March 2002

EVALUATION OF THE EFFECTS

OF TURBULENCE ON THE
BEHAVIOR OF MIGRATORY FISH

Final Report 2002

EONEWEVILLE

DOE/BP-00000022-1




This report was funded by the Bonneville Power Administration (BPA), U.S. Department of Energy, as
part of BPA's program to protect, mitigate, and enhance fish and wildlife affected by the development and
operation of hydroelectric facilities on the Columbia River and its tributaries. The views of this report are
the author's and do not necessarily represent the views of BPA.

This document should be cited as follows:

Mufeed Odeh, John F. Noreika, Alex Haro, Aubin Maynard, Ted Castro-Santos - U.S. Geological Survey, Glenn F.
Cada - Oak Ridge National Laboratory, 2002, Evaluation Of The Effects Of Turbulence On The Behavior Of Migratory
Fish, Final Report 2002, Report to Bonneville Power Administration, Contract No. 00000022, Project No. 200005700,

55 electronic pages (BPA Report DOE/BP-00000022-1)

This report and other BPA Fish and Wildlife Publications are available on the Internet at:

http://www.efw.bpa.gov/cgi-bin/efw/FW/publications.cgi

For other information on electronic documents or other printed media, contact or write to:

Bonneville Power Administration
Environment, Fish and Wildlife Division
P.O. Box 3621
905 N.E. 11th Avenue
Portland, OR 97208-3621

Please include title, author, and DOE/BP number in the request.



EVALUATION OF THE EFFECTS OF TURBULENCE
ON THE BEHAVIOR OF MIGRATORY FISH

Prepared for:

U.S. Department of Energy
Bonneville Power Administration
Division of Fish and Wildlife

Bonneville

7 Power Administration

Prepared by:

Mufeed Odeh, John F. Noreika, Alex Haro
Aubin Maynard, Ted Castro-Santos, and Glenn F. Cada

2USGS ornl

science for a changing world

Ok Rimae MaTioxsaL LasoraTory

March 2002

Project Number 2000-057-00
Contract Number 00000022



EVALUATION OF THE EFFECTS OF TURBULENCE
ON THE BEHAVIOR OF MIGRATORY FISH

Prepared by:

Mufeed Odeh
John F. Noreika, Alex Haro, Aubin Maynard, Ted Castro-Santos
U.S. Geological Survey
L eetown Science Center
S.0. Conte Anadromous Fish Research Center
One Migratory Way
Turners Fals, MA 01376

and

Glenn F. Cada
Oak Ridge National Laboratory
P.O. Box 2008
Oak Ridge, TN 37831-6036

Prepared for:

U.S. Department of Energy
Bonneville Power Administration
Division of Fish and Wildlife
P.O. Box 3621
Portland, OR 97208

Project Number 2000-057-00
Contract Number 00000022

March 2002



TABLE OF CONTENTS

LIST OF TABLES ...ttt bbbt b e bbbttt a bbb i
LIST OF FIGURES ..ottt sttt sttt bbbttt se et b et e sbe e b nbeeneeneeneas ii
1. INTRODUGCTION .....uciiiiiiiitesieste sttt sttt s e besae st sae b e s bt e e e s et et e saenbesbesre e 1
2. DEFINITIONS. ...ttt sttt e et s b b s bt bt et e st et et et e sbenbesbenbenreas 2
FrOTCE. ...ttt ne e e ne s 2
REYNOIAS NUMDES ... ettt st ne e 2
(Y0 = U IO Tc = S = 3
HYAraUliC TUMDUIBNCE ... ettt st 5

U o0 gTo Y [ g1 S SN 6
TUMUIENCE SCAE. ... sttt b et sae et enee s 7

3. SHEAR STRESS AND TURBULENCE IN THE HY DROPOWER SYSTEM .......ccccceevvvninnens 9
Shear Stressand TUrDUIENCE TN RIVESS........cuiiiiiieeee et s 9

Shear Stress and Turbulence Associated With SNIPS.......cocveivece e 11

Shear Stressand Turbulence INSde TUMDINES...........ooieeiie e 12

Shear Stress and Turbulence at Hydroelectric Power Plants..........cccccoecvveevevce e, 12

4. EXPERIMENTAL STUDIES........oooiitiiiieieie sttt st nae st seesnenne s 17
Objectives and HYPOhESES..........ouiiee et 17
EXPEMENTA APPAIAIUS .....c.veeeieeieiteeiie ettt te e saeesteseesseesbesneesreenseeneens 17
HYArauliC EVEIUBLION...........ccueeiieiecie ettt e e teenaesneenneeneens 23
VEOCItY MEBSUIEIMENES........ceivieieieeesieeie et este e st ae et esreeeeenee s 23

Hydraulic Datla REAUCLION..........coeiiiiieeie e 24

(=710 [070 o IS (10 =SSR 27

LI 8 SRS 27

LIS 1 00 [ (010 S 27

Evauation Of VIdE0 Daa........c.cccveiueeiieriisierieee et 30

(D7 F= W AN 7= Y 1SS 30



5. RESULTS AND DISCUSSION ......cciiiiiiiiiieiriire et 30

Turbulence Tank HYAraUICS........couiieeiieiees e e 30

(315 7= Vi) IO o5 = V= 1 [0] /T 34

EffECtS OF TUIMDUIENCE......ccc e e s e e e e s s eabaeeeeanns 34
Overview of Startle Response TESS (SRTS) ..vcvvevereeieerieeeeseesie e seesee e 34

[INTa1F (00X 0 i1 =] D7 r- N 34

Future RECOMMENTALIONS ........c.veeiceeie et e 36

ObJECtiVES AChIEVEL........coeeeiee e e 36

6. LITERATURE CITED .....ooiitiictiecie ettt ettt sttt e et steesateesbessnaeesbessaseesbessnneenessnnesnsensnns 37



LIST OF TABLES

Table 1. Estimates of shear stress (N/n) in natural and atered aquatic SyStemS.........c.ceveeeevevecenense. 9
Table2. A summary of fish species used during testing at the various test conditions including test
== 11U 29



LIST OF FIGURES

Figure 1. Schematics showing the distortion due to shear forcesin
a) metals, and due to viscous forcesin b) flUIdS..........oooveeireeiic e 4

Figure 2. Turbulence scales compared to the Sze of afidh......ccveeecvcciccccec e, 7

Figure 3. Eight Hazard Passage Zones associated with passage through
ahydrodectric turbine. Source: Davidson (2000) ........ceeveveereereeeeeseerie e 15

Figure 4. Experimenta gpparatus showing the turbulence tank and its supply and discharge piping at the
USGS-Conte Anadromous Fish Research Center, Turners Falls, Massachusetts. Insert
photos show the main tank uNder CONSITUCHION..........ooeiieriirie e 18

Figure 5. How introduction via nozzle arrangement; showing the 40 nozzles and a perforated screen

used for fish excluson from the SUPPIY PIPES ....coveriiieeeee e 20

Figure 6. Photographs showing the sump pump, the sump, and the piping used to supply water to the
TUrDUIENCE TANK ...ttt esne e 21
Figure 7. Photograph showing the turbulence tank filled with water ............ccccovevevceiceciececece 22

Figure 8. Veocity profiles at three locations within the turbulence tank @) at the low turbulence
condition, where nozzle velocities were 14 fps, and b) medium turbulence condition, where
N0ZzZIe VEIOCITIES WHErE 25 T3S......ee e e 31

FHgure 9. Root Mean Sgquare (rms) of velocity profiles shown at three locations within the turbulence
tank at the @) low and b) medium turbulence coNdItioNS...........coceeveriirereece e, 32

Figure 10. Turbulence Intengity profiles at three locations within the turbulence tank at the
a) low turbulence condition and b) medium turbulence condition............cccccoveevereeneenen. 33

Figure 11. Reynolds shear stresses profiles at three planes within the turbulence tank describing @) low
turbulence condition and b) medium turbulence condition. The units here are [b/ft?, and can
be converted to N/n? by multiplying by ~48 N/NP/ B2, ..., 34

Figure 12. Plots of low turbulence ingtantaneous velocities (Top Plate) and Reynolds Shear Stress
(Bottom Plate) at a single point in gpace within the turbulence tank. The point is12”
downstream Of the ProteCtion SCrEEN..........ocuiiirie e 35

Figure 13. Plots of medium turbulence ingtantaneous velocities (Top Plate) and Reynolds Shear Stress
(Bottom Plate) a a sngle point in space within the turbulence tank. The point is 12
downstream of the ProteCtion SCrEEN..........cccviiece e 36



Figure 14. Vorticity profiles a three planes within the turbulence tank describing @) low turbulence
condition and b) medium turbulence condition. The units here are Smilar to units of
(1= 0 10S 010 S oS RRSTTR 37

Figure 15. Relationship between startle response and turbulence condition for three test species, as
measured in the turbulence and holding tanks. Startle response is expressed as ? R, the
difference between the pre- and post-exposure response score (larger negative val ues of
?R indicate areduction in reSPONSe POSE-EXPOSUIE) .....cc.verreeruerreereesierreeseesreseesseessesseens 40

Figure 16. Mean reaction scores pre- and post-exposure to turbulence conditions (1 h, 24 h, 48 h; note
break in x-axis scale) for three speciesin holding tanks.........ccoooeveeiincineeee 41



1. INTRODUCTION

Thefundamentd influence of fluid dynamicson aguatic organiamsisrecaving increasing atention among
aquatic ecologigts. For example, theimportance of turbulenceto ocean plankton haslong been asubject of
investigation (Peters and Redondo 1997). More recently, udies have begun to emerge that explicitly
consider the effects of shear and turbulence on freshwater invertebrates (Statzner et d. 1988; Hart et d.
1996) and fishes (Pavlov et d. 1994, 1995).

Hydraulic shear stress and turbulence are interdependent natura hydraulic phenomena that are
important to fish, and consequently it isimportant to develop an understanding of how fish sense, react to,
and perhaps utilize these phenomenaunder normd river flows. The gppropriate reaction to turbulence may
promote movement of migratory fish (Coutant 1998) or prevent displacement of resident fish. It has been
suggested that one of the adverse effects of flow regulation by hydrodectric projects is the reduction of
normal turbulence, particularly in the headwaters of reservoirs, which can lead to disorientation and dowing
of migration (Williamset d. 1996; Coutant et . 1997; Coutant 1998). On the other hand, greetly elevated
levels of shear and turbulence may beinjuriousto fish; injuries can range from remova of the mucouslayer
on the body surface to descaling to torn opercula, popped eyes, and decapitation (Neitzdl et al. 2000a,b).
Damaging levels of fluid stress, such turbulence, can occur in avariety of circumstancesin both natura and
man-made environments.

Thisreport discussesthe effects of shear stress and turbulence on fish, with an emphasis on potentidly
damaging levelsin manmade environments. 1t defines these phenomena, describes studiesthat have been
conducted to understand their effects, and identifies gaps in our knowledge. In particular, this report
reviews the available information on the levels of turbulence that can occur within hydroelectric power
plants, and the associated biologica effects. Furthermore, this report describes an experimenta gpparatus
designed to test the effect of turbulence on fish, and definesits hydraulics. It givestheresults of experiments
in which three different fish species were exposed to representative levels of turbulence in the [aboratory.



2. DEFINITIONS

In this section we define terms and expressions of fluid and flow properties that are useful to
understanding the hydrodynamic environment associated with hydroelectric power plants. Some of the
mechanisms, such asturbulence, which isthe subject of thisresearch project, and shear stress, are believed
to be harmful to fish at high levels. It isimportant to understand the nature of these mechanisms and how
they act on turbine- and spillway-passed fish. Thiswill facilitate devel opment of the appropriate biologica
response curves between the independent variable (velocity, turbulence shear stress, or force) and the
dependent variables characterizing the flow (fish response, disorientation, injury, or mortdity). These
mechanisms provide alink between fluid propertiesthat can be measured or estimated in atest facility and
possible biologica effects that will be quantified.

Force

Force, F, isdefined astherate of change of momentum with respect to time or the product of mass
multiplied by accdleration, and is expressed in Newton (N or kg-m/s?). For afish striking awall, the
force would be the mass of the fish multiplied by the deceleration. A massvefish rgpidly decderating
from 10 m/sto O m/s would experience more force hitting the wall thanasmal fish moving inthelow-
veocity boundary layer dong the wal. This same rdaionship is true if, instead of a wall, the fish
encounters another water mass of different velocity. Important factors that govern the effect of force
are (1) sze of thefish (larvae have lower mass than adults so they strike the wall/water masswith less
force), (2) life sage (larvae are more sengtive to a given amount of force than adults), (3) theway in
which the fish drikes the wall or water mass (whole sde of the body vs. head-on). Thislast factor
leadsto aconsderation of pressure. Pressureisforce per unit area, applied perpendicular to the body
surface, expressed in N/n?. If dl the force (fistys mass multiplied by acceeratior/deceleration) of
striking thewadll isfocused on one smdl point (eyebdl), there will be much greater pressure and injury
then if the entire Sde of the fidrs body strikesthewall. The force associated with the different water
mass could be digtributed relaively uniformly over the whole body, or experienced as a pinpoint jet.
The location and amount of a fisrs body upon which the forces are focused have a bearing on the
resultant damage. This aspect of force digtribution over the fish's body is beyond the scope of this

study.

Reynolds Number

Forcesacting on aflowing fluid include inertid, gravitational, viscous, and pressure, anong others.
Dynamic smilitude in hydraulics uses mathematica expressons rdaing these forces, in a normalized
form, to describe a physicd process. The result of usng dimensiond andys's to describe a flow
process produces meaningful dimens onless numbers, such as Reynoldsand Froude numbers. Each of
these numbers highlights the relative importance of the dominant force influencing that process (Rouse
1946). For example, the Froude number highlights the relative importance of gravitationd forcesin
steady nonuniform flows, and the Reynolds number highlightsthe rdativeimportance of viscousaction
within the flow fidd.

Using the fluid properties, such asvelocity, dendity, and viscosity, and acharacteristic length in the
flow field, we can obtain expressonsfor rdativeimportance of inertia and viscousforces. Theratio of



inertid to viscousforces givesthe dimensonless Reynolds number (Rouse 1946; Flammer et al. 1982,
Vogd 1994). Theratio of the fluid dynamic viscodity, m toitsdensity, r, is often referred to as the
kinematic viscosty, n = mir , in the widdly used form of the Reynolds number:
Re = Q (1)
n

where U isthe mean velocity of thefluid, n isthefluid' skinemétic viscosity, and L isacharacteristic
length. In the case of afull flowing pipe, L isits diameter, or, for asolid immersad in afluid, L isthe
characterigtic length taken to be the grestest length of that solid in the flow direction.

Because the Reynolds number is proportiond to a product of length and velocity within the flow
field, its vaue can range widdy in nature. The Reynolds number of awhae swvimming a 10 n/sis 14
orders of magnitude greater than that of a bacteria swvimming a 0.01 mnvs (Vogd 1994). The
Reynolds number isused asaparameter to describethelaminar versusturbulent nature of aflow. Ata
Reynolds number of about 1,500 or less, theflow tendsto belaminar. Abovethisvaue, flowsbecome
turbulent. A discussion of the nature of turbulencein different partsof the turbinesyslemisprovidedin
Section 3.

Hydraulic Shear Sress

Force acting parale, or tangentia, to asurface isreferred to as shearing force. When atangentia
force (shearing force, Fv) isapplied to asolid, the cohesive forces between itsmoleculestry to maintain
itsshape. Asthe shape of the solid changes, the cohesiveforcesincrease; until the solid is permanently
deformed, see Figure 1a. However, the cohesive forces ressting shear in aliquid are Sgnificant only
when adjacent layersare moving at different velocities (Hammer et d. 1982). Thisisto say therate of
change of velocity, u, with respect to distance away from aboundary, y, isgreater than zero (i.e. du/dy
0 0), see Figure 1b. Shear stressin aliquid, therefore, depends greatly on its viscosity.
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Figure 1. Schematics showing the distortion due to shear forcesin a) metds, and due to viscous
forcesin b) fluids.

Viscosty, W, is afluid property, which indicates the fluid's internd resistance to relative motion
between its adjacent layers. This means that the shearing force, Fy, is proportiond to this rate of
change of velocity of the flow with respect to distance, (i.e. Fv % du/dy). Theratiodu/dyisaso caled
the rate of strain or rate of deformation of the fluid (Rouse 1946). Viscosty, |, is defined asthe
proportionality constant between shearing stress, J, (whichisthe shearing force divided by theares, i.e.
J = FJ/A) and the rate of drain of the fluid (or rate of deformation) (du/dy). Thisisto say, 1 =
(FV/A)/(du/dy).

Therefore, by rearranging the terms, the shear stress, t, for viscous laminar flows is defined as:

celu 0

fimer =B S

laminar

)

It turns out that the relationship in (2) describes shear stresses in laminar flows, where viscous
effectsare substantid and the Reynolds number, R.= u-d/n, isequa to 1,500 or less(White 1992). In
theformulafor R, uisveocity inm/s, disacharacterigic lengthin m, andn isthekinematic viscosty in
mf/s.  Innature, fluid particles move and, therefore, deformin al directions. Hence, thefluid srate of
grain in athree-dimensond flow field can be expressed as (du/dy + dv/dx + dw/dz).

In most hydraulic systems, such as streams and hydropower systems, flows are turbulent (Nezu
and Nakagawa 1993). Thetotd shear dressis, therefore, affected by the instantaneous fluctuations
intheflow fidd. Turbulence and shear stress are interdependent, obtaining the turbulent shear stress
requires aterm that describes the apparent viscosity of the flow (also caled eddy viscosity, €). This



eddy viscosity is added to the dynamic viscosity, m of the fluid to obtain the turbulent shear Stress.
Therefore, for turbulent flows, Eq. (2) ismodified to become:

alu O
t turbulent = (m+ e)gd_y; (3)

Unlikem the eddy viscosity e isnot afluid characteristic and there are no tables that give vauesfor
e. [Eddy viscosty is dependent on how vigorous the turbulence is, and must be found by
experimentetion. If theflow isentirdy laminar, e iszero and Eq. 2 reducesto Eq. 1. For fully turbulent
flow, effects due to dynamic viscosity are negligible (m<< e), and Eq. (2) reducesto:
= 6@9 (4)

t turbulent g dyB

Shear dressis, therefore, aproperty that involves aveocity gradient (u, measured in m/s). Water
veocity isimportant for trangporting organismsor their food and for cregting aguatic hebitatsinanatura
dream. Inatificid conduits, where velocities arefairly uniform, afish moving a 0.2 nvsor 20 m/swill
not beinjured or disoriented. However, when water vel ocities gradients change on scales comparable
to the Sze of afish, damaging shear stresses can occur in any hydraulic system.

Shear dtress occurs when two water (a viscous fluid) masses or layers of different velocities are
adjacent to each other. Asmentioned above, shear Sressisdirectly proportiona to therate of change
inwater velocity over distance (rate of strain of thefluid). That isto say, if velocities of two adjacent
water masses differed by 3 m/sover adistance of 0.1 m, the resultant rate of strain would be 30 m/s'/m.

However, if water were a non-viscous fluid the fish would just spin fredly in the flow field and would
not experience any harm (other than maybe dizziness).

Hydraulic Turbulence

At highwater velocities and because of edge effectsand surface roughness of structures, giventhat
water isaviscous fluid, flows in a hydropower turbine system are turbulent, rather than laminar. The
tendency of water molecules to resist shear forces, due to the presence of viscosity, causes them to
move irregularly. The shear stresseswithin aflow fied tear thefluid into highly energetic, irregular, and
three-dimensiond eddies, with scales ranging from the Size of the flow passage down to unity (Miller
1990). These eddies exist randomly in space and timein turbulent shear flows (Nezu and Nakagawa
1993). Turbulent flow occurswhen fluid particlesmovein ahighly irregular manner, evenif thefluid as
awhole is traveling in a Sngle direction. That is, there are intense, smdl-scae motions present in
directions other than that of the main, large-scde flow (Voge 1994). Unlike laminar flow, which is
most easily described by exact equations, turbulent flow can only be defined Satidticaly (Gordon et d.
1992; Nezu and Nakagawa 1993); descriptionsof the overal mation within turbulent flows cannot be
taken as describing the paths of individud particles (Voge 1994).

Within aturbine system, naturd river, or laboratory test apparatus, flows are so turbulent it would
be difficult to separate the effects of norma forcesthat cause pressure from tangential forcesthat cause



shear dress. The fluid stresses exerted on the fish will be a combination of the normal and tangentia
forces.

It isbelieved that fluid Stresses are not uniformly applied to afish; afish encountering high-ve ocity
water head-on is more likely to experience more shear stress on the head than on the tail. Also,
resistance of afish to shear stressand turbulence maybe size- specific; e.g., smal rainbow trout may be
less resgtant than large rainbow trout. Resistance is certainly species-specific (e.g. eds are more
resstant than shad) and probably life stage-specific (e.g. adults are more resistant than larvae; non-
smolted chinook salmon juveniles are more resstant than chinook saimon smalts).

Turbulence Intensity

The pattern of turbulencewithin aturbulent flow field continuoudy changeswith time (Rouse 1946).
Therefore, in order to describe the turbulencein that flow field acontinuousrecord of theingtantaneous
veodities at the point of interest must be kept; that is essential to perform the necessary datistica
andyses. Using the ingantaneous velocities turbulence can be described by a measure cdled
turbulence intensity (Gordon et a. 1992).

Thelocd veocity inaturbulent region is composed of atempord mean vaue plusacomponent that
represents the turbulent fluctuation about the mean. The turbulence intengity is a measure of the
magnitude of the turbulent fluctuations about the mean. When a series of ingantaneous velocity
measurements are made a a point, the turbulence intensity at that point can be expressed as the root
mean square of these measured values.

Root Mean Square =

Q)

wherev; isthe ingtantaneous vel ocity measurement, Ve isthe mean vel ocity of theflow, andnisthe
number of instantaneous vel ocity measurements. Eq. 5yieldsavauefor turbulencethat isexpressedin
terms of velocity units, eg., m/s. This formulation has been reported in studies by Paviov and
Tyuryukov (1993) and Skorobogatov et a. (1996).

An dternative, but Smilar, expresson of turbulence intensity is found by dividing the sandard
deviation of the velocity (s) by the mean velocity:
S

K= (6)
\'

ave

Thisdimensonlessratioisan expresson of therdativeintensity of turbulence. 1t hasbeen used, for
example, by Lacoursiere and Craig (1990) and a series of Russian papers (Paviov et d. 1982; Paviov
et a. 1994; Lupandin and Pavliov 1996). When multiplied by 100, K is reported as a percentage.



Turbulence Scale

The sze of the turbulent fluctuations, i.e. turbulence scale, is aso an important consideration
(Nowdl and Jumars 1984; Peters and Redondo 1997). Globdly, turbulence of biological interest can
occur in scales as large as 10° m or more in the ocean down to microscopic scaes affecting the
movements and feeding of individua planktonic organisms. Turbulenceexigsa awidevariety of des
in ariver, from the swirling motion created when a sdlmon scoops out aredd (scaes smdler than the
gze of the figh) to large pulses of flow in ariver (scaes much larger than afish). Smilarly, within a
hydropower turbine turbulence occurs at different scales (Figure 2). Smdler-scdeturbulence, which
occursthroughout turbine passage, can distort and compress portions of thefisksbody. Larger-scale
turbulence may be most pronounced in the draft tube and tailrace, where water flow is decderating,
expanding into alarger passage, and hasaswirl imparted oniit by theturbinerunner. Fixed structuresin
the draft tube (walls and support piers) may cause secondary flows, i.e., flows moving in opposite

directions from the man flow moving out of the draft tube and into the tailrace. Similarly, the
configuration of the tailrace can aso cause backflows (Atalrace roll”) that impede the downstream
movement of turbine-passed fish. These chaotic flow conditions (small-scaleturbulence, larger-scae
flow pulses, vortices, and secondary flows) will distort and spin the fish, and a the least may cause
disorientation. It has been suggested that this turbulence-caused disorientation, while perhaps not
injuring the fish directly, may leave turbine- passed fish more susceptible to predatorsin the tailrace.
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Figure 2. Turbulence scales compared to the size of afish.



Shear force, shear stress, and turbulence areinextricably linked. For any but the smallest pipesand
lowest velocities (in which laminar flows occur), shear stress will cause turbulent eddies. Similarly,
turbulent flows, by definition, will create shear forces and shear stresses, because parcels of water that
are moving in different directions and with different velocities will interact.

In terms of adverse effects on fish there are areas within a turbine in which ether shear stress or
turbulence predominate. Near a solid-liquid boundary (for example, the runner blade or turbinewal),
water velocity decreases very rapidly from the mean velocity of the bulk flow, say 15 m/s, to the nor+
dip velocity of zero at the solid surface. Some of the energy associated with the large shear stressin
thisboundary layer is shed asturbulent vortices, but the damageto the fish caught in the boundary layer
is caused less by chaotic motions of water particles (turbulence) than by the fact that a portion of its
body is proceeding downstream at a different velocity than another portion, leading to distension,
compression, bending, torson, and locadized damage. Turbulenceis certainly present in the boundary
layer, but its adverse effects are overshadowed by the high values of shear stress (Figure 2 aand b).

Elsawhere in the turbine system, larger-scal e turbulence may overshadow the effects of locdized
shear dress. In the draft tube outlet and tallrace, where flow is expanding and dowing, velocity
differentials are lower compared to those associated with boundary layers within the turbine.
Consequently, the shear stresseswill belower aswell and arelesslikely to exert forces great enough to
damagefish. Intheseareas, however, turbulence may be quite high and of ascadelarger than thet of the
fish. In that case, the motion of the fisrs body will also be chaotic, like the water surrounding it.
Turbulence scde is important because the forces associated with tiny turbulent eddies will cause
locdized damage (bruises, scaeloss) (Figure 29). Turbulence a alarger scde, eg., severd timesthe
sze of thefish, will agitate and spin thefish (Figure 2c). Itisbedieved that resdencein an areaof large-
scale turbulence for enough time will cause the fish to become disoriented, lose equilibrium, have a
reduced swimming capacity, and potentialy become more susceptible to predators.



3. SHEAR STRESSAND TURBULENCE IN THE HYDROPOWER SYSTEM

Shear Sressand Turbulencein Rivers

Levesof shear associated with averageflowsin natura streamsaregeneraly smdl (Table 1). For
example, many stream samonids inhabit low velocity resting positions from which they make short
foraysinto adjacent faster water to feed on drifting invertebrates. Hayes and Jowett (1994) measured
the velocity differences encountered by large brown trout in these normd feeding forays and estimated
rate of strain exposures no greater than 5.0 m/s/m. Ve ocity changes experienced by 15 to 30-cm-lang
brook trout feeding in aMichigan stream resulted in strain rates of 0.6 m/s/m or less (Fausch and White
1981). Inrelatively low-turbulent flows, these vaueswould produce shear stresses of lessthan 1 N/n.

Lancaster and Hildrew (1993) measured near-bed shear stressesin small streams; shear stresseswere
less than 1 N/n? at moderate discharges and less than 7 N/n¥ at high discharges. Statzner and Miller
(1989) reported 90 measurements of shear stress values at the bottoms of 3 streams.  Estimates of
shear stress were generally less than 200 N/n; most data points were less than 30 N/n'?.

Table 1. Estimates of shear stress (N/m?) in natural and altered aquatic systems.
Environment Shear stress (N/m?) Reference

Water column in atrout stream, <10 Fausch and White (1981)

average flow

Small streams, near bed <1-7 Lancaster and Hildrew

(1993)

Medium-sized streams, near bed most <30, but some Statzner and Mller (1989)

(90 measurements) >200

Hash floods, smdl basins 61-2600 Costa (1987)

Floods, largerivers 6-10 Costa (1987)

Bulb turbine draft tube 500-5,421 McEwen and Scobie (1992)

Near ships hulls and wakes 7.6-40.4 Morgan et d. (1976)

Near barge propeler > 5,000 Killgore et d. (1987)

On the other hand, Costa (1987) caculated the shear stresses associated with maximum rainfal-
runoff (flash) floodsin 11 smdl basinsin the United States. Mean shear stress vaues ranged from 61
N/ to 858 N/nf. Hedso dluded to unpublished shear stress estimatesfrom four other flash floodsin
small basinsthat ranged from 1500 to 2600 N/nf. By comparison, largerivers, such asthe Mississppi
and Amazon, produce shear stresses of 6 to 10 N/nf inflood. Costa (1987) noted that shear stresses
are often higher in smal basinsthan inlarge basins because shear stresses depend not only on discharge
but aso on hydraulic radius, energy dope, and mean velocity.



It iswell known that fish sense and respond to shear stressand turbulencein naturd waters. Fish
can sense variaions in pressure and water velocity on the body surface, especialy by means of their
laterd line and inner ear (e.g., review by Dijkgraaf 1963). However, what islesswell understood are
the patterns (if any) of response to these simuli.

Much of the Russan literature has been focused on the ability of non-migratory fish to maintain
positioninlow velocity, moderately turbulent flows, rather the effects of high, potentidly damaging levels
of turbulence. For example, Paviov et d. (1982; 1994) found that increasing the turbulence intendity
decreased the fighys criticd velodity, i.e., the maximum velocity a which afish can sudan itdlf in a
stream. They concluded that energy expenditureswill begrester for fish attempting to maintain position
in streams with turbulent flows because such streams possess more kinetic energy.  Surprisingly,
Lupandin and Pavlov (1996) found that starved fish tended to select turbulent flows over non-turbulent
flows (both water velocities and turbulence were low), posshbly because of increased feeding
opportunities. Nor migratory fish chose different level s of turbulence, depending on species (rheophilic
vs. limnophic groups) and aso previous experience (Skorobogatov et d. 1996). When givenachoice,
fishthat inhabit rivers (e.g., gudgeon and grayling) selected weter flowswith relatively strong turbulence
wheress lake-dwdling fish (eg., crucian carp) preferred low turbulence.

Pavlov and Tyuryukov (1993) compared the reactionsto water currents of dacethat wereintact or
had their laterd lineor inner ear disabled. Fishwhoselaterd lineswere disabled by meansof atopicaly
applied anaesthetic were till ableto maintain proper orientationin both laminar and turbulent flows, but
may have had a reduced ability to detect irregularitiesin the velocity field and to avoid obstacles. On
the other hand, compared to unstressed fish, dace that had their inner ear disrupted by centrifugation
(10-minute period of swirling flow) were unable to maintain norma orientation in turbulent flows and
avoid obgtacles. Both of these effects, i.e,, the disorientation arising from exposure to swirling flows
and the diminished ability to sense and avoid objects in the water, could be expected to increase the
fid¥s susceptibility to predators.

Coutant and Whitney (2000) suggested that turbulence in rivers is used by anadromous fish to
speed downdream migration. They believe that migrating juvenile sdmon may seek out features of
unsteady flow (e.g., turbulent burgts, vortices, and waves) inriversto find regionsof higher velocity than
that of the bulk flow. Such features of turbulence asvorticity cannot be measured directly, but must be
derived from integrating measurements of velocity at multiple points, Hanke et d. (2000) suggested that
the fisrslaterd line could serve this purpose. Although the response of juvenile sdlmonids to natura
turbulence has not been extensvely studied, Coutant (1998) pointed out that anadromousfish evolved
inturbulent rivers, and it would be surprising if they did not take advantage of opportunitiesto utilizethe
kinetic energy from turbulence to reduce the metabolic energy needed for svimming. If true, thisidea
would suggest that there are optimal levels of turbulence for migrating sdmonids. If turbulenceistoo
high (aswithin aturbine draft tube, tailrace, or spillway), it could damage or disorient thejuvenilefish. If
it istoo low (as within a stagnant reservoir), missing are not only the downstream guidance cues and
trangport function associated with the bulk flow, but aso the ability to capitaize on energy associated
with large scae, low intensity turbulence.
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Shear Sress and Turbulence Associated with Ships

Large vessds, such as commercid barges, can increase shear stress and turbulence in rivers.
Mazumder et d. (1993) measured variationsin longitudina, laterd, and vertica water velocitiesin the
[llinois River, both under naturd conditions and in response to passing barges. The movement of a
barge in arestricted channel displaces water, creates surge waves in front of the bow, and generates
turbulence (both from water displacement by the hull and action of the propeller). They found that the
barge generated larger eddies and more turbulent transverse shear than the natural flows of theriver.
Maximum values of shear stress from barge passage occurred near the shore, and decreased to near
zero in the central zone between the shore and the barge.

In order to assess the effects of shipping on fish eggs and larvae in the Chesgpeake and Delaware
Cand, Morgan et d. (1976) used rotating concentric cylinders to create shear zones in 30.5-cm+
diameter chambers. Striped bass and white perch eggs and larvae were introduced into the layer of
water between the cylinders, and consegquently exposed to ca culated shear Stressesranging from 7.6 to
40.4 N/n¥ for periods of 1 to 20 minutes. Both eggs and larvae were sensitive to these low levels of
shear stress. For example, shear stresses of 35 N/ killed an average of 38 percent of thewhite perch
larvae in 1 minute, 52 percent in 2 minutes, and 75 percent after 4 minutes exposure. The authors
developed aset of regression equations, which related the amount of shear stressto expected mortality
among these fish early life sages. They concluded that shear forces generated by the hull of alarge
vessdl would be unlikely to kill fish eggsand larvae over abrief exposuretime. They did not attempt to
edimate shear forces and turbulence associated with a ship:=s propdller.

Maynord (2000) estimated that shear stress associated with the hull of a high-speed, five-barge-
long commercid tow on the Upper Mississippi-1llinois Waterway System (UMR-IWWS) would be
grester than 250 dynes/cn in only 5 percent of the water mass beneath the tow. Shear stresswould
be greater than 135 dynes/ci? in 50 percent of the region beneath the tow. Vessdl passagetimes (=
exposure timesfor fish) would be around 1-2 minutes. Applying the bioassay datafromMorgan et al.
(1976), he estimated that hull shear (not including that caused by the propellers) associated with a
typica UMR-IWWS tow could cause an average of 9 percent mortality among fish eggs and larvae.

Killgoreet d. (1987) examined the effects of turbulence on surviva of paddiefishyolk-saclarvaein
the laboratory. Paddlefish larvae were placed in circular containers and exposed to differing
frequencies and intengities of turbulence crested by water jets. Turbulencein thelaboratory chambers
was expressed in terms of both water velocities (cnmvs) and pressures (dynes/ent). Theinvestigators
found that turbulence intensity was morelethd than frequency of disturbance. Low turbulence (1,774-
1,902 dynes/cn?; 177-190 N/nt; 21.5-22.8 cm/s) caused 3 and 13 percent short-term mortality,
whereas high turbulence (6,219-6,421 dynes/cn?; 622-642 N/ié; 56.5-59.3 cnv's) resulted in 87 and
80 percent short-term mortdity. Longer-term direct mortaity, indirect mortaity, and physologica
stresswere not examined. Based on theselaboratory studies and field measurements of pressures near
commercia barges (which sometimes exceeded 50,000 dynes/cn [5,000 N/né]near the propellers),
Killgore et a. (1987) suggested that turbulence generated in the immediate vicinity of commercia
vessdls could cause mortdity among paddiefish larvee.

11



Recognizing that shear stresses and turbulence caused by tow boat propelersare much larger than
thoseinduced by the hull, Killgore et d. (2000) exposed fish eggsand larvae to ascae model propeller
inarecirculating water channdl. In their experiment, observed mortdities resulted from acombination
of fluid stresses (shear and turbulence) and propeller bladeimpact. Sengitivity varied with species and
life stage, but was directly related to the caculated magnitude of shear dress. Significant mortdities
were observed for most species at the highest shear stress levels; for example, 83 percent of lake
sturgeon larvae werekilled by exposureto4,743 dynes/ci?. High shear stresses can occur inthe zone
between the propeller blades, the zone downstream of individua blades, near the hub, and within and
around the perimeter of the propeller-induced jet. The authors concluded that fluid stressesin the zone
of influence of tow boat propellers can be amgjor source of mortality for larva fishesand ardatively
minor source of mortdity to fish eggs and juveniles.

Shear Sress And Turbulence Inside Turbines

The spatid change of velocity indde a urbine varies greatly. It is most pronounced near the
boundaries. The highest values of shear stress are therefore found close to the interface between the
flow and solid components, such as the turbine blade leading edges, stay vanes, and wicket gates.
Present views suggest fish sugtain injuries, sometimes letha, when they arein *damaging’ shear stress
zoneswithin the turbine system; injuries are believed to be dependent on fish speciesand Size, and their
orientation upon entry of the shear zone (USACE 1995). Nada et d. (1997) gives a summary of
attempts of various researchers to verify the limits of shear stress a which afish of certain Sze and
gpecies sudains injury using laboratory experiments. In order to find these limits some researchers
introduced fish to avarying velocity submerged water jet, some used up to 36.6 m/sec (Groves 1972,
SWEC 1975; Turnpenny et a. 1992). Other researchers sent fish through a 35.5 cm pipe ending with
varying size nozzles (Johnson 1970a; 1970b; and 1972). Resultsvaried according to thetest fish Sze,
species, and methodology used.

Typica velocity changes across shear zonesingdeturbines are on the order of 9.1 m/sec, whichis
higher than velocity gradients insde Kaplan turbines (USACE 1995). Vortices within the flow cause
shear dtress. These can be found inside turbines due to leakage near wicket gates and runner blades
(USACE 1995). Shear gtress zones should be minimized to enhancefish survivability. Vorticesexist in
the draft tube swirl. They cause shear Stressesand may be aprimary source of shear stressdamageto
fish in Francis turbines (USACE 1995).

Shear Sress and Turbulence at Hydroelectric Power Plants

McEwen and Scobie (1992) estimated that shear stresses within a reference bulb turbine could
average over 500 N/m?; maximum valueswere estimated to be 3,740 and 5,421 N/nf for "on-design”
and "off-design” conditions, respectively. On the basis of these caculations, Turnpenny et a. (1992)
designed a laboratory apparatus that could expose fish to localized shear tresses of this magnitude.
They introduced fish into a high-velocity water jet submerged in atank of static water, then examined
thefishfor injuriesand long-term mortdity. Jet velocitiestested ranged from 5 to over 21 my/s, resulting
in maximum shear stresses ranging from 206 to 3,410 N/nt.



Samonids (Atlantic sdimon, rainbow trout, and brown trout) tested at the lowest shear stresses
(maximum values of 206 and 774 N/n¥) experienced little scale loss, no loss of mucous coating, No
other gpparent injuries, and no mortdity up to 7 days after the Sngle exposure. Gregter jet velocities
and shear stressesresulted in moreinjuries and lower long-term surviva (Turnpenny et d. 1992). For
example, a the highest shear stressestested (maximum value near thejet of 3,410 N/nf), localized loss
of mucous cover and some eye damage (corneal rupture; pop-eye; hemorrhaging intheeye) wasnoted;
survival was around 90 percent 7 days after thetest. Fish that died after exposure to the higher shear
dress levels were heavily coated with fungus, probably because the loss of mucous increased their

susoeptibility to fungal infections

Clupeds (shad, herring) were much more susceptible to shear stresses in the experiments of
Turnpenny et d. (1992). All fish tested in the apparatus, even at the lowest maximum shear stress of
206 N/né, died within 1 hour. Many dlupeids suffered eye damage, eye loss, torn and bleeding gills,
and substantia loss of scales and mucous layer. At the other end of the scale, edls suffered no evident
damage, other than some loss of mucous coating, and no 7-day mortaity even a the highest shear
stress levels tested.

Turnpenny et d. (1992) observed visible creases on the body surfaces of somefish entrainedinthe
turbulent jet, which led to crushing of internd organs and interna hemorrhaging. Eye damage (corned
rupture, pop-eye, or red-eye) or eye remova were aso common injuries among the fish exposed to
these locdized shear stresses. Findly, osmotic imbaance caused by |oss of much of the mucouslayer
and underlying scaes is believed to be the reason for the sengtivity of clupeids to even low levels of
shear. Eds, which have subgtantiad mucous layers, were not injured by high shear Stresses.

Groves (1972) exposed juvenile sdmon (tota lengthsranging from 3.5 to 13.5 cm) to awater jet
submerged in atank of static water. In his experimentd protocol the jet was brought to full speed
(mean calculated velocities ranged from 9 to 37 m/s) and the fish were immediately introduced to the
tank near the nozzle. Each test lasted only for the time needed to introduce the fish, usualy lessthan a
second. Thus, exposure to shear in this experiment was a brief, one-time exposure to high velocity
water at the edge of the jet. The actud velocities and shear stresses experienced by fish were not
measured. Some of the tests included high-speed photography to track the fishes movements, and dll
tests examined the resultant types of injuries and mortdity. Juvenile salmon were unaffected by
exposureto thelowest velocity jet tested, 9 m/s. Asjet velocitiesincreased therates of disorientation,
visible injury, and mortaity aso increased (Groves 1972). Fish disabled (disoriented) but without
vigbleinjury usudly regained normd capacitiesin 5to 30 minutes. Visble injurieswere mostly in the
head region and included bulged or missing eyes, broken and ripped gill covers, andtorn gills. Whereas
vigbleinjuriesand mortditieswere zero a 9 Vs, velocitiesof 15 m/s caused injuriesin 2 to 59 percent
of thefishinthetest batches. At any given jet velocity, injury rateswereinversely reated to the size of
thefish, i.e,, 3-cm sdmon were more often injured than 13-cm-long sdmon.

Injury from the water jet was related to the part of the fish contacted and to the position of thefish
relaiveto thejet flow direction at thetime of contact (Groves 1972). Greatest injuries occurred when
the jet contacted the head region and was moving from the rear towards the head of the fish. Larger
fishwerelessaffected if thejet initialy contacted some other portion of the body than the heed, or if the

13



fish wasfacing into the jet stream. On the other hand, smdler fish were damaged irrespective of their
orientation. Groves attributed this sze-related difference in injury rates to the proportion of the fish's
surface areastruck by thejet. Thejet struck ardatively larger portion of asmall sadmon'sbody, and at
the higher velocities some were literdly tornapart. Larger fish had aproportionately smdl portion of
their bodies contacted by the margin of the jet, S0 injuries tended to be more frequent when initid

contact was with more protruding or less rigidly attached parts of their head region, such as thegll
structures and eyes.

Heisey e a. (2000) catdogued the injuries they observed on fish that had passed through
hydrod ectric turbinesin the Pacific Northwest. In 10 studies, aloss of equilibrium was noted in 0.4 to
4.1 percent of the turbine-passed fish (depending on project), which they attributed to the effects of
turbulence. Commonly, between 1 and 2 percent of the mid-blade- passed fish experienced loss of
equilibrium. 1nthe most recent study of turbine passage surviva a Bonneville Dam First Powerhouse,
1.2 percent of the turbine-passed fish exhibited loss of equilibrium (Normandeau Associates et d.
2000). Passageroute (i.e, whether the fish passed through the runner near the hub, near mid-blade, or
near the blade tip) did not appear to affect the incidence of equilibrium loss,

Davidson (2000) described the nature of turbulence that is believed to occur within different parts
of a hydrodectric turbine. His descriptions related to a typical Kaplan turbine ingtalation on the
Columbia River, but generd characteristics gpply to alarge number of hydropower plants. Theeight
AHazard Passage Zones,( garting a theturbineintake and ending in the draft tube outlet (Figure 3), are:

Zone 8 - upstream of the submerged intake (fish) screens. The water haslow velocities (5to 7 fps), low
turbulence, and low potential for fishinjury. Also, the horizontal components of the trash rack
(upstream from the fish screens) can cause large turbulent wakes that propagate as much as 30
feet downstream and can affect velocity distributions.

Zone 1 - immediately downstream of the fish screens. The zone is characterized by an uneven velocity
distribution (caused, in part, by the screens), high turbulence in the wake of the screen, and
moderate velocity shear.

Zone 2 - upstream from and within the scroll case. Within the scroll case, velocitiesrange from 8to 15
fps, and flow is turbulent if fish screens are in place. Immediately upstream from the scroll
case large, recirculating rollers may be created that cause an interchange of flow between bays
and my create holding areas for fish.

Zone 3 - wicket gates and stay vanes. Water velocities accelerate rapidly in thisregion from 9 to 30 fps.
Shear stress can be very high, especialy near surfaces.

Zone 4 - runner. Very high velocities (and shear) occur near surfaces. Turbulence associated with the
trailing edge of the runner and hub and blade tip gaps may bevery high. Turbulent vorticesare
shed from the hub.

Zone 5 - downstream of the runner to the draft tube. Water velocities decrease in this expanding area
from about 40 fpsto 20 fps. All fish pass through this area of potentially high shear and high
intensity turbulent vortices coming off trailing edges of the runner, gaps, and the runner hub.

Zone 6 - draft tube. The cross-sectiona area continues to expand in this zone, resulting in
decelerating flows, high turbulence, and very non-uniform vel ocity distributionswithin
each barrel (section) of the draft tube. Adding to the chaotic nature of the flow, larger
draft tubes have support piers that split the swirling flow (often unevenly) leaving the
runner, causing turbulence and secondary (reverse) flows.
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Zone 7 - draft tube outlet to tailrace. With increasing cross-sectional area, flows decelerate to
an average of about 7 fps. This area is characterized by very non-uniform velocity
distributions (in terms of both magnitude and direction of flow), large-scale turbulence,
and potentialy formation of a backroll that can trap fish in the tailrace. Hydraulic
conditions here are expected to disorient, rather than directly injure, fish.
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Figure 3. Eight Hazard Passage Zones associated with passage through a hydrodlectric
turbine. Based on Davidson (2000).

Much of the interest in studying the adverse biological effects of turbulence isfocused on
Zones6 and 7, where turbulenceis high and dominates other fish injury mechanisms. Draft tubes
are designed to handle the maximum (nameplate) flow through a turbine. Unlike Kaplan
turbines, in which wicket gate positions and blade angles are coordinated in order to operate
efficiently under arange of hydraulic heads and flows, the geometry of draft tubes does not
change with changes in flow. Compared with adjustable blade turbines, then, under most
operating conditions, flows are trangported through the draft tube inefficiently. These
inefficiencies are disspated as turbulence; in the upper draft tube (Zone 6), the tangentia
(sdeways) velocity, which is proportiona to turbulence, can ke 50 percent of the axid
(downstream) velocity (Rod Wittinger, personal communication). The energiesassociated with
these turbulent flows can be expected to impact entrained fish.

There are numerous draft tube designs, ranging from a straight conical diffuser to
configurationswith bends and bifurcations (Gulliver and Arndt 1991). Diffuser designsareoften
tradeoffs that seek to minimize congtruction cost and effort while avoiding flow separations,
unstable flow, excessive swirl, and vibrations that can affect turbine efficiency.
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Water discharged from damsviaspillways can reach velocities of tens of meters per second, which
can create high values of shear stress and turbulence, especidly near solid surfaces. At high velocities
(12 to 15 m/s or more), surface irregularities can cause flow separations that are sufficient to lower
water pressure below the local vapor pressure and cause cavitation (Chanson 1989). These extreme
flow separations can occur within flow-expangon tunnds (such as draft tubes), aong the floor of the
spillway, near baffle blocks and other structuresin stilling basins, and in association with vortices near
gaes and gate dots (Hamilton 1983). Flow separations that can cause cavitation might adso be
expected to exert damaging shear stresson fish being transported intheseflows. Theeffectsof pillway
discharges on fish have not yet been rigoroudy examined. However, in 38 testsdone a 6 hydroelectric
projects in the Columbia River basin, Heisey et d. (2000) observed visbleinjuriesamong 0 to 7.0
percent of spilled/bypassed fish. No loss of equilibrium was seenin 23 of the 38 tests, but in the other
15 tests loss of equilibrium ranged from 0.1 to 4.7 percent among spilled fish.

In this study we expect to “explore’ the possibility and means of studying the effects of turbulence
onfishinsdethelaboratory. However, thetime and funding resources alocated for this project madeit
unfeesble to run adequate number of experiments to obtan conclusve results
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4. EXPERIMENTAL STUDIES

Objectives and Hypotheses

The am of this sudy was to as3¢ in the underganding of the effects of hydraulic turbulence on
downstream migratory juvenile fish. The objective was to create varying levels of turbulence that
resemble conditions found downstream of a hydropower turbine, subject juvenile fish to these
predetermined turbulence conditions, then test if thereisabiologica response. We attempted to creste
turbulent conditions that caused no direct injuries or mortality, but may change the fish' s behavior or
reduce thelr svimming capacity or escape ability.

Examples of the hypotheses that were tested include:

1) Exposure of fish to known leves of turbulence for a period of 10 minutes may induce minor
Injury to Some species.

2) Exposure of fishto known levelsof turbulencefor aperiod of 10 minutesdoes not reduce artle
reponse in rainbow trout, but has ameasurable effect in terms of increasing reduction in Sartle
response with increasing turbulence for juvenile Atlantic sdlmon and hybrid bass.

3) Recovery of reduction in startle response from effects of turbulence at these scalesis complete
within 24 h for the species tested.

There could be a large number of these testable hypotheses, depending on the number of test
conditionscreated in asmilar experiment, the number of fish species/s zesto be tested, and the number
of biologica response variables to be measured.

Experimental Apparatus

A full undergtanding of the biologica effects of turbulence a hydropower plants equires a
combination of three gpproaches. laboratory experiments, computer modeling, and field studies.
Controlled, replicable laboratory experiments can be used to develop biologicd criteria, i.e., thelevels
below which turbulence associated with turbine and spillway passage will not cause elther direct or
indirect mortdity. Computationa fluid dynamics (CFD) models can be used to predict turbine areas
that were found (in laboratory studies) to have damaging levels of turbulence. Findly, fidd studies
maybe used to verify predictions of laboratory and CFD studies.

Unfortunately, none of the above- mentioned methodol ogies has yet been used to describethe flow
conditionswithin atalwater of aturbine just downstream of the draft tube exit. In order to determine
the appropriatetailwater conditionsto test in our experimenta gpparatus, we contacted |leading experts
inthefieds of hydraulics associated with hydrodectric power plants. These expertsinclude university
professors, government employees, and industry representatives. They informed us that to date such
turbulence information is available only for the turbine sysem components found upstream of the
tallrace, such asdraft tube, scroll case, penstock, etc. Hydropower turbinetailracefield conditionsare
extremey chaotic and may be dangerousfor researchersto study inthefield. Inaddition, documenting
tallrace turbulence intengities and scae in the field would require aspecid instrument to be deployed at
various locations within a predefined grid system, for adequate periods of time at each location.
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The absence of instantaneous velocity information needed to characterize field tailrace turbulence
has made it chdlenging for us to develop turbulence design criteria for our laboratory apparatus.
Therefore we decided to design a hydraulic system that smulates turbine draft tube exit and tailrace
pool conditions. We used an array of nozzlesthat emitted jetswith predetermined vel ocitiesto creste
the varying turbulent conditions.

We made our turbulence generating hydraulic system capable of providing arange of turbulence
intensities and scaes, we believe will encompass conditions found in hydropower tailraces. Owing to
the present lack of information on tailrace turbulence characteristics, we designed the apparatus
described below that can accurately and repeatedly reproduce a variable turbulent environment that
encompasses shear stresses comparable to some of those given in Table 1.
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Figure 4. Experimenta gpparatus showing the turbulence tank and its supply and discharge piping at the
USGS- Conte Anadromous Fish Research Center, Turners Falls, Massachusetts. Insert photos
show the main tank under congtruction.

Theturbulence tank was made out of steel members and Plexiglassdesand bottom. It measured 4
feet wide by 10 feet long by 4 feet deep (122 cm wide x 300 cm long x 122 cm deep). Water was
supplied via a flow introduction manifold with four individua supply pipes, flow control vaves, flow
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meters, and 10 nozzles per supply pipe. Anadjustable control gateto the exit channd controlled water
level within the tank. The large unobstructed area ingde the tank could be construed as a tailrace
downstream of a hydropower turbine (Figure 4). The ‘test chamber’ conssted of haf of the tank
volume. A smoothinclined adjustabledliptical perforated plastic screen formed the downstream end of
the chamber. An arched duminum frame, arching from one sde of the chamber to the other,

structurally supported the screen. Arching the screen in the horizontal and vertical planes diminated
sharp cornersthat may be used as sanctuaries by the test fish within the chamber. The arching of the
screen adso made the chamber hydraulically smooth by reducing corners that would cause turbulent
eddies and stagnation zones. Also, a coated wire screen (1/2 inch mesh) was placed 6 inches
downstream of the nozzlesforming the upstream end of thetest chamber. Thiswas doneto protect the
fish from being directly struck by the jets. The main frame of the turbulence tank was made of welded
gded. The sde and bottom were made of clear Plexiglas to facilitate nor+intrusive observations and
videotaping of thetest fish from outside. The entire turbulence tank was kept indde an enclosure with a
black curtain to facilitate control of lighting and prevent disturbance of the fish by human movement
during tegting.

The flow introduction arrangement was made modular. Flow was introduced via an array of
nozzles a the upstream end of the turbulence tank. The varying numbers, sizes, and arrangement of
flowing nozzleswere used to vary the turbulenceintensity and scae. Forty nozzleswere placed inrows
of 4 horizontally and 10 verticaly with the largest nozzle Sze being ¥ inchesin diameter. The nozzles
were supplied with water viametered 4-inch diameter PV C pipes. The supply pipesand nozzleswere
isolated from the chamber by means of asmooth perforated screen, with the nozzles protruding through
it (Figure5).
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Figure 5. How introduction via nozzle arrangement; showing the 40 nozzles and a perforated screen

used for fish excluson from the supply pipes.

Water was supplied to thetank viaa 77 horsepower pump capable of ddlivering about 7 cfs(cubic
feet per second) at 68 feet of head (Figure6a). The pump waslocated ingdeal4 ft wide by 32 ft long
by 14 ft degp sump ingde the hydraulic laboratory at CAFRC (Figure 6b). The turbulence tank was
a0 st up to receive water from two smaller submersible pumps (2.8 cfsat 40 ft head each) located in
the same sump. Figure 6¢ showsthe piping used to convey the water from the sump pumpsaong with
the cdibrated Venturi meters used to measure the flow. Each individud 4 inch nozzle header was
equipped with apitot Satic probeto balancetheflow ratesto dl nozzles. Thesumpingdethehydraulic
lab wasfilled with Connecticut River water viathe Cabot Power Cand adjacent to CAFRC. Control
vaves located downstream in the pump discharge lines and near the nozzle supply lineswere used to
adjust theflow. An adjustable dide gate located at the end of the turbulence tank controlled the water
surface elevation insde the chamber. Water was discharged back into the sump after passing through
the chamber. Temperature, dissolved oxygen, and turbidity were monitored to maintain constant water
qudity throughout the experiments.
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Figure 6. Photographs showing a) the sump pump, b) the sump, and ) the piping used to supply weter to
the turbulence tank.
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Figure 7. Photograph showing the turbulence tank filled with water.



Hydraulic Evaluation

Veocity Measurements

In order to estimate turbulence intengity insde the chamber ingtantaneous velocity measurements
were taken continuoudy over time a points within agrid sysem. The top of the turbulence tank was
outfitted with arail system to support acarriage carrying two Acoustic Doppler Velocimeters (Mode
Sontek ADVLab). Thecarriage system was motorized to accurately document different hydraulic test
conditions a which fish were tested. Water level was kept constant throughout al tests.

The spacing of points on the measurement grid was chosento be 2 in (5 cm) dong al axes, which
was based on the Size of the test fish of approximately 6in (15 cm). Inflow to the tank was set for the
test conditions by using calibrated VVenturi flow meters (with 0.25% accuracy).

Thedesign velocitiesfor the nozzleswere set to be 14, 25, and 35 feet per second (fps) to produce
low, medium, and high turbulence, respectively. Thiswasdone by leaving the bottom five nozzlesopen
inal four nozzle headers. The photograph in Figure 7 shows the turbulence tank in operation. Inthis
‘system shakedown” run al nozzles were |eft unobstructed and the tank wasfilled to its capacity. The
system isready for calibration and testing.

The three directiond veocities were measured. The x component of the reference axis for the
velocity grid was lengthwise along the tank, the y component across the width of the tank and the z
component the water depth. The test area encompassed the protection screen just downstream of the
jetstotheinclined dliptica containment screen (Figure4). A 3-D grid with 2-inch spacing on each axis
was chosen for velocity documentation. (The number of velocity pointsvaried with thetraverselocation
in the x direction (dong the tank) decreasing with respect to the boundaries of the inclined dliptica
screen. A maximum of 22 velocity pointsin they direction and 14 pointsin the z direction upstream of
theinclined screen were measured. These decreased to 12 horizontal and 2 vertica depthsat theend of
the test area. Veocity was measured at a totd of 5,876 points within the test area a each flow
condition. Only low and medium flow conditionswere documented. High flow conditionsrendered the
meters useless due to high velocities (outside meter’ srange of 8 feet per second) and entrapped air.

The principleworkings of the velocity meterswere based onthe Doppler principle. A short pulseis
transmitted aong a vertica axis and transducers in receiving arms record an echo from the measuring
area (a 0.015 inch® of water volume about 2 inches from the trangmitter). A persona computer was
used to condition, process and andyze the frequency shift from the transmitted pulse and the received
echo. This velocity probe's three rigid arms, 120 degrees apart, receive a signal from a tranamitting
transducer located in the center shaft (Figure 8). The important advantage of using this type of meter
was because the probe does not interfere with the flow at the exact measurement location. The meter
was St a its maximum scanning rate of 25 Hz.

A 3D traversang system was constructed to support and motion the ADV meters to acquire
velocity data (Figure 9). The x and z component axiswere manualy operated and they axisautomated.
A patidly automated system was dl that was possible due to the physics of the acoustical system and
the limits of its software. Linear bearings rails were ingtaled on top of the tank and a beam used to
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traversethewidth of thetank supported the probesand was attached to therailsfor travel longitudinally
adong thetank. A screw and stepper motor were ingtaled on the beam with the meters attached to the
screw for automated movement in they direction. One ADV meter was used for each hdf of thetank.
The meterswere spaced horizontally on the screw based on the width of the measurement sectionaong

the length of the tank. Each meter was attached to an adjustable holder in adide assembly for vertica

movement in the z direction.

Datawere acquired using software supplied by Sontek. Vel ocity measurements were recorded at
25 Hz. A minimum acquisition time of 3 minutes was used for each point on the grid. Exploratory
velocity measurements indicated that the 3 minutes was a sufficient time period for a representative
average velocity. At fixed intervas on the y axis the velocity measurement period was 5 minutes.
Measurements with a 5 minute period were chosen for time series andyss of the velocity data A
velocity traverse wasinitiated by setting the traverse mechanism at aposition on the x axis and setting
the meter at athe desired depth. Thetwo ADV meterswere moved aong thetraverse syseminthey
direction by usng a motion control program developed for the turbulence tank. Depending on the
traverse location the meters would record data for either 3 or 5 minutes then automatically move two
inches and record data and so on until al measurements were completed at that x location and depth.
The traverse system would then be reset at the next x location aong the tank and the software would
dart recording dataagain. The software provided by the ADV meters manufacturer, Sontek, filed the
velocity data on the computer hard drive.

Hydraulic Data Reduction

Velocity data taken dong each traverse in the y direction were recorded continuoudy to afile.
Winadv (Wahl 2001) was used for post- processng the sored data. Bubblesin thehighly turbulent flow
regime caused acoustic noise and poor signal qudity in the Doppler based backscatter system used by
the ADV meters. In the absence of particlesin the flow apoor echo developed and alow “sgnd-to-
noise —ratio” (SNR) and is measured. Low corrdation vaues are an indication of a high number
bubbles or alow SNR. All velocity points were post- processed with low limits recommended by the
meters manufacturer, a correlation parameter of 70 and a SNR of 15 db were used. Measured
velocities with parameters lower than these were not used. Processed data were then copied to a
spreadsheet. Thetimeand number of scansfor each point inthetraversewereidentified, separated and
the spatia locations noted in separate columns. Average velocities, standard deviations, turbulent
intengities, Reynolds stresses, and vorticity were then calculated.

Themagnitude of the velocity vector a each grid point and ingtant in thetimeinterval wascaculated
from the resultant of each velocity component by:

V =y/U? +v2i+ W 7)
Whereu, v, andw arethevedocity componentsin thethree dimensonsandV istheresultant velocity at

agiven grid point in agiven indant of time. The average velocity at each point was caculated usng:
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VvV =1/ ne°nl vV (8)

i=1

Where the bar over the V indicates the mean vaue and n is the number of ingtantaneous velocity
measurements. The root mean square (rms) for each velocity component is a measure of turbulence
intengty, and it was caculated by using:

9)

Turbulencein the tank was characterized by two quantities, the Sze and theintensity of the fluctuations.
Although the mean ve ocity over time at a point was congtant the instantaneous velocity components
fluctuated. The Sze of these ingtantaneous fluctuations are given by ugv ¢wd where:

u=u+u¢
V=V +ve (10)

w=w +wt

The intengty of velocity fluctuations was found by using equation (9) to caculate the rms. We dso
assumed that fluctuations among the different velocity components change in unison. Therefore, we
cd culated theresultant turbulenceintensity from theindividua rmsvauesin thethreedirectionstofinda
resultant rms by:

Vg, =Juf, +vE +wé (12)

Thereafter, we compared the level of turbulence at different locations by caculaing the resultant
turbulent intengity a each grid point by using:

V<
T =22 100% (12)

Where Tl istheturbulent intengity at apoint over the period of measurement. In turbulent flowsvel ocity
fluctuations exchange momentum between adjacent layers of fluid. Thisrate of change of momentum
produces a shear force. Osborne Reynolds was the first to discuss turbulent shear stress. The term
Reynolds shear stressin the x-y planeis defined as:

- rugd (13)
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Because eddy motion isthree-dimensiond the Reynolds stresseswere calculated for dl three planes.
However, we present the results in the z direction; as the Reynolds stresses were most prominent in
that direction. Theunitsof Reynolds stressesaresmilar to pressure or hydraulic shear dtress; they are
force per unit area. We believe that this is a good measure of turbulence severity when correlating
turbulence with fish. We dso redize that the turbulent kinetic energy is another measure of turbulence
that we could have caculated. However, the Reynolds stresses are more indicative of the effect of
turbulence on the fig' s body.

Also, secondary currentsand large scale eddies driven by the turbulent flow regime were cregted in the
test section. The secondary currents do not carry the primary velocity and their rotation was considered
the average angular vel ocity of two mutudly perpendicular linedements. Rotation of any fluid dement
w about the other two coordinate axes was obtained as follows:

w, = 2&u_fuo (14)

The three components w, w,, andw, can be combined in the form:

W=W,i W J +W K (15)
Which resultsin,
w = %N Y (16)

We also used Vorticity as a measure of the rotation of the fluid dement asit movesin the flow fidd.
Vorticity was defined as a vector having a vaue twice the rotation vector and was calculated by:

v, v, 0~ ad[v ‘Hv20~ aéTV ‘ch_)k

lv=N" —L. 1
N Yy W £ 5 ST g &

—

wherev isthe velocity vector and T, j, and k are the unit vectorsin the x, y, and z direction.

Theflow fidd of interest in the turbulence tank rotated around the y-axisand it wasthe one ca culated
by:

—=(x2) (18)
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Because the measured velocity vectorswere on adiscrete grid, the differentiation can be approximated
by afinite difference. For example, for postion (x, z) the Vorticity was caculated by:

V,(X+dx, 2)- v,(X- dx,2) ) Vv, (X,z+dz)- v, (X,z- d2)

NV (x,2) =
*x2) Dx Dz

(19)

Biological Sudies

Test Fish

Three species of fish were used in tests: hybrid bass (striped bassMorone saxatilis x white bass
M. chrysops), juvenile rainbow trout (Onchorhynchus mykiss), and Atlantic salmon parr (Salmo
salar). All specieswere cultured in tanks and obtained from commercia aguaculture facilities (hybrid
bass Fins Technology, Montague, M assachusetts, USA) or hatcheries (rainbow trout: Sunderland Fish
Hatchery, Sunderland, Massachusetts, USA; Atlantic simon: White River Hatchery, U.S. Fish and
Wildlife Service, White River, Vermont, USA). Size, weight and holding/testing temperature
characterigtics of the three test speciesare given in Table 2.

Fish were trangported from culture facilities in @ 1000 L truck-mounted tank and transferred by
dipnet to 650 L holding tanks in the CAFRC facility a adengty of 6to 10 fish per tank. Tankswere
supplied with flow-through water from the adjacent Connecticut River at an averagerate of 8 L/min, at
ambient river temperature. Tankswere covered with 1.27 cm bar mesh plastic screening to prevent fish
from jumping out of tanks. Fish were fed once per day on adiet of 3/32” 42% protein, 16% fat trout
feed, and were kept on anatura diel light cycle. Testing of dl fish was performed within 1 week to a
month after trangport. Tanks were visudly checked daily for mortdities or diseases; any dead or
unhedthy fish were removed immediatdy from tanks.

Testing Protocol

At thedart of atedt, fishin holding tankswere subjected to an initia pre-exposure startle response
trid (SRT). A wooden silhouette of a potentid avian predator (cormorant; wingspan 61 cm) mounted
on al mlong wooden pole was passed by hand over the holding tank at a speed of approximately 1
m/sec and aheight of 0.5 m above water level. Care was taken so that fish could see the silhouette and
pole only, not the observer holding the pole. Startle responses of the fish were recorded by a digita
video camera (model Canon Elura 2; 640 x 480 pixel resolution, 30 frames/sec) mounted over the
holding tank. All SRTswere performed at ambient daylight levels (810 lux), and the predator silhouette
was contrasted againgt awhite ceiling background. Videotapes were archived for later eva uation (see
Evaluation of Video Data below).

Immediately after the pre-exposure SRT, the turbulence tank wasfilled to the desired leve (76 cm)
and flows set to produce the desired turbulence condition (low, medium, or high). For control groups,
the turbulence tank wasfilled but flow was maintained only at the minimd leved in order to maintain the
test water level (usudly only 40 L /min). The entire group of fish from the holding tank (6 to 10) was
dipnetted and transferred into the turbulence tank viaaplastic bucket containing gpproximately 12 L of
water. Fish were released into the turbulence tank by gently lowering the bucket into the tank so that
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water levels of the tank and bucket were equa,, then inverting the bucket. Flowsin the turbulence tank
were maintained for 10 min after fish release. Behavior of fish in the turbulence tank was recorded via
digitd video. At theend of the 10 min exposure period, flow was shut off to the turbulence tank and the
water level wasmaintained at 75 cm. Fish were then subjected to sx SRTswhileinsde the turbulence
tank, each spaced 10 sec gpart. Fish were then returned to the holding tank by the dipnet/bucket

method. Bruising, scaleloss, or other injuries were recorded as fish were netted out of the turbulence
tank.

SRTswere repeated and video-recorded on the test group of fish after they had been returned to
the holding tank every 5 min for 30 min, and at additiond times of 1 hr, 24 h, and 48 h &fter testing in
theturbulencetank. After 48 h, fish were removed from the holding tank, measured, (FL, nearest mm),
and weighed (nearest g). Fish were not re-used in testing thereafter. Mortdities and post-exposure
injuries were recorded.
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Table2. A summary of fish species used during testing at the various test conditions, including test results.

Nozzle Average Average #Ilmmediate # Delayed # Ddayed Water
Velocity #of Tota #of Lengthand weight and Mortalities Mortalities Mortalities Temperature
Species Turbulence (fps) Trials  Fish SD (cm) SD(g) #Damaged (inthetest) (24 hr) (48 hr) (°C)

hybrid bass Control 0 6 56 17.19(2.26) 66.46 (25.64) 0 0 0 0 24.73 (0.40)
hybrid bass Low 14 3 28 17.34(2.35) 70.26 (29.94) 2 0 1 0 24.07 (0.93)
hybrid bass High 32 4 38 17.16 (2.12) 65.76 (23.03) 14 0 4 0 24.09 (0.95)
Rainbow Trout  Control 0 8 74 19.13(1.23) 79.62 (13.94) 0 0 0 0 15.56 (1.34)
Rainbow Trout Low 14 6 53 19.20(1.21) 79.16 (13.79) 2 0 0 0 15.28 (1.33)
Rainbow Trout  Medium 25 7 62 18.99(1.07) 77.99 (12.51) 13 0 0 0 15.59 (1.35)
Rainbow Trout High 32 6 57 19.01 (1.02) 78.16 (12.40) 12 0 0 0 15.88 (1.28)

Atlanticsalmon  Control 0 4 28 17.78 (1.36) 62.84 (10.25) 0 0 0 0 9.57 (0.41)

Atlantic salmon Low 14 5 34 17.61(1.19) 62.89 (10.08) 0 0 0 0 9.48 (0.05)

Atlanticsaimon  Medium 25 5 33 17.31(1.41) 59.44 (10.92) 3 0 0 0 8.96 (0.21)

Atlantic salmon High 32 5 30 17.41(1.33) 58.38 (10.29) 11 0 0 0 9.08 (0.15)

The average DO in the holding tanks was 9.20mg/l, and in the turbulence chamber was 10.09mg/l.
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Evauation of Video Data

Videotapes were played back in red time and displayed on a 51-cm color monitor. Only one
investigator analyzed videotapes. Responses of each fish during each SRT were ranked and recorded
onascadeof 0to 3; 0=noreaction, 1 = vishlereaction (e.g. body twitch), but no movement > 1 body
length (BL), 2 = fish startled and moved > 1 BL,, but reaction did not occur within 1 sec of passing of
the silhouette, 3 = fish dartled and moved > 1 BL and reaction was within 1 sec of passng of the
dlhouette. Other behaviors were aso recorded for each fish, including svimming depth (on bottom,
above bottom), schooling (at least 3 fish within 2 BL of each other), disorientation (listing, inverted
svimming, collisonwithwalls), and territoridity (aggressive behavior directed towardsother fish). Data
were recorded on datasheets and later entered into a computer database, Microsoft Access.

Videotapes of fish during turbulence exposure were aso reviewed and generd observations on
behaviors and orientations were noted.

Data Andyss

Response levels recorded for each fish during the SRTs were averaged for the entire test group.
The difference between the pre- and post-exposure mean responses, DR, was caculated. A one-way
anaysisof variance (ANOV A) based on ranks of DR was performed for each speciesand test location
(turbulence tank and holding tank). Additionaly, because both DR and turbulence condition can be
viewed as continuous variables, a test for trend in DR with increasing turbulence condition was
performed using Kendal’ st (tau) to test for the sgnificance of correl ation between thesetwo variables
(Conover 1971) for each species and test location.



5. RESULTSAND DISCUSSION

Turbulence Tank Hydraulics

Fotting the time-averaged velocities within the turbulence tank revedled the desired flow pattern
that was expected from opening the bottom five nozzlesin al four drop pipes. Figure 8 a& b shows
theroller and upweling indde thetest chamber at thelow and medium turbulence conditions (14 & 25
fpsnozzle velocities, respectively). Thismay be the type of flow behavior seen at the downstream end
of aturbine draft tube where fish are found just after passage through the turbine. Ve ocities reached
2.5 to 3 fpsin the bottom of the tank and were up to 2 fpsin the opposite direction in the top part of
the tank at the low turbulence condition (Figure 8 ). Time-averaged velocitieswereupto5fpsand 3
ft/sin the bottom and top parts of the tank, repectively at the medium turbulence condition (Figure 8
b). At the high turbulence condition, velocities exceeded 8 fps at the bottom, the flow was highly
turbulent, and aerated with too many bubbles for the ADV meter to work properly.

Low Turbulence Medium Turbulence
Vdocity Profiles Veocity Profiles

Figure8. Vdocity profiles at three planes within the turbulence tank a) at the low turbulence
condition, where nozzle ve ocities were 14 fps, and b) medium turbulence condition,
where nozzle vel ocities where 25 fps.
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The ingtantaneous velocities that were measured over time were used to calculate the root mean
sguares (rms) of velocity at al grid points (using equation 9) in order to describe the turbulence around
the mean velocitiesingdethe test tank. Theplotsin Figure 9 aand b show the rmsvauesfor low and
medium turbulence conditions, respectively. It isclear that theingtantaneous vel ocity fluctuationsfrom
the mean velocity arelarger in the medium condition than thelow one. The ADV meter recorded very
high fluctuations during the high turbulence condition, but they were outside the meter’ s range.

Low turbulence rms Medium Turbulence rms

Figure9. Root Mean Square (rms) of velocity profiles shown at three planes within the turbulence
tank at the a) low and b) medium turbulence conditions.



However, when the Turbulence Intensity (T1) cdculationswere performed a the sameve ocity grid
points, which were found by using equation 12, they showed that the low and medium turbulence
conditions had very smilar turbu ence regimes, as described by the Tl values(Figure10aand b). This
indicated that the“ percent of fluctuations’ of the ingtantaneous vel ocitiesfrom the mean vaue over time
during the low and medium turbulence conditions did not differ sgnificantly. Thiswas dueto having
large fluctuations associated with the higher mean velocity vaue and low oneswith the low velocity at
the medium and low conditions, respectively. That is, velocity fluctuations were proportiond to the
time-averaged velocities.

Low Turbulence Tl Medium Turbulence Tl
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Figure 10. Turbulence Intensty profiles a three planes within the turbulence tank at the
a) low turbulence condition and b) medium turbulence condition.

The profiles of the Reynolds' shear stresses in the x-z plane, cdculated by using -r uw’, are
shown in Figure 11 aand b. These too figures show that both turbulence conditions have smilar
patterns of flow and turbulence regimes, with increased stresses at the medium turbulence condition.

The Reynolds shear stress can be used as an indicator of the turbulence strength related to fish
because it has units of force per unit area. Figure 11 shows that the Reynolds stresses, higher at
medium turbulence, are on the same order of stresses found in streams during a flash flood (50
N/n, see Table 1).



Low Turbulence Medium Turbulence
Reynolds Shear Stress-r uw’ Reynolds Shear Stress-r uw’

a) b)

Figure 11. Reynolds shear stresses profiles at three planes within the turbulence tank describing @)
low turbulence condition and b) medium turbulence condition. The units here are [byft?,
and can be converted to N/n by multiplying by ~48 N/nf/ Ibyft?.

Toillugrate the Reynolds shear stresses Figures 12 and 13 show these at a Single point within the
turbulence tank at the low and medium turbulence condition, respectively. The instantaneous velocities
shown in the top plate of each figure were taken a the same point over gpproximately 5 minutes. Shear
sresses were higher due to the high fluctuation of turbulent velocities about the mean velocity in the
medium turbulent condition. Shear siress values are clearly dependent on the magnitudes of the
ingantaneous velocities. The Vorticity plotsin Figure 14 aso show that the flow rotated faster and
more frequently a the medium than it did & the low turbulence condition.
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Figure 12. Plots of low turbulence instantaneous velocities (Top Plate) and Reynolds Shear Stress
(Bottom Plate) at a 9ngle point in space within the turbulence tank. The point is 12”
downstream of the protection screen.
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Low Turbulence Vorticity Medium Turbulence Vorticity

Figure 14. Vorticity profiles at three planes within the turbulence tank describing
a) low turbulence condition and b) medium turbulence condition. The units here are
amilar to units of frequency, 1/sec.

Behavioral Observations

All species had difficulty maintaining orientation in the turbulence tank during exposure to the
medium and high turbulence condition; this effect was more pronounced at the high turbulence
condition. Although fish attempted to swim in the turbulent flow, their bodies would be buffeted by the
turbulence such that they were oriented at dl angles, including inverted. At low turbulence fish were
able to swvim and maintain vertical orientation, usudly at the bottom of the turbulence tank. At the
conclusion of aturbulence exposure, fish generaly swam to the bottom and rested there with anormal
vertica orientation, although some exhibited listing behavior, where their bodiestilted to onesideat an
angleof up to 30 degreesfrom vertica . Other post-trestment behaviorsincluded schooling (bassmore
than others), attemptsto swim through the Plexiglaswall or floor (bassand trout), or territorial behavior
(trout; fin nipping). Salmon did not react at dl to the predator while in the turbulence tank. Control
sdmon swam to the bottom immediately after release and then exhibited listing behavior during the 10-
min exposure period. We noted that after exposure, most fish had avery high respiratory rate, which
was likely due to bouts of strong svimming in response to turbulence and their attempts to maintain
orientation.
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Injury and Mortality

Injuries of test fish ranged from 0% in control groups (al species) to as high as 37% (hybrid bass,
14 of 38 test fish; high turbulence condition; Table 2). Percent of injuries generdly increased with
increasing turbulence condition for al species. However, it isdifficult to assess whether injurieswere
caused by turbulenceitsef or by abrasion of fish againgt thewalls, floor, and screens of the turbulence
tank. Based on the nature of theinjuries (primarily scaleloss) we suspect that abrasion was aprimary
factor, athough turbulence itsdf may have aminor effect.

There was no post-exposure mortdity of rainbow trout or Atlantic sdmon. Mortdity of hybrid
bass within 24 h of exposure was 0% in controls but increased with increasing turbulence (3% at low
turbulence, 10% at high turbulence condition). There was no mortaity between 24 and 48 h post-
exposure. Agan, we cannot rule out the possibility that mortdities resulted from contact aborasions,
rather than from turbulence per se.

Effects of Turbulence

Short-Term Change in Reaction

Mean pre- vs. post-exposure changein reection (DR) differed among speciesand locations. Both
samon and hybrid bass showed reduced response to the smulated predator at greater levels of
turbulence (Figure 15). However, these differences were not satisticaly significant for any species (p
vaues > 0.3), as andyzed by the ANOVA based on rankstest. We attribute this nonsignificance to
relatively low sample Sze and resultant low Setigticd power of the tedt, rather than any red
nonggnificant difference between responses. The trend was significant (Kendal’st, P< 0.05) in both
the turbulence tank (immediately after exposure) and the holding tanks (1 min to 48 h after exposure)
for hybrid bass; for sdmon, diminished responseto the bird silhouette was only significant in the holding
tank. The absence of an effect for sdmon in the turbulence tank gppears to be duein part to astrong
reaction to trandfer of the fish to the novd tank itsdlf, asindicated by the strongly negeative ? R vaues
under the control (zero turbulence) condition (Figure 15). The strong initia reaction to transfer to the
turbulence tank did not gppear to be present in the other two species, suggesting interspecific
differencesin sengtivity to transfer to novel environments.

Although significant effects were observed among sdmon and hybrid bass, turbulence had no
observable effect on reaction of rainbow trout. These results may be somewhat biased duein part to
the high degree of variability under the control condition. Also, it should be noted thet al test species
were cultured, and the hatchery or aguaculture rearing environments likely possessed differences in
turbulent conditions in which these species had been origindly acclimated. Although suggestive of
species-specific differences, the data are not sufficiently robust to identify these inter-pecific
differences, further study is needed before conclusions of no effect can be drawn.



Long-Term Recovery of Response

For all species, mean pre-exposure reaction in holding tankswas generadly high (between 2.0 and
3.0; Fig. 14.). Post-exposure reactions in holding tanks were generaly lower than pre-exposure
reactions for the first 60 min after exposure to turbulence, but appeared to increase to pre-exposure
levels within 24 h. However, there was no cons stent association between the degree of reduction of
the response and leve of turbulence intengty throughout this post-exposure period. Thereductionin
regponse was aso present in control groups suggesting that handling had a significant effect on post-
exposureresponse. However, recovery of response within the 60 min post-exposure period appeared
to belongest for the high turbulence condition in trout and salmon, suggesting some effect of turbulence
on response recovery at high turbulence levels
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6. FUTURE RECOMMENDATIONS

Reduce or account for variability in the data. Thiscan beachieved by testing only specieswith
low variability in response, or by conducting more control and treatment runs, potentialy on

individud fish rather than groups.

Improve experimental design to minimize handling effects A mechanism or experimenta

apparatus to measure Sartle response before and after exposure to turbulence would be ided,

however we found this to be technically chalenging dueto: 1) inherent (and unknown) effects of
handling on startle behavior; and 2) long period of time required to acclimate fish to the turbulence
chamber after transfer.

Improve resolution of data collection. Our experimentd protocol tested individud fish, but
because individuas could not beidentified between pre- and post- exposure conditions, we had to
express response as a mean for the group. Had we been able to identify change in response of

individua fish, sample size would have increased severa-fold, yielding improved ability to detect
turbulence effects, as well as ability to block data within tanks. An dternative might dso be to
expose fish to turbulence individualy (which would have been very time-consuming with our
gpparatus), perhaps by introducing turbulence into holding tanks containing one fish only.

7. BIOCRITERIA FOR EFFECT OF TURBULENCE ON FISH BEHAVIOR

The am of this sudy was to improve the understanding of the effects of hydraulic turbulence on
juvenile fish. By credting varying leves of turbulence that resemble conditions found in the field,
subjecting juvenile fish to these predetermined conditions, then testing if thereisabiologica response,
we established a preliminary protocol for measuring effects of turbulence on volitional avoidance
behavior. We atempted to create turbulent conditions that caused no direct injuries or mortdity, but
may ater afish' sbehavior, reduce their swimming capacity or otherwise reduce the ability of afishto
detect and avoid predators or other hazards (e.g., collison with stationary objects).

Thisstudy has demongtrated that turbulence can influence the startle response of fish, and the effect
can be produced and measured in the laboratory setting. Three generdized biocriteriafor turbulence
effects for the species tested can be established from these results:

1) Exposure to an average turbulence with Reynolds shear stresses that are higher than 50 N/n?
for a period of 10 minutes may induce minor injury to some species, but does not incur sgnificant
mortality over 48 h post-exposure period.

2) Exposure to an average turbulence with Reynolds' shear stressesthat are higher than 30 N/n?
for a period of 10 minutes does not reduce startle response in rainbow trout, but has a measurable
effect in terms of increasing reduction in sartle response with increasing turbulence for juvenile Atlantic
sdmon and hybrid bass. The degree of reduction in startle response measured would likdly put thefish
at risk of predation or other hazards.

3) Recovery of reduction in startle response from effects of turbulence at these scaesis complete
within 24 h for the species tested.
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