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NON-TECHNICAL SUMMARY

Protecting downstream migrating fish atiiydropower and other river infrastructure
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NON TECHNICAL SUMMARY:

Society relies on a vast network m¥er infrastructure(including dams and weirs) to capture and

regulate flows for agricultural, domestic and industrial use. These strestwan also be used to

produce hydropowemNew South Wales has the largest hydropower capacity cAastyalian $ate,

with hydroelectricity comprising 63% abtal renewable electricity generation last year. Whilst further
expansion of large dam hydraper is unlikely given the low topography and variable rainfall in

Australia, there has been renewed interest in exploring the utilisation of existing weirs, and irrigation
supply networks for power generatiaising smalscale or mini hydropower (typicall<10 MW).

This interest is being reflected throughout the world, where mandatory renewable energy targets set by
governments and a movement away from -nachbeab po
generating sources such as hydropower.

Future river infrastructure planning (including mini hydropower) should balance economics with the
risk of environmental harm to ensure the protection of migratory fish populafibagastexpansion

of river infrastructureand flow regulation has been implicatess a major cause of global declines in
freshwater ecosystemBams and weirsragment habitats and alter hydrology which can disfisipt
spawning and prevent or delay upstream and downstream migrafleese structures, as well as
hydropower turbineshave also been shown tweate adverse hydraulic conditons such as rapid
pressure changes and tudgmde which can injure or kil fish during downstream passagéhe
implication of increased injury and mortality can be lower recruitment and reductiaputation
sizes.

There is a lack of science and a significant amount of uncertainty surrounding the potential impact of
using existing irrigation weirs as mini hydropower generators in Australia. Whist new technologies
are becoming availablén the minihydropower sector which may provifler safer fish passagéhe
tolerances of native fish at egg, larval, juvenile and adults stages to passage through mini hydropower
plants remains unstudied. Given the vast numbers of fish that have been shown ¢éodoigrestream

and evidence that they can be injured as they pass through existing weir structures, research is
required to better understand the potential risks associated with new mini hydropower technologies on
fish populations. Without this informatioit,is not possible to make informed decisions regarding the
relative social, economic and environmental aspects of hydropower development.

Boys et al. R&D into sustainable mini hydro and river infrastructure



Non Technical Summary Xi

The current projecsoughtto determine what questions need to be addressed through targeted research
in order toprovide developers and fisheriasithoritieswith the confidence to make informelesign

and polcy decisions regarding future mirhydrgpower and associated river infrastructure
developments. The ultimate objectiigeto establish the research and developimeapacity within

New South Wales to faciltatémprovements inpassageconditions for fish species (including
threatened species) aiver infrastructureand enhance theSt at e 6 s  @nplgmant netvy t o
sustainable energy technologies in regional areas

A workshop was convenedt the start of the projeathich broughttogether representatives of
fisheries managemerduthorities, researchers armydropower development companies to seek
agreemenbver the gaps in knowledge that need to be addressed a®kk clarification on how
research findings calpe used during the approval proce3sventy-four participants fronagenciesn
Australia, Lao PDR and the United States participated in the workshopharel was general
agreement among participants the key requirements:

1. Enhanced knowledge on the abiity for native fish to safely pass through mini hydropower
systems;

2. Production of eclearly-defined set of acceptable biological criteria for mini hpdegeroperation
and constructign

3. Experimental field alidation that newhd e ve |l oped defsriigennsdl gwe {Pfieslker s
risk habitat (such as an irrigation offtake regulator); and

4. Improved understanding of how research outputs would be integrated into the development
assessment process.

Participants collectively agreed that a structured research and development proggameded, one
which used a comkbdtion of laboratory and fieldased trialsLaboratory trials would seek to identify

the critical tolerances of Australian fish to pressure chamgéer turbulencexnd blade strike. These
experiments would be best applied within an adaptive management framework, where information of
the critical tolerances of fishould be used to develop pragmatic ways of mitigating risks, through
improvements indesign or operation. Given the potential for emerging mini hydropower markets
throughout Australia and soudfast Asia, and given the extensive body of work already underway in
the U.S., it was felt that there would be significant value in continuing Sterfaa collaborative
research effort throughout the Adacific region.

Subsequent chapters of this report outline direct field, as well as modéleatvations of hydraulic
conditions at a large undershot irrigation weir in the Murrumbidgee River \Maig). This work
identified that fish passing through te&ucture would be subjected to rapid decompressiort thad

lead to pressure related injuries (barotraurdddng with modelled hydraulic conditions obtained for

a mini hydropower unit and moiitg estimates obtained from laboratory trials on North American
salmonidsthis information was used to design pressure chambers and experiments that will be used to
simulate hydropower plant and weir passage for a number of native species and lifeesizlgjeg)

injury and mortality estimates to be determined. This report also outlines the design and construction
of facilties and experiments to test the critical range of shear forces (generated when water of
different veloctties intersect in turbulefibws) for native fish. The results of these experiments wil
also be able to identify tolerable ranges for future infrastructure design.

Fish welfare ativer infrastructureis a global problem and investment into research and development

is requiredfi current fisheries declines throughout the world are to be addreshkitsd investment in
emerging energy sectors is supported. Through the activities outlined in this report the capacity to
begin undertaking this important research has been establiSadel. passage of fish through
hydropower needs to be considered during the construction and approval phase, not as an afterthought.

R&D into sustainable mini hydro and river infrastructure Boyset al.
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GLOSSARY OF TERMS AS DEFINED IN THIS REPORT

Barotrauma Injury caused by rapid or extreme changes in pressure.
Computational Fluid  The use ohumerical methodandalgorithms to simulate the interaction of
Dynamics (CFD) liquids and gases with surfaces.

mode lling

Head The difference in height between the head watetaiachterat a reservorr.

Head is used to store kineimergy in water.

Hydropower The generation of electitig from the kinetic power of moving water. The
kinetic energy of water is typically generated by having two water bodie
different heights (termed head), usually at a reservoir dam or weir. In a
typical installation, water flows over a turbine, generating pressure whic
causes the shaft to rotate. The rotating shaft is connecte@tecarical
generatowhich converts the motion of the shaftinto eledyric

hydr oEngi n Atype of mni hydro sygm manufactured by Natel Energy which operat
by transferring energy from faling water impacting a series of horizonta
blades to a power train that rotates around an upper and lower shaft. A
generator is connected to one or both of the shafts.
(http://www.natelenergy.com/products/technology. html
The hydroengine was used as a case study for comparison of baseline
hydraulic conditions at an undershot weir in Chapter 3.

Mini hydro power The definition of a mini hydro project varies but a generating capacity o
to 10megawattgMW) is generally accepted as the upper limit. This mak
the technology suitable for lolvead applications

Nadir pressure The lowestpoint of pressure measured

Overshot weir Weir where water flows over the top of a gate. The height of the gate ci
fixed or adjustable.

Ratio of pressure The change in pressure that a fish experiehetaseerthe pressure it is

change acclimatel at (neutrally buoyant) priolotpassage and the lowest pressure
(nadir) experienced during hydropower turbine passage. This ratio gove
the degree of change in volume of the fish swim bladder during
decompression and is a primary determinant in barotrauma related injul

Riverinfrastructure  Refers to any mamade structure placed within a natural or maade
waterbody for the purposes of intercepting, regulating or diverting river
(e.g. Dams, weirs, regulators or hydropower facilties).

Shear (Fluid) Fluid shear occurs when twvater masses of different velocities intersec
are adjacent to each other

SensorFish An autonomous device containing gyrometers, accelerometers and pre
and temperature sensors that is released through river infrastructure to
understandhe hydraulic conditions experienced by fish during passage
(Figure 5).

Undershot weir An adjustable weir where water flows beneath the gate.

Boys et al. Development of fish screen criteria
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1. GENERAL INTRODUCTION

1.1 Background

Society has invested in daragdwers to regulate river flowsdivert waterfor agricultural, domestic
and industrial needsnd to generatehydropower.Hydropoweris currently the largest source of
renewable energglobally, contributing nearly 16 % of the wodkl total energy production more
than 160 countriesFurther development islikely through the implementatiof global climate
change policiegGeoscience Australia and ABARE 201WVhilst regions like China, North Amea,
OECD Europe South America and Africa are expected tocontinue to utlise largscale
hydroelectricity generation Geoscience Australia and ABARE 2()10Gnuch of the growth in
hydropower is expected to be in smaltale or mini hydneower (typicaly less than 10 MW)
especiallyin regional and developing countrig®aish 200R

Although hydropower contributed 63% of the renewable energy mix for NSW in 203W (
Government 2012 low topography andariable rainfalin southeasternAustralia will limit further
development of largecale hydropowerGeoscience Australia and ABARE 201There is however,
potential to utiise existing weirdlow control structures and irrigation supply netwofts low-head
(< 6m) hydropower installationsand the feasibiity of mini hydropower technologies iseing
explored in the Murrayparling Basin and in coastal catchmer@urrently, minihydro is the most
frequent type of hydropower plant withiAustralia accounting for54% of all projectsin 2009
(Geoscience Australia and ABARE 201G has been estimated thiiere may banore than 1,000
MW in potentialfurther generation on several dozen siie®ughout NSWNSW Government 20)2
As an example aew 3.7 MW hydrgpower plant was completedat Prospect Reservoir in Western
Sydneyin late 2012

Some of thereasons put forward bgroupsinvestigating the feasibility of mini hydro projects within
southeastern Australiarelates to thepotential use of existing infrastructure to generatw
economiesbeyond water delivery for agricultural purposescouraged by governments wishing to
explore all possible alternatives to cadimensive power generatiobNEW Government 20)21t is
inevitable thata lower reliance on fossil fuewil require a mix of renewable technologies. What that
mix may look like (and what proportion wil be contributed by mini hydropdweruncertain
however it wil come down to informed tradeffs being madebetweenthe social, economic and
environmental costs and benefk$ydropower development needs to balance the social and economic
benefits from renewable power generation with safe fish passaguarantee the protection of
migratory fish populations.

Freshwater fish compr i s éeidydndMope 1998 buearevhe secahd s f i S
most endangered vertebragmupafter amphibiansSaunderset al. 2009. The proliferationof river
infrastructure andflow regulation has been implicated as a major cause of global declines in
freshwater ecosystem®idgeonet al 2006 Venter et al. 200§. Man-made structurefragment

habttats and alter hydrology which can disrupt fid@pendent life history strategies such as spawning
and recruitment Walker 1985 Humphries and Lake 20p0Humphries et al. 2002. River
infrastructurecan prevent or delay upstream and downstream migratidasd{ et al. 2007, or
physically remove individuals from river populatiorgdyle and Willams 1990Musick et al. 2000.

Dams, weirs and hydropower facilties can also create adverse hydraulic conditions such as rapid
pressure changes atarbukencewhich caninjure or kill fish during davnstream passag®éitzelet

al. 2004 Baumgartneeet al. 2006 Denget al. 201Q Brown et al.20123. The implication of reduced
survival can be huge for populations of anadromous species, where safe downstream migration of
juveniles is a critical lifehistory requiremen{Ebel 198}, butit is no less significant fofreshwater
species that undertake downstream movements entirely withimagshenvironments to recolonise
habttats, feed and bree@dutant and Whitney 200Qintermans and Phgis 2003.

R&D into sustainable mini hydro and river infrastructure Boyset al.



14 NSW Department of Primary Industries

Given therecognisedisks onriver ecosystemsf river infrastructureit is prudentthat anyfurther
development ohydropower projectgegardless of theocial or economibenefits be done in a way

which does not further threaten the &usability of fish or other aquatic faunaA number of native

fish species are listed as threatened under State and Federal legislation. Works associated with
implementation or maintenance of river infrastructure can also trigger approval requirememts und
State and Federal environmental planning and biodiversity conservation legislation. If a development
is likely to have a significant impact on listed threatened species, such as native fish, it triggers a
higher level of environmental assessment and lkely imposition of costly mitigation and
management measures to address these impacts, which can affect project Viaduigyore, the
ramifications for new infrastructure which may adversely impact on fish may be both environmental
and economic.

There remains someuncertaintyregardingthe riskfaced bythreatened fish populations from new
hydropower developmentsA risk assessmendf any new development should consider both the
consequence and likelihood of adverse environmental impaatspennyet al. 2000. In the instance

of fish passagat hydropower planfghe consequence (injury or mortality) and the likelihood that fish
will be exposed toadversehydraulic conditions remains unclear in Australidncertainty arises
becausemost publishedesearchfrom which to make judgement concemmsnAustralian species,
primarily juvenile salmonid specieggassing through higheadKaplan turbine system@outant and
Whitney 2000 Brown et al. 20123 Brown et al. 20121). No datais available on the lethal and sub
lethal effects of hydropower turbine passage for Australian spaocgdor the various life history
stages that are known to undertake downstream migratioriermans and Philips 20D4There is
also uncertaintyabout the degreeof injury sustained ¥ fish passing downstream through existing
weirs and regulators, although preliminary studies suggest that this may be significant for certain
species and life history stagas some structured@aumgartneet al. 2009. Hydropower technology

is also evolving rapidlyand in the minihydro sectorin particular, norturbine systems are becoming
available whichpurportto generatehydraulic conditions which make them a safer option for fish
passag€Odeh and Sommers 200although many of these claims remaimested orfish.

Uncertaintysurroundingthe risk faced bymigrating fish in mini hydrgower projects in Australids
hampering informed decisions being made about thavironmental sustainabilty angotential
expansion of this industryit was the objective of this twelve month project to develop the research
capacity required to address this uncertainty. Ultimately a research pragrd® developed which
specifically quantifies the likely risk of injury and mortality faced by fisht future proposed
developmentsSuch research woulgrovide fisheries management authoritiesd projectdevelopers

with the information required to delop suitablemitigation strategies, whether throughproved
design or operational modifications.

The current projecsoughtto determine whafquestions need to be addressed through targeted research
in order toprovide developers and fisheriasthoriteswith the confidence to make informelésign

and policydecisions regarding future minydrgqpower developmentsThe ultimate objectivédbeingto
establish the research and development capacity ViBW to faciltate improvements irpassage
conditions or fish species (including threatened speciegjvat infrastructureas well as enhance the

St at e 0 s imoplerpeatmaewt systainable energy technologies in regional areas.

As part of this project, the NSW Department of Primary Indus{fiesheres NSW)and the Water
Research Laboratory (University of NSW) weremmissioned to undertakbe following activities,
the outputs from which are outlined in this report

1. Preparation of workshoprgceedingdo identify key research questions and ideritigy resources
and facilties required to develop hdesign criteria for mini hydropower in NSW, and to seek
guidance on the consent or approval pro¢€smpter 2 and Appendd).

2. Disseminate esults obtained fron€omputational Fluid Dynamics (CFDyodeling and direct
measurements of hydraulic conditions experienced bydfislhr i ng éunder shot 6 gat
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Weir on the Murrumbidgee RiveChapter3). These data wil provide some indication of the
6 b a s éydraulicednditions faced by fish at wedtructures, thus informing hydraulic ranges to
be tested in future laboratory experiments and allowing direct compariséuture mini
hydrgoower projects.

3. Design and construgesearch faciltiego determire critical toleranceof fish to rapid pressue
changes antlirbulentshear (Chaptef).

4. Identify research procedures and suitabigerimental designfor laboratorystudies aimed at
determining criticahydraulic thresholdsfor the injury and mortality ofnative fishspeciesduring
different life hstory stagesGhapters).

R&D into sustainable mini hydro and river infrastructure Boyset al.
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2. RESEARCH DEVELOPMENT WORKSHOP

With contribution by Roy Barton

2.1 Introduction
2.1.1. Purpose of the workshop

The purpose of the workshop was to seek agreement amondishéres managemeatuthorities
researchers and developmempanies, as tthe requirements that must be met to enable the
development and initiation of a research progréminform the application of fistiriendly, mini
hydrgoower facilities in NSW.

2.1.2. Context of the workshop

It is recognised thafish passage throbiglarge turbines at higheadhydropowerinstallationscan

result in injury as a result of dden pressure changes, physical strike with turbine blades and damage
from fluid shearNeitzelet al. 2004 Denget al. 2005 Brown et al. 20123. United Statesesearchers

have made significant progress tleterminingthe critical thresholds of thesbydraulic parameters
which minimise impacts on fish andom theseengineers are redesignitigrbinesto improve fish
passage survivalAs understanding of the mechanisms responsible for fish impyoves so t@
doesthe capacity to deliver more environmentafjendly hydropower installationghrough better
turbine design and operatigpeng and Carlson 2012

Throughout Australia and internationalgction on climate change artle desire to generate
renewable energljas created increased interest in new mini tpairer projectsusing existingiver
infrastructurenetworks (Paish 2002Geoscience Australia and ABARE 201The lower operating
headof mini hydropowersystems has the potential to reduce the impacts on fish when compared to
highrhead Kaplan turbinedut this remains untested and théseconcern over the suitabilityf enini
hydrgoower in natural river systemswhere threatened populations of migratory fish are found
(Larinier 2008. Further research intthe dish-friendlyd technologiess needed I(arinier 200§ and

new designs need to be evaluated to inform the environmental assessment Witciad$SW, this

will involve expanding orresearch carried out in other parts of the world with the direct investigation
of native Australian fish species.

A workshop was convened to bring together representativdishefries managemeratuthorities,
researchers and development companies to seek agreement as to the requirements that nfiast be met
the development and imgttion of a research prograaimed ataddresig knowledge gapsTwenty

four participantsfrom a range of agencidm Australia Lao PDRand theUnited Statesparticipated

in the workshopheld in Sydney in November 201T.he workshop was faciltated bige Australian

Centre for ValueManagement Pty Ltt(ACVM). Full proceedings of the workshopereprepared by

Roy Bartonof ACVM andarepresented i\ppendix 1of this report

2.2 Canvassing different points of view and reaching a consensus

Various workshop m@sentations were giveoutlining the motivationdriving an emerging mini
hydrgoower industry in south eastern Australia and identifying the primary condbatdisheries
scientists anananagemenduthoritieshave over this expansionMini hydropowerwasidentifiedas a
technology that coulgpromote social and economic growth in regional communiiieSW and
contribute to renewable energy targets at the State and Federal Governme#tulstvalian and
international fisheries scientists raised conceswsr international exampledemonstrating some of

the impactsof hydropoweron fish although it was noted that this may not necessarily appi to
low-head and minhydrgoower technologiesand thatsome progresshas beemmade recently by
engineers andiddogists in developing moredish-f r i end | y 6 . &eck ofghe mcerfainty o n s
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within NSW existsdue to a lack ofigorous evaluation of hydropower within an Australian context
andresults from otheresearch which shows thésh injury and mortaly has the potential to be
significant via existing routes of downstream passage at some (Bagmgartner 2005Based on

these uncertaintieisheries management authorities want to know how potential technology works in
practice and how it wil be deployed and opedaie the field. Managers also need to know the
likelihood and significance afnpacts in general on native fish and threatened specidsvhether

this will prompt further environmental assessment and mitigation/management requirements for the
proponent Developers made the point that other countries havederedioped construction guideline
documents tdhelp mitigate potential impacts and raised concerns ribasuch guidelines exist in
Australia ancareurgently needed.

There was general agreement amgagticipants on several retements needed to inform the
process omini hydrgpower development including:

1. Enhanced knowledge on the abilty for native fish to safely pass through minpbyaro
systems

2. Production of aclearlydefined set of accepta&blbiological criteria for mini hydmmwer
operation and constructipn

3. Experimental field validation that newtjeveloped designs ardish-friendlyd preferably in
low-risk habitat (such as an irrigation offtake regulatard

4. Improved understanding of Wworesearch outputs would be integrated into the development
assessment process.

2.3 Research Program Development

Participants collectively agreed that a structured research and development program, using a
combination of laboratory and fielsthsed trials(Table 1), could address many of the uncertainties
regarding fish passage atni hydrgpower plants and faciltate recommendationgeing made as to

how to mitigateany risks. The key objective of a research prograhould beto providea scientific
platform on which to base informed decisions regarding the expansion ofhpdripower
developments in environmenyakensitive aread.aboratory trials would seek to identify the critical
tolerances of Australian fish tpressure changehsar stress and blade strikEhese experiments
would be bestpplied within an adaptivenanagementramework where informationof the critical
tolerances of fisttan be used to develop pragmatic ways of mitigating risks, through improvements in
design oroperation.Given the potentialor emergingmini hydrgpower marketsthroughout Australia

and soutkeast Asia, and givethe extensive body of work already underway in the W Sas felt

that therewould be significantalue in continuing to foster a kadborative researcleffort throughout

the Asia-Pacific region.
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Figure 1. Workshop delegates inspecting Hay Weir (Murrumbidgee River). From left: Andrew Jones (Waratah
Power), Soulivanthong Kingkeo (National Agriculture andeatry Research Institute), Daniel Deng (Pacific
Northwest National Laboratory), Craig Boy¢SW DPI, Richard Brown (PNNL), Lee BaumgartniSW DPI,
Oudom Phonekhampeng and Garry Thorncraft (National University of Lao).
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Table 1. Researcineedsproposecdhs being important either prer postconstruction

PRE-CONSTRUCTION
Field-based investigations
1 Sensor Fishrials i quantify baselingoressure / shear / velocity etc.
1 Compareundershotveir / overshotweir / proposed hydro / natural river channel
T Investigate O6real wortlgale8 actual mort a

1 Perform combine®ensor Fisti live-fish studies with different release depths to deterr
potential factors influencing welfare.

91 Determine which fish specieme located at thproposedsite, and which of theseay be
impacted

91 Design abefore/after study to look into potential benefits/impaatter construction.
M Considerbothlethal and sub lethal effects
Lab-based investigations

1 Barotrauma workdetermine viaat the critical tolerances fosfiare and awhat life history
stagethey aremost vulnerable.

1 Shear flumedetermine whathecritical values of sheare and whether thesgéfer
among species and life stages

1 Colate fish-movement information to categorise/prioritiderisk to migrating species in
the region desktop study)

9 Additional knowledge needs:
What level of mortalty is acceptable?
What percentage of the population must be passed to sustain existing popule

POST-CONSTRUCTION
Field-based investigations
1 Determine ifthe hydrgpowerplant meeting biologicaperformance standards

91 Determine if the hydropower plainbiproves on current routes of downstream passage
undershot weir). Determine if tHish community recovering as expected

1 Sensor Fishdetermine ifactual hydraulic conditions meet expectamhditions (first site

only).

1 Blade strike Determine theexpected losses of fish through blade stake whichspecies
are susceptible

Continue before / after work.

R&D into sustainable mini hydro and river infrastructure Boyset al.
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3. CHARACTERISING BASELINE PRESSURE AND SHEAR
CONDITIONS DURING DOWNSTREAM  PASSAGE
THROUGH AN UNDERSHOT WEIR

3.1 Introduction

Undershotweirs (that discharge water underneattslaice gate cancause significantly higher levels

of injury and mortality tofish speciesi n A u st r a-DariagdBasintfianroveshot (spiling)
weirs (Baumgartneret al. 2006 Baumgartneret al. in pres$. The exact mechanism by which this
occurs remainsinclear, afthoughit is thought that downstream moving fish may be exposed to areas
of rapid decompressiorelevated turbulence and fluid shear foreesl colision with hard structures
(e.g. the gate or crest) whigassg beneatran undershogate Baumgatneret al. in press.

Decompression and turbulent shelaave been linked with fish injury and mortalitynder both
simulated laboratory conditions and during live fish trialbwyadrgpowerand bypass faciltiegNeitzel

et al. 200Q Neitzelet al. 2004 Denget al. 2006 Denget al. 201Q Brown et al. 20123 Brown et al.
20120). Fish injuries resulting from rapid decompressiare referred to as bdaraumas andhclude
swim bladder rupturgvhich may in turrresult in embaiim or haemorrhagingn the fing musculature
and organsBrownet al.2012h). Fluid shear occurs when two water masses of different vielseind
directioninteract (Cadaet al. 1999. A fish caught between two intmting water masses experiences
fluid shear;the size of which is determined by velocity and weight of water. If the combined force
exceeds the critical threshold that the fish can withstand, then it is likely to be iuensthet al.,
2002. Fluid shear events can result loss of scaleshaemorrhaging, and eye, skin and skeletal
damage Neitzelet al. 2009.

By understanding the mechanisms and potential for fish injury and mortality at existing structures and
current routes of downstream passage, it will be possible to make more informed decisions regarding
the relative change that might be expected from new loygp o we r installations.
hydraulic condttions at structures also fundamental to ensure that any laboratory testing on fish is
done over ranges of pressure and shear that are likely to be experienced in the field.

The objective of thisstudy was to determinthe hydraulic conditiongrelating to pressureurbulent
shearand collision that fish may experience when migrating downstream thraugfershot wes

under a variety of heascenariosField measurements takemn the weirwith anautonomous sensor

were analysed alongside data generated by computational fluid dynamics (CFD) modeling under a
range of flow scenarios. The information gathered on the estimated ranges of decompression, shear
and collision expected at both an undersheir and a mini hydro facilty wil be usday researchers

to inform the design of subsequent laboratory mortality trials.

3.2 Methods

3.2.1. Site details

The Murrumbidgee River is the third largest river in the MuiBayling Basin, being 1690 km long

and draininga catchmenbf 84,000 krf. The river is heavily regulatedh orderto supply irrigated
agriculture by two large dams in the upper catchment and several smaller weirs in the lower reaches.
The structure under investigation in this study is Hay Wgue 2). Hay Weir is a reegulating
structure47 m wide and consisting of three 13 m wide undershot gates that can be hoisted verticaly to
generate varying slot widths to vary discha(ggure 3). Water dscharged over the crest of the weir
(under the gate) falls 6.7 m ovarhorizontaldistance o6 m where ithenflows over a single row

(7.5 m wide)of concrete blocks to dissipate ene(Bigure 4).
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Figure 2. Location of the Hay Weir study site on the Murrumbidgee River.
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Figure 3. Hay Weir
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Figure 4. Idealised cosssection ofHay Weir(not to scale)
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3.2.2. Sensor Fishreleases

The Sensor Fish(Figure 5) is an autonomous device developed by the Pacific Northwest National
Laboratory to better understand the physical conditions expedigncdish during passage through
hydroturbines and other dalwypass akrnatives Carlson and Duncan 2003It is 24.5 mm in
diameter and 90 mm in lengtveighs 42 g, and is almost neutrally buoyant in fresh water. Inbuilt
sensors measure linear acceleration in three directiondo(up, fowardback, and sid¢o-side),
angular velocity in three angles (pitch, roll and yaw), and absolute pressure and tempeeatiges (

al. 20079. Analysis of these data permits detailed assessment of the fish passageamdute
identification of potentiakignificant exposure events such as decompression, collisions, strike, shear
and severe turbulence. The data generaté&tkebgor Fislhave proven useful intiarpretingbiological

test results by linking potential injurious exposures with live test fish injury and mortality observations
(Denget al. 2009.

SensorFish were deployed at Hay Weir to benchmark hydraulic conditions. Hay Weir is a three gated
structure but eathe time ofSensor Fishieleasg17/1/2012) only the middle g&twasopened to 3.3 m
abovecrestlevel The upstreampool levelwas 8.2 m and theverall headdifferentialwas 5.8 m.

River discharge at the time of release was 1,880 ML/day (measured at4d@agé downstream of

Hay Wein. Sensor Fislwere deployed upeam of the open gate, down a 50 aiemeterPVC tube

that was secured to an upstream bigognsuremidi bay deploymentat 3 m depth and 5 m upstream

of the gate SensorFish deployment was faciltateay plunging a rod down the length of thdivery

tube. TheSensor Fislthen passed under the gate arasrecovered downstream of the wiyr boat

Balloon tags attached to tiB=nsor Fislinflated between twand threaminutes after deploymerand

a directional radio receiver antenna was uselddate tle devicewhich was also fitted with a small

radio transmitte(Figure 6). The balloon tags contained two gelatine capsules containing equal parts
bicarbonate soda and acetic acid powder. Immediately prior to egléasm of water was injected

into the neck of each balloon which were subsequently sealed using cable ties. The gelatine capsules
delayed the mixing of water and the dry powders, which eventually resulted in the release of carbon
dioxide and inflation othe balloonsOnce recovered, data were uploaded from &maisor Fislonto

a computer for analysis.
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Figure 5. The Sensor Fisldevice showing the location of the measurement axes for the three rate gyros
(that measure angulaelocity, ¥, three linear accelerometers (that measure the accele@tiand

pressure transducefsourceDenget al.20073.

Rotation sensor

Pressure sensor

Acceleration sensor

Figure 6. Sensor Fislshowing balloon tags (inflated/recovered state)and radio tag attached to assist in recovery

downstream of weir.
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3.2.3. Sensor Fishdata analysis

Sensor Fistdata consist of time histories of pressure, acceleration éndz axe9, angularmotion

(pitch, roll, and yaw), temperaturend time extending from the time afensor triggering for a pre
programmed number of seconds. The sampling frequency is 2,000 Hz or one reading every 0.005
seconds Peng et al. 20073. All devices werecalibrated at time of manufacture to ensure relative
errors of both the linear acceleration and angular velocity measurements were less than 5%. Pressure
sensors were calibrated at time of manufacture and subsequently testbdrionaetricchamber of

known pressure to ensure readings were within the acceptable erroofanhge.2 psi

Pressuredata were used to estimat&ensor Fishdepth andto divide passage timénto segments
corresponding to specific locations (zon&é®m deploymento taiwater entry (Deng et al. 2007.
For a typicalSensor Fislieleased in the middle of the bay at Hay Weir these zones wegassage
down the deployment tube (L), the approach to the gate (T2), transition under the ga(@2-
T3), down the spilway chute (¥84) andinto the taiwater (Figure 7). Thesezones were identified
from distinctive signature eventd-igure 9), which also allowed therobable locatin and time of
colision or shear exposure evemtsbe estimate@ndto enableSensor Fisldata to be interpreted
alongsideCFD results.

The approach of Dengt al. (20079 was ugd in this studyo characterisshear and colision events
from acceleration and rotational dai&hen Sensor Fisltontact solid structuresuch as crests or
gates) orare impacted by turbulent shear, kh@gmplitude impulses occur in the acceleration and
rotational velocity time historyObservations of Sensor Fistind salmon smoln a laboratory flume
show thatthanges in magnitude in excess ofga&an lead to fish injuryDenget al. 2005 Denget al.
2010 and in the absence of similar information for Australian speciesctigsion was used as a
threshold value to identify exposure eventslision and shear events céimenbe differentiatecbn
the basis thaa collisionevent creates a much narrower peak in acceleration and rotational velocity
than does a shear evefigure 8). Peak duratiorwas defined as the duration of acceleration within
70% of the peak value, and collision and shear ewgets distinguished by the following criteria: 1)
the evenwasa collisionif peak duratiorwas les than 0.0075 seconigure 8a); 2) the evenvasa
shear evenif peak durationwas longer than 0.0075 seconéigure 8b). Pressure and rotational
measurementaerethenused for validation of the classificatioRigure 8c & d).
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Figure 8. Criteria used to distinguish between a collision and shear event walingjty data measured with the

Sensor FishDuration of acceletin with 70 % of the peak value is a) < 0.0075 seconds for a collision event,

and b) > 0.0075 seconds for a shear event. Pressure and rotation also increase more markedly during a c)
collision eventthan duringa d) shear everfsourceDenget al.20073.
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3.24. CFD modelling

Sensor Fish can measure actual hydraulic conditionsatieatlifficult to model using ©@mputational

Fluid Dynamics But Sensor Fish is lited by the fact thathe flow and operational scenaritisatcan

be testedare limited to those present at the time of field surve®fien it is not possible to change the

flow in a river or the operation of a weir to generate the range of scenartsrett. Because of this,

CFD modeling can be a useful and eeffective wayto predicthydraulic conditions over a wide

range of operational scenarios. The Water Research Laboratory (WRL) was commissioned by NSW
DPI to undertake CFDnodelling of flow trough the Hay Weir on the Murrumbidgee River

OpenFoam is an opesource CFD model capable oalculating many hydraulic scenariosAn

Al nt er Foamo wae lsedin thisninstamoaditusl| seitable for free surface flow modeling
especially were air can become entrained in the flaiodch as the region immediately downstream of

a weir. A number of solution methods were trialled. Turbulence closure is a very important component
of CFD modeling. The adopted method was the Reynolds Averageafimu(RAS) using the
default parameters provided within InterFoalrhe model was run as a tvdomensional vertical slice.

Weir geometry was idealisedFigure 4) from drawings provided to WRL (Water Resources
Commission, Works sa Executed, Drawing 104/25, 1980). RL 0.0vasestimated to be the same as

the upstream water level measuremgRigure 4) This was based on the bed of the downstream
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channel being RL 77.5 m AHD, the upstream full storage level being RL 85.5 m AHBdsice
from Hay weir operatordhat 8 m is the maximum upstream depithe adopted model mesh
resolution was approximately 15 mm in the area under the gate expanding upnim20@he slow
moving areas upstream.

Upstream water levels were modelled at &In (full storage) and RL 6. depth (advised athe

minimum level observed). lEese are equivalent to a depth at the gate of 5.3 m and 3.8 m as the gate
sits on an elevatectest orsill at RL 2.7 m.The weir was modelled at a range of gate openihjsn,

0.3 m, 0.5 m, 0.7 m and 0.9 mhe 0.3 m scenario was comparable to the operating conditions
experienced during Sensor Fish tridlitis resulted in a total of 10 scenarios as summarisé&ehie

2. Taiwater conditions werekept constant at lw level. Discharge through the weadepends on the
upstream water level, the weir opening and the number of gates opened. The width of each gate was
taken as 13 mTable 2 provides an estimate of the total river discharge in each condition using the
relationship which assumes that there isaivaterinfluence:

Discharge per meter width {fs/m) = 0.58 * (opening height) * sqrt(2.g.Depth at gate)
Where: g = gravitational cstant

Eight flow paths from random start points were generated per scenario.

Table 2. Equivalentriver flows for scenariosconsidered

Scenario U/S Depth Gate  Discharge Discharge Discharge Discharge

Level at Opening with 1 with 2 with 3
Gate gate open gates open gates open
(m) (m) (m) (m¥s/m) (ML/day) (ML/day) (ML/day)

SaL 8.0 5.3 0.1 0.591 660 1330 1990
S@* 8.0 5.3 0.3 1.774 1990 3990 5980
S® 8.0 5.3 0.5 2.957 3320 6640 9960
s 8.0 5.3 0.7 4.140 4650 9300 13950
S® 8.0 5.3 0.9 5.323 5980 11960 17940
S®B 6.5 3.8 0.1 0.501 560 1130 1690
So7 6.5 3.8 0.3 1.502 1690 3380 5060
S@B 6.5 3.8 0.5 2.504 2810 5630 8440
S® 6.5 3.8 0.7 3.506 3940 7880 11810
S10 6.5 3.8 0.9 4.507 5060 10130 15190

* This scenario is comparabto the operating conditions present during Sensor Fish trials.

33 Results and discussion

3.3.1. Pressure

Plots of pressure, acceleration and rotation data recordetiéd?2 Sensor Fish releases at Hay Weir
are shown adull time histoly plots in Appendix Zandare summarised imable 3. The data obtained
from al 12 runswere highly repeatableAfter release,lterewasa slight increase in pressure as the
fish moved towards the gatanddived to approximately 5 nivhenentrainedFigure9). At this point a
rapid pressure dropccurred(within 0.25 seconds) as the fish mdweom 5 mdepthto surface
pressure (100kP&as they passed under the géfgure 10). In all cases there was aghit period of

0 n e g a(dr beloe&r @tmosphericpressure(94.4199.79 kPa) when pressurdalls below surface
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pressureprior to reaching théail race Table 3 andFigure 11). This was possibly due to theverse
relationship between pressure and velocBgrfouili's Principle) and theapid accelerationvhich
occurs under the gaf@able 3 andFigure 12). Over the complete passage from gate to taiea68 %
reduction in pressur&asexperienced in0.25s (Figure 13).

Figure 9. A typical time historytraceshowing change in pressure, acceleration and rotation during passage
under the middle bagate of Hay weir.
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Figure 10. Change in pressure and depth during passhagaigh an undershot gate lday weir as measured
with a Sensor Fish.
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Table 3. Summary measurements for $2nsor Fisluns corresponding with different zones of passage.

Tube to gate

Gate to chute

0

Max Min Pressure % Pressur  Pressure Max Max Max Min Pressure Pressure Max Max
. Depth Pressure .
Pressure Pressure change change change spee Accel. Rotation Pressure Pressure change change change spee Accel. Rotation
Run KPa KPa KPa KPa/sec g degree/s metre KPa KPa KPa KPa/sec g degree/s
1 14964 13344 16.21 12.14 3.62 55 1779.6 4.86 14895 99.79 -49.17 -33.01 -213.78 135 1194
2 14895 132.82 16.14 12.15 4.18 8.2 1771.4 4.80 148.33 95.72 -52.62 -35.47 -263.08 9.9 1459.1
3 14495 132.13 12.83 9.71 3.58 6.6 1172 4.45 14495 95.72 -49.24 -33.97 -205.16 143 851.1
4 148.33 132.82 1552 11.68 4.67 3.6 1615.6 4.80 148.33 95.72 -52.62 -35.47 -202.37 11.2 664.2
5 14895 134.82 14.14 10.49 3.41 7.7 1567.1 4.86 14895 99.10 -49.86 -33.47 -262.41 12.4 804.3
6 14557 126.75 18.83 14.85 7.47 3.4 648.9 4.38 14426 9441 -49.86 -34.56 -276.99 12,5 1351.9
7 14764 130.13 17.52 13.46 4.00 3.5 239.5 4.66 14695 9441 -5255 -35.76 -210.19 11.3 4427
8 14495 128.75 16.21 12.59 5.05 3.3 812.8 4.45 14495 97.72 -47.24 -32.59 -196.82 13 812.2
9 14495 130.13 14.83 11.39 6.86 2.3 1303.1 4.38 14426  95.72 -48.55 -33.65 -211.08 16.1 1078.9
10 14495 130.75 14.21 10.86 6.93 3.4 228.8 4.45 14495 97.72 -47.24 -32.59 -224.94 18.9 1293.9
11 144.26 129.44 14.83 11.45 8.19 2 302.1 4.38 14426  97.10 -47.17 -32.70 -214.40 12.3 793.6
12 14426 128.06 16.21 12.65 8.57 4.3 680.8 4.38 14426  98.41 -45.86 -31.79 -218.37 15.8 13218
Chute to tailrace
Max Min Max Pressure % Pressure  Max
Pressure Pressure Accel. change change Rotation
Run KPa KPa g KPa degree/s
1 104.47 99.79 4.2 10.27 10.29 356.3
2 10247 95.72 6.9 6.98 7.29 850.5
3 98.41 95.72 5.4 8.48 8.86 520.7
4 10247 95.72 6.5 7.38 7.71 781.2
5 105.16 99.10 4.9 9.47 9.56 510.4
6 99.10 94.41 4.5 9.19 9.73 689
7 101.10 95.03 4.3 9.48 9.98 394.1
8 100.47 97.72 4.2 9.97 10.20 570.2
9 10247 96.41 2.7 11.28 11.70 894.5
10 100.47 97.72 3.8 10.37 10.61 239.8
11 101.10 96.41 5.8 8.18 8.48 1308.9
12 99.79 97.72 3.5 10.67 10.92 1095.6
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Figure 11. Median + minimum/maximum values of Nadir (lowest) pressures measured over 12 Sensor Fish runs
for each zone of passageHay Weir.
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Figure 12. Median = minimum/maximum values of maximum acceleration measured over 12 Sensor Fish runs
for each zone of passageHay Weir
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Figure 13. Median £ minimum/maxmum values of percentage pressuregehareasured over 12 Sensor Fish
runs for each zone of passage at Hay Weir

Percentage change in pressure

Tube to gate Chtadremwe

Gate to chute

Passage Zone

R&D into sustainablenini hydro and river infrastructure Boyset al.


































































































































































