for previous flow conditions, 

indicating that the 2 miaute duration was sufIicient for discrete sampling in the GL tests 

and that the 4 minute traverse was not t w  short for sampiing the profile and the reference 

discharge. Figure 6.10 does indicate, however, that the e r m  bias of the GL4 incresed as 

Average Absolute 
Value of Discharge 

Ertor PA] 
0.23 
0.60 
0.64 
1 .O1 

Sampling 
Strategy 

C m 0  
CTR4 
GLlO 
G U  

No. of 
Flowrates 

Tested 
3 
3 
3 
3 

Number 
of Tests 

3 
7 
7 
6 



the flow rate was increased. This suggests that the GL4 was an inadequate samphg 

strategy for intepting this velocity profile. 

Figure 6.20 illustraîes the em>r distributon of the CTR and GL with respect to the three 

discharges measured. Again, the apparent slight positive bias (average value of 0.39 %) 

was likely a result of the original caliiration. A second contribution to this positive 

average was the systematic nror of the GL4 tests at that increased with flowrate. 

6.3.3 Disturbance 3 @3): 1 Horizontai 150 mm PVC Obstruction 

To further evduate the performance of the ADM technique in unfavorable flow 

conditions, a 150 mm PVC pipe was installeci upstream of the metering section. For 

disturbance D3, illustrated in Figure 6.2 1, the pipe was nxed horizontally at the midpoint 

of the intake. Aithough the dimensions of the obstruction were not directly scaled to a 

typical obstniction in the field (e.g., trash-rack beam), the test provided valuable 

information on the performance of ADM in flows with larger scale turbulence. 

Figure 6.22 illustrates the component X and Y profiles for a flowrate of 257.7 Vs. The 

velocity profile was quite Ulliform in the undisturbed region with a deficit behind the 

obstruction. Clearly, the variabiiity of the sampled velocities was higher behind the 

obstruction. 

For the three discharge levels, CTRZO, 8 and 4 and GL10, 8 and 4 sampling strategies 

were evaluated under D3 conditions. The results are summarized in Table 6.6 and Figure 

6.23. A detailed table of the D3 test resuits is contained in Appendix E. 



Table 6.6 Stmmary oftesting and d t s  for D3 fiow condition. 

CTR20 
CTRû 
CTR4 
GLlO 
GL8 
GL4 

No. cf 
Flowutes 

Tested 
2 
3 
3 
3 
3 
3 

Number 
of Tests Value ofDLciurrge 

Enor /O/] 
0.34 
0.61 
0.52 
0.69 
0.49 
4.60 

Excludhg the 4 level GL tests, the o v d  accuracy of the ADM technique was quite 

good. Again the CTR2O resulted in the least average absolute value of discharge ermr, 

calculated to be 0.34 %. It was clear that the GL4 strategy was idequate for this flow 

condition. The explanation for the poor performance of lower level GL strategies 

presented for Dl condition is equalIy applicable to the G U  strategy in this case. 

Figure 6.24 provides similar information as the previous distribution of errors plot for D2. 

Excluding the G U  tests, which clearly had a positive systematic enor, a slight positive 

bias was evident ( O S  1%); this systematic error can primarily be attributed to the slight 

bias of the original calibration. 

The repeatability of the discharge error was good For all the sampling strategies tested, 

at each discharge level the range of discharge measurement error was calculated. The 

average value of this range was calcuiated to be 0.43 %. The repeatability of error nom 

one test to the next indicated that, although there was significant variability in the 

velocity profile, particularly at the mid levels, the traverses were sutnciently long to 

capture this variability. No appreciable improvgnent in repeatability resulted by 

increasing the traverse t h e  from a CTR4 to a C T R î O .  Again, the systematic error of the 

GL4 changed with fiowrafe. Opposite to the d t s  of observed for flow disturbance D2, 

the systematic emr was lower for larger discharges. This dependency indicated that the 

G U  strategy was inadequate. 



Testing of the D3 fiow condition strengthened pmious observations9 for example, the 

continuous traverses were found to be more efficient than the discrete level GL sampihg 

strategies. This testing sequence also mealeci that larger d e  vortices perpendicular to 

the piane of the acoustic paîhs did not advedy effkct the velocity measurements. 

6.3.4 Disturbance 4 @4): 1 Vertid 150 mm PVC Obstruction 

A 150 mm PVC pipe was installeci vertically upstream of the metering section, as shown 

in Figure 6-25. The pipe was located in the center of the intake? 320 mm upstream of the 

metering section. This configuration was tested to address the impact of large scale 

vortices, rotating in the same plane of the amustic paths, on the pdormance of ADM. 

Figure 6.26 includes the X and Y velocity measurements at a flow rate of 453.0 Us. This 

particular profile was sampled using a CTR4 traverse. As expected, the variability of the 

normal velocity measurements was extremely high, relative to D3, due to the vortex 

shedding off the cylinder in the plane of the amustic paths. 

For the three discharge levels, CTR20, 8 and 4 and GL10, 8 and 4 sampling strategies 

were tested. The results are sumrnarized in Table 6.7 and Figure 6.27. A detailed table 

of the D4 test results is containeci in Appendix E. 

Table 6.7 Summary of testhg and d t s  for D4 flow condition. 

Average Absolute 
Value of Discharge 

Error PA] 
2.03 
2.22 
1.92 
1.93 
1.65 
2.76 

No. of 
FIowrates 

Tested 
3 
3 
3 
3 
3 
3 

The addition of flow disturbance D4 sisnificandy reduced the accwacy of the ADM 

technique. For the 6 sampling strategies tested, the average em>r ranged h m  1.65 % 

Number 
cfTestr 

3 
6 
6 
6 
6 
6 



(GL8) to 2.75 % (GU). Figure 6.28 illustrates the distn%ution of aors with discharge. 

Two important characteristics of the errors were identifieci h m  this plot. FVst, di of the 

discharge meaSuTements were biased high, and secondly, the magnitude of error increased 

with discharge. 

Figure 6.29 supports the explanation of the observed errors. The low velocity zone, 

located downstream of the pipe, likely extendeci into the velocity metering area, but 

tapered off M e r  downstream of the obstruction. There are two defensible reasons for 

the hi@ discharge measurements: 1) the angle of the d t a n t  velocity vector that each 

transducer pair samples is less than the assumed value for both of the transducer pairs; 

and 2) the normal velocity pronle across the intake (Le., wall to wall) changes as the 

water passes through the metering section. The resultant of the flow on either side of the 

obstruction is more aligned with the respective acoustic paths in the upstream half of the 

metering section, serving to increase the travel time dinerences of the acoustic paths. 

These 'half flow' resuitants straighten as the distance h m  the obstruction incrwes; this 

would reduce the inauence on the second acoustic path dowIlStream of the pathhe 

intersection. As a resdt, averaging the two pathline m e a d  velocities dots not reduce 

the cross fiow error. Secondly, if the zone of separation extends into the metering section 

but tapers before crossing the acoustic paîhiines, higher velocities in the sampled portion 

o f  the flow net will bias the discharge measurement. These explanations highlight the 

inherent assumption being employed in ADM: In the horizontal plane, the normal 

velocity profile is consistent dong the depth of the metering section. 

Considering the previous explanation for the positive bias in the discharge measurement, 

it is quite clear why the emrs increase with flow rate. As the flow rate increases, the 

separation zone extends M e r  into the metering section (dimension 'd' in Figure 6.29 

increases). Thus, the high velocity zones at either side of the disturbance extend fuaher 

into the upstream segments of the acoustic pathlines, resulting in higher velocity samples. 

Although the accuracy under D4 conditions was relatively low, the repeatability of the 

discharge measurements was good. For 9 the sampliag strategies tested, at each 



discharge level the range of discharge measurement error was cdculated. The average 

value of this range was calculaied to be 0.37 %. The repeatability of mor fbm one test 

to the next indicated that, dthough there was sigoifIcant variability in the velocity profile, 

the traverses were sufnciently long to capture this variability and produce repeatable 

discharge measurements. 

The high variability of the velocity data warranteci fiirther analysis and discussion. The 

variability is best explained ushg Figure 6.30. As a vortex advects across the acoustic 

path, the acoustic puises travehg tangent to the vortex are accelerated in the same 

direction that the leading edge of the vortex rotates and decelerateci if the pulse travels in 

the opposite direction. For the geomeûy shown in Figure 6.30 and at stage 1, the average 

velocity measurement dong the chordal path is greater than the t h e  averaged pathline- 

velocity. When the vortex center is coincident with the pathline, the net influence on the 

pathline velocity is zero (stage 2 in the figure). M e r  the center of the vortex passes the 

acoustic path, the influence of the vortex on the travel time reverses. The same vortex 

wouid have the inverse effeçt on a the velocity measmement h m  a crossed acoustic 

pathline. 

The oscillatory effect on the pathliiae velocities is easily identifieci by inspecting a short 

time senes of X and Y pathiine measurementss as shown in Figure 6.3 1. This figure 

contains appmxhately 30 seconds of data log@ while the tramducers were stationary, 

200 mm above the intake floor at a discharge of approximately 190 Ys. The inverse 

effect between the two paîhiine measuements is obvious; the Y t h e  series is vimially a 

mimr image of the X pathline veiocities. 

The ability of the acoustic celf to 'see' the vortices prompted a frepuency analysis of the 

data logged for the D4 fiow condition. Fifteen minutes of velocity measurements wexe 

logged with the transducers held stationary in a fiow of appmximately 190 Us. A spectral 

analysis was performed on velocity data h m  a single amustic path to identify the 

dominant oscillation fibsuency. Figure 6.32 iiiustrates the d t s .  The peak of the 

variance density plot comsponds to a fkquency of 024 Hz. From Tritton (1977). the 



Strouhal number for a cylindrical obstruction at a Reynolds number of 3.2x104 is 

approximately 0.20 (based on experimentai d t s ) .  Equation (6.3) for the Strouhal 

number, was used to calculate the shedding fkquency. 

where St = Strouhai numba (s 0.20), 

n' = voax  shedding fhquency, 

D = diameter of the obstruction (0.168 m), and 

V = average fiee Stream velocity (O. 19 mk). 

The shedding fkquency, based on previous experimental data, was calculatecl to be 0.23 

Hz; this is in excellent agreement with the observed value of 0.24 Hz. The spectral 

analysis connmis that the ADM is quite respomive to large scale vortices that rotate in 

the same plane as the acoustic paths. 

Although the discharge measurement accuracy of the ADM technique was relatively poor 

for the D4 testing series, these resuits are lürely the most valuable. A number of 

significant points have been brought to light: 

1) ADM, regardIess of the sampling strategy useci, is suscepti%le to systematic error 

when large scale obstructions that are aligneci perpendicular to the plane of the 

acoustic paths are located shortiy upstream of the metering section. This is relevant 

to field situations where the metering plane (i.e., stop-log guides) is only a few meters 

dowmtream of the trash-racks. However, if the separafion zone of the disturbance is 

consistent over the deph of the metering section, the influence will not be as 

pronounced. Thus, if the depth of the metering plane is minimized by increasing the 

pathline angles and/or reâucing the path lengths, the profile will be more consistent 

over the metering section and the error will be reduced 



2) The ADM technique cleariy tracked large scale vorticed in the test flume. However, 

the fiquency of shedding unda laboratory conditions was low (below 0.75 Hz). In 

field conditions where velocities may apptaach 10 mls the shedding £kquency may 

mach or exceed the nyquist hquency; aliasing emn may result under these 

conditions. 

3) Under low fkquency, large sale vortex shedding conditions9 the repeatability of the 

CïR and GL test results was quite good within each fiowrate test sequaice. 

6.3.5 Disturbance 5 @5): Downstream Vertical Convergence 

A dowmtream vertical convergence was added to the exit sûucture of the intake? as 

shown in Figure 6.33. 105 mm do- of the trailing transducers, the ceiling of the 

intake was sloped at 45' down to height of 0.500 m. This modification forced the flow to 

rapidiy converge h m  the 1 mZ metering area to a 025 m exit over a distance of only 

0.50 m. This testing series was undertaken to indirectly evaluate the cosine response of 

the acoustic cell. As typical low-hed intakes converge rapidly in the vertical direction at 

the stop-log guides, the system wodd be requireâ to resolve the nomal velocity profile 

under non-parallel flow conditions. 

Figure 6.34 is a 100 window average normal velocity profile sampled at a flow rate of 

460.7 Vs using a CTR20 traverse* As expected, the nomal velocity measurement at the 

lower stations were greater than those measured towards the top of the intâkê. 

The results of the DS tests are summarized in Table 6.8 and Figure 6.35. A detailed table 

of the D5 test results is containeci in Appendix E. 



Table 6.8 Summary of testhg and d t s  for D5 fiow condition. 

Smpling 
Strategv 

c m 2 0  
C m 8  

The average absolute value of discharge error was quite high relative to the other 

disturbance scenarios. The resuits were quite repeatable h m  one measurement to the 

next, but the emni varied signincantly actoss flowrates. 

CTR4 
GLlO 
GLS 
GL4 

The distribution of errors, plotted in Figure 6.36, iUustrates two significant results of this 

testing series: 1) virtually all of the m r s  are positive; and 2) the positive eiror increases 

with discharge. To a degree, this result was expected while observing the individual 

tests. As previously describecl, the vertical convergence forced the flow through an area 

of 0.25 m2 over a short transition distance. Understandably, this results in a considerable 

head difference between the forebay and the tailrace relative to earlier tests. At peak 

discharge, this distance was approximately 180 mm under DS conditions compared to 

less than 75 mm for the same fiow without the convergence. In addition, the water 

surface of the flooded volume surrounding the metering section was not completely calm. 

At higher discharges, water was swelling from the downstream traiisducer ports. At the 

time of testing, it was suspected that some of the water re-circulated upwards and out of 

the downsûeam ports and returned into the metering area via the upstream transducer 

access ports. Figure 6.37 illustrates this explanation. Dye was injecteci in the flooded 

area near the upstream ports. The colorrd water was dram into the metering area and 

then exited at the downstream ports. In addition to the actual flow, the ADM system was 

likely measuring a secondary re-circulation at the top of the intake resulting in positive 

errors that increased with flow rate. 

No. of 
Flowates 

Tested 
3 
3 
3 
3 
3 
3 

N u m k  
of Tests 

3 
6 

Average Absolute 
Value of Dircharge 

Error ("A] 
2.21 
2.03 

6 
6 
6 
6 

2.32 
1.90 
1 .58 
2.17 



Unfortunately, iïttie was conctuded the DS series of testing due to the re-circuiation 

problem. For the low discharge (173 Vs), where the re-circulation effkct was minimal, 

the average discharge arar over all the samphg strategies was 0.23 23%. This suggests 

that the acoustic ceii resolved the nonnal velocity component mder vertically converging 

flow conditions, however, it would be prudent to quantitatively address the cosine 

response using a more direct testing approach. 

6.4 DISCUSSION OF ERRORS 
- 

As for any meastuernent cornparison study, it is important to identi@ and attempt to 

quanti@ the sources of errer in both the reference discharge and ADM systems. The 

majority of the e~zo r s  discussed herein are appiicable to field conditions, however the 

change of scale significantly influences their values. The approximations were based on 

an average flow rate of 300 Vs and the physicd conditions of the experimental set-up. 

Assuming the errors identifieci are independent, the total ermr was computed by taking 

the square mot of the sum of the squared errors; this approach has been used for similar 

error budgets (e.g., Lowell and Hirschfeld, 1979). 

6.4.1 Reference Discharge 

Systematic error of the MAG in-line fiowmeter calibration consisted of the volume 

calculation of the storage tanks and the caiiiration m r  of the water level gauge; the total 

of these components was estimated to be M.14 %. Some leakage amund the çwitch plate 

that directs overflow into the volumetric tanks d t e d  in a missed volume of water. For 

300 Vs, this was estimated to be 0.66 %. 

The filling t h e  of the volumetric tank was measuied using a stopwatch with 0.1 s scale 

that translated to a M.07 % emr in discharge measurement; this coupled with the 

reaction tirne m r  resuited E an estimateci tandom timing error of M.4 %. The timing 

error was combined with the fioat gauge rrading em>r (kû.09 %) and the water level error 



(rc0.53 96) to yield a random error of M.66 % for each MAG meter calicbration triai. This 

measurement was repeated for 5 trials, resulting in a mdom aror of f0.29 %. 

The instrument enor of the MAG flowmeter is composed of the manufacturers caiibration 

error (systematic) and the random instrumentation mer. Developas of the instrument 

estimated the accutacy of the meter to be I1.0 %, however, the literanire does wt include 

a breakdown of this value. For estimation purposes, this m r  was subdivided into H.5 

% systematic and B . 5  % randorn enor. Since the systematic crror of the manufacturer's 

caii'bration was absorbed in the lab ~~brat ion ,  this value was not included in the total of 

the reference discharge measucement error of f0.67 %. The total random error for the 

MAG meter readings was estimated to be I0.58 %. Table 6.9 lists the estirnateci errors 

for the reference discharge measurement, 

Table 6.9 Reference discharge measurement erron. 

Systematic 
Enor 
1% 4 

Random 
Emr  
[% of 

Reference Discharge 
calibration 
leakage 

* not included in the total 
, ** reâuced with longer sampling duratiom 

instnxmmt 
Total 

Sources of uncertainty of the ADM system were classifiecl in two general categoria: 1) 

velocity measurement uncertahty which encompass ermrs associated with the cell 

geometry, VDV instrumentation mrs and flow related uncertahties; and 2) discharge 

calculation uncertahty which includes geometric and integcation etfors. 

discharge] 

M. 14 
f0.66 

discharge] 

f0.29 - 
iO.5 * 
M.67 

iO.5** 
M.58 



From equations (5.2) and (53) it is clear that the path lcngth measurement em>r k t i y  

translates to path velocity measurement errer. Five measurements, accurate to 1 mm, 

were taken for each path which translates to M.08 % systematic emr. The path angles in 

the horizontal plane were measured to within 0.25 de- which translated to a possible 

systematic emn in discharge measmement of M.7 %. The systematic misalignment of 

the cell to the vertical was estimated to be approximately 0.3 degrees, which translates to 

an uncertainty in discharge measment  of oniy H.002 %. The tolerances of the 

carriage guide system aliowed for a s . 2  degree movement in the verticaVnow direction 

plane; this was classifieci as random em>r and estimated to be M.0006 % of the flowrate. 

Non-water path time error addresses the fact that the acoustic pulse must travel through 

the potting material of the traasducer before entaing the water and prior to reaching the 

ceramic surface of the teceive transducer. This error is canceled in the transit-time 

difference of the pathlure velocity calculation, but the speed of sound measurement is 

affecteci. A conservative estimate of this effect translates to a systematic error of -0.17 % 

in discharge. 

Some velocity measurements close to the upper and lower boundaries of the metering 

section were compted due to echoing or air pockets trapped against the intake ceiling. 

This effect precluded testing of higher order GL strategies (e.g., N=14, 16) because the 

extreme measurement levels were so close to the boudaries relative to the beam pattern 

diameter. Random and systematic error estimates of H.6 % were approximated for the 

continuous traverses. No value was assessed for the GL traverses since tests of GL 

strategies (N of 12 or greater) that resulted in poor boundary measurement were not 

c o n s i d d  It is noteworthy to statc that this aror source would be significantly less in 

field applications where the intake height is much greater relative to the acoustic beam 

diameter. 



The zero onSet uncertainty of the instrument is discussed in Appendix D. Cali'bration 

testing revealed that the pathline transit-time differences varied over a range of 4 digital 

counts in still water conditions. This comsponds to a range of ncarly 5 % in nomai 

velocity measorementS. The recal'bration of the zero offkt correcteci the pathline biases, 

but the possi'biiity of some drift remained. The change in zero oflket was, on average, 

M.37 counts between bucket tests (Appendix D). This traiislated to a M.43 % m r  in 

discharge. It is important to note that this estimate would be reduced by mon than an 

order of magnitude for a field application where the velocities are sigificantly greater 

and the relative resolution of the instrumentation would be much better. 

Transit-tune measuement is limited by the clock speed and the digital resolution of the 

instrument. Authors documenthg past error studies of ADM systems (e-g., Lowell and 

Hirschfeld, 1979) indicated that this em>r is truiy random and varies by i l  digital count 

of the instrument. For the relatively low velocities tested in the laboratory, this translates 

to a f 1.16 % random error. This does not directly translate to a 11.16 % error in 

discharge measurement because the discharge was calculated fhm many velocity 

samples (e.g., 8 Hz for 4 minutes or n=1935). Dividing 1.16 % by (n)'", for a minimum n 

of 1935 results in a random instrument timing enor of H.026 % with respect to 

discharge. 

Flow Related 

Voser et al. (1996) explain that positionhg transducers such that the traasducer face 

protrudes into the main fiow resuits in two systematic emrs of opposite sign. Figure 

6.38 is used to explain tbis efféct. F a  because the traasducers are not flush with the 

conduit wd, the smaller velocities in the boundary layer are not sampled. If corrections 

are not made, this primary effect d t s  in a positive systematic mor in the chordal 

average velocity measurement. The second systematic protnision errer is due to the 



reduced and redirected water velocity close to the transducer fice; this d t s  in a 

negative b i s  in the velocity measutement Voser (1996) estimatecl that, when 

considering both confiicting effects, the proûusion cm>r was WEely withïn M.5 %. 

Recognizing that this value was cdcdated for a specific geometry (i-e., 2 m conduit, 45 

degree path angles. similar size transducers), it was considered appropriate for 

approximation purposes. 

Leakage behind the transducer faces within the slots of the intake w d s  was dso a 
. 

potential source of s y s t d c  enor in the laboratory expeahent This effect is also 

illustrated in Figure 6.38. The possible leakage area was approlrimately 7.5 mm wide; 

given that leakage could occur at either side of the metering section, the potentiai leakage 

area was nearly 1.5 % of the total area. However, leakage flow had to redirect 

perpendicular to the normal flow direction. A systematic em>r of -0.4 % was estimated 

for this effect. 

6.4.2.2 Discharge Measurement 

Geometric 

Geometric emrs that directly translated to discharge measurement emr were also 

estimated. Clearly. any emr in measuement of the metering section area translates 

directly to discharge measurement error. To detemine the fiow metering am, 4 height 

and width measurements were taken at 3 equally spaced locations over the length of the 

discharge metering section. The a m  was calculateci to be 0.9998 M.00047 m2; this 

translates directly to a discharge calculation aror of H.05 %. 

Random tramducer positionhg error resuited h m  emr within the position control 

system and incol~e~tly defining the beginning level of the traverse. The former e f f i t  

was considenxi to be negligiile for the GL traverses because the positionhg system 

precisely located and maintained stationary positions. However the instantanmus error of 

position during a continuous traverse could reach 2000 encoder CO-, or 1.41 mm. A 



discrepancy in n o d  velocity of 0.9 % was estimatexi for a position error of 1.41 mm. 

RecogniPng that this ef f i t  would be nmummd 
- 9  - 

o v a  the duration of the traverse, a 

random em>r of M.2 % was arbitrdy applied to the complete discharge measurement* 

Since the m e  center point of the beam pattern created by the transducers was not 

accurately known, d e m g  the zero position of the camage was estïmated be only 

accurate to 2 mm, resulting in a potentiai systematic position e m r  of f i 2 0  %. However, 

for the CTR traverse, the majority of this emr wodd cancel out of the measurement. 

Measurernents obtained too close to the upper boudary would be low, but this deficit 

would be compensated since lower boun- samples would be obtained M e r  h m  the 

intake floor than intended. A systematic error of 33.10 % was assigned to the CTR 

sampling strategy for this effect. 

Voser et al. (1996) indicated that relative erzors due to incorrect positioning of acoustic 

transducers when using Gauss integration techniques can lead to an enor of "several 

thousandths." Given that typical positioning errors associated with this estimate were 

only k0.05 % of the intake diameter, the position ermr effect was scaled to M.4 %. 

Integration Error 

Clearly, the integration method used is a potential source of discharge measurement 

uncertainty. A single value was not estimatecl since it is largely dependent on the 

characteristics of the profile being m e d  It ca be stated, however, that the 

uncertainty resulting h m  a wntinuous traverse is predominantly random. If an intake is 

traverseci excessively fàst, the random fluctuation of the velocity profile would not be 

adequately sampld The repeatability of the CTR tests £kom one measurement to the 

next, at the same flow rate, suggested that the overall random uncertainty was quite small 

(roughly I0.20 % to I0.50 %). The traverses pdormed in the laboratory were not 

excessively fast to the point that the profiie was under sampled and large random mors 

dominatd 



In the case of a discrete pmiling technique, such as the GL traverse, systematic 

integration errors would be dominant As expiained in Section 6.3.1, if an buffïcient 

number of samphg leveis are used, the GL techiques will not evaluate the integrai of 

the true best fit polynomial, rather of an ( 2 ~ 1 ) ~  order polynomid that passes through the 

sampled velocity points. If the pronle geometry was consistent, a systematic error would 

be the result. This effect is more pronounced when the flow conditions are complex and 

the profïie contains numerous infIections. The various GL tests pdormed under 

disturbed fiow conditions d t e d  in systematic emrs mughly between 9.0 % and 0.1 % 

for N values ranging h m  4 to 10. Ceitarmy for Iowa orda GL strategies, a significant 

portion of these systematic emrs was attriibuted to integration uncertainty. 

Table 6.10 summarizes the estimated em>n of the ADM system in the context of the 

laboratory experiment. Not including the unknown integration erzors, the total systematic 

error was k1.00 % and M.89 % for the CTR and GL sampling strategies, respectively. 

The total random emr was estimated to be f0.63 % for the CTR traverses and kO.026 % 

for the GL resuits. A number of the systematic uncertainties were Iikeiy absorbed by the 

laboratory caliiration of the ADM system. Not including such uncertainties resulted in 

an estimate of f l .44  % and M.59 % values of systematic uncertainty for the CTR and GL 

methods, respectively. It can not be overernphasized, however, that accurate calibration 

of field discharge systems is very difficuit and the accuracy of the calibration is only as 

good as the reference discharge measurement method used. Thus, systematic mors due 

to field conditions, such as the path angle measurement erra, will not be identifiable. 



Table 6.10 ADM erzors. 

Velacity Measurement 
geometric 

path length 
path angle 
verticai alignment 

1 non-water path time 1 

I instrumentation 
zero offset 
transit-the measurement 

flow 
protnision em>t 

leakage , 
Discharge Calculation 

geometric 
area 
transducer position 

integration ** 
To ta1 
Total (excluding systematic errors 
absorbed in calibration (*)) 
** intemtion mrs not included in total 
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Figure 6.3 Variability of segment average velocity (aii flowrates tested). 





Figure 6.5 Velocity profile for 8 flowrates (undisturbed). 



Figure 6.6 Sampling strategy cornparison resuits. 

Figure 6.7 Distribution of discharge measurement errer with flowrate (undisturbed). 



Figure 6.8 Distribution of speed of sound discrepancy with flowrate. 

Figure 6.9 Verification of cali'bratioa 



Figure 6.10 Disturbance 1. 
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Figure 6.1 1 Velocity profile for D l flow condition (CTR20, e345.1 Vs) 



Figure 6.12 Cornparison of sampling stcategies for Dl flow condition. 
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Figure 6.13 Smoothed veldty pronle, G U  measunments and ? order 
polynomial fit (D 1 flow condition). 



Figure 6.14 Srnoothed velocity profile, GL10 measurcments aad lga order 
polynomial fit 0 1 fiow condition). 



Figure 6.15 Distnbuton of emr with flowrate @ 1 flow condition) 
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Figure 6.16 Disturbance 2. 
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Figure 6.17 Velocity profle for D2 flow condition (CTR20, Q=453.1 Vs) 



Figure 6.18 Cornparison of sampling strategies for D2 flow condition- 
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Figure 6.19 Smoothed velocity pro- GL4 measunments and ? order 
polynomial fit @2 flow condition). 



Figure 6.20 Distniution of e m  with flowrate (D2 flow condition). 



Figure 6.21 Disturbance 3. 
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Figure 6.22 Velocity pronle for D3 flow condition (CTRS, e257.7 Us). 



Figure 6.23 Cornparison of sampling stratepies for D3 flow condition. 

Figure 6.24 Distribution of error with flowrate @3 fîow condition). 



Figure 6.25 Disturbance 4. 





Figure 6.27 Cornparison of samphg strategies for D4 flow condition. 

Figure 6.28 Distribution of e m r  with flowrate @4 flow condition). 



Figure 6.29 Plan drawing of D4 and meterhg section. 



Figure 6.30 Advaction of vortex across acoustic path. 



Figure 6.3 1 Braiding of X and Y velocity measurements due to voex  shedcihg 
0 4  flow condition). 

Frequency fHzl 
Figure 6.32 Variance density of 15 minute stationary record (D4 flow condition). 

(50 degrees of M o m ,  m . 0 2 8  Hz). 



Figure 6.33 Disturbance 5. 
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Figure 6.34 Smoothed velocity profile for DS flow condition (Q====.7 Ys). 



Figure 6.35 Cornparison of sampling strategies for D5 flow condition. 

Figure 6.36 Distribution of error with flowrate @S flow condition). 
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Figure 6.37 Circulation in D5 flow condition. 
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Figure 6.38 Rotrusion effect and leaicage. 
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7.1 SUMMARY OF RESULTS 

It is imperative that generator/hubi.ne unit performance relationships be accurately known 

to efficientiy produce hydroelectricity. Of the information nquired to develop these 

relationships, discharge is the most diflicuit to obtain. The cunait-meter technique is the 

traditional approach employed at low-head plants. One shortcornhg of this technique is 

the inability to accurately integrate the complex velocity profiles observed at low-head 

plants with a iimited number of point velocity measurements. 

It has been proposed that transit-time acousfic velocimetry be applied to pdormance 

testing at low-head hydroelectric plants. The proposed technique involves contuiwusly 

traversing an array of acoustic ceils down the stop-log guides while measuring the 

chordai average nomal water velocity. The primary M o n  of this technique is to 

provide a complete integration of the complex velocity profle typical to low-head plants, 

which will lead to more accurate discharge measurement and, in tum, impmved accuracy 

of performance testhg. The initial development of this technique consisteci of laboratory 

testing of a single acoustic cell at the Hydraulics Research and Testing Facility, 

University of Manitoba 

A mode1 intake structure was constructeci to evaluate the pdormance of the acoustic ce& 

consisting of two crosseci acoustic paths, under varying flow conditions. The ADM 

system was successfblly caiibrated and verifid to the referace discharge measurement 

resulting in a systematic ciifference of less than 0.5 %. 

Various contuiuous and discrete Gauss-Legendre sampling strategies were evaiuated 

under favorable (i.e., relatively a o r m )  flow conditions and complex velocity profiles. 

In agreement with the fiterature, tiigher orcier disaete samphg techniques performed as 



weii or better than the continuous samplùig strategy in favorable flow conditions. 

However, under these conditions, the susceptibly of lower order GL traverses to 

systematic integration aror was well-definecl. The repeatabiïity of the continuous 

traverses, suggested that the variability of the velocity pronle was adequately sampled to 

reduce the random error ofthe integration. 

Introducing a number of complexities to the flow profile provideci valuable insîght to the 

performance of the ADM technique and various sampling strategies under non-favorable 

flow conditions. Simple continuous travers@, in gened, resulted ùi more accurate 

discharge measurement than GL sampling. The systematic aror of lower order GL 

integration dramatidy increaseâ fiom the d t s  obtained in favorable flow conditions 

whereas continuous travershg produced relatively accurate discharge meaSuTements. 

Furthennom, when considering the t h e  requirements of the two sarnpling methods, the 

continuous method was certaialy more efficient. 

Introducing a large scale vertical disturbance shody upstream of the metering section 

resulted in relatively poor discharge accuracy using ADM. The explanation for this error 

was two-fold, fkst the resultant velocity âirection of the portion of flow sampled by each 

individual acoustic paîh was different; this trauslated to a positive bias in the calculated 

average normal velocity. Secondly, the separation zone behind the disturbance was not 

consistent over the Iength of the discharge measurement section. This testing series 

iliustrated that, to determine accurafe line averages of velocity, the velocity disîriiution 

and direction in the plane of the acoustic paths must be consistent over the laigth of the 

measurement section. The direct implication of this statement is that short metering 

sections should be used. 

A downstream convergence was added to the intake ceiling in an attempt to address the 

effects of non paralle1 flowhes in the vertical plane. However, a circulation problem 

precluded any definitive statements on the paformance of ADM under these conditions. 



An optimal continuous traverse rate was not identifIed h m  the test results. A limiteci 

number of tests for each flow disnirbance, traverse rate and discharge level were 

perfiormed- This, in combination with the variability in measurement e m r  across 

flowrates, precluded a statisîicaily grounded compiuïson between every sampling 

strategy. However, in light of the testing d t s ,  it can be concluded that the upper limit 

of the traverse rate was not reached. At this point, assumption of velocity profile stability 

would be violated and the random e m r  of the CTR integration would dominate. The 

repeatability of the CTR4 traverses indicated that this was not the case. 

Sources of e m r  for the ADM technique were identified and estimated in the context of 

the laboratory experiment- The considerable systematic u n c d t y ,  primarily due to the 

zero offset of the instrumentation and path angle measurement, was absorbai in the 

calibration. Integration error was not directly calculated, however it can be stated that 

this error would primarily consist of random e m r  for a continuous traverse and 

systematic error for a discrete sampling technique. 

The results nom this study suggesteâ that the proposed technique will provide improved 

discharge measurement accumcy over the existing current-meter practice. The argument 

of continuous versus discrete sarnpling techniques is certainly applicable as the current- 

meter method is based on discrete velocity measurements in both dimensions of the 

metering plane. In addition, high fkequency flow phmornena (e.g., vortex shedding) and 

flow reversais can be accurately measured using this technique- 

Based on the work documenteci in this thesis, a number of conclusions pertinent to the 

field application of traversing ADM cm be made: 

1) Lower order Gauss-Legendre sampling techniques (e.g., N18) are susceptible to 

systematic error for cornplex velocity profiles. In a qualitative manner, this statement 

also applies to otha methods where few discnte velocity samples are made: 



2) Random em>r would be the primary component of the integraiion error for a 

continuous traverse methd 

3) Relative to discrete sampling techniques, the continuous traverse method is 

potentiaiiy more efficient. 

4) Considerable systematic errer can d t  if the velocity profile, in the same plane as 

the acoustic paths, is not consistent o v a  the length of the metering section. 

M e r  reviewing the fiterature on discharge measurement techniques and perfomiing 

considerable laboratory testing of the pmposed ADM technique, a number of 

recommendations for future re~earch and practice are proposed. 

Reconrmend&ns for Futun Laboratov Testhg 

Promishg results h m  the continuous traverse ADM tests suggested that this technique 

should be M e r  pumied. Additional evaluation of the single cell configuration is 

necessary. FVsf the performance of the single ceil should be studied for water speeds in 

the typical range of the field application. Under these conditio11~. viiration and aliasing 

eEects would be addressed Secondly, the cosine response of the acoustic paths should 

be directly tested shce fiows in low-head applications typically converge in the vertical 

direction. Furthermore, assessment of the ability to ~ s o l v e  the normal velocity 

component for differeflt path angIes would be valuable. These additional evaluations are 

best-suited to tow-tank testing, whete the nomal velocity component can be directly 

compareci to a refaence value (Le., cart speed); this would eliminate the discharge 

caiculation m r  Erom the evaluation. 



'Multiple cell' testing is recornmended Disturbance effects, such as the protnision 

effect, certainly require attention. Also, the e f f i  of  crossSflow between celis on the 

accuracy of resolving the average nomial velacity component shouid be studied.. Again, 

testing at a tow-ta. f d t y  wodd support a direct evaluation of these effeds. 

Unlike existuig stationary ADM installations, the proposed technique is intrusive because 

a carriage would be l o w d  across the turbine intake. Further study shouid be devoteâ ta 

improMng the geomeûy of the carriage to reduce the disturbance effkcts. Non-prismatic 

elliptical sections could be used to d u c e  the disturbance efféct of the trducer  stnits; 

such sections have been used for mounting Ott meters to travershg carriages. 

Recummendations for Fidd Dikchaee Measurement for Performance Testhg 

The D4 testing series revealed key limitations of ADM to resolving the true normal 

velocity component when the velocity profile in the plane of the acoustic paths is not of 

constant shape andlor direction over the length of the metering section. This is a reaiistic 

situation if the metering section is in close pmximity (e-g., less than 5 length scales) to 

upstrearn vertical disturbances such as large trash-rack beams. The platm velocity profile 

may aiso change if the intake rapidly converges in the horizontal direction. This effect is 

reduced by shor tdg  the metering section through larger path angles a d o r  shorter path 

lengths, but these muisuns have their shortcomings. Larger path angles increase the 

potentid for systematic discharge e m r  due to path misaiignment. Aiso, timing error 

becomes a concern since transit-time differences are reduced if path angles are increased 

or the path lengths are reduced. A definite trade-off exists, which warrants careful 

consideration. 

Systematic errors associated with measuring the nomal velocity component using ADM 

were identifiai. Since an accurate cal'bration c a ~ o t  be performed in the field, these 

errors should be accurately calculateci and the measurements should be adjusteci 

accordingly. 



M e r  comparing the performance of a range of contmuous and discrete (Gauss-Legendre) 

sampling strategies, a few rewmmendaîions can be sbted regrilding the sampiing 

strategies wd for performance testkg of low-head hydmelectric turbines. Low order 

Gauss-Legendre samphg strattgÏes can produce signifiant systematic emm when 

sampling a complex velocjty profile. Moreover, limitecl level discrete sampling strate* 

may not adequately integrate a complex velocity proue and should be avoided. 

Continuous traversing of hi&-fkquency velocity measmement instrumentation may 

better capture a complex velocity profile. The stability of the velocity profile will affect 

the random error of a discharge measurement h m  a continuous traverse rnethodod 

Instrumentation containhg signal recognition circuitry that is capable of identifying 

missed acoustic pulses (due to attenuation) shouid be employed. It is quite likely that 

some air entrainment and suspendeci material would be present in the field. Lower 

frequency transducm should be considered for field application as: 1) the lower 

fiequency signais are less susceptible to attenuation; and 2) rnissed pulses would be easier 

to identify. 

The laboratory testing results suggest that traversing instnimentation that mesures a 

single chord average normal velocity at a high sampling rate cm be used to accurately 

calculate total discharge. Given thïs, considerable attention should be devoted to the 

cumnt  research and field testing of the acoustic scintillation flow measurnent method 

by Lemon et al. (1996). 
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A GAUSS-LEGEMBRE INTEGRATION 

Consider the following integrai 

The principle of Gawian integration is to h d  the best subdivision of the intervai [h, 

h,], the value of the function at these points and the coefficients to multiply the fiuictional 

values to yield the value of the dennite integral. To keep the algebra simple and to 

maintain generafity, the integral is transformed to [-1 , 1 ] using 

With this transformation, the inte@ is given by 

The Gauss-Quaârature integration d e  c m  be written as 

This integration rule has 2N unknown constants consisting of the weights wi and the 

ordinates x, It cm be shown (e.g., Nielsen, 1965) that these constants cm be deteRnirted 

so that the integration mie is exact for ail  polynomiais of order less than or quai to 2N-1. 



If the highest order of the polynomial f(x) is wl, then f&) may be written as 

2N-1 f (x )  =ao +alx+a$ +%x3 +---+%,-,x - 

From this, 

Substituting xi (i = 1 to N )  into the polynomial of equation (AS) yields the N values of 

equaîion A-5 

Equation (A-4) can then be written as 



Since equatious (A6) and (A.8) must be identicai for a i l  values of a, the coefficients of ai 

must be equaL This results in the foliowing system of Ulequations. 

This system of equations is reduced to a set of linear equations if the xi are assigneci to be 

the zeros of the orthogonal Legendre polynomials @ence the name, GaussLegendre). 

The Legendre zeros and the resulting weights wi are listed in Table A. 1. 

The ûuncation emr of a N* order GL integration is proportional to the denvative of 

the fiinction being integrated, evaluated at a point c ' betwem a ' and b '. Table A. 1 

includes the tnincation emr for N fkom 2 to 12. 



Table Al GauskLegendre ordinates, weights and tnincation enor. 

l N I  Ordinates, xi Truncation Error 
( 4 ' c ~ ' c b ' )  
f (') (c') 

135 
f '" (cl) 

3,472,875 



APPENDIX B 

POSITION CONTROLLER PROGRAMS 



DMC PROGR*: CTR20 
POSITION CONTROLLER PROGRAM 

m u  
K I 1  
TL 9.5 
ER 2000 
OE 1 
C=l 
SP 1179 
AC 1ûûûû 
DC 10000 
DP O 
MG"" 
MG "CTR20 - CONTIMJOUS TRAV" 
MG "20 MIN, 9676 MCn 
MG"" 
MG lrERIFY AT STATlON 00000" 
MG"" 
MG "IF NOT, RESEï DMC NOW!" 
w 5000 
MG"" 
MG "BEGIN TIMING" 
MG " " 
w 1oOOO 
MG 'TRAVERSING" 
PA -1415197 
BG 
A M  
MG"" 
MG 'TRAVERSE COMPLFTF:* 
MG"" 
MG 'Tt SET TO 95, SP 6000" 
MG 'TO POSITION O: PR l,4 lS,l97" 
MG"" 
EN 



DMC PROGRGM. GLS 
POSITION CONTROLLER PROGRAM. 

#GL8 
K I 1  
TL 9.5 
ER 2000 
OE 1 
SP 8000 
AC 20000 
DC 20000 
DP O 
MG"" 
MG "GL8 - $PT GAUSS-Ln 
MG "2 MIN/STA, 968  POINTS^" 
MG"" 
MG "VERIFY AT STATION 00000" 
MG *' " 
MG "IF NOT, RESET DMC NOW!" 
WT 5000 
MG"" 
MG "BEGIN TIMING1' 
MG"" 
W T  10000 
MG "TRAVERSING" 
PA -28099 
BG 
AM 
MG " " 
MG "AT STATION ln 
WT 120000 
MG "TRAVERSINGn 
PA - 143879 
BG 
A M  
MG *' " 
MG "AT STATiON 2" 
W T  120000 
MG "TRAVERSING" 
PA -335733 
BG 
AM 
MG"" 
MG "AT STATION 3" 
WT 120000 
MG 'TRAVERSINGn 
PA -577800 
BG 
AM 
MG"" 
MG "AT STATION 4" 
WT 120000 
MG "TRAVERSING" 
PA -837397 
BG 
AM 



MG"" 
MG "AT STATION 5" 
WT 120000 
MGTEMVERSING* 
PA - 1079464 
BG 
AM 
M G n "  
MG "AT STATION 6" 
WT 120000 
MG WVERSXNG" 
PA -12713 19 
BG 
AM 
MG"" 
MG "AT STATION 7" 
WT 120000 
MG "TUVERSING" 
PA -1387098 
BG 
A M  
MG"" 
MG "AT STATION 8" 
WT l2OOOO 
MG"" 
MG "STOP LOGGING DATA" 
MG l m G  TO STATION 0000" 
PA O 
BG 
AM 
MG"" 
MG "AT STATION O, PROGRAM COMPLETEn 
MG"" 



APPENDIX C 

MATLAB SCRIPTS FOR POST-PROCESSING 



MATLAB SCRIPT: CTR 1.2 
POST-PROCESSING OF CON'I'INUOUS TRAVERSE DATA 

% Version: 1 2  (12/05/96) 

% Script fïIe to dean MagrnetCr and VDV &ta and to calculate mcasud 
% discharge h m  VDV velocity mcasurcments- 
% The caiibrated slew rate of the DTV circuits and zero o f k t  aâjustmcnts are 
% appiied. 

% input files: 
% , v*.Iog logged vdv data 
% mL.log raw magrneter &ta (rcfcrcnce discharge) 
% 
% Ouput files: 
% <datafile>.res % discharge mea~ucement resuits and cnor 
% <datanlc>.w % uscd by GL mes to mtract expecttd average velocity 

% Nename specification and data loading 
Ioad c:\usersUrevinUoghies\dist4\v?????.log 
Ioad c:\usef~UrevinLnag.ri.Ies~4\m???r!.txt 
h?????; 
m=m?????; 
tesmame=T'cst ?????'; 
&taf ïi&d????T; 

% User defined triai specific parameters. 
d s t x ~ ? ? ;  % nuniber of records @or to record O 
temp=??.??; % tcmpcratutt of watcr [ k g  CJ 
dep th= 1 .???; % *th of watcr [ml 
duration=??; % number of minutes of traverse [min] 
****************************************************** 

% Define o t k  parameters. 
lowder40; 
highdedO; 
numwindow=200; 
thres hold=20; 
heigh~û-9985; 
width=l .OU; 
thetaX=57.14; 
thetaY=57.06; 

% acceptable dcviation b m  expcctcd average [ d s ]  
% acceptable dcviation firom qcctcd average [ d s ]  
% number of windows to break logfile mto for Q calculation 
% maximum standard deviation acceptable of Mag data Ws] 
% hcight of mtake [ml 
% width of intake lm] 
% angle betwea X pathijnt and net flow [dcg] 
% angle bctween Y paîhiine aad net flow [deg] 



% calculate total number of records loggcd during traverse 
mec=-duration*60*8.063; 

% vectors for v and c counts 
vX=f(:, 1); 
vY=q:,2); 
cX=q:,3); 
cY=f(:,4); 

% detemiine the refercnce discharge h m  raw Magrneter output 
O - I n a m  

O-magrn=mean(m); 
c-rnag=(8.69369+1-1062*m); %(caii'bration perfiormed on 96/ 10/20) 



% calculate cxpectcd average pathlnic vclocity 
thetaavg=(thttaX+thtt;rY)/2; 
expav8-,f-QllO~/(htighPwidtb)* 100*cos(thetaavg+pi/l80); 

% discard initial data not taken during traverse 
v X = V X ~ ~  1 :-); 
vY=vY(&tart+l:dstart+nrec); 
c X = c X ( d ! a a r c + l : ~ ) ;  
cY=cY(dsiart+l:dstat.rtnrtc); 
VXv=VXv(dstarcti :-); 
VYv=VYv(dstaa+l:dstart+nr#:); 
CXv=ÇXv(dstart+l :dstaatntcc); 
CY~CYv(dstart+l :dstart+ntec); 

% eI;minate land &ta based on expected range of nonnal velocities 

-a; 
denX=cos(thctaX'pill80); 
denY=cos(thetaY8pi11 80); 
datX=find(VXv(sp:ep) JdenX c expavg+high&v & VXv(sp:ep)IdenX > expavg-lowdcv); 
datY-tlnd(VYv(sp:cp) JdenY < expavg+highdev & Wv(sp:ep)JdcnY > expavg-lowdev); 
tdatX=leogth(&tX); 
IdatY=length(datY); 

% calculate normal velocity components and staîistics 
~ v n ( d a t X \ - ~ v ( & ~ d ~  
Wvn(&tY)=VYv(&tY)/denY; 
VX--NXM(&W); 
VYvnm=mcan(VYvn(datY)); 
stdevVXY=Sfd(VXvn(datX)); 
s tdevVYmvn(datY) ) ;  

% calculate originai (non-CSLil'bratcd) discharge 
avgVvn=(VXYnm+VY~tl1~1)/2; 
O-Q=avgVdl ûû* hcighPwidth; 

% time deiays 
ddelayX=(687.865E-6)+8e-6; 
ddelayY=(687.%6SE-6)+8e-6; 



% calibrateci constants 
c-cair-294465; 
c~ve1~cons~~1/2.0*5.0f4096/~~calv; 

% scaling of velocity constant by patbicngth 
c~vscU[:=c~vcl~consbuit/lX; 
c~vsclY=c=Cv~l~constantllY; 

% caicuiate caii'bratcd velocitics for cach station and resuiting Q 
% remove zero o&ct bias and apply cali'brattd veiociry d e  

VX~=VX-~.S).* ~ O O " ~ . * C X V . ~ ~ * C - V ~ ~ ;  
VYc==vY+2).* ~ W ~ . * C Y V ~ ~ ~ ~ C ~ V S C ~ / ~ ;  
vxcn(~tX)=VXc(&tx)/dcnX; 
vYcn(&tY)=VYc(&tY)/d~ 

% calculate ovcrall means 
VX~nm~ean(VXwind(:)); 
V Y C n I n ~ w ; n d r : ) ) ;  
avgVcn=mcan(VRwind(:)); 

% calculate mcasurcd discharge and emr 
c-~vgVcnf1ûû8heighPwidtb; 
Qe- l0ûû8c-Qttf-Q)/mf-Q* 100; 

% plot caiiirated d t s  
figure(3); 
XscI=round(Z.S*avgVcn); 
vxcn=[vxcn]'; 
Wcn=cVycn]'; 
plot(VXcn(datX),datx,'y-',VYc~~(&ty),datY,'b-.~; 
axis('ij0 
axis([-5 Xscl O (mec)]); 
dabel('Calibratcd Nord Velocity [ds]') 
ylabel('Samp1e') 
text(1 ,m-.3fntcc,'c,Q J); 





MATLAB SCRIPT: GL8 13 
PO=-PROCISSING OF 8 LEVEL GAUSLEGENDRE DATA 

% Script nIc to clean Wgmeter and VDV data, s d e  VDV data, segment 
% GL points, and caicuiatc discharge ushg 8 lwel Gauss-Legendre iottgratio~ 

% Input 6les: 
% ve.Iog log@ vdv data 
% m8.10g raw magmctcr data (rcfcrcnce discharge) 
% 
% Output mes: 
% <datanlt>.res % discharge measurement d t s  and error 

% filename specification and data loading 

format long 
load c:\usersUrevinUogfiltsW\v?-.1og 
load c:\usef~\keVin\magnlcs\dist3\mr!?r,.~ 
load c:\use~sUrevin\mfiles\d?????.w 
rd?????; 
h?????; 
m=m?????; 
testaam&eSf ?????'; 
datafile='d?????*; 
file_length=lengtb(f); 

% User defincd trial specific paramctcrs. 
dsw-??; % numbcf of records priot to record O 
temp=??.??; % ttmpetaairt of wam [dcg C] 
depth=l .???; % @th of watcr [ml 

o/o*******+**********************~**************8****8*** 

O/o8*******++*8**8**L*****8************C88***8*~**4**~*** 

% Define other parameters. 
lowder-40; % acceptable deviation h m  expccted average [ d s ]  
highder40; % acceptable dtviation h m  expected average [ d s ]  
nrec=968; % nurnbcr of ttcords/station (2 minute sampling duration) 
threshold=20; % maximum standard deviation acceptable of Mag &ta vs] 
heighW.9985; % height of mtake [ml 
widih=l .O0 13; % width of mtalre [ml 



% assign vcctor to window data 
windo-:); 

% assign vectors for v and c counts 
vx=f(:, 1); 
vY=f(:,2); 
cx-*:,3); 
cY=f(:,4); 

% assign vector names to V and C origjnai VDV caii'brated vaiues 
=V=f(:,s); 
vyv=f(:,6); 
CXv=f(:J); 
CYM:,8); 

% detennine the rcfcrcncc discharge h m  raw Magrneter output 
O-ma- 
O-magm=mcan(m); 
cdmag=8.69369+l. lO6î*m; %(calr'bration performed on 96/10/20) 

tc-=r=-g; 
c-maglen=lcngth(cCmag); 
xm=( l :c-maglen); 
gc_mar=-g; 
not9999=(l :c-naglen); 
while std(tctcmag(not9999))>tbteshold; % eliminatc data untill klow specified std 

~abs(tc_mag(not9~)-rnCilIl(t~-mg(not9999)))); 
wors~abs(tctcmag-mean(&-mag(no-; 
firstWo~orst(l); 
t c ~ m a g ( ~ o r S t ~ 9 9 ;  
not9999=tind(tctcmag--9999); 

end 
g-cmagindex=1lot9999; % indeces of rctained Mag &ta 
b-cmagindtX=nIId(tc-ma~99); % iudcces of discardai Mag data 

% plot Magmetcr &ta 
figure( 1) 
plot(~cmagindex,cx,mag(gcma~dtx)>Ig+',bbcmagindc~cC~~g@-~&ind~~)~~+~; 
xiabelCSample') 
ylabel('Cahited Discharge PSI') 
axis([O c-rnaglen O 1 -4*c_magmcan]) 



% discard initial &ta not taken during tmvtfse 
vX=vX(dstart+l:fiie_kngth); 
v Y = v Y ( ~ l : f ï l e ~ l c n g t h ) ;  
c X = C X ( ~ l  :rncc1cngth); 
cY=cY(dstart+ 1 :fileelength); 
vXy=VXv(-+ 1 :nlcCIcngth); 
VYvsVYv(dstart+t :fïletIcngth); 
CXv=CXv(dstart+l :file-lcngth); 
CYr-CYv(dscart+ 1 :nlcC1~gth); 

% Determine empirical speed of sound value 
avgdepth=dcpth/2; o/oaveragc submcrgenct of transducers 
Cemp=14492+4~6*tempO-O55*tcmpn2+O.000S9~3~1340.0 1 *tanp)* (salinity- 

3S)+O.O 16*avgüepth; 

% time delays 
ddelayX=(d87-865E-6)+8~-6; 
ddelayY=(687.865E-6)+8c-6; 

% caiiirated constants 
cdcalv=294465; 
c-vel-constanî= 1 /2.O*5.O/4096/cCcalv; 

% scaling of velocity constant by pathlength 
c~vsclX~~vel~constant/lX; 
c~vsclY=c~vel~coirstant/ly; 

% calculate calibratcd vclocities for cach station and d i n g  Q 
denX=cos(thctaXLpill80); 
denY=cos(thetaY +pi/l80); 
vxc=(vx-2.5). 100n2. OCv."2*c_vsclX/2; 
Wc=(vY+2).+ ~ ~ ~ . * C Y V . ~ ~ * C ~ V S C N / ~ ;  
VXcn=VXc/dtnX; 
Wcn=vYJdt11Y; 

% Gauss-Legendre stations and wcights. Segmentation of VDV lofle. 



% plot station data to check lane rcmoval 
figure(i+3) 
tempx=Csp cpl; 
expected=[mcansta mcansta]; 
pIot(&~VXcn(datX),'y-',&tY,VYcn(&tY),'b-',tempx,expecte~~-~ 
text(sp,meaa~ra+highdev,ndtr(~) 
axis([(splûû) (ep+Iûû) (meansta- 1,5*10wdev) (meansta+l .S*highdtv)]) 

end 

% calcdate GL discharge mcasumncnt and em>r 
~~Q=integral+width 
avgVcn=mean(Sta_avkvo(:)); 
rneaflcda-(S taavfl:))  ; 
Qen=(l000*c,Q-rcf- Q)/rcff Q* 100; 

i=[ 1 :num_stzq'; 
% plot cali'brated resuits 

frwe(2); 
Xscl=round(2.S+avgVcn); 



% output d t s  to display 
disp('discharge enor[%]') 
C Q 4  
dkp('ccmp mcaricdat') 
[Cemp mtancdat] 
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D. CALIBRATION OF INSTRUMENTATION 

D.l MAG FLOWMETER CALIBRATION 

To ensure that the reference discharge measurement was accurate, volumetric 

differencing was used to calirate the MAG fiowmeter. The technique simpiy involveci 

subtracting the overflow fkom the head tank weirs h m  the total system capacity. The 

remaihg flow was routed to the testing fiume, and wuld be compared to the MAG 

meter readings for cah'bration. First, the total capacity of the pumping system was 

detemineci by measuring the filhg time of two 7.35 m3 volumetric tanks with no water 

flowing to the test flume; the tanlu were surveyed to accurately determine their volume 

and to calibrate the south tank float gauge. The system capacity is summarized in Table 

D.1. 

Table D. 1 System capacity. 

1 * corresponds to approximately 7.5 rn lie head 1 

Pump 
60 hp 
75 hp 
Total System Capacity 

Using the total system capacity as a refmnce point for the dinerencing technique 

required that a constant lift head between the sump and head tank weirs be maintaineci. 

Water was added to the system and the gate on the test flume was adjusted to maintain 

the sump level at the same value (to within f 10 cm ) as when the pump capacity was 

tested. The pumps are high discharge, low-head, thus there performance c w e s  were 

relatively flat with head; this was confirmeci beforehand by inrreasing the lift head by 

more than 1.5 m (20 %), resulting in only 2.5 % reduction in pumping capacity. Thus, 

mail changes in the Lifting head do not sipnincantly influence the discharge 

measurement. 

Pumping Capacity [Vs] 
22 1 .O 
285.3 
506.3 i 



A range of fiows b m  100 lls to 480 Vs were routed tbrough the test flurne. For each 

discharge the system was aîiowed to stabilize and then multiple trials were carried out to 

measure the o v d o w  in@ the volumetric tanks. The dinerencing technique pmved to be 

very repeatable with fiow rneasurements vaqïng by no more than 1 l/s between trials. 

During overflow rneasuement, MAG output was continuously logged to the PC. The 

same procedure was used to detemine the MAG average flow mcasurement as descnbed 

in Section 5.1. Figure D. 1 includes the 8 cal'bration tests, and the resulting calibration 

line. 

It is dear that a linear calibration is appropriate and provides a good fit, with an 3 of 

0.9999 and a standard error of 2-15 Us. The d t i n g  cali'bration relationship 0.1) was 

applied to raw MAG output ranging h m  100 to 480 lls to calculate the reference 

discharge for comparative testing with the ADM. It is worth noting that when no flow 

was routed to the test flume, and the system was stable thae was a smaii negative flow 

offset fbm the MAG meter. Thus, ïncorporating an intercept in the calibration was 

appropriate, Le., 

where Qw = MAG reference discharge [Vs], and 

Q- = MAG raw discharge measurement [Vs]. 

D.2 CALIBRATION OF VDV INSTRUMENTATION 

d 

Prelimhary velocity measurement cornparisons were carried out in the mezzanine level 

variable slope test fiume using Sontek acoustic Doppler velocity meters. Point velocities 

were sampled dong the acoustic paths to determine a reference average pathline velocity. 

Preliminary discharge cornparisons were also undertaken in the main test flume to assess 

the accuracy of the modified VDV package. These tests reveaied that the measured water 

velocities were low for both the X and Y acoustic paths. A second observation was that 



the X and Y velocity readings were low by different proportions. ln addition, the 

proportional aror varied with velocity. The latter two obsavations promptecl a stiU 

water, or 'bucket test,' of the acoustics to detemine if there was an electrical offset enor. 

Foliowing bucket testing, the pathline velocity CaIÇulation was re-caiiirated by back- 

caicuiating pathluie velacities fiom known refaence discharges. 

D.2.1 S U  Water Testing CBucket Test') 

Trivett et al. (1991), when documenting the sources of e m r  for the BASS oceanographic 

current meter, a predecessor of the VDV, indicated that the zero ofEset of the electronics 

dominated the error at low flows. Since the velocities tested in the lab were in the low 

range of the electmnics, a bucket test to assess the o@et was justifie& 

The test flume was sealed and f led to a depth of 0.40 m. After lowering the transducers 

to 25 mm above the intake floor, the water was aiiowd to settle for over 10 hours. 

Following this, five tests were performed where VDV output was logged for a duration of 

1.5 hours. The d t s  are Summafized in Table D.2. 

Table D.2 S till water caiiiration resuits. 

From these tests, it was quite clear that an electronic offset em>r was present. On 

average, digital counts for the X pair of tmsducm were biased high by approximateiy 

2.0 and the Y signal was biased low by 2.5 counts. Idealiy, the mean digital counts 

would aii have been zero indicating a transit-time différence and resuiting water velocity 

measurement of zero. Although the zero offset mrs were srnail relative to the range of 

Tria! 

1 
2 
3 
4 
5 

Average 

Mean Y,, 
[cds] 

0.35 
0.43 
0.34 
0.33 
0.28 
0.4 

Mean Y,, 
(cds]  

-0.39 
-0.45 
-0.44 
-0.41 
-0.43 
-0.4 

D w e n c e  
/a/sl , 

0.73 
0.88 
0.78 
0.74 
0.7 1 
0.8 

Mean Y,, 
[counisJ 

2.00 
2.47 
2.01 
1.94 
1.65 
2.0 

Mean Y,, 
[counts] . 

-2.22 
-2.58 
-2.56 
-2.40 
-2.51 
-2.5 

Dtrerence 
[counts] 

4.2 1 
5.05 
4.57 
4.34 
4.16 
4.5 



the electronics (MM6 counts). they were signincant relative to the range of values 

observeci in the Iab; peak velocities acbieved in the test flume correspondeci to digital 

readings of approxhately 250 counts. The zero o s e t  bias explaineci both the 

disagreement between the X and Y meanued velocities and the change in pmportionate 

error as the velocity was varied To adjust the zero ofçet, 2.0 counts were subtracted 

fkom the X digital data and 2.5 counts were added <O the Y &îa. 

D2.2 Re-Caiibration of the Vefocity Caiculation 

To convert the voltage h m  the interna1 clock of the VDV package to a tirne 

measurement, the slew rate of the digbentiai t h e  circuit was required. Focal 

Technologies indicated that accurate measurement of the slew rate was dinicult under 

bench testing conditions, men with a high hquency oscilloscope. It was recommended 

that a tow tank or discharge cornparison caiiiratioa be undertaken to better defme this 

value. 

The re-caliration process essentiaiiy consisted of back calcdating the transit-time 

differences in equations (5.3). (5.4). (5.6) and (5.7). For a range of discharges, 20 minute 

continuous traverses were used to c o k t  non-caliirated digital records fkom the VDV. 

The average normal velocity was determinai by dividing the reference discharge by the 

intake ara; multiplying this value by the cosine of the respective path angles to evaluate 

the reference average pathline water velocities. The pathlengths and average sound 

speed measurements were then used to back calculate the average transit-tirne dinêrences 

that would result in a velocity measurement identicai to the reference value. Knowing the 

correct transit-thne Merence and the measured digitai data, the average slew rate was 

recalculated. 

Twenty calibration tests were perfiormed for 8 dinerent flow rates nmging h m  124.5 Ys 

to 454.1 Us. Table D.3 sllmmarizes the results obtained h m  the caiiiration procedure. 

The calibrated slew rate was quite repeatable. with the standard deviation being less than 

1.3% of the mean. Figures D.2 and D.3 illustrate the fit of the calibration; it was clear 



that a linear caiibration was appropriate as thae was no trend in the residuals of the 

regession. Table D.4 summarizes the r e m o n  statistics. The 0.39 % deviation h m  

unity may have been reduced by using a more elabrate calibration procedure (Le., not 

simply averaging the dculated slew rates), however this accuracy was considemi 

acceptable relative to other uncertainties in the testing program. 

Table D.3 VDV cali'bration resuits. 

Reference Calibrated Meanrd Empirical ilmation 
Discharge S b  c c in c 
D%. Rate L w  [&SI PA] 

1479.0 0.09 

Standard Dev. 3774 0.12 
Standard Dev. [%] 1.28 - 

Calibrated 
Discharge 

lus1 
454.C 
454.C 
453.7 
311.8 
224.7 
224.8 
224.8 
121.9 
148.2 
147.8 
148.0 
258.2 
259.7 
259.8 
382.4 
382.7 
384.5 
329.4 
329.9 
328.5 

Error in 
Discharge 

-0.03 
0.07 

-0.12 
1-87 
1.1 1 
1.76 
1.66 

-2-06 
- 1 .O0 
-1.26 
-1.21 
-1.70 
-1 -34 
-1.30 
0.72 
0.6 1 
1.23 
1.54 
1.30 
1 .O0 
O. 14 
1.3 1 

- 



Table D.4 VDV caliiration statistics. 
L 

Stafi;stic 
3 
standard ermr @/SI 
intercept 
pefficient 

Value 
0.999 1 

3.13 
O 

1.0039 



O 50 100 150 200 250 300 350 400 450 

Rnw Maglnaer Data [Vs] 

Figure D. 1 MAG flowmeter caiibration. 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 

Rcfercnce DiçcborgF [Vs] 

Figure D.2 VDV calibration. 



kferrnce Disch- vs] 

Figure D.3 Distriution of emr for VDV caii'bration. 
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SGMPUNG STRATEGY COMPARISON 

Sampling Strategy Cornparison: S~mmary of R d t s  
* CTR - continuous, GL - Gauss-Lcgendrr sampling strate@ 

Date 

103 1 



Sampling Strategy Cornparison: Summary of Rtsults (continuai) 
* CTR - continuous, GL - Gauss-Legendre sampling stratcgks 

=@@r 
Sfrategy 

cm20 
c'nt20 
-12 
cm12 
m i 2  
CTM 
CTM 
CTR6 
GL12 
GL12 
GL12 
G U O  
GL8 
GL8 
GL6 
GL6 
G U  
G U  
GL2 
GL2 
GL2 

c m 2 0  
c l l u 0  
CïR8  
c m 8  
CTR6 
CTM 
CTR4 
c m  
GL12 
GLI2 
GLIO 
GLIO 
GL8 
GL8 



Sampling Stratcgy CornpanSon: Summary of Resuits (conîinued) 
* C l X  - continuous, GL - Gauss-Legendre sarnpling sûatcgies 

SMiph? 
strategy* 

m o  
m o  
cm8 
CTR8 
m 
CïR6 
CTRQ 
m 4  
GLI2 
GLl2 
GLlO 
GLIO 
GL8 
GL8 
m o  
cm20 
CTR8 
CTR8 
CTR6 
CTR6 
m 4  
CTRQ 
GLl2 
GL12 
GL IO 
GLlO 
GL8 
GL4 

CTR20 
CTR20 
CTR8 
CTR8 
CTR6 
-6 
m 4  
CTR4 
GLl2 
GL12 
GLlO 
GLlO 
GL8 
GL8 

Date 

1110 

1 1 1 1  

, 

Sound 
Spd Emr  

L 
0.43 
035 
O3 1 
0.34 
035 
036 
036 
036 
038 
026 
O 2 8  
0.25 
02a 
0.2C 
0.09 
0.06 
0.03 
0.04 
0.w 
0.m 

4-05 
-0.04 
-0.06 
-0.08 
4-03 
-0.05 
4.02 
o.Ia 
0.09 
0.1 1 
0.07 
0.03 
0.03 

-0.02 
0.w 

-0.0 1 
4-07 
-0.ia 
4-09 
-0.07 
-0.08 
0.05 

Run 

a 
b 
C 

d 
c 
f 
g 
h 
1 
j 
k 
1 
m 
n 
O 

P 
9 
r 
S 

t 
u 
v 
W 

X 

Y 
z 
aa 
bb 
a 
b 
C 

d 
e 
f 
g 
h 
1 
J 
k 
I 
m 
n 



DISTURBANCE 1 

Summary of R d t s  for Distutbaace 1 
* CI'R - continuous, GL - Gauss-Legendre sampling strategics 

S c r n p l h  
S ' e g y *  

cm20 
m 1 2  
CïR8 
CT'R6 
c m 4  
c m 4  
GLl O 
GLS 
GL6 
G U  
G D  
GL12 

cm20 
CTR20 
m 1 2  
m l 2  
CTR8 
CTR8 
CTR6 
CTR6 
cm4 
CTR4 
GLlO 
GLlO 
GL8 
GL8 
GL6 
GL6 
G U  
G U  

Sound 
Spd. Enor 

z 
0.09 
0.17 
0-0s 

-0.06 
-0.08 
-0.02 
-0.16 
-0.27 
-026 
-021 
-0.17 
0.27 

-0.06 
0.02 
O. 12 

-0.26 
-0.21 
-0.06 
-0.02 
-0.05 
-0.02 
0.03 

-0.05 
4-06 
4.02 
0.06 
O. IO 
0.09 
0.13 
o. 10 



Smmary of Results for Disturbance 1 (continued) 
* CTR - continuous, GL - Gauss-Legcndrt sampling stratcgies 
- 
Date 

- 
11 18 

- 

- 

SqpIing 
S'egy* 

cm20 
cm20 
m l 2  
CTR12 
CTa8 
c m 8  
CïR6 
crR6 
CTRQ 
m 4  
GLIO 
GLIO 
GL8 
GL8 
GL6 
G U  
G U  
GL4 

CTR20 
CTR20 
m 1 2  
m 1 2  
CTR8 
C m 8  
CïR6 
CTR6 
cTR4 
m 4  
GUO 
GLlO 
GL8 
GL8 
GL6 
GL6 
G U  
G U  



Summary of Resuits for Distutbance 2 
* CTR - continuous, GL - Gauss-Legendre sarnpihg stratcgits 

J b m p m  
S~ruzegy* 

cTR20 
m 4  
c m 4  
CTR 
GL 10 
GLlO 
GLlO 
G U  
GIA 
G U  

cTR.20 
GLlO 
GLlO 
G U  
GL4 

CTR4 
c m 4  
cm20 
c m 4  
m 4  
GL4 
G U  
G U  



DISTURBANCE 3 

Su- of Resuits for Disturbance 3 
* CTR - continuous, GL - Gauss-Legendre sempling süategîes 

-1ing 
srrutrgv* 

m o  
CTR8 
enta 
c'nt4 
c m 4  
GLIO 
GLlO 
GL8 
GL8 
G U  
G U  

m o  
CïR8 
C m 8  
CTR4 
cTR4 
GLIO 
GLlO 
CTR8 
CTR8 
GL4 
GIA 

CTR8 
CTR8 
m 4  
CTRQ 
GL 10 
GLlO 
GL8 
GL8 
GIA 
GIA 



DISTURBANCE 4 

Summary of Resuits for Disturbance 4 
* CTR - continwus, GL - Gauss-Legendre sampling strategies 

CTRZO 
cTR8 
CTR8 
CTR4 
CTRQ 
GLlO 
GL 10 
GL8 
GL8 
G U  
G U  

m o  
cTR8 
CTR8 
CTR4 
CTR4 
GL10 
GLlO 
GL8 
G U  
GL4 
GL4 

CTR20 
CTR8 
m g  
CTR4 
CTR4 
GLlO 
GLlO 
GL8 
GL8 
GL4 
G U  

Sound 
Spd E m r  
l"ml 

O 3  1 
033 
022 
024 
020 
024 
0.09 
0.14 
0.10 
0.01 
0.01 
0.19 
0.12 
0.13 
0.15 
0.10 
038 
036 
030 
033 
030 
0.28 
0.24 
0.12 
0.09 
0.09 
0.07 
0.0 1 
0.07 
0.08 
0.13 
0.22 
0.29 



DISTURBANCE 5 

Summary of Resuits for Disturbance 5 
* CTR - continuous, GL - Gauss-Legendre sampling strategies 
- 
Run 

- 
a 
b 
C 

d 
e 
f 
g 
h 
1 
j 
k 
a 
b 
C 

d 
e 
f 
g 
h 
I 
j 
k 
1 

m 
n 
O 

P 
q 
r 
s 
t 
u 
v - 

Smnpling 
Strategy 

CTR20 
c m  
CTR8 
a 4  
m 4  
GLIO 
GLlO 
GL8 
GL8 
GL4 
G U  

m o  
CTR8 
m s  
G U  
GIA 
GLlO 
GLlO 
GL8 
GL8 
G U  
GIA 

CTR20 
CTR8 
CTR8 
CTR4 
m4 
GLlO 
GUO 
GL8 
GL8 
GL4 
G U  

Sound 
Sph E m r  
L 

027 
0.15 
0.15 
0.17 
0.10 
0.17 
0.06 
0.10 
0.00 
0.02 
0.00 
028 
0-15 
0.1 1 
0.10 
0.02 
0.09 
0.0 L 

-0.02 
0.0 1 
0.0 1 
0.27 
0.22 
036 

0.17 
0.18 




