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FOREWORD

This document is based on a subcontract report submitted to Oak
Ridge National Laboratory {(No. 62B-13813C, letter release X07) by
Science Applications, Inc. The study was funded by the U.S.
Department of Energy, Assistant Secretary for Resource Applications,
Division of Hydroelectric Resources Development. The purpese of this
document is to provide summary information for use by potential
developers and regulators of small-scale hydroelectric projects
(defined as existing dams that can be retrofitted to a total site
capacity of <30 MW), where turbine-related mortality of fish is a
potential dissue affecting site-specific development. Mitigation
techniques for turbine-related mortality are not covered in this
report, but they will be the subject of another document scheduled for
preparation in 1981.

O0ak Ridge National Laboratory is implementing the Environmental
Subprogram Plan of the Department of Energy, Division of Hydroelectric
Resources Development (Hildebrand and Grimes 1979). This present
document is the fourth in a series of analyses of environmental issues
related to small-scale hydroelectric development. The previous three
reports in this series (lLoar et al. 1980, Hildebrand 1980a, and
Hildebrand 1980b) address dredging, upstream fish passage, and water
level fluctuation, and they are available from the National Technical
Information Service, U.S. Department of Commerce, 5285 Port Royal
Road, Springfield, Virginia 22161.

Stephen G. Hildebrand
Environmental Sciences [Division
Qak Ridge National Laboratory
Oak Ridge, Tennessee 37830






ABSTRACT

Turbak, S. C., D. R. Reichle, and C. R. Shriner. 1980.
Analysis of environmental jssues related to small-scale
hydroelectric  development. 1V: Fish  mortality
resulting from turbine passage. ORNL/TM-7521. Oak
Ridge National Laboratory, QOak Ridge, Tennessee. 116

pp.

This document presents a state-of-the-art review of literature
concerning turbine-related fish mortality. The review discusses
conventional and, to a Tlesser degree, pumped-storage (reversible)
hydroelectric facilities. Much of the research on conventional
facilities discussed in this report deals with studies performed in
the Pacific Northwest and covers both prototype and model studies.
Research conducted on Kaplan and Francis turbines during the 1950s and
1960s has been extensively reviewed and is discussed. Very Tlittle
work on turbine-related fish mortality has been undertaken with newer
turbine designs developed for more modern small-scale hydropower
facilities; however, one study on a bulb unit (Kaplan runner) has
recently been released. In discussing turbine-related fish mortality
at pumped-storage facilities, much of the literature relates to the
Ludington Pumped Storage Power Plant. As such, it is used as the

principal facility in discussing research concerning pumped storage.
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1. INTRODUCTION

The objective of this document is to present a state-of-the-art
review of turbine-related mortality of fishes. Although fish
mortality in hydraulic turbines is only one of the potential impacts
resulting from hydropower development (Hildebrand 1979), it appears to
be an important one. The completion of Tlarge hydroelectric and
storage projects, as well as renewed interest in developing
small-scale hydropower projects, will result in more water flowing
through turbines. Turbine-related impacts may be particularly severe
to juvenile anadromous fishes which, during downstream migration, may
encounter a series of hydroelectric installations. The extensive work
conducted on the salmonid fishes of the Pacific Northwest provides
specific insights into this problem.

This review considers fish mortality resulting from turbines
installed 1in both <conventional and nonconventional hydroelectric
installations 1in North America. Conventional facilities include
run-of-river and pondage operations, whereas nonconventional plants
consist of pumped-storage operations. Although the 1iterature on
turbine~related fish mortality has been reviewed (Lucas 1962, Bell et
al. 1967, and Montreal Engineering Company, Ltd. 1980), pumped-storage
operations were not considered. Information on conventional
installations Jjs primarily from studies undertaken in the Columbia
River drainage basin by the Fisheries Research Engineering Program,
U.S. Army Corps of Engineers, North Pacific Division and, to a lesser
extent, from investigations conducted in western and eastern Canada.
Mortality data from pumped-storage turbines draw heavily from work
done at Ludington, Michigan, the site of the world's largest
pumped-storage operation.

The scope of this document may be defined even further. In
studies undertaken at the conventional hydroelectric instaliations,
only mortality occurring as a result of fish passage from the turbine
intake to the draft tube exit will be reviewed. For nonconventicnal



hydroelectric facilities, investigations of mortality associated with
both the pumping and the generating modes of operation will be
discussed. In either type of facility, mortality resulting from
mitigative measures, such as the installation of screens or passage
facilities at the turbine intake, or from predation in the tailrace
area are bheyond the scope of this vreport, but they are important
considerations in the overall evaluation of turbine-related fish
mortality.

A glossary of technical terms used frequently in this document is
provided in Appendix A. Appendix B presents a list of contacts

identified with expertise in turbine-related mortality of fish.



2.  CONVENTIONAL HYDROELECTRIC TURBINE INSTALLATIONS

Most studies on fish mortality resulting from turbine passage are
associated with conventional hydroelectric plants. Both model and
prototype 1investigations are reported +in the literature. Mode1
studies refer to those conducted in a hydraulic Taboratory on scale
models of turbines in use at different locations. Prototype studies
are actual field investigations undertaken at a specific unit or units
within a powerhouse. The TJlatter type of study has been performed
primarily at installations 1in the Pacific Northwest; Tlocations of
these plants are shown in Figure. 1.

2.1 Background

Water resources development in the Pacific Northwest has been and
will probably continue to be profoundly influenced by commercial and
sport fishing of anadromous species. The effect of hydraulic
structures on migratory fish has been the subject of extensive study
by the U.S. Army Corps of Engineers, the National Marine Fisheries
Service, and the fishery agencies in the states of Oregon and
Washington and the province of British Columbia. Investigations of
turbine-related mortality were conducted primarily in the 1950s and
1960s. More current research efforts have concentrated on
(1) nitrogen gas supersaturation problems, (2) development and
refinement of fish passage facilities at dams, and (3) transportation
systems for downstream migrants.

In studies conducted on the effects of turbines, juvenile stages
of salmonid fishes weve usually used as test organisms because these
vulnerable organisms encounter dams in their downstream migration to
the ocean. Table 1 1lists 1ife history information for the five
species of Pacific salmon, the steelhead trout, and the Atlantic
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Table 1,

Life history information on anadromous fish species used in turbice-related mortality investigaxiansa

Months/seasons in which

the following activities occur

Downstream migrants

Egy Downstream
Copmon name Scientific name Spawning incubation Rearing migration Composition Size
Chinook saimon Gncorhynchus Sept. to Sept. to March to April to Fry start emerging in March. Fry Lergth of ail
Fall tshawytscha dan. March following  June run peaks in April, but consider- chinoek finger-
April able numbers migrate in May, tings: 51-57 mm
(up to Tesser numbers in June. May
1 year) rear to smolt and migrate the
faliowing year.
Spring Late July Sept. to March to Spring and tength of spring
to tate March following  summer of chinopok year-
Sept. April following tings: 76-127 mm
(1 year or year
ionger)
Surmer Sept. to Nov. to March to March to
mid=-Nov. March following June of
March following
(1 year or year
longer)
Coho saimon Gneorhyachus kisutch Sept. to Sent. to Apriil to March to May migrate to sea as fry, but tengih of year-
March Agril following  July of most spend & year in freshwater Ting smolls:
spring following and migrate as smoits. Main 39-114 mm
{1 year or year downstream mevement occure in May
tonger) for both smoits and fry, but fry
may be moved downstream through-
oul. the summer.
Pink salmon Uncornhynchus gorpuscha  Late Late Jan. to Dec. to Migrate immediately afier emer- Length of mi-
Aug. to Aug. to May May gence. Peak of run occurs in grating fry:
tate mid- April. 25-38 mm
Sept. gct.
Chum salmon Oncornynchus keta Mid- Mid- Dec. to fec. to tmergence and migration similar Length of mi-
Sept. to Sept. to May May to pink saimon, except peak gratiag fry:
early early migration of fry is in May. 38-51 mm
Jan. March
Sockaye salmon Oncorhynchus nerka Aug. to Temp.-de-  1-3 years April to Do not migrate until at least tength of second-
Nov. pendent,, June yearling smoits year smolts:
80-140 days, 89~127 mm
fry emerge
April to May
Steelhead trout Salme gairdnerii feb. to Feb. to 1~2 years March tc De not migrate untit at least tength of third-
Summer, group A gairdnerii March Aprid June yearling smoits year smolts:
125-203 mm
Summer, group B April to April to 1-2 years March to
May May June
Winter Feb. to Feb. to 1-3 years March to
May July (avg. 2 June

years})



Table 1 {continueq)

Months/seasons in which

the foljowing activities occur Downstream migrants
Egg Downstream
Common name Scientific name Spawning incubation Rearing migration Composition Size
Steelhead trout
{continueq)
Spring Late Late 1-2 years  Spring and
Dec. to Dec. to summer of
March May foliowing
year
Atlantic saimon Salmo saiar Late Fali o 1-2 years Spring to  Migrate as smolts Smolts are
summer to  spring summer generally:
early fal: 127-152 mm ‘tong

dInformation on Pacific salmon and steethead compiied from Department of Fisheries, Canaca (1958) anc &ell {1973); that on Atlantic saimon
from Montireal Engineering Company, Inc. (1930)



salmon. The Tatter anadromous species, Atlantic salmon, is important
in the eastern United States and Canada. Downstream migration is
initiated as a response to changing environmental conditions such as
increase in stream flow and rising water temperature (Bell 1973).
Seaward migration generally begins during the spring months, and, for
some species, is closely associated with the time of peak river
discharge.

The methods, results, and conclusions of both model and prototype
studies are reviewed in Section 2.4. Key papers, such as those of the
U.S. Army Corps of Engineers, Walla Walla (Washington) District, are
emphasized. In the compendium on fish passage through turbines, Bell
et al. (1967) indicated that experiments conducted with Francis and
Kaplan runners should be analyzed separately. This document follows
that suggestion, presenting the results and conclusions of studies
done with the different runners in separate sections. In so doing,
however, the work 1is$ not necessarily reviewed in a chronological
sequence. Because the experimental design of key investigations often
depended on the results of preceding experiments, a historical
overview is given in the next two paragraphs.

Prototype studies were initiated at the Columbia River's
Bonneville Dam in 1939 shortly after its construction (Holmes 1952,
cited in Davidson 1965). Although Rock Island was the first power dam
to be built on the mainstem Columbia, its limited powerhouse and
upstream location (river-kilometer 726) were not considered
sufficiently hazardous to require study (Davidson 1965). Bonneville,
however, located only 226 km from the river's mouth, posed a serious
problem to anadromous fish passage. After the experiments undertaken
at  Benneville, other prototype studies were conducted  in
(1) Washington (Hamilton and Andrew 1954a, Schoeneman and Junge 1954),
(2) Oregon (Schoeneman et al. 1961, Oregon State Game Commission
undated a and b, 1960, and 1961), (3) British Columbia (Hamilton and
Andrew 1954b, cited in Lucas 1962; Department of Fisheries,
Canada 1958; Andrew and Geen 1958), and (4) the Maritime Provinces
(MacEachern 1959, 1960; Smith 1960, 1961; Semple 1979).



In 1959, the U.S. Army Corps of Engineers, Walla Walla District,
began a series of experiments that spanned the following 10 years.
They were designed to determine not only the extent of Tish mortality
from turbine passage, but also the causes of mortality and possible
modifications in turbine design and operating conditions that would
reduce mortality. The first group of experiments was conducted with
both Francis and Kapian models (Cramer 1968). The next experiments
sought to relate turbine design considerations to fish mortality at
the high-head Cushman No. 2 Hydroelectric Plant equipped with Francis
prototypes (Cramer and 0Oiigher 1960). These were followed by
additional model studies of Francis runners (Cramer and Oligher
1961a), the results of which were field tested in further work done at
Cushman No. 2 (Cramer and QOligher 1961b}) and with the Francis
prototypes at the high-head Shasta Hydroelectric Plant (U.S. Army
Corps of Engineers, Walla Walla District 1963). The following studies
were also prototype ones, but were conducted on the low-head Kaplan
runner at Big C1iff Dam (Oligher and Donaldson 19&66; U.S. Army Corps
of Engineers, Walla Walla District 1979). The final experiments were
done on the Kaplan prototype at the low-head Foster Dam, which, on the
basis of previous experiments, was designed for maximum fish survival
during turbine passage {Bell 1979).

Very little work on fish mortality in turbines has been conducted
since 1969.

2.2 Turbine Types and Operation

An understanding of turbine function is essential for an analysis
of fish passage through turbines; therefore, turbine +types and
operation are briefly discussed. Hydraulic turbines are classified as
(1) impulse turbines ovr (2) reaction turbines. The terms reaction and
impuise have hydraulic significance in differentiating between the

actions of the water and the two turbine types and have become firmly



established through general usage. The two groups of turbines, differ
in the type(s) of energy that they are capable of converting into
mechanical energy and, subsequently, into electrical energy. The
impulse turbine transforms the kinetic energy of a high-velocity jet
discharging at atmospheric pressure on relatively small buckets
positioned on the circumfarence of a wheel (Cramer and 0ligher 1964).
In reacticn turbines, the entire fiow through the system from
headwater to tailwater occurs in a clesed conduit system and is not
open to the air al any point (Davis 1952). As water approaches the
rupner, it has both pressure energy {(becauss of its depth below the
headwater surface) and kinetic energy (because of its wvelocity)
(Kuiper 1965). Fish mortality investigations have been conducted
almost exclusively with reaction-type turbines.

Reaction turbines can be subdivided into Francis and propeller
types. Francis turbines are most commonly used under hydraulic heads
ranging from 30 to 300 m. The number of blades in a Francis runner
varies from 14 for lower heads to 20 for higher heads (Cramer and
0Yigher 1964). Propeller-type turbines are generally installed at
Tower head plants (<30 m) and usually have three to eight blades. The
clear opening between blades is greater than that of Francis runners.

The Francis turbine is a mixed-flow system in which water enters
the outer periphery of the runner and flows toward the shaft at right
angles to it, changing direction within the runner to a direction
parallel to the shaft (Figure 2). A similar flow pattern is also
common  upstream of  those propeller-type turbines that have
conventional distributor assemblies and that operate at medium heads.
In most of the propeller runners recently installed at low-head
facilities, however, water moves through the turbine parallel to the
axis of the runner (axial-flow) (Figure 2). The Kaplan turbine, which
is a specia1‘modification of the axial-flow, propeller-type turbine,
has adjustable blades that are coordinated with wicket gate positions
for obtaining higher efficiencies throughout the operating head and
output {(Mayo 1979). The basic features of a reaction turbine unit,

illustrated in Figure 3, consist of the runner or wheel, spiral case,
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Figure 2. lllustration of mixed-flow Francis runner and axial-flow propeller runner.
Source: Montreal Engineering Company, inc. 1880,
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Figure 3. Details of typical Francis and Kaplan turbines. Source: Montreal Engineering
Company, inc. 1980.
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stay ring with fixed guide vanes, adjustable wicket gates, and draft
tube.

The reaction turbines or models of such turbines that serve as
test systems for fish mortality investigations have been predominantly
older designs. More recently developed turbine-genevrator
combinations, which are particularly suitable for small-scale
operations, have been reviewed by Mayo (1%79). Among the designs
described are the bulb generator and the TUBE* turbine units, both of
which are equipped with propeller-type runners and horizontal shaftis.
The unique feature of the bulb unit is that the generator is encased
in a steel bulb, which is Tlocated in the water passages usually
upstream from the runner. The TUBE turbine has stationary wicket
gates or guide vanes, a tubular shaft, a runner with adjustable
blades, and a generator completely removed Trom the water passageways.

In the more traditional Francis and Kaplan designs, water enters
the unit's intake and flows into the spiral (or semi-spiral) case
(Figure 4). In these passages, water velocity is relatively low, and
pressure is strongly positive. Velocity, accelerating through the
guide vanes and wicket gates, reaches a maximum when flowing through
the runner and decelerates after passage through the runner. Some of
the remaining pressure head also decreases as the water moves through
the runner. The velocity head is converied to pressure in the draft
tube. The tailwater submergence elevation influences the degree to
which positive pressures may be restored 1in the draft tube. The
turbine setting is the elevation of the runner's centerline with
respect to the tailwater elevation. When the setting corresponds to a
negative vertical distance (runner centerline below the tailwater
elevation), draft tube pressure will be positive. If the turbine
setting is above the tailwater submergence elevation and operating
conditions are suboptimal, negative pressures may result in
cavitation.

XTUBE turbine is Allis-Chalmers trademark.
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Figure 4. Cross-sectiona! view of hydreelectric unit (Kaplan turbing) showing headwater
and tailwater elevations. Source: Redvawn from Leng and Marguette 1967,
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Cavitation may be explained as follows. At locatiocns under the
wicket gates, on the throat ring, or on the runner blades experiencing
sudden changes in the relative velocity of water, the flow pattern may
be sufficientiy disturbed to produce highly localized shearing forces
in the water, In these regions, the water's viscosity, or the
resistance to shearing stresses, produces vortices that have areas of
low pressure in their centers. If the flow conditions are
particularly turbulent, the strength of these vortices will increase
to a point where the pressure inside them decresases to the vapor
pressure of water. Vapor-filled cavities form; when these cavities
enter a zone of higher pressure, they violently collapse or implode,
producing an intense pressure wave. Cavitation produces vibration in
the turbine unit and causes pitting in the metal surfaces of the unit.
Areas of the runner subject to cavitation are shown in Figure 5.

The tendency toward cavitation is described by the Thoma
criterion or the cavitation number, o. Sigma 1is a positive,
dimensionless numher that is used to define the requived depth of the
turbine setting in relation to the plant's net head. This parameter
for a particular hydroslectric installation ("plant" sigma, op) may be

caiculated by

B HA _ HT ’
0p-—-ﬁw~m
P
where
HA = barometric pressure minus the vapor pressure of water in
the turbine,
HT = turbine setting,
HP = net head at the hydroelectric installation.

If the turbine setting is deep, then sigma is higher, and a lower
potential for cavitation exists for a given runner design (Montreal
Engineering Company, Ltd. 1980). Critical sigma is the value of sigma
at which cavitation affects turbine performance.

When a turbine is running at maximum efficiency, the guide vanes

and wicket gates are closely aligned, and the flow through the runner
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Figure 5. Runner of propeller-type turbine with circular arrows showing potential cavita-
tion areas.
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is relatively smooth. The water leaving the turbine runner flows into
the draft tube in a direction nearly parallel to the shaft. At power
Ioadings greater or less than those existing at maximum turbine
efficiency, guide vanes and wicket gates do not form a continuum, and
the resulting angularity increases turbulence. During turbine
part-Toad, water entering the draft tube tends to flow in the same
direction as that of the rotating runner, whereas during full-load,
the water forms a whirl in the opposite direction (Muir 1959). During
these suboptimal operating conditions, a vortex may form below the
runner cone in some cases (Figure 5), and undesirable cavitation
tendencies may be increased.

There are many factors in an operating turbine that can injure or
kill fish passing through the unit. Of these factors, cavitation is
believed to be the most serious {Bell et al. 1967, lucas 1962, Muir
1959). Forces strong enough to damage metal can certainly be lethal
to fish. Decapitation and the production of "“pulpy" tissues and
internal hemorrhages are examples of the types of severe injuries
attributable to cavitation. Pressure changes of a magnitude less than
those producing cavitation can also be harmful to fish. 1In addition,
shear forces produced by rapid changes in the direction of water
flowing through the unit and contact between fish and the turbine's
mechanical features (runner hub, runner blades, wicket gates, etc.)

may also cause mortality.

2.3 Methods of Estimafing Fish Mortality

2.3.1 Model

During 1959 and 1960, model studies were conducted by the U.S.
Army Corps of Engineers, Walla Walla District, at the Allis-Chalmers
Hydraulic Laboratory in York, Pennsylvania (Cramer 1960, Cramer and
O0ligher 1961la). Model turbines were designed to be scale versions of
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prototyve wunits installed 1in various parts of the United States.
Nonsalmonid fingerlings were introduced into the model penstock via a
fish lock and were recovered in a net atlached to the draft tube
oullet. Control fish were subjected to the same handling conditions,
but. were not placed in the model turbines. Both test and control fish
were observed for 5 d after the tests to assess delayed mortality.
Survival was calculated by the ratio of the fraction of Tive fish in
the test group to the fraction of live fish in the control group.
Mortality was calculated by subtracting the fraction of test fish
survival (corracted for control fish survival as described above) from
1.00. In  these experiments, different operating conditions
(variations in hydraulic head, runner speed, and tailwater elevation,
or modification of the runners) were tested to elucidate their effect
on the mortality of different species of fish in varying size classes.
Fish killed in the experiments were examiined by pathologists to

determine the probable cause of mortalily.

Because of the number of pratotype investigations undertaken and
the evclution of methods effective for conducting these complex field
operations, only a8 general description of the methods will be
presented.  Mark, release, and recapture methods were used in which
marked test fish were usually introcucesd into the turbine intake and
recovered at somz point after passage through the turbine. Control
fish were released at the draft tube exit into the tailrace and
recovered by similar means. Recapture times may range from immediate
(downstream from dams with nets) to long term (returning aduits)
(0Tson and Kaczynski 1980).

Iin the early studies done at Bonneville Dam (Holmes 1952, cited
in Davidson 1965), mortalily was estimated by comparing the ratio of
returiiing adult test and control fish. With this procedure, the

sample size of returining adults is ofter too small to yield meaningful
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results, and studies must be conducted for several years to accumulate
sufficient data for estimating mortalities (Schoeneman et al. 1961).
Hamilton and Andrew (1954a) and Schoeneman and Junge (1954) developed
partial recovery methods in which marked test and control fish were
caught in the tailrace or areas of the vriver downstream from the
powerhouse.  Fyke nets equipped with Tive boxes were genevally used
for these purposes {(Figure 6). The turbine intake gatewells or
turbine bypass structures of downstream dams have also been used to
recover test and control fish (0lson and'Kaczynski 1980). Partial
recovery techniques permitted an almost immediate assessment of
results so that experimental procedures could be readily duplicated or
modified. Also, a much larger sample was available for statistical
analysis so that narrower confidence intervals for fish mortality
could be calculated. Survival estimates were then based on the ratio
of the fraction of live test fish (immediate and delayed) in the total
number of test fish recovered to the fraction of live control TFish
(immediate and delayed) in the total number of control fish recovered.
Mortality was calculated by subtracting the fraction of corrected test
fish survival from 1.00. Hamilton and Andrew (1954a) compared
mortality calculated from partial recovery methods with those based on
adult rveturns and found close agreement. These researchers further
refined mortality estimates from partial recovery methods by pointing
out the falseness of the assumption that the recovery rates for dead
and live fish were the same. Because live fish would enter the nets
more veadily than dead ones, the authors suggested that marked dead
fish be released with the live ones 1in the penstock so that a true
recovery rate of dead fish could be determined. This procedure
permitted derivation of a factor for correcting the disproportionate
availability of live and dead fish in the catch.

Another method that was used for partially recovering fish passed
through the turbine was the gossamer bag and balloon technique (U.S.
Army Corps of FEngineers, Portland District 1960). Fingerlings were
placed inside gossamer bags, which were attached to balloons. After
nassage through the turbine blades, the balloon inflated automatically
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TAILRACE SURVIVAL GEAR

PONTOON-MOUNTED FYKE NET AND SURVIVAL BOX USED IN THE RIVER.

Figure 8. Examples of partia!l recovery net systems used in turbine-related mortality
studies. Source: Hamilion and Andrew 1854a.
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by means of gelatin capsules of calcium hydride timers. Fish were
then recovered in the tailrace or at points further downstream. This
technigue was discontinued because it was uncertain how the gossamer
nags may have helped or hindered survival in the turbine. A somewhat
similar method described by Johnson (1970) involved attaching a
float~tag assembly to the fish. This technique, however, was reported
after most of the turbine passage experiments had been completed.

The use of full recovery nets or nets designed to strain the
water flowing through a turbine unit (Figure 7) was widely endorsed by
the U.S. Army Corps of Engineers. Use of these nets improved the
recovery of test and control fish over partial recovery methods
(Cramer and Donaldson 1964). These nets were fastened to a rigid
steel frame placed flush against the draft tube opening (Figure 7).

After development of efficient and reliable recovery methods,
differences 1in mortality with varied operating conditions could be
assessed.  As in the model studies (Sect. 2.3.1), fish killed in the
experiments were examined by pathologists.

Z2.3.3 Assessment of Study Type

The model and prototype experiments are both important in
elucidating the extent and cause of turbine mortality. Initial
findings in the model experiments could suggest operating conditions
or vunner modifications that should be investigated further in field
studies.  Recovery of turbine-passed fish and complete control of
experimental conditions were possible in the model turbine units,
making conclusions more definitive and the statistical basis of
comparing test situations  stronger. However, in the model
experiments, it was impossible to scale down the sizes of test fish so
that the ratio of fish length to turbine dimensions was the same as
that 1in prototype turbine studies. The fish passing through the
McNary prototype would have had to be 1.2 m in length to compare
experimental conditions with those in the McNary model (Cramer 1960).
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This turbine size factor may have strongly influenced the magnitude of
mechanical-type injuries observed in the different studies. Although
similarities were noted in the results of model and prototype
investigations dinitially conducted by the U.S. Army Corps of
Engineers, Walla Walla District (Cramer and Oligher 1960}, Bell et al.
(1967) contended that predicting prototype performance from the model
studies was probably not feasible.

2.4 Results and Conclusions of Mortality Studies

2.4.1 Model Studies with Francis Runners

Head, speed, and turbine setting were varied in the first set of
experiments conducted with the model Francis runners (Cramer 1960, VYon
Gunten 1961). Results indicated that

1. Mortality increased with higher head and higher speed.
Mechanical-type 1injuries (abrasion, contusion, lacera-
tion) dincreased with runner speed so that, at
relatively high speeds, correlation of pressure injury
to turbine operating conditions was impossible.

2. Mortality increased as draft tube pressures decreased
from higher turbine settings. The injuries incurred by
fish tested wunder these conditions consisted of
internal hemorrhages, deflated air bladders, protruding
eyeballs, and hemorrhages visible in the pectoral
girdle area.

3.  Mortality estimates as high as 100% could be produced
by combining high runner speeds with low tailwater.

Results of the second set of experiments (Cramer and 0ligher
1961a), in which substantial modifications were made in the Francis

runner, demonstrated that
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1. Small changes increasing the clear opening between the
edge of runner blades anad the wicket gates could
decrease mortality.

2. Total mortality increased as the tailwater level was
dropped in successive stages from above to below the
runner centerline, even though the point of general
cavitation was not reached.

3. Many of the internal hemorrhages may be caused by
external mechanical pressures or bruises because
injuries characteristic of pressure changes occurred
only when the turbine setting was relatively high.

4, In computer analysis of the experimental results,
runner speed appeared to be the single most influential
variable affecting mortality.

On the basis of these two sels of experiments, the researchers
concluded that the operating conditions that provide for maximum
survival of fish passing through Francis turbines were relatively low
runner speed, high turbine efficiency (the absence of part-load or
full-load conditions), vrelatively deep turbine setting, maximum
clearances between wicket gates and the intake edges of runner blades,
maximum clearances between blades, and turbine operation at relatively
high sigma values (Cramer and Gligher 1961a).

Although different species of fingerlings (fathead minnow,
largemouth bass, and banded killifish), ranging in size from 38 to
61 mm, were tested in the first set of experiments, no conclusions
were drawn on their differential susceptibility to injury. In the
second set of experimenis, the relationship bhetween size and mortality
remained inconclusive, primarily because of handling losses in the

small- and medium-size groups.
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2.4.2 Model Studies with Kaplan Runners

Model experiments with Kaplan runners were not nearly as
extensive as those with Francis runners. However, it was still
possible to relate dincreased mortality to certain operating
conditions, such as high runner speed and high turbine setting {Cramer
1960, Von Gunten 1961).

2.4.3 Prototype Studies with Francis Runners

Many prototype studies have been performed with Francis runners,
each study having its own unique set of experimental conditions. Data
generated from these studies are briefly presented. Table 2 describes
the operating conditions, or medifications of those conditions, that
existed during the experiments. Table 3 presents data on the test
species and their respective sizes. The fish mortality sstimates are
extremely variable, ranging from 0% wmortality calculated for
investigations at the Lower Elwha Dam (Schoeneman and Junge 1954) to
nearly 100% mortality in the studies done at Crown Zellerbach (Dregon
State Game Commission 1961). <Clearly, the results largely depend on
testing conditions. Because the relationship between structural or
operatienal aspects of +turbine function and the resultant fish
mortality were more clearly delineated in work done by the U.S. Army
Corps  of Engineers, Walla Walla District, these studies are
emphasized.

The first Francis prototype studies undertaken by the Walla Walla
District Corps were conducted at Cushman No. 2 Hydroelectric Plant on
the North Fork of the Skokomish River in Washington. The experimental
design consisted of testing a series of high, medium, and Tow
tailwater elevations at four specific gate openings (power loadings)
{Cramer and Oligher 1960, Von Gunten 1961). Results of these tests
indicated that for power heads up to 143 m:



Summary of prototype investigations of turbine-reiated fish mortality
conducted at hydroelectric installations ecuipped with Francis runners where
experimentai modifications in operating conditions were employed

Position
Plant. sigma Clear of runnper
opening in relation Mortality
h between to tail-
Hydroeiectric Runner Min. runner water ele-
installation speed (rpm) Actual recom’d. blaces vation {m) % Comments
(cm)

Baker Dam, ali units 300 0.1i3 G.08 25 intake +1.5 28-34 Immediate
Baker River 5 discharce recovery
Washington 37 basec on
1950-1652 adult
{Hamiiton and Andrew 1954a) retuirn

Lower Eiwha Uam, units
nos. 3 and 4 300 0.185 0 8 U Confidence
Elwha River interval
Washington of -7 Lo
1953 +5%
1Schoeneman and Junge {954)

Giines Canyon Dam 225 0. 135 0 8 30-33 Range
Eiwha River indicates
Washington that all
1953 fish re-
{Schoeneman and Junge 1954) sulis

wers com-
bined

Ruskin Dam, unit no. 3 120 0,22 0 +3.0 10.%

Stave River

British Columbia, Canada
1953

(Hamilton and Andrew 1954b,
cited in Lucas 1962)

Puntiedge Deveiopment,
one unit 277 U, 092 J 28-42 Inciuded
Puntiedge River 48-h de-
3ritish Columbia layed
1955 mortaiities
{Department of Fisheries,

Canada 1958)

Seton Creex Station,
one unit 120 0.296 i 15 -4.9 g.2
Seton Creek
British Columbia, Canada
1957
{Andrew and Geen 1958)

Leaburg Plant, unit no. 2 4.8 Contidence

Mckanzie River
Gregon
1958

{Oregon State Game Commission,

undated a)

interval of
3.5 to 6.0%



Table 2 {continued)

Position
Plant sigma Clear of ner
opening  in reiation Mortaiity
Rated fiumber of  between to tail-  Wicket
Hydruelectric norma’l Runnar Min. Runner runner water ele-  gate
instaliation head (m) speed (rpm) clual recom' d. biades biades vation {m) opening % Coswments
{cmy
Stayton Plant,
unspecified unit 4.5 175 +2.0 2. Range
Gragon 9. indi
195%
{Oregon 3tate Game Commission, Figh ce-
undated b} sutls were
combined
Crown Zellerbach,
unit nos. 20 and 21 12-13 255-300 +6.4 to 0.90
Willamette Falis {experi- +8.2
Gregen mental)
3 and 191 1.0 28.4 -
{Gregon State Game Commission 9s.8
1960 and 2961}
Publishers' Paper Company,
un L2 13 300 . +5.7 to 1.9 12.1 -
willametite Falls {experi- 7.4 15.5
Oregon nental)
1960 and 1961
{Gregon State Gape Commission 1960 and 1961)
Portiand General tiectric,
unit no. 8 1z 240 0.3 14.3 -
wiltamette Falls {experi- 25.9
Jregon mental)
1960
{Qregon State Game Commission 1969)
are com-
Hined
Cushman No. 2,
unit no. 33 137 390 3. 045 2.055 15 £-9 +1.2 0.49 41.0
North fork of Skokomish River 5.073 +2.5 95.4
washington +3.4 47.8
1980
{Cramer and 0ligher 1950}
+1.5 22.7
+2.7 249.1
+3.3 34.5
+1.2 9.8
+2.8
+3.3
+ 1.0

+
[N
w o

Le



Table 2 (continued)

Position
Plant sigma Clear of runner
opening  in relation Mortality
Rated Number of  between to tail-  Wicket
Hydroelectric normal Runner Min. Runner runner water ele~  gate
instaliation head (m) speec (rpm) Actua: recom'd. blades biades vation (m) opening % Comments
{cm)
Cushman No. 2,
unit no. 33 137 300 0.046 0.055 i5 8-9 +1.5 to 2.40 63.9
1961 0.073 +2.
{Cramer and Qiigher 1961b) Q.50 38.90- Range
43.2 indicates
that coho
J.60 41.5- and steel-
53.9 head
results
0.68 34.7 are com-
44.9 bined
n.78 26.2-
38.0
0.84 30.5- o
46.3
o0
0.90 28.7
10 36.2
Shasta Dam, U-3 101 138.5 0.078 0.067 15 14 +0.4 to 0.43 21.0- Range
Sacramento River at net +1. 42.4 indicates
California head that
1962 of 119 m 0.50 24.6~ all test
(U.S Army Corps of Engineers, 46.9 fish re-
Walla Walla District 1963%) sults
are com-
0.55 18,4~ ined
41.
0.60 21.3-
33.8
0.65 /-
45.2
Malay Falls Dam,
unspecified units 12 225 1.5 Confidence

East River
Mova Scotia
1975

(Semple 1979)

interval of
3.2 to
12, 8%

Source: Adapled from Lucas (1962).




turbine-related fi

h mortatity

3 nped with Francis runners
: 28
Age and size Mortaiity

Rydroglectric Age Llass Average length Range in

instaltation of fish ot h {mm) tength {mm) % Comments

Baker Dam, all units pative sockeysz  Yeariings a7 34 L2 recovery
Baxer River 37 5oadult return

Native coho Yearlings 98 75-130 28. immediate recovery
{Hamilton and Andrew 19b3a}

Lower Eiwha Dam, units no. 3 and 4 Hatchery Fingerlings 70 52-82 0 ConTidence interval
Eiwha River chiinook of ~7 o +5%
Washington
1983
{Schoeneman and Junge 1954)

Glines Canyon Dam, one unit Hatchery Fingeriings 70 52-82 33
Elwha River chinoox
Washington
1953 Hatchery coho Yaariings Py 70-125 30 Confidence intervai
(Schoeneman and Junge 1554) of 23 to 37%

Ruskin Dam, unit no. 3 Hatchery Yearlings 86 56-120 18.5
Stave River sockeye
British Columbia
1353 '

{Hamiiton and Andrew 1954b,
cited in Lucas 1962)

Puntiedge Development, unspecified Hatchery Yearlings 125 76-165 41.9
unit steelhead;

Puntledge River hatchery Fingerlings [} 51-89 27.5 Includes 48&-h
British Columbia rainbow 46 38-58 28.8 delayed mortaiities
1955

{Department of Fisheries, Mative mixed Fry 37 30-53 32.6

Carada 1958; 5aimon

Seton Creek Station, one unit Hative sockeye Yeariings &5 73-99 9.2
Seton Creek
gritish Columbiz
1557
{Andrew and Geen 1958)

Leaburg Plant, unit no. 2 Rainbow Yearting 5.8 Confidence interval
McKenzie River of 3.6 to 5.0

regon

1958

{Oregon State Game Commission
uyndated a)

Stayton Plant, unspecifiea unit Hatchery Fingertings 3.1 Contidance interval
CGregen chingok of 7.5 te 10.7%
1959 ) )
{Oregun State Game Commission Hatchery 2.1 Cunf1§ence interval
undated bj steethead of 1.1 to 3.1%

6



Table 3 {continued)
Age and size Mortality

Hydroelectiric Fish Age Ciass Average lengtn Range in

instailation species tested of fish of fish {mm) length {mm) % Comments

Crown Zeilerbach, unit nos. 20 and 23  Haichery Yearlings 127 25.2 Rasults of two
Willamette Faiis steelhead units averaged for
Jragon 1360
1960 ang 1951 99.8 Resuits of two
(Oregon State Game Commission units averaged for
1960 ang 1901) 1961

Hatchery Yearlings 102 23.6 Resuits of two
chinook units averaged for
1960
99.8 Results of two units
averagea for 1961

Pubiishers' Paper Company, unit no. 2 Hatchery Yeartings 27 12.5 Average ot 1980 and
Wiitamette Falis steeihead 1961 resuils
Uregon
1966 and 1961 Hatchery Year'ings 102 14.1 Average of 1950 and
(Cregon State Game Commission chinook 1961 resuits
1960 and 1%61)

Poriland Generai Etectric, unit no. 9  Hatchery Yearlings 127 25.9 Confidence interval
Willamette fails steeihead of 20.1 to 31.7%
Oregon
1960 Hatchery Yearlings 102
(Jragon State Game Commission 1950) chinook

Cushman No. 2, unit no. 33 Eatchery “ingerlings 57 44-67 Ail species were combined in test re-
Norih Fork of Skokomish River chinook suits, range indicates differenl wicket
Washington gate openings
1960
(Cramer ana 0ligher 1960) “atchery cono Year'ings 89 57-102 22.7-4:.0 High tai‘water

Yeariings 227 63-152 26.3-55.4 Medium taiiwater
cteeihead
34.5-47.8 Low taliwater

Cushman No. 2, unit no. 33 Hatchery coho Yearlings 75 A1l fish gradec 25.2-53.9 Range indicates
1951 to anproximate different wicket
(Cramer and Ciigher 1961) Hatchery Yearlings 152 average .engih 38.0-53.0 gate openings

steelheac

Shasta Jam, U-1 Fatchery Yearlings 6 A.: fish graded 27.9-t5.2 Rance indicates
Sacramerto River chinook Lo approximate different wicket
Caiifornia average :ength gate openings
1962 Fatchery Yearlings 152 0.7-2&.5
{U.S. Arny Engineer District, steelhead
Waiia Walia 1963;

Hatchery 228 28.8-46.9
rainbow

Malay Falls Dam, unspecified units ratchery 2-year-olds 2150 19.5 Confidence interval
East River Atlantic of B.3 to 12.9%
Mova Scotia satmon

1975
{Semple 1979)

Source: Adapied from Lucas {1962}.

0¢
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1. Turbine characteristics influenced fish mortality.

2. Mortality asscciated with mechanical effects was
directly related to the physical features of turbine
design such as blade clear opening and runner speed.

3. Hydraulic head was not a significant factor in the
mortality of fingerlings passing through turbines,
except as related to acgompanying prevalence of
low-pressure areas which may have been encountered in
the hydraulic passages.

In these experiments, three diffarent size classes of fish were
evaluated (Table 3). Although comparison of the effects of different
operational modifications (tailwater levels and wicket gate openings)
on the basis of size c¢lasses was not possible, some trends were
observed. The larger fish such as steelhead (ranging from 63 to 152
mm in length) suffered somewhat greater mortality. No species or size
class showed a significant difference in the types of injuries
incurved during turbine passage.

In 1961, additicnal tests were undertaken at Cushman Ne. 2 to
confirm the findings of the previous tests, to investigate problems
associated with the size of clear openings within the turbine unit
more thoroughly, and to provide more information on the significance
of power loadings and operating efficiencies to estimates of mortality
{(Cramer and Oligher 1961b). The results of these axperiments (Tables
2 and 3) confirmed many of the earlier findings and led to further
understanding of the effect of wicket gate/blade and blade/blade clear
openings on fish survival. Because two distinct size classzes of fish
were used in these experiments (Table 3), it was possible to conclude
that blade clear openings become a more important factor in fish
survival as fish size increases. The clear openings between the
trailing edge of the wicket gates and the intake edge of the runner
blades appeared to be beyond the critical clear openings for a 76-mm
fish, but not for a 152-mm fish. These researchers also concluded
that, if blade clear openings were adequate for fish passage, turbine
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efficiency alone for a given mean draft tube pressure may be an

ccurate basis for evaluating survival in turpines of similar designs
and performance characteristics. Statistical analyses of the data
generated in this experiment indicated that the interrelationship of
flow conditions causing inefficient turbine operation and inadeguate
clear openings greatiy influences mortality.

Further studies of Francis prototypes were conducted in 1962 at
the Shasta Dam Hydroelectric Plant (U.S. Army Corps of Engineers,
Walla Walla District 1963). The Shasta plant was chosen because its
runner had greater clear openings between hlades and operated at a
lower speed than that of the Cushman No. 2 wunits. In these
investigations, tailwater Tlevels were held constant, and five
different wicket gate openings (and thus their corresponding
efficiencies) were tested (Table 2). As it the second group of
experiments at the Cushman No. 2 plant, different size classes of fish
were tested (Table 3). These experiments showed that greater blade
clear openings, slower speed, and a lesser degree of negative
pressures in the hydraulic passageways produced lower mortalities than
those reported for the Cushman No. 2 plant. The average mortality of
chinook salmon juveniles (small-size fish) was 21.5%, that of
steelhead (medium-size fish) was 31.0%, and that of rainbow trout
(large-size fish) was 33.4%, suggesting that the smaller-sized fish
may have higher survival during turbine passage.

el

The three sets of experiments conducted by the U.S. Corps of
Engineers, Walla Walla District, confirmed what model experimenls had
suggested (U.S. Army Corps of Engineers, Walla Walla District 1963).
Turbine characteristics, particularly those associated with part-load
or other operating conditions 1in which Tlow efficiencies were
experienced, were of major significance to mortality. Survival under
the most efficient operating conditions was nigh enough to offer
encouragement that, through proper precautionary measures in turbine
design and operation, successful fish passage through high-head

turbines can be achieved.
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Although the previous discussion addresses the extent of
mortality to different test organisms under different operating
conditions, it does not focus on the types of injury. Mechanical
types of injuries were the predominant ones encountered in the three
groups of experiments conducted on the high-head Francis prototypes.
They constituted 76.8% of the injuries incurred by fish tested at the
Shasta plant (U.5. Army Corps of Engineers, Walla Walla District
1963). The percentages of dead fish recovered with different types of
pressure and mechanical injuries are summarized 1in Table 4.
Contusions and ltacerations appeared to be relatively common types of
injury suffered by these experimental groups. Other researchers who
conducted prototype studies on Francis runners noted high percentages
of eye damage (Schoeneman and Junge 1954, Andrew and Geen 1958). This
type of injury may result from both mechanical (shearing forces) and
pressure (rapid decrease in pressure) effects. When accompanied with
abrasions or lacerations, eye damage was usually considered to be a
mechanical injury.

The extent and magnitude of pressure effects are more difficult
to assess. It is generally agreed that high static heads are not
harmful to juvenile salmonids. Although laboratory investigations
have experimented with rapid pressure changes (Clausen 1934, Brawn
1962, Muir 19%9, and Tsvetkov et al. 1971), there is still
disagreement as to the effects of instantaneous exposure to pressure
waves, such as those cccurring across the runner and upon entering the
draft tube. Salmonid fishes have open swim bladders and may be able
to release or take in air to accommodate pressure changes. On the
basis of a series of laboratory experiments, Muir (1959) contended
that, in Francis and propeller turbines at low to intermediate heads,
significant mortality was not likely to result from the exposure of
salmon fingerlings to a partial vacuum if unaccompanied by cavitation.



Tadle 4. Types of injury experienced in turdine-related fish mortality investigations
conducted by #.S. Army Corps of Engireers, Waiia walla District

Occurrence of injury (%) by tyoea

Kon-
specific Grgan-
internai specific Damagedc No
<on- Jecapi-  hemor- hemor- tye internal oper- Torn Mace- apparent
Investigation Aprasion tusion tation  rhage rhage Laceration damage rupture  culum isthmus ration injury
Francis runners
Cushman No. 2
Hycroeiectric Plant
(Cramer anc Oligner 1961b)
Cohe salmon 3.1 31.5 4.6 10.5 1.¢ 22.6 17.7 8.0
Steeihead trout 10.9 30.6 8.9 11.6 &3 23.5 5.0 8.1
Shasta Hydroeiectric Plant
U S, Army Engineer
District, Waiia Walla 1963)
dan. '92 -
Chinoox salmon {smaltl) 5.5 14.0 7.3 6.5 5.1 i5 20.7 2.8 5.8 5.3
Steethead trout (medium) 6.5 20.3 13.0 9.2 7.7 17.2 8.0 3.5 6.8 5.8
Rainbow trout (large) 13.5 25.7 5.5 56 12.1 19.¢ 1.5 4.4 10.3 1.1
Mov. '62 -
Chinook saimon (small) 9.0 26.9 4.3 5.1 6.4 5.6 11.6 3.5 18.1 1.7 0.3 7.5
Steeihead trout {medium) 1.3 15.9 20.2 4.5 7.1 13 2.5 1.7 10.8 8.0 12.5 2.3
Rainbow trout {iarge) 3.4 8.8 3.7 4.3 8.5 6.0 1.7 1.7 3.7 6.2 7.7 4.3
Kaplan runner
Big C1iff Hydroelectiric Piant
(31igher anc¢ Donaldson 1966)
Head of 26 m 0.9 5.1 9.2 11.3 41.5 6.7 10.8 4.3 4.9 0.8 5.4
Head of 25 m 0.7 7.3 6.1 20.8 47.3 3.4 1i.5 6.6 1.6 1.1 3.6
Head of 22 m 2.3 3.9 3.9 3.7 49.9 2.2 9.2 1.5 4.9 0.8 7.7

aTypes of injuries are cefined as follows {(L.S. Army Corps oi Engineers, Walla Waiia District 1963):
Abrasion--rubbing or scraping off of skin
Contusion--bruise.
Decapitation--head severec from body.
Nonspecific internal hemorrnage--internal bieeding from nonspecific organ
Grgan-specific hemorrhage--internal bleeding from specific organ
Laceration--rioning, tearing, or cutting of tissue.
fye damage--hemorrhaged, micsing, or otherwise damaged eyes.
internal rupture--body "puiosy" as tnough badly beaten (occasionally observed of a specific organ).
Damaged operculum--severe damage as from pressure forces on anterior portion of operculum, generally accompaniec by torn gill arches
farn isthous--severad or severey lacerated, generatly accompanied by torn gili arches
Maceration--body, or body part severely chewed up
No apparent injury--death probabiy due to shock or noninjury cause

ve
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2.4.4 Prolotype Studies with Kaplan Runners

Experiments conducted on Kaplan prototypes are summarized in
Tables 5 and 6. 0f these, the ones performed at McNary and Big Cliff
Dams are cited as key examples. Today, the work of Schoeneman et al.
(1961) s still considered to be one of the best estimates of fish
mortality vresulting from passage through Kaplan turbipes. In their
investigations of mortality at these two facilities, these researchers
found no significant differences between Tish mortality at Big Cliff
and McNary when turbines were operated at power loadings (75 and 80%
wicket gate opening) that slightly exceeded the maximum efficiency
loading. When the data were combined, mortality from turbine passage
was estimated at 11% with a 95% confidence interval of 9 to 13%. At
Big Cl1iff, experimentation with a 40% wicket gate opening (a power
loading considerably less than the maximum efficiency loading) using
fingerling chinook salmon yielded an estimate of 21% mortality, with a
confidence 1imit of 17 to 24%. Compared with results obtained during
turbine operation at higher power JIpadings, this difference is
significant. Schoeneman et al. (1961) suggested that the difference
may have arisen as a result of increased cavitation, which usually
accompanies part-load conditions (Sect. 2.2). The authors pointed out
that a wicket gate setting of 40% would be unlikely during the main
portion of downstream salmon migration because of the large volume of
water available for generating.

Work initiated at Big Ciiff in 1957 was continued in 1964 and
1966 (Oligher and Donaldson 1966) and in 1967 (U.S. Army Corps of
Engineers, Walla Walla District 1879), primarily to provide »
information on Kaplan runners similar to that generated for the
prototype francis units. This was deemed particularly valuable in
view of the fact that the Tow-head dams on the Columbia and Snake
Rivers contained, or were projected to contain, only Kaplan runners,
Test conditions in the 1964 experiments consisted of varying wicket
gate openings so that power loadings would range from below the
cavitation point to full-load for each of three different hydraulic



Tabie 5. Summary of protoiype investigations of turbine-related ish mortality
conducted at hydroelectric insta)lations eguipped with Kapian ranners

where experimental modifications in operating conditions were empioyed

Position
Plant Sigma of runner
Clearance 1in relation Mortality
Rated Numper of  between o tail-  Wicket

Hydroeiectric normatl Runner Min. runner runner watar ele-  gate

instaliation neac¢ (m) speed (rpm) Actual recom'd. piades blades (cm) vation (m) opening % Comments

Sonnevilie Dam, unspecified units 18 75 0.54 0.53 5 11.5 Based on
Columbia River (esti- aduit
Oregon mated) returns
1939-1948
{Hoimes 1952, cited in Lucas
19623

McMary Dam, units nos. 2 ancd 4 24 86 0.73 0.5) [ -7.6 to 0.75 8
Cotumbia River -9.1 0.80 13
Oregon
1955-1956
iSchoeneman et al. 1961)

Big C1iff Dam, one unit 27 164 0.42 Q.40 5 -1.5 0.40 2% Confidence
North Santiam River interval of
Oregon 17 to 24%,
1957 coinbined
{Schoeneman et al. 1981) 0.80 11 fingerling

and yeariing
resuits

8ig C1iff Dam, one uniz Experi- 0.330 10.2
1964 and 1956 mental 28 0.375 0.1
{(0%igner and Donaldson 1956) 0.485 5.9

0.591 2.0
J.682 8.2
0.745 0.2
Experi- 0.42%
mental 25 .535
0.640
0.7590
0.80%
0.855
Experi- 0.472
menta. 22 0.612
0.750
G.83
0.890
1.00

9¢



Table 5 {continued)

Pasiticn

Plant Sigma of runner

Clearance in relation Martaiity
Rated Number of  between te tail-  Wicket
Hydroelectric rormal Runner Min. runner runner water ele-  gate
installstion head (m} speed {rpm} Actual recom' ¢, blades plades (tm) vation {m} opening % Comipants
8ig £1iff Dam, one unit Experi- J.350 8.7-17.1  Range iodi-
1967 mental 28 0.599 9.0-11.3 cates tnat
{U.S. Army Corps of Engineers 0.835 8.3-1E.3  test fish
1978} resulis are
Experi- 0.410 3.6-4.0 combined
@mental 27 0.530 6.4-15.0
0.624 5.7
0.8%6 190
Experi- 4,385 14.4-16.0
mental 25 0.448 5.2-13.8
0,640 7.4-7.5
14.6-15.5
12.0-23.1
Experi- B.435 10.¢-11.4
mentat 23 6.625 i4.3-17.6
G.673 7.9-13.%
Experi- 0. 440 12.8-12.1
mental 22 0. 680 3.3
0. 953 3.2
wWaltervilie Plant, unspecified txperi- 0.62 2.5 Confidence
unit, Mckenzie River mental 17 interval
Gregon of 0.6 to 4.4
1958 G717 7.5 Confidence
{Oregon State Game Commission interval of
undated a) 4.8 L¢ 10.2%
Tobigue Narrows, unit ao. 1
Tobigue River 23 225 §.72 0.57 5 Open-75 i7 Joes not
New Brunswick inciude
1959 detayed
(Mactachern 1959)
Tobique Narrows, units nos. L and 2
1960 16-24 Range in-
{Macfachern 1360) dicate that
test Tish re-
suits are
combined;
delayed
mortality
included
Tusket Falls, units nos. 1, 2, 5 225 .92 .70 4 Open-5L; +1.5 to 06.75 16.5-52.9 Range in-
and 3 ctosed-1 +2.1 dicates that
Tusket River test fish
Nova Scotia resulls are
19640 combined;
(Smith 1969) delayed
mortatity
inctuded
Tusket Falis, units nos. 1, 2, variable 0.75-0.80 50.3 Includes

and 3
1961)
{Smith 1961)

delayed
mortatity

Source: Adapted from Lucas {1962)



for different test fish species and size ranges

Mortaiity

Hydroeiectric Fish Age class Average tength Range in

inctal:ation species tested of fish of fish {mm} Teagth (mm) % Comments

Bonneviile Dam, unspecitied units Chinook Fingerlings 1.5 Basec on aduit
Columbia River returns
Oregon
193$-1948
(toimes 1952, cited in Lucas 1952)

McNary Dam, units nos. 2 and 4 Hatchery Finger:ings 53 45-60 8-13%

Columbia River chinook
Jregon

1955-1956

(Schoeneman et al. 1961)

Big C1iff Dam, one unit Hatchery Fingerlings 53 45-60 12
North Santiam River chinook Yearlings 121 95-145 9
Oregon
1957
{Schoeneman et al. 196:)

Big Cliff Dam, one unit natcnery Yearlings-1964 76-102 4.5-22.0 Range indicates that
1964 and 1966 chinook results from different
{0iigher anc Jonaldson 1966) Year:iings-1965 102 2.9-18.3 experimentat condi-

tions are combined

Big C1iff Dam, one unit Hatchery 3.6-24.1 Range indicates that
1967 chinook resuits from cifferent
(U.S. Army Corps of Engineers :979) Hatchery 3.2-17 .1 Experimental condi-

steelhead tions are combinec

Waltervilie Plant, unspecified unit Hatchery Fingerlings 2.5°7.5 Range indicates that
McKenzie River rainbow results from different
Oregon experiments are
1958 combined
(Jragon State Game Commission undated)

Tobique Narrows, unit no. 1 Hatchery Yeariings 89-.40 17 Does not include
Tobigue River Atiantic detayed mortality
New Brunswick saimon
1959
sMactachern 1959)

Tobigue Marrows, units no. 1 and 2 Hatchery Yeartings 29-140 16.5 includes delayed
1960 Atlantic mortal fly
Mactachern 1960) salmon 160-216 237

Tusket Fails, units nes. 1, 2 and 3 Hatchery Yearlings 188 127-229 16.5 Inciuces delayed
Tusket River Atlantic (post-smoit) moridr ity
Nova Scotia saimon
1950
{(Smith 1960} Native alewife  fingerlings 51 14.3 Uoes nat nciuce

mortality

34 4. 4-17.3 Range indicates that
results from different
experimental condi-
Lions are combined;
delayed mortality not
inciuded

Tusket Fails, units nos. 1, 2, and 3 Native alewitfe tingerlings 53 60.1 Includes cdeiayed
1961 64 46.6 mortality
(Smith 1961) 36 441

Source: Acapied from Lucas (1962)

513
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heads (22, 25, and 28 m). The experiments conducted at Big Cliff in
1966 and 1967 had basically the same type of experimental design,
except that in 1967 tests were conducted at two additional hydraulic
heads (Table 5), and both chinock and steelhead were used as test
organisms (Table 6).

In the Big C1iff experiments, the results showed the same general
pattern as in the tests conducted with the Francis turbines; that is,
maximum survival occurred in the range of highest operating
efficiency. This pattern is illustrated in figure 8, which shows the
combined results of the 1964 and 1966 tests conducted with a head of
22 m. In these results, mortality as Tow as 5% was observed at the
greatest operating efficiency (0ligher and Donaldson 1966).

Results of the Big Cl1iff experiments were used as the basis for
designing a Kaplan unit for Foster Dam on the South Santiam River.
This unit was modified to provide for the maximum survival of fish.
However, results of experiments conducted there in 1969 indicated that
fish mortality did not differ significantly from that of an unmodified
unit operating at maximum efficiency (Raymond Oligher, U.S. Army Corps
of Engineers, Walla Walla District, personal communication).
According to Bell (1979), details of the Foster Dam experiments and
more information on the 1967 Big Cliff study will be included in
Bell's revised compendium on fish passage through turbines. This
document is as of yet unpublished (Ed Mains, U.S. Army Corps of
Engineers, North Pacific Division, personal communication).

One species, the chinook salmon, was used almost exclusively
throughout the Big C1iff investigations. Since different size classes
were not tested, no conclusions about size-dependent mortality can be
drawn from the Kaplan prototype studies. However, cbservations on the
types of injuries incurred by test fish were made; these are included
with the Francis results in Table 4. A higher proportion of
pressure~type injuries, as evidenced by the relatively high
percentages of hemorrhages observed, were noted 1in the Kaplan
prototype studies. These may have resulted from the production of
conditions leading to cavitation during the  experimental

modifications.
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Many of the injuries suffered by the turbine-passed fish appear
to resemble those of gas bubble disease. Gas supersaturation of water
flowing threough a turbine usually does not exist (Ebel 1969}, but it
can occur when turbines are vented to reduce cavitation. Fish kills
below the Kaplan unit at Mactaquac Dam on the Saint John River in New
Brunswick were attributed to turbine venting during Tow generating
levels (MacDonald and Hyatt 1973).

Blade/blade and gate/blade clear openings were not studied in the
Kaplan prototype experiments as they were in the Francis studies. The
analysis by Long and Marquette (1967), however, has provided some
insight into potential lethal areas in Kaplan runners. The pattern of
water flow in turbine intakes and spiral cases can be considered well
ordered. Studies of hydraulic models indicate that flows near the
intake ceilings move through the tops of the openings between wicket
gates and that flowing water near the intake floors passes through the
bottom of these openings. Because the runner is positioned only a
small distance downstream from the wicket gates, the ceiling and floor
flows probably maintain the same relationship as they pass the blades
(Long and Marqguette 1967). Studies conducted by National Marine
Fisheries Service personnel at the Dalles and McNary Dams found that
fingerling salmonids concentrated near the ceilings of turbine intakes
(Long 1968a). This behavioral characteristic probably causes most of
the migrant fish to pass the turbine runner at or near the hub in
vertical-shaft Kaplan units. The clear openings between (1) the guide
vanes and the wicket gates, (2) the wicket gates and the runner
blades, and (3) the blades and the hub may be insufficient for
successful fish passage (Long and Marquette 1967). Potentially unsafe
areas are shown in Figure 9.

The investigations undertaken at the Dalles Dam not only
established the vertical distribution of juvenile fish in the turbine
intakes, but also recorded their diel movement (Long 1968a).
Day-night comparisons showed that most chinook salmon, steelhead
trout, and ammocoetes of the Pacific lamprey were caught at night.

This finding suggested a fortunate relationship between the timing of
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fish passage and the normal schedule of turbine lIpading. Night
movement through the turbines favor higher survival because reduced
power demands may increase the flexibility for adjusting turbine loads
to maximize fish survival (typically near 70% of the maximum rated
capacity).

As in the example cited above, studies conducted by the Mational
Marine Fisheries Service on the behavior of downstream migrating
juvenile salmonids have proven helpful in understanding fish passage
through Kaplan turbines. Field research at Ice Harbor Dam on the
Snake River revealed the importance of predation to estimates of
turbine-related fish mortality (lLong 1968b). Of the total estimated
32% loss of test fish, only losses of 10 to 19% were attributable to
the effects of turbine passage. The remaining 13 to 22% losses
resulted from predation on vearling coho salmon by seaqulls and
squawfish in "backrol1" areas of the tailrace.

To provide a basis for compensation of fish losses and to develop
fish protection strategies, recent mortality investigations have been
conducted at two of the private utility dams on the mid~Columbia
River. The study done at Bulb Unit No. 5 of Rock Island Dam in 1979
estimated the mortality of yearling coho salmon smolts to be 7.0% with
a 95% confidence interval of 4.4 to 9.6% (0lson and Kaczynski 1980).
Steelhead smolt mortality was 3.1% with a 95% confidence interval of
+9.0%. The eight bulb units installed at Rock Island Dam, equipped
with horizontal-shaft Kaplan runners, are projected to be more
gfficient than the more conventional, vertical-shaft Kaplan units
under the low hydraulic head conditions prevailing at this dam.
However, data are too preliminary to establish whether the survival
rate of fish passing through bulb units is higher than the survival
rate of fish that pass through other Kaplan turbines.

Turbine passage was assessed at the conventional Kaplan units
installed at Wells Dam during the spring of 1980 (Bernie Leman, Chelan
County Public Utilities District, personal communication). Results of

these studies are not currently available.
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2.4.5 Prototype Studies with Other Runners

Most of the prototype studies (and all of the model studies) were
performed on Francis or Kaplan runners. One series of turbine-related
fish mortality investigations was conducted with a type of impulse
runner, the Pelton wheel (Oregon State Game Commission 1961), which
was installed at Units 7 and 8 of the Willamette Falls Plant run by
Portland General Electric Company. Mortality of chinook juveniles
ranged from 10.5 to 11.8%, and that of steelhead ranged from 7.7 to
9.9%. The 1limited information does not permit comparison with

reaction turbine studies.

2.5 Apalysis of Studies Cited

The investigations reviewed in this document used a wide variety
of methods and were conducted over a broad range of turbine operating
conditions. The diversity of methods and experimental conditions as
well as factors such as health of fish, residualism (a condition that
may occur because of delays in migration), predation, and hydrologic
flow regimes may account for the varying estimates of mortality. The
compendium of Bell et al. (1967) presented analyses of different
variables in fish mortality investigations conducted through 1966 and
reviewed mathematical models formulated for turbine passage. Until
the revised compendium is available, the 1967 document will continue
to be the most comprehensive review of mortality resulting from
turbine passage. Its analyses for certain areas of concern are

included in the following sections.
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2.5.1 Recovery Methods and Computation of Mortality

Recovery methods are of paramount importance in the computation
of mortality. Their efficiency depends on the recovery gear used and
the level of effort employed in the recovery operations {Olson and
Kaczynski 1980). Bell et al. (1967) compared test results in which
complete recovery methods (nets fixed to draft tube exits) were used
with results obtained by downstream recovery methods (partial recovery
methods) or by returns of marked adult fish. This comparison
indicated that immediate mortalities, plus 3- to 5-d holding
mortalities, should give an accurate estimate of total mortality
resulting from turbine passage.

The superiority of complete recovery methods over partial ones,
or vice versa, depends on site-specific conditions and the sources of
indirect mortality. With complete recapture technigues, nearly total
portions of the released fish may be immediately recovered, and
smaller sample sizes can be wused to obtain the same degree of
statistical accuracy. In addition, the nets theoreticaily protect
test and control fish from predation. However, if indirect mortality
from collection 1in the complete recovery nets is significant, then
downstream recapture methods may bhe more efficient. Downstream
recovery methods may eliminate the stress of full recovery nets, but
may recapture fewer fish because of sources of mortality (e.qg.,

predation) not directly attributable to turbine passage.

2.5.2 Study Type

Based on regres