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1. Introduction: TheNeed for High-Accuracy Flow M easurement

Testing and evaluation of turbine-generator performance at hydroeledric plantshas
always depended criticdly on the availabili ty of predsion flow (unit discharge)
measurements. Flowrate, head, and eledrica power output are key parameters that must
be known in relation to eadt other for determining adual unit power output vs. discharge
and efficiency charaderistics for individual units aswell asfor total plant outputs.

A variety of flow measurement techniques have bee devel opedand refined for hydro
applications over the course of this century, including both absolute and relative methods
to quantify unit discharge. These have been used for unit accetancetests, operational
enhancement, evaluation of unit upgrades, and plant refurbishment planning.
Charaderizing red unit performance provides necessary information needed for these
purposes, and servesto justify new cagpital investments as well asimproving the
spedficaion of rehabili tated equipment.

Predsion has been arequirement in unit performance measurement in order to obtain
repedable results, consistent (at least) within individual unit test programs. High-
acaracy unit flow data, providing both high predsion plus low bias error, have typicdly
been required to document absolute unit efficiency in meding contradual acceptance
criteriafor new or upgaded units. Further requirements for high-accuacy flow and
absolute unit efficiency data have stealily grown in recent decalesin response to needs
for maximizing powerplant output and efficient use of water resources.

Flow measurement methods that have been widely utilized for unit field testing and
performance eva uation include the presaure-time edinque, sdt ve ocity method, dye-
dilution method, areavelocity (current-meter array) measurements, and the ultrasonic
transit-time method (Gulliver and Arndt, Ref. 1.). Most of these apgicationshave beerat
hydroplants having penstocks or other long flow conveyance structures providing well -
developed, relatively uniform hydraulic flow profiles. Such circumstances are dso agoad
representation of turbine model test conditions and improve the redizaion of model-to-
prototype performance predictions.
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These techniques have been distill ed into the strictly prescribed methods given in the
relevant turbine test codes utili zed by the American Society of Mechanicd Enginee's
(ASME, Ref. 2.) and the International Eledrotechnicd Commisson (IEC, Ref. 3.).
Performance guarantees offered by turbine manufadurers are typicaly validated usng one
of these code-accepted flow measurement methods.

Methods for obtaining acairate flow measurements at low-head hydroeledric fadlitiesare
much more constraneddue to theshort readt available betweenwater intake and turbine
inlet. Typicd low-head plant configurations utilize mutiple intake beysfor eat turbine
inlet with short, irregular geometry giving rise to non-uniform, variable flow conditions
that are not well-suited in general to the code-pre<cribed methods. Further flow
variability can arise from effedsinduced by the operation of adjacent units which can
make it difficult to determine unit flow vs. gate setting relationships.

Since a considerable number of the world’s large hydroel edric power plants are included
in the low-heal category, it isimportant toinvestigate anddevelop new or modified
methods for obtaining reasonably acarate flow measurements under these conditions.
Thiswill | ead to more meaningful hydroeledric performance evauations that are reedel
for optimization of plant operation and management of constrained water resources.
Criticd deasion making in the al ocation of cgpitd resources to adiieve greaer power
generation efficiency can also be enhared with better unit performance asssnent - the
guestion of whether to upgade or refurbish may be moreeasily dedded with redistic
datafor existing unitsin hand. Thisinformationisnot realily derivablefrom mode
turbine tests or numerica computer smulations. Accurate unit flow and efficiency
measurements under adual field conditions is the key.

2. Low-Head Unit Flow M easurement M ethods

The difficult, non-uniform hydraulic conditionsin low-head plant intakes prevent the
straightforward application of traditional flow measurement techniques deve oped for use
in well-conditioned, long-penstock flow regimes. Short, convergent intake structures
introduce swirl, crossaxial flow components, and sgnificant distortionsin the vertica
and horizontal flow velocity profiles. Large turbulent eddies, flow separation, and
potential badkflow phenomena may be present, with conditions further confounded by the
presence of trash rads, fish diversion screens, or other protruding structures. Thisleads,
aswell, to much lessconformity in plant-to-plant flow charaderistics, so that techniques
developed and experiencegarnered at any particular fadlity will not usually be diredly
applicable at some other low-head plant without careful consideration of potentidly
unique conditions and gopropriate modifications to flow measurement procedures.
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Because of such fadors, unit flowrate measurement acaracy and repedabili ty thet is
achievable in low-heal intakesis at best 2 to 3 times lessthan for flows measured in
penstocks. Until recently, techniques used for absolute flowrate and efficiency
measurements at low-head plantshave realy al been lased on the aeavelocity method,
comprising either fixed-in-placeor intake-traversing current-meter arrays. Propeller-type
current meters, as spedfied by the relevant codesfor penstock-based unit testing, have
generally been used in unit field test programs; however, there have been cases using other
types of water velocity sensors (e.g., seeVoight and Gulliver, Ref. 4.).

The number of current-meters (i.e., point-velocity samples) needed in low-heal intakesis
generally 2 or 3 timesthat required for penstock measurements (Levesque, Ref. 5.).

Thus, the measurement apparatus itself may cause significant flow interference, adding to
the uncertainty for measured flow vs. unit gate setting. In addition, traversing current-
meter arraysthat are moved to different positions aaossthe intake flow profile depend on
stable, steady-state flow conditions during a competeintake measurement cycle.

Relative flow measurements, based on the differential presaure between tapslocaed on
the turbine scroll case (i.e., Winter-Kennedy taps) or in a converging turbineinlet, can ke
used for unit index testing. For these case, no absolute measurement of unitflowis
obtained, and performarnce est datais indexed to the unit’s peakefficiency setting. While
index testing provides the shape of a unit’s efficiency curve andthe gate setting for pe&
efficiency, it does not define absolute unit efficiency (power outpu vs. adud unit cfs
discharge) nor can it be used for determining adual unit-to-unit differencesin power
output efficiency (Voight and Gulliver, Ref. 4.). Aswith the absoluteflowrate ednques
discussed above, relative flow data obtained via such differential presaure measurements
can aso be adversdy affecied by irreguar flow conditionsin the unit intakes, resultingin
deaeased predsion for unit index test results.

The multiple-path, ultrasonic transit-time method of flowrate measurement offers a means
for obtaining meaningful unit flow and efficiency data under the variable hydraulic flow
conditions found at low-head hydroeledric plants. Flow and efficiency measurements
utili zing the multi-path ultrasonic transit-time technique at | ow-head plants have shown
close agreenent with results obtained via current-meter arrays deployed acossmultiple-
bay intakes. Thismethod is described in the following sedions of this paper, along with
summaries of results from an adua test site.

The dose ageanent between the two flowrate measurement methods and consistency in
the test results demonstrate that the ultrasonic method represents a valuable tod for unit
performance testing and evauation at low-head hydropower plants. In addtion to
measuring absolute unit discharge for efficiency determination, the method provides
detailed information on the characer of intakeflow veocity profil es, including the
magnitude of crossflow (non-axial) components, verticd flow profile variation acossthe
intake, time-varying flow behavior, and bay-to-bay flow differences.
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Thiskind of information can be useful for identifying performance-degrading intake flow
conditions, designing appropriate modificaiionsto forebay and intake structures, and
evaluating possble improvementsin plant operation.

A significant advantage associated with the ultrasonic method (for both low-head intakes
and penstock unit flows)isthat it istheonly available absolute flow measirement
tedhnique that can be used for continuous on-line unit monitoring during normd
powerplant operations. This provides avaluable capabili ty for unit performarnce
documentation and evaluation under widely varying total plant head and flow conditions,
and for optimizing unit commitment and |oad dispatch to acheve maximum power
generation efficiency at multi-unit hydroplants.

3. Flow Patternsand Ultrasonic Configurationsin Low-Head I ntakes

In low-head hydroplants with multiple-bay unit intakes, the velocity field typicdly varies
from bay to bay. Figure 1 illustrates some farrly typica proportiond flowratesfound for
aunit tested with a 3-bay intake, presented in asmple pie dhart where teindividual bay
flowrates are shown relative to total unit discharge. Bay A, with 38 % of the unit’ stotal
flow, carries about 5% more of the total flow than would result from equal flow
partitioning among the bays, and Bay C about 4 % less Relative to ead other, the
flowrate through Bay A is 31 % greaer than for Bay C.

The arrangement of theintake bays with resped to the turbine scroll caseinlet is shown in
the plan view of Figure 3. Flow through Bay A is seen to havemore dired passge to the
turbine inlet.

Bay A
/ Bay C
29.21%
(38.29%) ( 2
(32.50%)
Bay B
Figure 1. Flowrate distribution found in a 3-bay intake.
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Intake flow distribution can change over time if debrisis alowed to collea on forebay
trashradks without regular cleaning . Other influences may include fish diversion screens
that are installed during downstream migratory periods, asin the Padfic Northwest.
During the winter season, iceforming on the trashrads can also significantly alter the flow
distribution through the bays. 1n multi-unit low-head plants, the operation of adjacent
units may have prominent effeds on the overall flow distribution among intake bays, as
well. Thiswill li kely change as the cate sttings of units are varied to follow daily power
generation demand or adjusted to changing river flow conditions.

All of these perturbationsto intake flow distribution will also have concomitant effeds on
the characeristics of the 3-dimensona flow ve ocity field through theintake conduits.
Highly non-uniform intake flow patterns may result from a combination of such fadors
and can affed not only the dired measurement of flow through the intake bays, but the
operating performarce of the turbine aswell (Fisher and Frarke, Ref. 6.). Such non-
uniform intake flows can also adversely affed differential presaures measured at the
turbineinlet or in the scroll case and lead to errorsin the relative unit flowrates used for
index testing (Nguyen, et.a., Ref. 7.).

Even with well-conditioned approacd flows and goad flow distribution anong mutiple
intakes, non-uniform geometry of intake flow conduits can lead to non-axial flow
velocities which complicae any flow measurement approach. Tapered forebay andintake
entrances can crede crossaxial veocity fields with large horizontal and/or vertica
components and add to non-symmetricd behavior of the velocity field streamlines.
Convergent sedionswill acceerate and change the diredion of theflow velocity vedors
as a 3-dimensional function of position along the condut. Largeeddesand flow
separation arising from non-streamlined protrusons or obstructions can eve result in
regions of badkflow within theintakeflow ve ocity profil e.

Velocity fields having significant non-axial flow components may result in significant
errors when current meters are used to sample the flow profile. Arrays of propeller-type
meters typicdly utilized (and code-spedfied) for flow measurement are not well-suited for
acarrately resolving axial flow in the presence of large off-axis components, and without
spedal precaitions may indicate forward velocitiesin the presence of badkflow!

With judicious seledion of acoustic-path placenent and utilization of crossed-plane path
arrays, the multiple-path ultrasonic transit-time method can be used to maintain reasonable
acaracy and repeaability for continuous flowrate measurement under many of these
difficult hydraulic conditions. Since acmustic transit-time measurement provides a atal
average of flow velocity along the entire length of anacooustic path, mutiple paths
spanning the entire breadth of aflow condut may be utili zed to sampe average velocities
at various levels aaossthe flow profile. The measured path ve ocitiesare numericaly
integrated, taking into acmunt corresponding flow areas, to provide anestimate of the
flowrate through acomplete ay crosssedion. Totd unit flowis then determined by the
flowmeter via summing of the flow through ead contributing bay.
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Acoustic paths arranged in crossed-plane configurationsmay be df edively used to
monitor and corred for the effeds of crossaxial or swirling flow components. Ve ocity
measurements from crossed-paths at a particular verticd level will feaure an increagd
apparent velocity for the path more closdy digned with thenon-axial velocity vedor, and
adeaeased velocity for the crossng path. The two measurements may be combined to
provide amuch more accuate edimate of the averageaxia flow velocity at the level of
the path. Much of the flowrate uncertainty caused by horizontal crossflows or axially
swirling flow can be diminated in this manrer. In addtion, the crossed-path velocity
measurements can be used to quantify the severity of crossaxial flowsrelative to the
overall flow pattern. Thus, useful engineeing information may be gained with resped to
unit performance problems caused by poor intake hydraulics.

Applicaions where the intake is tapered along a convergent sedion, as shown in elevation
view in Figure 2, pose a dallerge to theinstallation of acoudtic-path transducers. The us
of articulated transducer assemblies allows for transducer alignment and postioningin
such cases, and aso permits mounting inside roughly lined intakes with no flat surfaces.
The articulated-mount transducerdesign permits acoustic-path oriertaion © be pardlel
to the expected flow streanlinesa ong the \ault and eiminates the potential need to
corred for verticd off-axis effeds.

Figure 2. Acoustic-path placement in convergent intake
requiring articulated transducers.
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The number and placernent of acoustic pathsfor intakeflowrate measurement using the
aooustic method is governed by the degreeof non-uniformity present in theintakeflow
profile. For intake flow profiles having moderate variabili ty, acoustic-path arrays
comprising two crossed-planes of 4 paths ead (termed a4 x 4 path array) are ued.

Verticd positioning for ead pair of crossed pathsin theintake flow condut(s) is
determined using “ Gaussan’ spadng. Weighting coefficients corresponding to these
placements are then used in the numericd integration of path-velocities over the full intake
flow profile. The Gausgan integration technique, which is a code-spedfied flow
integration method (e.g., IEC, Ref. 3.), spedfiesthe elevation and relative weighting of
the acoustic pathsfor flowrate measurementsin rectanguar sedions. Thisintegration
technique iswell suited to flowswith arbitrary (non-circular) crosssedion andisided for
redangular conduits.

Figure 3 ill ustrates the location, verticd spadang, and path numbering convention used for
the acoustic pathsinstalledin three26-foot high, recanguar intake bays.

Intake flow profiles with greaer crosssedional variability may require configuring more

aoustic pathsthan the 4 x 4 path arrangement to aqquireaddtional sanples acossthe
flow profile and mantain flowrate accuacy.

= Vs

2T e \IFAD A
' ™D

Figure 3. Ultrasonic flowmeter acoustic-path arrangement
for alow-head 3-bay intake configuration.
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Sincethe repedability and lineaity of flowrate measurements made with 4 x 4 path arrays
can be quite good, even under moderately irregular flow profile conditions, it may only be
necessary to configure one of the baysin a multi-bay unit intake with additional acoustic
paths. The more highly resolved flow profile and enharmed flowrate accuacy resulting
from the addtional acoustic-path placenentsin such a“primary” bay, in some cases, may
be used to cdculate corredionsfor any systematic biasengendered by the 4 x 4 array
sampling in the adjacent bays. Onceso determined, the corredion fadorscan be
programmed into the flowmeter for automatic compensation in wnit flow monitoring.

For intakeswith highly irregular flow caused by the protrusion of non-streamlined
obstructionsinto the flow or resulting from other mgor flow perturbations, addtiond
aooustic pathswill be needed in eat bay to adequately sample and characerize the
significant feauresin the crosssediond flow profile. Such flow perturbations may

be present only occasionally, under certain operating conditions (e.g., during the
deployment of fish diversion screens).  Thus, care must be exercised in the planning and
arrangement of acoustic path arraysto take acoount of potentially intermittent flow profile
disturbances.

4. Flowrate Intercomparison of the Ultrasonic Method vs. Current Meters

In October, 1993 flowrate measurements were performed usng both the ultrasonic and
current-meter methods at the Safe Harbor Water Power Corporation hydroeledric plant in
Conestoga, Pennsylvania. Thisfadlity islocated on the Susquehanna River, operating 12
turbine-generator units of Kaplan and mixed-flow type. Typicd operating heads range
from51to 58 ft. Simultaneous measurements were conducted with the two absolute
flowrate methods in the 3-bay intake for Unit No. 6 (Kaplan) duringunit field testing
adivities at the plant. The respediveflow measurements were conducted indepencently
by Accusonic and Alden Research Labs (ARL) for later intercomparison (Walsh, Ref. 8.).

Flow measurements were made simultaneoudly in all threeintake bays over a sequence
comprising 8 diff erent unit wicket gate settings. A 4 x 4 a®udtic-path array was install ed
in ead 16-ft W x 26-ft H bay, with the acoustic path levels determined by Gaussan
spadng. The current-meter measurements utili zedarigid framefor each lay, eat holding
7TypeA' OTT" current meters spacellog-linealy dong thehorizontal coordinate. The
frames were mounted in the gate dotsfor eat bay and lowered to thirteen different
elevations traversing the full crosssedional flow area Approximately one hour was
nealed to complete the current-meter measurementsfor ead wicket-gate stting. Test
conditions required flowrate and head to be reld constant whil e the \e ocities were
measured at the different elevationsin each by.

Flowrates were continuoudy monitoredin each by with the ultrasonic flowmeter over the
entire test sequence. Discrete flowrates for the individual bays and combined total unit
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flow were ceterminedevery 4 seconds. The ultrasonic flowmeter loggedal of the
discrete flow and velocity data and computed average flow vauescorresponding to the
period of eat current-meter measurement cycle.

The current-meter flowrates were computed usng crosssedional bay areas taken from
the plant’s original 1932drawings. Intake surveys conducted during installation of the
aoustic-path transducers showed some discreparcies between the 1932dimensional data
and the recent intake survey. In order to be consistent with the dimensions wsed for the
current meter flowrate calculations, the ultrasonic flowrates were adjusted to identicd
crosssedional flow areas. A summary of the resultant flow measurements from the two
different methodsis presented in Table 1.

The dimensional discrepancy was further supported by comparing the individual bay
flowrates from both the acoustic flowmeter and the current meter data for the test runs.

In Bays A and C, the difference between the areausing the drawings and the surveyed
areameasurements was 1.6 %, which is consistent with the diff erence between the current
meter and ultrasonic measurementsfor theflowratesin BaysA and C.

Run 1 2 3 4 5 6 7 8
Ultrasonic 2598 3514 4748 5452 6253 7155 8317 9360
(CFS)
Current Meter| 2544 3468 4679 5362 6170 7066 8243 9256
(CFS)
% Difference 2.1 1.3 1.5 1.7 1.3 1.2 0.9 1.1

Table1l. Flowrate comparison results.

A review of the velocities on ead acustic path showed a pattern indicaive of swirl and
secondary flows. This pattern was made apparent in each by by calculating the true
velocity vedor at ead elevation in the condut. At the top of thecondut the ve ocity field
was one diredion, and at thebottom of the penstock the diredion reversed. Thisindicaies
that swirl effeds may have adversdly affecied the current-meter readings. BaysA and C
had the highest degreeof swirl, while bay B had the least. Bay B had the lowest
magnitudes for crossflow components, but did not exhibit a consistent anguar magnitude
over theruns. These results demonstrate the nead for crossed-plane flow measurements
provided by the ultrasonic method.
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Figure 4. Typical velocity profilein 2 of 3 bays for one flowrate run.

Figure 4 isagraph of the velocity profile of Bay A and C for run 7 at Safe Harbor plotted
as afunction of path elevationsin the condut. Thisfigure ill ustratesthe nead to
instrument al bayswith crossed plaresandis typicd of theentire seriesof test runs. The
velocity profile in Bay B is omitted for clarity. These profiles show that the non-axal
component of flow in Bay A isopposite in diredion and diff erent in magnitude from Bay
C. Thisismade apparent in that the velacities on the normal planein Bay A are for the
most part larger than measured in the crossed plane. In Bay C the oppositeis doserved.

Thisfigure dsoill ustrates non-axial flow components and their potential effed on current
meter acaracy nea to the top and bottom of both conduits. The non-axial components
of flowsin both Bay A and C shows areversal of the transverse vedors of velocity as
observed from top to bottom. Thisreversd is usidly indicative of swirl andits effed on
current metersis unknown.

In summary, the multiple-path ultrasonic transit-time method can be effedively utili zed for
unit field efficiency testing and continuous on-line performance monitoring in low-head
hydroeledric plants. The method permitsflow measurements to be made without
interference or obstruction to unit intake flow and can be flexibly adapted to awide
variety of intake configurations. Ultrasonic flowrate measurement acarragy hasbean
demonstrated via intercomparison with areavelocity measurements obtained with
traversing current-meter arrays.

Ultrasonic flowrate measurement tedhniques off er a nrew cayebili ty to obtain continuous
high-acaracy flow data and provide nmuch-needed hydroel edric unit performance
information for use in evaluating unit upgradesand plant refurbishment programs. This
will contribute significantly to better cgpital investment dedsion making and maximizing
resource usage in hydroeledric power generation efficiency.
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