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Introduction

Flow measurement is routinely undertaken by hydititiess for settlement of turbine contracts andstgport
optimal operation. Typical practice has been ttalhigstruments in the penstock for this, sucle@sent meters
(CM), acoustic time-of-flight transducers (ATF) mmressure-time taps (PT). At some plants, thes@odsthave
significant disadvantages. Installation and remaeal be onerous, especially for CM systems. Dilfiaacess
can also be an issue, sometimes forcing the instntsrto be in locations with poor hydraulics. Ferthore,
outage durations can be problematic. For thes®neaimtake methodology can be an attractive atem to
measurement in penstocks. BC Hydro’s G.M.Shrum (G ptSverplant in Northern British Columbia, Canada,
represents a case in point. Five units will be aggd with identical runners within a single contra€or cost
reasons, traditional practice would be to test amlg of the five units with a penstock-installedFAHowever,
minor differences in individual unit performancejieh could yield large benefits in optimal dispatelil thus
go undetected. BC Hydro has therefore been in\a#tigjalternative flow measurement technologiesctvhi
would allow every one of the new units to be testest-effectively. This initiative is based on rete
developments in technologies measuring the flovtkénntakes of hydroelectric plants, particulaHg October
2009 comparative testing of the ATF, CM and acoustintillation (AS) technologies installed in timake of
its Kootenay Canal plant (KCL).

It has been argued that there are no code-approeditbds for measurement in converging intakes naaualy
people believe that accurate measurement in stgkeisi cannot be performed. However, at KCL theethre
intake technologies were within 1% of the referemsmsurement (penstock-installed ATF). This agweidu

the results of many previous, albeit less rigoraospparative measurements and confirmed that, geovihe
intake does not have adverse characteristics,@maasurements can be accurate and repeatable E&bth
60041 and ASME PTC-18 code committees are now atiatyhow to respond to these discoveries in the
forthcoming updates of their publications.

In this paper, the costs are compared for undergatidsts using three methods: penstock-installed @nd two
intake methods, CM and AS. The comparative costagimg the PT method were not included in thidysis
because most of the penstock lengths at GMS aceasaible and PT taps were therefore not includéke
original design.

1. G.M. Shrum Generating Station — description and higry

The W.A.C. Bennett Dam impounds the Peace Rivepith-eastern British Columbia (Fig. 1), formingth
Williston Reservoir. The underground GMS powerpl@g. 2) houses 10 generating units of variouscaies
giving a combined maximum output of 2,730 MW. Tiggest of BC Hydro's generating stans, GMS is one
of the most important components of BC Hydro’s &leal system. This station alone supplies mora tha per
cent of all of the electricity produced in B.C. baear. Now more than four decades old, the stagquires
significant investments to renew ageing equipment.



Fig. 1 - Location plan Fig. 2 — Layout of GMS intakes

2. Upgrade of Units 1 -5

2.1. Background

The 1960s era turbines in Units 1 to 5 must beaal to ensure ongoing reliability, availabilitydawperational
flexibility of these units. Another benefit of tipeoject will be an improvement in turbine efficigrand
capacity. Modern turbine design will provide aniiddal 177 GWh of energy annually with the sameaera
usage.

The current maximum capacity of these turbinesis W each. The new turbines will be initially litad to
the current capacity, because of other equipmemitcaints and existing water license limitationswéver, it
will ultimately allow the generating units to operat a capacity of 310 MW. The new turbines wél b
delivered, installed and tested as shown in Table 1

Remarks

Date Item Alternatives under consideration (in italics)

Do contractual test on G4 (ATF in penstoc
October 2012 G4 installation completel  Simultaneously do comparison test on G4
(ATF in penstock vs. intake methods)

(2

May 2013 G1 installation complete Do efficiency test on G1 (intake method)
December 2013 G2 installation complete Do efficiency test on G2 (intake method)
July 2014 G5 installation complete Do efficiency test on G5 (intake method)
February 2015 G3 installation complete Do efficiency test on G3 (intake method)

Table 1 — Installation and testing sequence

2.2 Why consider measurements in intakes?

Absolute flow measurement is required for settlehoéturbine contracts and to support optimal opiera
Several techniques are approved by the existingd®21and ASME PTC-18 codes for this, such as CM, P
and ATF methods. These all require closed conaittsadequate straight lengths upstream. Typicatice
has therefore been to install instruments in thesoek for this. However, at plants with buried stecks, these



methods have significant disadvantages. Instaliaitd removal can be onerous. Difficult accessatsm be an
issue, sometimes forcing the instruments to bedations with poor hydraulics. Furthermore, outdgeations
can be problematic and tests on multiple unithefdame type can be costly - costly enough tio tha
measurement to only a selected ‘representativé, ansometimes to dispense with the measuremtgether.

At GMS, five units are being upgraded with identizanners. For cost reasons, measurement witmst@ek-
installed ATF could be economically justified atyone of the five units, just like it was in thagt during the
initial installation and subsequent upgrading afsi6-8 in the plant. Minor differences in indiviawinit
performance, which can yield large benefits inmjlidispatch (Ref. 1,2), would thus go undetedBseiHydro
is therefore investigating alternative flow measueat technologies which would allow every one &f tiew
units to be measured/monitored cost-effectively.

BC Hydro is basing this initiative on recent deyet@nts in technologies measuring the flows in tiekies of
hydroelectric plants (Ref. 3) and recent activibé$EC and ASME code committees. The October 2009
comparative testing of the ATF, CM and AS techni@egnstalled in the intake of KCL (Ref. 4,5,6) heesen
particularly valuable, as it was organized andbythe ASME committee. KCL is a medium head plaithw
single bay intakes and adequately long straighstoeks. The tested unit has an ATF system install@dcode-
approved location that provided reference flowsrfigorous comparisons with each of the three intakéhods.

The measurement results at KCL were encouraginghdde intake technologies were within 1% of the
reference measurement (+0.09% for the ATF, +0.4dAE and +1.06% for CM). All three also showedyver
good repeatability. These results agreed withéiselts of many previous comparative measuremeuts an
confirmed that, provided the intake does not halxeese characteristics, intake measurements cancugate
and repeatable. Further investigation and compeer&isting are warranted, but based on the KCingebsbth
IEC and ASME code committees are now evaluating twmespond to these developments in the forthcgmin
updates of their publications.

Figure 3 shows penstock cross-section for G4-GBMS. Note the location of the ATF in the coupling
chamber in the powerhouse.

Figures 4 and 5 show more detail of the two intgkes at GMS. They have different entrance elexatand
upstream conduit lengths. The intakes for G1-G38tB3m lower than for G4-G5. Similarly, the upatre
length is 51.8 m for G1-G3 compared to 23.6 m fdr@&b. The gate section dimensions are 3.96 m (v5.8%
m (h) for all units. The measurements for the A8 @W methodologies would be located in the maimena
gate slot as shown.
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Figure 3 — Penstock cross-section for G4-G5
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Fig. 4 — Intake cross-section and plan for G1-G3 Fig. 5 — Intake cross-section and plan fe-G5

2.3. Acoustic Time of Flight in penstocks

Description

The ATF method is considered to be acceptabledrtio test codes (ASME and IEC) and is widely ugsed
hydro powerplants for testing. With this methodygaf ultrasonic transducers are located diaggrail
opposite boundaries of a water passage, as shdwmstically in Figure 6. Each transducer can lrathsmit
and receive an acoustic pulse. The pulse travsisrfahen it is travelling in the same directioritasflow and
slower when it is travelling against. The averagkeity along the path is a function of the diffiece in travel
time for the two directions. In practice, two syniri@lly installed transducer pairs are installecicross-path
orientation, as also shown in Figure 6. This aresngnt cancels out errors caused by non-axial flmesent
downstream of intakes, bends, or other geometitsttions. Transducer pairs are installed at meltip
elevations in the conduit, and the flow rate isaofd by integrating the laterally-averaged velesibver the
area of the conduit.

Historically, four pairs of paths are used. Howevkee value of adding more paths to sample motheotross-
section is being recognized. The latest ASME tedecsuggests four or nine pairs, depending onyHeahlic
conditions.

If there is access to the outside of the penstihbekiransducers are typically mounted in holesedtithrough
the penstock wall. Scaffolding is required for ®ying the hole locations, drilling the holes, anglasuring as-
built locations after installation. When there saccess to the outside of the penstock it is plessd mount the
transducers on the inside wall without drilling.bBs from the transducers must then be run toltienieter
located outside the penstock through a penetratoprotect the cables from the effects of pensftmk, they
must be covered by half-rounds of pipe attachetiéanside wall.

Costs

For ATF installation (4 paths), the BC Hydro caspturchase and install ATF transducers, to perfasrbuilt
survey and to run cables to the processor is etgirta be $146,000. The cost of ancillary measunesnier
undertaking the efficiency test on G4 is $99,00hding the total test cost for this method to $288. Two
days are assumed to be required for the testingeeBting the additional four units it was assurnied no new
flowmeter transducers would be purchased. Instbadransducers used for G4 would be removed astdliad
on the next unit. The holes on G4 would be filleithvéteel plugs. By moving the transducers front tmunit



there is a saving of about $40,000 per unit. lusthde noted that these costs correspond to justdfairs of
acoustic paths. If nine pairs of paths were tossio sample more of the cross-section, the ¢aseATF
method would increase by $52,000 for extra transduplus $8,000 for labour.
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Fig. 6 — ATF principle of operation

The costs of ancillary measurements for undertattiegefficiency tests were estimated separatelthaiothe
total test cost could be estimated for the threthous. These ancillary costs include the measurenfenMW,
inlet head, outlet head, stroke, water temperatund,Winter Kennedy differential. As with the measuent of
flow, there is a reduction in the test costs wheitipie units are tested. All costs are given ilEa2.

2.4, Acoustic Time of Flight in intakes — description adl costs

The ATF can be mounted in the intake in the samenaaas in the penstock and achieve comparableaamycu
This was demonstrated at KCL test where it was rreglim a non-uniform transition section (rectanguita
circular) and proved to have very similar resuitshte reference ATF meter mounted downstream in the
penstock. At GMS the transducers would also havetattached to the walls, with the cables routeough
the air vent downstream of the operating gatendfe were no slots available at GMS for frame-medi@M
and AS equipment and wall mounting were to be reszgsthe costs for all three methods might be sdmaé
comparable. Because there is no cost advantadectting the ATF at the intake, it would be betteinstall it
in the penstock where it is code-accepted. The AEEhod at the intake will not be considered furihehis
paper.

2.5. Current Meters in intakes

Description

The method used by Hydro-Québec for performingdiseharge measurement in intake service gatesstot i
use a trolley on which a number of current meteesn@ounted (Ref. 1,7).

A typical trolley is made of two horizontal profileods, attached to two end plates, and includes sables for
increasing the stiffness. The profiled rods hal@iadrag coefficient of less than 0.1 and havesdume profile
as the one used for the calibration of the cumegtiers. The current meters are set horizontallgherower rod.
Steel wheels help guiding the trolley in the gate Iaterally and longitudinally.

The measurements can be done while the trollegrirmuously moving or it can be set at a numbdixeid
elevations and the data recorded for a specificuautnof time. Both methods have shown similar ress{iRef.
7).

The flow velocities in the GMS intake are rathdfedient from a typical low head power plant intakéth an
estimated 9 m/s average velocity at the maximurchdigge. However, the measurement section is lodated
straight section of the intake and the straightiseds preceded by a smooth convergent part, lamcefore the
flow should be close to parallel with the axis. Me@ments made under similar conditions at otteentgl



produced a smooth velocity profile (Ref. 1). Githase characteristics, it is proposed to move tineent meter
trolley by attaching it to the lifting beam of thantry crane (similar to the one shown in FigureThjs would
have the advantage of reducing the equipment toataon cost to GMS (Hydro-Québec normally usesirch
hoists and variable speed power drive to movertiiey) and making the setup of the instrumentsegas
especially when moving the instruments from oné tmihe other. In addition, the weight of theitif beam
would counteract possible problems that may aris fuplift on the current meter trolley.

Fig. 7 — Current meter trolley attached to a ganitfing beam

Costs

The current meter trolley for flow measurement M$would require a careful structural analysis,sese the
velocity is outside of the normal field of appliat that Hydro-Québec uses for intake measurement.
Nevertheless, the fabrication of the trolley shdugdrelatively simple. The total cost of the CMIgp is
estimated at $27,000.The calibration costs fofdheteen current meters would be billed at theorafithe
estimated numbers of hours of usage to the maximsage before a recalibration is required (300 Hours

For the flow measurement services required fotekgng of the first turbine, rental of 14 curreméters and
two displacement transducers, together with oneeH@neer and one technician in the field for 6 dawysuld
cost $120,000. One day is allowed for travel amdetyuipment delivery to the site, three days féetgdraining
and equipment assembly, two days for the measuremea day for instrumentation demobilization amé o
day for return travel and equipment shipment. Aprehensive flow measurement data analysis andtrepo
would be included in the above price.

The flow measurement services required for indialdasting of the second and all subsequent uratdadv
require only 4 days in the field and result in dueed flow measurement cost of $56,000/unit (iniclgdhe
cost of equipment rental and data analysis andt@peparation, similar to the first unit). If &lur remaining
units were tested consecutively, multiple mobilizatand demobilization and reporting costs woulabeided,
reducing the flow measurement cost further, to $1€8,000 for all 4 units.

2.6. Acoustic Scintillation in intakes

Description

AS method utilizes the natural turbulence embeddédle flow (Ref. 8,9,10). With the acoustic serssor
positioned directly opposite each other in an iaefdke technology is suitable for short, convergimgkes
without straight sections of constant cross-seatiostream. Whenever stoplog or service gate siets a



available, AS instrumentation is installed on pblearames in the yard and fully instrumented fraraee then
inserted into the slots. As the AS instrumentsflaigh with the walls of the intake, there is nteiierence with
the flow or exposure to debris impact, making itale for long-term monitoring in real time. Thexquired
number of measurement paths is achieved by plagngors at each desired elevation on a statioremef as
shown in Fig. 8. Alternately a smaller number efisors can be mounted on a moving the frame whigh t
traverses the cross-section. The fixed frame apprigamore expensive but faster than the movingréra
alternative. In either case, the discharge is caeatpin real time by integrating the horizontal cament of the
laterally averaged velocity over the cross-sectianea of the intake.
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Fig. 8 — AS stationary frame

Costs

Prior to measurement, BC Hydro would be procurmegAS mounting frame. It would be similar to thanfre
designed by and built for BC Hydro for the measweatat KCL in 2009, only slightly smaller and withiahe
internal provisions for the current meter trollé@QFlow would assist with its design, particulanyterms of
the elevations of the measurement paths and losasind mounting of the canisters and cables. Baisé¢loe
fabrication cost of the KCL frame, the GMS frametds estimated at $35,000.

For the flow measurement services required fotekgng of the first turbine, AS instrumentationpsisting of
14 pairs of acoustic sensors, connecting cablessteas, surface unit and an operating laptopeckfar a
period of 7 days, together with two AQFlow techaiws in the field for 5 days, would cost $68,000e@ay is
allowed for travel and the equipment delivery te $ite, one day for safety training and installing
instrumentation on the frame, one day for instgllime frame in the intake and conducting diagndssts, two
days for the measurement, one day for instrumemtatismantling and one day for equipment returairiing
of the BC Hydro’s staff would be provided on anrequired basis. With two days dedicated to flow
measurement, sufficient repeats of the measuremeuntd be made to have a high degree of confidentiee
results. A comprehensive flow measurement datbysisaand report would be included in the aboveeori

The flow measurement services required for indigldasting of the second and all subsequent urdtddv
require only 4 days in the field and result in dueed flow measurement cost of $52,000/unit (incigdhe
cost of equipment rental and data analysis andtepeparation, similar to the first unit). If &ur remaining



units were tested consecutively, multiple mobii@atand demobilization and reporting costs wouldbeided,
reducing the flow measurement cost further, to $1€4,000 for all 4 units.

2.7. Comparison of alternatives
A comparison of the costs for the three methodgvien in Table 2 below.

In order to ensure that the costs between diffeseganizations were comparable, common assumpivens
adopted. It was assumed that BC Hydro, Hydro QuahdcAQFlow would estimate their costs as if stayti
from Vancouver. The hourly rates for all three camips were assumed to be $200 for an Engineerttadist
and $130 for electricians and mechanics. The waskvdas assumed to be 11 hours.

G1,G2,G5,G3| G1,G2,G5,G3

Method Services G4 S )
individually consecutively
Flow measurement $146,000 $122,000 efacl$489,000 all 4
ATF Ancillary measurements $99,000 $73,000.90 $231000
$720,000 all 4
Total $245,000 $195,000 eadh ($180.000 each)
Flow measurement $93,000 $56,000 each $108,000 4l
Trolley $27,000
CM

Ancillary measurements $99,000.00 $73,000 each ,BP81all 4
$339,000 all 4

Total $219,000 $129,000 eadh (385,000 each)
Flow measurement $68,000 $52,000 each $104,000 qli
Frame $35,000

AS
Ancillary measurements $99,000 $73,000 each $281500
Total $202,000 | $125,000 eadn $335,000all 4

($84,000 each)

Table 2 — Comparison of costs for all alternatives

Costs were estimated for three scenarios. Thesibestario was for testing of G4 alone. This isrttieimum
testing to satisfy the turbine contract and isudéifed to be ATF. The second scenario is to cestahting of
each of the remaining turbines individually aftestallation, approximately 8 months apart. For,thiach of
the equipment would remain at site, but travel £asid extra setups would be required for eachTestthird
scenario is to cost the testing as if all four renmg units were tested consecutively without legvihe site.
This would have the lowest unit cost because thépetent can easily be moved from unit to unit Wittthe
additional adjustment.

As can be seen in Table 2, turbine flow measureméhtframe-mounted CM or AS in intakes is an attirze
alternative to measurement in penstocks. Thisustiated in the table by the reduction in unit tessts for the
four remaining units after G4. The two intake melhbave considerably reduced unit costs compartgto
ATF because fully instrumented frames can be mowoehe next unit at little extra cost. In contrdet,the
ATF there is very little reduction in cost for thdditional tests because each penstock requirgdssetup,
including survey, drilling and installation.



2.8. Discussion

The data in Table 2 shows that the costs for tgstinre than one unit at a single plant can be lgreeduced
by using frame-mounted intake methods. This gtdMes the question of whether there are suffitienefits

from this to justify it, even at the reduced tesstc Data from Hydro Quebec and BC Hydro can prgidme
insight into this.

The Canadian Province of Quebec has an enormoastfatfor new hydro development, yet it has fotimat
upgrading/refitting, together with optimization @beration of its existing plants, is cost-effectared produces
a fast return on investment. For example, by opegat units at one of its 240 MW plants at beffitency
and by operating the most efficient unit first,argin efficiency of 0.6% was achieved (Ref. 2)isTh
represented an extra $300,000/year from the samertrof water, and the $300,000 cost of flow/eéfigy
measurement was thus repaid in one year.

In the case of BC Hydro, the significantly incredisapacity and the 177 GWh/year of additional epéng
utility expects from the replacements of units 4t%MS represent a great investment in green engirgy
purpose of the measurements on all 5 units destibthis paper is to confirm that the goal hasnbaehieved.
By employing intake flow measurement methods rath&n penstock methods, it will be easier to jystif
measuring the performance of all 5 units, not fastone initially anticipated in the contract.

Furthermore, if the Hydro Quebec approach is adbatel the remaining units 6 — 10 are also tested, a
outcome similar to that found by Hydro Quebec cdddexpected. Considering that GMS will have a umixt
of new and old runners, let's assume that a gasmbf 0.2 to 0.3 % would be achieved, or 14 to 20tyear
of additional energy. At $35,000/GWh, it would bertin $490,000 to $730,000 every year, and withcthst of
intake measurements for all 10 units potentiafiyifine consecutively) as low as $700,000, the paky/pariod
would be about one year.

The testing of all 10 units using intake methodsagicularly appropriate for the purpose of opfiaiapatch.
The velocity profiles in the gate sections will$imilar, so that the systematic uncertainties for a
measurements will be similar (same magnitude arettion). Hydro Quebec has tested multiple unitsgis
more than one independent measurement method emedghlts support the notion that the systematic
uncertainty is low enough for the purpose (Ref).1,2

For the upgrades at GMS there is no cost for tallingit out of service because it is already oweofice for
the installation of the runner. However, for otp&ants where there is no extended outage befastand spill
is required, the downtime to install an ATF systean have a significant cost in lost generatioredntrast,
there is almost no downtime for the frame-mountedkie methods, as no dewatering is required anallizitson
is much faster. The cost of lost generation foA@ BIW unit at an energy price of $35/MWh would be
$200,000 per day.

Measurements in gate slots can have their own enpgoblems. The intake gates slots must be avaikaiod
free of debris so that measurements can be takelosesto the gate sill as possible. The gate guidest be the
same from unit to unit (within tolerances). Thisthwelology can be more exposed to weather, suctiths w
winter conditions.

The two frame-mounted intake flow measurement o this paper can only be used when a serviega
stoplog slots have been provided. Several decagtesadnen only one of the methods was availablelatee
Professor Mosonyi pleaded for their provision (Reff) as follows: “Measuring facilities should beopided for
at the design stage. It is advisable to choosedh#ol section in the entrance flume, behind thstt rack and
vertically to the direction of the flow. ... Tliging grooves of the instrument frame should beviled for in
the design and constructed simultaneously.” Nowetlage two intake flow measurement methods witrctvid
make accurate, repeatable and cost-effective tiftom measurements.



3. Conclusions

The frame-mounted CM and AS intake methods of flegasurement described in this paper are attractive
alternatives to measurement in the penstocks, idlyewhen more than one turbine is being tested.

The designers of powerplants that do not have éntaiintenance gates should provide extra slotsagyatof
the operating gate so that the slots are avaifabléow measurement with frame-mounted intake rodthin
the future.
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