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1.0 EXECUTIVE SUMMARY

The team consisting of Voith Hydro, Normandeau Associates, TVA, Harza Engineering Company and the
School of Civil and Environmental Engineering of Georgia Institute of Technology worked together on the
Development of Environmentally Advanced Hydro Turbine Design Concepts fo reduce hydropower's
impact on the environment, and to improve the understanding of the technical and environmental issues
involved, in particular, with fish survival as a result of their passage through hydro power sites. Through a
combination of advanced technology and engineering analyses, innovative design concepts for this Phase
| project were developed. In line with the request of the DOE, the solutions explored are adaptable to both
new and existing hydro facilities.

The approach teamed a turbine design and manufacturing company, biologists, a utility, a consuilting
engineering firm and a university research facility in order to benefit from the synergy of diverse
disciplines. One of the primary objectives of the project was to advance the understanding of the issues
involved to effectively improve the environmental compatibility of hydro plant equipment designs.

The approach was divided into four tasks. Task 1 investigated a broad range of environmental issues and
how the issues differ throughout the country. From this overview, the team looked for common elements
which characterize the problems and chose three families of design concepts addressing the groups of
most significant problem elements for further investigation. The concept families address environmentally
advanced Kaplan turbines designed for improved fish survivability; environmentally advanced Francis
turbines designed for improved fish survivability; and aerating Francis turbines designed for increasing
dissolved oxygen content in turbine discharges. Of the families chosen, Kaplan units are the most
important for considerations of fish passage. However, low head Francis units are also important for fish
passage at older projects in the eastern states and in the upper mid west. Designs to enhance dissoived
oxygen in turbine discharges require consideration of medium-head Francis units in addition to low-head
Francis, propeller and Kaplan turbines.

Task 2 addressed fish physiology and turbine physics. In this task, the team studied the state of available
information, the mechanisms for injury and methods to predict injury and defined which design elements
to address to improve fish survival at hydro sites. Characteristics of turbine types are defined. The
importance of a turbine’s geometry and operation on fish passage survival is presented. Misconceptions
present in the literature derived from interpreting past experiments are pointed out. The concept of the
zonal effectiveness of fish passage survival in turbines is introduced. The need for additional controlled
experiments to further clarify the effects of turbine geometry and the associated flow conditions on injury
mechanisms is discussed.

Task 3 investigated individual design elements needed for the refinement of the three families of design
concepts defined in Task 1. Advanced computational fiuid dynamic- (CFD) tools for numerical flow
simulation in turbines were used to quantify characteristics of flow and pressure fields within turbine water
passageways. Improvements of the simulation tools are discussed and evaluated in light of their utility in
improving the environmental design of hydraulic turbines. The issues associated with dissolved oxygen
enhancement using turbine aeration are defined. The state of the art and recent advancements of this
technology are reviewed. Key elements for applying turbine aeration to projects to improve aquatic
habitat are discussed. A review of the procedures for testing of aerating turbines is presented.

Tasks 2 and 3 activities brought forth several conclusions. Turbine operation has a significant effect on
fish survival during turbine passage. Controlled field test experiments and CFD calculations demonstrate
that different zones of the turbine have significantly different effects on fish during passage. Zonal
geometry and associated flow conditions are important. In planning tests to evaluate fish passage, zonal
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effect determination must be considered to adequately develop a survival estimate for the turbine.
Advanced turbulence models in CFD investigations were demonstrated to more accurately correlate with
measured flow fields. In the absence of cavitation, pressure effects on fish during turbine passage are not
significant. Effects related to the state of pressure acclimation are significant. These effects relate more
to project planning than to turbine design or operation. Incorporating capabilities for aeration into the
turbine design can alleviate water quality problems stemming from low dissolved oxygen in hydropower
releases. Depending on design conditions aerating turbines can increase the level of dissolved oxygen
by over 5 mg/L.

Muitiple areas for additional investigation were identified. Fish paths within intakes and turbines are not
well understood. Additional testing is required to develop accurate indices of forces, pressure
differentials, or other deterministic quantities that can be related to fish damage mechanisms in more
detail. Calculation of flow fields can be performed. However, a means of calculating the resulting forces
on the fish and the effect of the loads on fish survival is needed to advance the state of the art.

Task 4 assembled the results of Task 2 and Task 3 into three families of design concepts to address the
most sigr:~cant issues defined in Task 1. Significantly, the team pointed out that improvements in fish
passage survival are achievable. The team provided design concepts which can be, and in some
instances are being, implemented at today’s existing hydro projects.

Finally, the team developed a set of recommendations for future work needed to improve the knowledge
of the processes involved in inflicting injury to fish and pointed out the need for additional testing in
controlled laboratory experiments and at existing hydro plants and at those currently being rehabilitated.
They pointed out that none of the passage routes is 100% safe for fish and that recent experimental data
and reanalysis of historical data do not support certain historical hypotheses. Instead, they show.that (1)
survival is not necessarily maximized at peak turbine operating efficiency, (2) survival is not necessarily
higher for fish entrained near the hub, and (3) survival is not necessarily lower for unguided fish at
turbines equipped with fish guidance screens. The report demonstrates that complex interacting
mechanisms occur within the turbine and that fish passage survival depends on the turbine geometry, its
operation and the location of the fish in the water column. In addition, they concluded that the
effectiveness of turbine designs should be evaluated against “best of class” benchmarks. This would help
in setting realistic, achievable goals in fish survival improvement for each turbine type. Effects of turbine
modifications on fish survival can be evaluated using consistent test protocols and “comparative”
benchmarking.

While the fundamental focus of the solutions developed is in the environmental arena, many of the issues
addressed to imcrove the environmental compatibility also can improve plant efficiency thereby improving
project economics and reducing the need for replacement energy generation from non-renewable
sources. in addition, improvements reducing cavitation and vibration will result in lowered maintenance
requirements for operators implementing the designs.
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2.0 INTRODUCTION
2.1 GOALS AND OBJECTIVES

in the spirit of the DOE's mission for the Advanced Hydro Turbine System Program, Voith Hydro,
Normandeau Asscciates, TVA, Harza Engineering Company and the School of Civil and Environmental
Engineering of Georgia Institute of Technology worked together on a goal to define a family of
environmentally advanced hydro turbine design concepts to meet the objective of improving hydropower’s
impact on the environment. Another goal of the project was to separate fact from fiction in understanding
the issues involved to effectively improve the environmental compatibility of hydro piant equipment. To
meet this goal a project objective to improve the understanding of the technical and environmental issues
involved was established, in particular relating to fish survival as a result of their passage through hydro
power sites. In addition, an objective to point out needs and provide recommendations for further
research was defined.,

While the fundamental objectives of the solutions sought were in the environmental arena, it was
envisioned that many of the issues addressed to improve the environmental compatibility could also
improve plant efficiency thereby improving project economics and reduce the need for replacement
energy generation from non-renewable sources. In addition, improvements sought were expected to
reduce cavitation and vibration which would result in lowered maintenance requirements for operating
utilities implementing the designs.

In developing the design concepts, the team remained cognizant of the following:

1. Design features of existing turbines can be modified to make significant improvements in their
environmental compatibility. Hydro turbine plants contain more than 92,000 MW of installed
capacity at over 2300 sites in the US alone. This large installed base creates an opportunity
to significantly address the environmental improvement issues through upgrade and
rehabilitation of existing units.

2. Design features of new turbines can be chosen to make them more environmentally
compatible. However, few new hydro installations are currently envisioned.

3. Conventional thinking, with respect to turbine design economics, was not used as a limitation.
While turbine performance is still a very important factor in evaluating the benefits of different
designs, the focus for design concept development was on environmental enhancement.
When environmental cost/benefit values are used in the economic evaluation of the project,
unconventional environmentally enhanced design solutions will be seen as cost effective.

4. Understanding of the behavior of fish in turbine flow fields and of the fluid and mechanical
mechanisms involved in injuring fish in their passage through turbines is key to the
development of design concepts for producing environmentally enhznced designs. This
understanding will come from investigations using advanced technology for simulation of flow
fields within turbines and from analysis of carefully designed field and laboratory testing.
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2.2 APPROACH TO THE PROJECT

The approach teamed a turbine design and manufacturing company, biologists, a utility, a consuiting
engineering firm and a university research facility, in order to benefit from the synergy of diverse
disciplines. The knowledge of the contributors based on work done on related projects funded elsewhere
(previous and concurrent activities) was combined with that developed from work done on this project to
formulate the background, interpret experiments and conduct specific analyses. The design concepts
presented are a combination of concepts developed on related projects funded elsewhere (both previous
and concurrent) and those developed as a result of the work done on this contract. Some of the design
concepts which were derived based on non DOE funding are covered by patents or are the subject of
pending patent applications.

The approach was divided into four tasks. Task 1 investigated a broad range of environmental issues and
how the issues differ throughout the country. From this overview, the team looked for common elements
which characterize the problems and chose three families of design concepts addressing the groups of
most significant problem elements for further investigation. Task 2 addressed fish physiology and turbine
physics. During this task, the team studied the state of available information, the mechanisms for injury,
injury prediction methods and defined what design elements to address to improve fish survival at hydro
sites. Task 3 investigated individual design elements needed for the refinement of the three concepts
defined in Task 1. Task 4 then assembled the results of Task 2 and Task 3 into three design concept
families to address the most significant issues defined in Task 1. Details of the four tasks were as follows:

Task 1: Categorization of Environmental Issues and Selection of Concepts for Further Detailed
Conceptual Design

Biological issues related to environmental compatibility (EC) improvements are geographically dependent.
In the Pacific Northwest, the EC issues are dominated by migratory fish and their survival in passing
through turbines. In the Southeast, the EC issues are driven by resident fish and dissolved gas content.
In the Northeast, migratory fish and resident fish survivability when passing through turbines are the
principal factors. In all regions, maintaining minimum stream flows and reducing oil and grease pollution
play a role.

In Task 1, a broad summary of the principal issues addressing the environmental compatibility of turbines
and power plants in all regions of the United States was made. The principal issues were related to fish
passage survival through hydropower sites and the effect of hydropower sites on aquatic habitat. In the
Northwest region of the country, Kaplan turbines and fish passage survival predominated. In the upper
mid west region and the northern Atlantic coast region, Francis turbines and fish passage survival issues
were dominant. [n the Southeast region, issues associated with low levels of dissolved oxygen in turbine
releases were dominant. In all areas, issues with respect to minimum stream flows existed.

The above, as well as additional concepts developed from the Task 1 activities, were evaluated with the
help of the DOE AHT's project review committee. From those considered, three families of design
concepts best addressing the hydropower industry's needs were selected for further design element
development in Task 3. They were an advanced Kaplan turbine focused on fish passage survival
improvements; an advanced Francis turbine focused on fish passage survival improvements; and an
advanced Francis turbine stressing improvements in the levels of dissolved oxygen in the discharge
water.
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Task 2: Fish Physiology and Hydropower Physics

The team reviewed the data available in the literature and screened selected data from the data set for
detailed investigation. Injury mechanisms related to fish passage through hydro sites were quantified.
Fish passage survival models were developed based on simplified models of the turbine geometry and
performance characteristics and further evaluated with the help of sophisticated flow analysis tools. The
mechanisms and models were then evaluated in light of the screened data.

In the process of the above, the opportunity to gather some additional data in conjunction with a planned
site test at Wanapum dam was used and the test plan was expanded to gather additional data. Analysis
of the test results provided further insight into importance of the zonal characteristics of the turbine
geometry and associated flow fields.

Data associated with fish passage survival in turbine bypasses were also reviewed to benchmark these
alternative routes.

A key facet in developing an environmentally compatible design relating to fish sunfivability involves the

development of a clear understanding of the physiology of the fish and how the fish behave as they enter
a hydro project. More specifically, the following questions, among others, were addressed:

1. What pressure, velocity and acoustic gradients influence fish behavior?

2. What physiological stresses and turbine features are responsible for injuring and killing
fish? :
. Decompression
. Strike
. Gas supersaturation (bends)
. Velocity shear/turbulence
. Cavitation
3. How are different species and size of fish affected?
4. How do plant civil design, head and flow impact fish behavior and mortality?

A survey of available data and discussions between team members to share insights were used to
discover features and operations that have proven to be relatively fish friendly. Additional laboratory and
field tests were identified that will enable the designer to formalize features that will produce a hydraulic
environment compatible with high fish survival.

Task 3: In-depth Investigation of Selected Design Elements

Based on the results of Task 1 and Task 2, selected design studies were conducted to gain a technical
understanding of the issues required to achieve the design objectives of the three selected families -of
design concepts.

Advanced methods of Computational Fluid Dynamics (CFD) were used by Voith Hydro to analyze and
evaluate elements of existing designs to provide insight leading to the conceptual designs. The methods
were used to calculate velocity and pressure fields to: i) calculate the pressure gradients experienced by
fish passing through the turbine; ii) identify regions where cavitation would occur; iii) identify the
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presence of vortices, regions of flow reversal, and regions of large velocity gradients; iv) identify loss
zones; and v) illustrate flow streamlines, among others. Investigations of limitations of existing CFD
turbulence modeling were conducted by Georgia Tech. Improved methods were tested numerically to
evaluate their impact.

A definition of critical issues relating to turbine aeration was developed by TVA. The issues associated
with dissolved oxygen enhancement using turbine aeration are defined. The state of the art and recent
advancements of this technology are reviewed. Key elements for applying turbine aeration to projects to
improve aquatic habitat are discussed. A review of the procedures for testing of aerating turbines is
presented.

Task 4: Development of Conceptual Designs

Because each hydro plant is custom designed to adapt to its unique site and operational requirements, a
single design for each of the three topics selected in Task 1 was not addressed. Instead, based on the
results of Tasks 1, 2 and 3, three sets of desigh concepts were developed which can be implemented in
the context of the unique requirements of each hydropower plant. The sets of concepts address:

Advanced environmentally friendly Kaplan turbines.
Advanced environmentally friendly Francis turbines.
Advanced environmentally friendly aerating Francis turbines.
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2.3 TEAM STRUCTURE

To accomplish the proposed tasks, a muiti-disciplinary team was formed to address the issues. The team
consisted of the following organizations:

Voith Hydro, Inc.

Tennessee Valley Authority (TVA)

Harza Engineering Company

Normandeau Associates

The School of Environmental and Civil Engineering of Georgia Institute of Technology

Ohod =~

The team brought to the project tremendous synergy benefits from the diverse background of each. ltis
important to note that the team consisted of a manufacturer, utility, consulting engineers, an
environmental service group and a university. Voith Hydro served as the prime contractor and team
leader. The other organizations served as subcontractors.
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2.4 ORGANIZATION OF THE REPORT

This report is organized following the Tasks of the Project. Section 3.0 discusses Task 1 activities.
Section 4.0 discusses Task 2 activities. Section 5.0 presents the results of Task 3 studies including those
associated with CFD investigations of turbine components, those associated with development of
advanced CFD capabilities, and those associated with the enhancement of dissolved oxygen levels in
water passing through turbines. Section 6 presents design concept families. Section 6.4 reporting on a
third concept family related to aerating Francis turbines will be supplied as a report supplement. Section
7 presents a summary of conclusions derived from the work of all Sections. Section 8 presents
recommendations for future work. Section 9 is reserved for a future supplement which will report on the
use of advanced CFD and a “virtual fish” to evaluate the 4 conditions tested experimentally by fish
injection at Wanapum dam (described in Section 4.4.6). An appendix (Section 10) contains background
material from all sections.
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3.0 TASK 1 REPORT -- REVIEW OF THE ISSUES
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3.0 TASK 1 REPORT- REVIEW OF THE ISSUES
3.1 INTRODUCTION

The objective of Task 1 was to review environmental issues and select concepts having the greatest impact
on improving the environmental compatibility of turbines for further detaiied conceptual design. Issues
identified as addressable through turbine design included fish passage through turbines, dissolved gasses in
turbine discharge, and minimum flow downstream of hydroelectric stations. Experience of the Voith team
was used to define the geographic distribution of concems about these issues. The cumulative experience of
the Technical Committee was solicited by mail. Design characteristics of turbines associated with identified
issues and regions were established by queries of an extensive database. Initial results were presented at
the Design Review Meeting on March 6-7, 1996. Additional queries followed receipt of comments from the
Technical Committee.

Harza Engineering Company compiled a database from the National inventory of Dams of the U. S. Army
Corps of Engineers and the Federal Energy Regulatory Commission database of licensed hydroelectric
projects. The database includes information on 2555 dams associated with hydroelectric projects. The dam
database includes: )

Name Owner Latitude Longitude River
NearestCity  State Purpose Age Length
Height Max. Discharge = Max. Storage Normal Storage

Harza also has a series of manufacturers’ turbine databases that includes more than 6,000 entries, including
some overseas. The Voith-Allis Chalmers dataset is the largest, with more than 850 entries in the U.S.
Turbine data were also provided by Neyrpic, GE Canada, Mitsubishi, Fuji, Hitachi, Toshiba, Kvaemer, Sulzer
and Voest Alpine. Turbines were designated by the following parameters:

Hydraulic Type Hydromachine Control Hydromachine
Axial (Kaplan, propeller) Axial (Kaplan, propeller runner blades only) Turbine
Diagonal (Deriaz) Dual control Pump Turbine
Radial (Francis) No control

Impulse (Pelton)
Cross-Flow (Ossherger, Banzi)

No. of Jets Runner No. of Stages

(Pelton only) Single " (or no. of Pelton runners)
Tandem
Multistage

Arrangement Drive Orientation Spiral Case

Bub Direct Horizontal Concrete, semispiral

Pit Spur gear Vertical Steel

S-type Bevel gear Inclined Flume

Straflo (Harza) Chain

Tube Belt

Conventional Plenetary gear
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Each project was identified by name and units were specified by:

Year No. Units Rpm Diameter Turbine Pump
Head (m) Head (m)
Discharge (m3ls) Discharge (m3ls)
Power (kW) Power (kW)

Original goals of the project team were to develop turbine design concepts to address questions of fish
passage, dissolved gases and minimum flow. Filters and sorting on various fields were applied to the
database to screen for key issues. The filters were used to associate turbine and plant parameters with fish
related problems such as fish passage, dissolved gases, and minimum streamflow. The turbine and plant
parameters that were identified as related to these problems and could be obtained from the database were:
location (state and region) of the plants, turbine type, head, turbine and plant discharges, turbine output,
turbine size, piant output, and plant factor. Filters were developed in the form of specifying states composing
regions that defined the geographic extent of a question or the regionally specific manner in which a
question was addressed. After presentation of the results of filtering the database at the first Design Review
Meeting, the team was directed to drop the minimum flow objective and develop design concepts for a fish-
friendly Francis turbine. Additional queries were made of the turbine database to determine the size
distribution of Francis turbines by region. In most cases, turbine diameter was missing from the database,
but rated discharge was nearly always listed. From the cases where both parameters were quantified, the
equation
D = (Q/6.5)°%
where D = runner diameter (m) and

Q = discharge (m3/s)
was fit and applied to the cases where diameter was missing for a conventional Francis turbine.
The dissolved oxygen issue was researched by the Tennessee Valley Authority. Depending on site-

specific conditions, one or more of the factors listed in Table 3.1 (Ruane and Hauser 1991) may affect
DO in turbine discharges.

Category ltems

Physical Design Reservoir volume

Factors Reservoir surface area
Reservoir depth

Discharge capacity of turbines

Location and depth of outlets

Environmental Factors | Meteorology (e.g. air temperature and rainfall),
Hydrology (e.g., mean annual flow rate)

Inflow water temperature

Watershed Factors Size

Type of land use

Point and nonpoint wastewater discharges
Natural loadings of organic substances and
nutrients

Operational Factors Schedule for hydropower releases

Schedule of releases for upstream projects
Table 3.1 Factors Affecting Tailrace Dissolved Oxygen Concentrations
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To determine the dominant factors, correlation studies are required using data from a large sample of
projects. The data requirements include tailwater DO as well as the items given in Table 3.1. The results

for one such study were presented by EPRI (1990). Reservoirs were identified as more than likely to
encounter periods when the discharge contains less than 5 mg/L DO if they had the following
characteristics:

Depth at dam > 50 feet,

Power capacity > 10 MW,
Reservoir volume > 50,000 acre-feet,
Densimetric Froude Number F; <7, and

Retention Time V,,Q > 10 days,

where Fu= 195210 (ZV’ V) and
VA
L =Reservoir length (miles),
Q = Average annual inflow (CFS),
V, = Average annual volume (1000 CFS-days), and
V; = 1-foot above average storage (1000 CFS-days).

and 1 ft = 0.305m, 1 acre-ft = 1,233 m®, and 1 cfs = 2.830 x 102 m%s. At this time, these conditions
represent the only filter for identifying projects that are likely to encounter low DO. 1t should be
emphasized that EPRI (1990) does not provide a reference from which these conditions are
recommended. Hence, the “accuracy” of this filter for identifying projects with low DO is unknown.

A measure of the extent of low DO throughout the country can currently be obtained from two sources of
information: statistical analyses by others who have obtained DO data for many US hydro projects, and
water quality summaries for dams managed by the US Army Corps of Engineers (USACE), Tennessee
Valley Authority (TVA), and US Bureau of Reclamation (USBR).
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3.2 DISCUSSION

The Harza dataset included 64 GW of capacity among 1600 projects identified by head, discharge and
turbine type. FERC (1992) reported a total of 92 GW capacity in the private and public utilities of the U.S.
Known projects that were not included in the database because of incomplete data were less than 1 MW
capacity. Examination of the entire data set showed that most generating capacity was installed in Francis
turbines at medium and low head (Tables 3.2 and 3.3). However, most flow passed through axial turbines at
fow and very low head.

Axial Francis Pelton Ossberger
Capacity (MW) 20,561 43,859 2,959 124
Design discharge (m%s) | 123,998 | 95,829 962 886

Table 3.2 Distribution of Capacity and Design Flow by Turbine Type

very low low medium high

<10m 10-50 m 50-150m [>150m
Axial units 24,475 99,277 247 0
Francis units | 5,523 50,995 35,721 3,580

Table 3.3 Total Design Discharge (m®/s) as a Function of Head (m)

The fish passage issue has been the impetus for studies dealing with anadromous salmon species on the
West Coast, anadromous Atlantic salmon and American shad on the East Coast, and freshwater resident
species in the Upper Midwest and other inland sites (Eicher and Associates 1987, Stone & Webster 1992).
Concerns about the effects of dams on anadromous fishes date back to the Industrial Revolution, but most
studies on resident species have been conducted since 1990. Low head Axial units typify turbines
associated with Pacific salmon in California, Oregon, Washington and Idaho (Tables 3.4 and 3.5). Francis
units at low and medium head were also important on the East Coast states from Maine to Georgia and in
the New York and the Upper Midwest (Michigan, Wisconsin and Minnesota).
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Turbine Type

Axial Francis Pelton  Ossberger
West Coast
Total MW 11,333 | 22,581 2,624 7
Total m¥s 52,234 | 38,827 842 53
East Coast
Total MW 1,950 5,619 33 30
Total m¥/s 11,908 | 19,975 12 199
Upper Midwest
Total MW 1,386 3,229 0 29
Total m¥/s 10,307 9,888 0 395

Table 3.4 Total Turbine Capacity (MW) and Design Discharges (m®/s)
at Hydroelectric Projects in Regions with Notable Fish Passage Issues

very low low medium | high

<10m 10-50 m 50-150m { > 150 m
West Coast Axial units 1,950 50,046 237 0
Francis units 27 16,527 20,522 1,750
East Coast Axial units 3,046 8,859 3 0
Francis units 2,556 13,891 3,394 124
NY & Upper | Axial units 4,149 6,151 7 0
Midwest Francis units 2,338 4,877 2,657 17

Table 3.5 Total Design Discharge (m*s) as a Function of Head (m)
at Hydroelectric Projects in Regions with Notable Fish Passage Issues

Axial turbines accounted for 31 percent of the total hydro generation capacity and 57% of the design
discharge for the West Coast. Ninety-six percent of the West Coast Axial design discharge was through low
(10-50 m (33-164 ft.)) head units. Low head Axial units accounted for 28 percent and 30 percent of the
design discharge on the East Coast and in New York and the Upper Midwest, respectively. The hydro
generation capacity for the East Coast and Upper Midwest was mostly (74 and 70 percent, respectively) by
Francis turbines. Low head Francis units were 43 percent of the design discharge database for the East
Coast and 24 percent for the Upper Midwest.

Francis turbine size data were sorted for Pacific Northwest and New York and Upper Midwest States to
address the fish passage issue (Table 3.6). There was a nearly even distribution of turbines across size
categories in the Pacific Northwest. Size categories of less than 2 m (6.6 ft.), 2 m to 4 m (13.1 ft.), and
greater than 6 m (19.7 ft.) each accounted for 27 to 29 percent of the number of turbines. Turbines

tended to be smaller in the Upper Midwest. Most (55 percent) of those turbines had diameters of 2 to 4 m,
and 23 percent were smaller than 2 m.
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Diameter (m) Pacific Northwest States New York and Upper
Midwest States
<2 91 . 73
2-4 97 174
46 51 43
>6 93 27
no data 3 1

Table 3.6 Size Distribution of Francis Turbines in Pacific Northwest and Upper Midwest States

Statistical analyses of the water quality of hydro releases were summarized by Cada et al. (1981, 1983)
and EPA (1989). Cada et al. (1981, 1983) compiled information for water quality downstream of hydro
projects from two databases, the USACE National Hydropower Study (NHS), and the National Water Data
Storage and Retrieval System (WATSTORE). At the time of the study, NHS contained descriptive
information for about 15,300 dams. WATSTORE contained water quality measurements for about 220,000
stations. Searches of the databases paired hydro projects with water quality stations that were iocated
within three miles downstream of the dam. All projects in the NHS database having more than two DO
measurements from a tailrace station in the WATSTORE database were evaluated statistically to
determine the probability of noncompliance (PNC). The PNC was defined as the probability that
concentration of dissolved oxygen downstream of the project will be less than 5 mg/L.

The data were evaluated based on a regional division of the 48 contiguous states (Table 3.7). The
analyses included two groups of hydro projects and two seasons, those with capacity less than 30 MW
and those with capacity greater than 30 MW, for summer (July-October) and winter (other months). The
frequency of occurrence of low DO, and hence the mean PNC, is generally greater for the summer. This
is due to warmer temperatures, which cause thermal stratification in the reservoirs. This process inhibits
reservoir mixing and causes hypolimnetic oxygen depletion. Since these are the conditions that usually
create the need for low DO improvements, the results summarized herein will focus anly on the summer.

For these months, the mean PNC for each group of hydro projects is given in Tables 3.8 and 3.9,
respectively.
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Region

States

Great Basin States

Arizona, Nevada, New Mexico, Utah

Great Plains States

lowa, Kansas, Nebraska, North Dakota, Oklahoma, South Dakota, Texas

Lake States

Michigan, Minnesota, Wisconsin

Northeast States

Connecticut, Maine, Massachusetts, New Hampshire, New Jersey, New
York, Pennsylvania, Rhode Island, Vermont

Ohio Valley States

Delaware, lllinois, Indiana, Kentucky,
Tennessee, Virginia, West Virginia

Maryland, Missouri, Ohio,

Pacific Coast States California, Oregon, Wsshington
Rocky Mountain States Colorado, ldaho, Moniana, Wyoming
Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North

Southeast States

Carolina, South Carolina

Table 3.7 Regional Division of US for Analysis of Low DO

EPA (1989) repeated the study of Cada et al. (1981, 1983) using available data from a sample of 40 hydro
projects randomly selected from the USACE National Inventory of Dams Database. At the time of the
study this database included 68,155 dams. In the EPA work, the 40 projects were selected from a subset
of the USACE database defined as those sites with over 100 kilowatts of installed power and over

12,340,000 m® (10,000 acre-feet) of reservoir volume.

This subset included 424 hydro projects.

Dissolved Oxygen data for each of the 40 sites, if any, were obtained from EPA's STORET data
repository. Results of the EPA study, again for the summer months, are also shown in Tables 3.8 and

3.9.

Cada et al. (1981, EPA (1989) Observed
1983)
Region No. Mean PNC | No. Mean Range
Sites (%) Sites PNC (%)
(%)
Great Basin 3 37.3 nodata |- no data -
37.3

Great Plains 1 0.0 1 0.0 0.0-?
Lake 5 4.3 4 12.3 43-12.3
Northeast 15 6.6 nodata |- nodata-6.6
Ohio Valley 3 11.1 3 22.0 11.1-22.0
Pacific Coast 7 0.3 nodata |- no data - 0.3
Rocky 9 2.7 nodata |- nodata-2.7
Mountain
Southeast 17 13.1 2 19.0 13.1-198.0

Table 3.8 Mean Summer PNC for Projects < 30 MW
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Cada et al. (1981, EPA (1989) Observed
1983)
Region No. Mean PNC | No. Mean Range
Sites (%) Sites PNC (%)
(%)
Great Basin 3 04 hodata |- nodata-04
Great Plains 6 18.2 nodata |- no data -
18.2
Lake nodata |- nodata |- no data
Northeast 3 14.4 nodata |- no data -
14.4
Ohio Valley 16 40.4 5 56.0 40.4-56.0
Pacific Coast 19 3.9 4 5.3 3.9-563
Rocky 6 5.2 2 0.0 00-52
Mountain
Southeast 18 30.8 2 17.0 17.0-30.8

Table 3.8 Mean Summer PNC for Projects > 30 MW

No region is free of low DO episodes. PNC had some value above zero in all regions among large or
small projects. Mean summer PNC'’s tend to be higher for large scale facilities (> 30 MW), indicating that
low DO occurs more frequently for these sites. The mean summer PNC tends to be higher for the
Southeast and Ohio Valley, indicating that low DO occurs more frequently in these areas. For small scale
facilities (< 30 MW), the same was true for the Great Basin, but it was represented by only three projects.
High PNC occurs in these regions because summers are longer and hotter, and therefore the magnitude
and duration of thermal stratification in reservoirs are higher. For large scale facilities (> 30 MW), the
mean summer PNC's for the Great Plains and Northeast are less than half of that for the Ohio Valley and
Southeast, respectively, but are still considered significant.

Cada et al. (1981, 1983) urged caution in reviewing the results summarized in Tables 3.8 and 3.9. For
some regions, not enough hydro projects have data for tailwater DO to obtain reliable statistics. At some
sites the measurements are infrequent. Watershed and meteorological data that affect DO are very
limited. Improved predictions of low DO may result by including not only power capacity but also retention
time, reservoir depth, outlet location, inflow temperature, and size and character of watershed in the
analyses.

Kennedy and Gaugush (1987) summarized the results of an analysis of USACE hydropower projects in
an exhibit that showed sites in the Southeast, Ohio Valley, Great Plains, Rocky Mountain, and Pacific
Coast regions (Table 3.10). Their data generally supported the previous indication that low DO occurs
more frequently in the Ohio Valley and Southeast, and less frequently in the Great Plains, Pacific Coast,
and Rocky Mountains. This exhibit was also presented by EPA (1988) and EPRI (1990). For the Ohio
Valley, the overall fraction of sites with DO problems was slightly higher than that suggested by the mean
summer PNC in Table 3.9. For the Southeast, the overall fraction of sites with DO problems is more than
twice that suggested by the mean summer PNC in Table 3.9. However, data by Kennedy and Gaugush
(1987) were not selected at random and may contain bias towards USACE projects with DO problems.
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Detailed DO measurements for TVA hydro projects were reported by TVA (1990). Nineteen out of 29
projects located in the Ohio Valley and Southeast were reported as having tailwater DO < 5 mg/L. on the
average of at least 3 weeks per year. Table 3.11 gives the percent of low DO projects based on the tfotal
number of TVA hydropower sites in each of these regions. For both regions, the overall fraction of sites
with low DO is higher than that suggested by the mean summer PNC's in Table 3.9. The data in Table
3.11 obviously is biased towards TVA projects, and probably toward larger projects and reservoirs as
well, but again supports the previous indication that low DO occurs more frequently in the Ohio Valley and
Southeast.

Region No. Of Sites With Low DO
Sites No. Percent

Great Plains 5 0 0.0
Ohio Valley 14 9 64.3
Pacific Coast 18 0 0.0
Rocky Mountain 4 0 0.0
Southeast 20 15 75.0
Total 61 24 39.3

Table 3.10 USACE Hydropower Projects Having at Least Minor DO Problems

Region Total No. | Sites With Low DO
: Sites No. Percent
Ohio Valley 23 16 69.6
Southeast 6 3 50.0
Total 29 19 55.2

Table 3.11 TVA Hydropower Projects with
DO < § mg/L at Least 3 Weeks Per Year on Average

EPA (1989) presented the results of a water quality survey for 250 of 349 USBR power and nonpower
water resources projects. These include sites in the Great Plains, Rocky Mountains, Great Basin, and
Pacific Coast states. About 54% of the surveys reported that no data were available to assess low DO
problems (i.e., 134 of 250 projects). Assuming there are no DO problems at the “no data” sites (i.e., data
are collected only when a problem exists), only about 4% of the reported USBR projects would contain
low tailwater DO as at least an intermittent problem. At this time, 4% is the best estimate available for the
fraction of USBR hydropower projects that contain low tailwater DO. This is based on the unsubstantiated
assumption that sites with low DO are uniformly distributed among all the different project types. These
results, however, support the general indication in Tables 3.8 and 3.9 that low DO is not as frequently
observed in the western regions of the US, especially the Pacific Coast and Rocky Mountain states.

The Harza database was sorted by the same regions used in the dissolved oxygen analyses and queried to
determine the turbine types that have been most commonly associated with low DO. Low head Axial units
pass most of the flow in Southeast and Ohio Valley states where DO problems are well documented (Tables
3.12 and 3.13).
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Axial Francis | Pelton Ossberger
Southeast '
Total MW 4,984 6,206 23 98
Total m¥s 37,618 | 18,554 7 545
Ohio Valley ’
Total MW 794 2,066 10 0
Total m¥s 7,926 6,942 5 0
Entire Data Set
Total MW 20,561 | 43,859 | 2,959 124
Total m¥/s 123,998 | 95,829 962 886

Table 3.12 Total Turbine Capacity (MW) and Design Discharge (m®s)
at Hydroelectric Projects in Regions with Notable Dissolved Oxygen Issues

Very Low Low Medium High
<10m 10-50m | 50-150m | > 150 m
Southeast
Axial units 10,639 26,972 7 0
Francis units 1,187 12,689 4,555 124
Ohio Valley
Axial units 3,376 4,550 0 0
Francis units 257 4727 1,058 0
Entire Data Set
Axial units 24,475 99,277 247 0
Francis units 5,523 50,995 | 35,721 3,590

Table 3.13 Total Design Discharge (m®/s) as a Function of Head
at Hydroelectric Projects in Regions with Notable Dissolved Oxygen Issues

Low head Axial units accounted for 48 percent of the installed design discharge in the Southeast: very low
head Axials, 19 percent, and low head Francis units 22 percent. In the Ohio Valley, low head Axials
accounted for 31 percent of the installed design discharge; very low head Axials, 23 percent; and low head
Francis units 32 percent.

Storage projects are more likely than run-of-river projects to suffer DO problems. Storage reservoirs are

more likely to stratify in the summer and have low DO in their deeper layers because storage reservoirs
tend to be larger and deeper and have much longer hydraulic residence times than run-of-river facilities.
Data for the Southeast and Ohio Valley regions were also sorted by plant factor, where

yearly kWh produced
plant capacity x hours per year

plant factor =

Plant factor may have values from 0, representing no generation, to slightly greater than 1, representing
continuous operation of all units with actual output slightly above nameplate capacity. Run-of-river
projects tend to have high plant factors. At these facilities, dissolved oxygen problems, when they occur,
tend to be due to causes unrelated to hydro operation. Storage projects tend to have lower piant factors
because discharge and generation vary over daily or seasonal scales. Dissolved oxygen problems at

-10.
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these sites may be due to thermal stratification of the reservoir and oxygen consumption by the deep
(hypolimnetic) aquatic community as well as the intemnal factors affecting run-of-river projects.

Most of the flow at projects with low plant factors (where there is some idle capacity most of the time) passes
through Francis units. Nationally, the distribution of plant factors was:

<0.33 0.33-0.66 >0.66
Total MW 13,580 43,30610,707
Total m%s 37,041 137,32347,311

Most of the generating capacity and design flow through plants with plant factors less than 0.33 was through
Francis units:

Axial Francis Pelton Ossberger
Total MW 2,852 10,150 564 15
Total m®s 15,394 21,353 188 106

In the Southeast and Ohio Valley states, low plant factors were associated with a tendency toward larger
turbines (Table 3.15). In the Southeast, 53% of the turbines with low plant factors were larger than 6 m in
diameter; in the Ohio Valley, 68%. This is consistent with a peaking mode of operation that would
discharge large volumes of water in a short period of time. Most turbines with plant factors of 0.33 to 0.66
were 2 to 6 m in diameter.

Number of Turbines in Southeast l Number of Turbines in Ohio _Valley States
Diameter Plant Factor (kWh produced /{plant capacity x hours per year))
{(m) 0-0.33 0.34 - 0.66 0-0.33 0.34-0.66
<2 8 28 2 2
2-4 18 69 4 18
4-6 38 62 4 13
>6 71 25 21 14

Table 3.18 Turbines in Southeast and Ohio Valley States Sorted by Diameter and Plant Factor

-11 -
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3.3 SUMMARY OF TASK 1 FINDINGS

Most hydroelectric generating capacity in the United States is in low and medium head Francis units, but
most flow (and therefore possibly fish) passes through low head Axial units. Low head Francis accounted for
23 percent of the installed design discharge. Because most early hydropower development was in the East,
there are more low head Francis units in the eastern and central states than there are in westemn states.

The fish passage issue has been the impetus for studies dealing with anadromous salmon species on the
West Coast, anadromous Atlantic salmon and American shad on the East Coast, and freshwater resident
species in the Upper Midwest and other inland sites. Low head Axial units typify turbines associated with
-Pacific saimon in California, Oregon, Washington and ldaho. Francis units at low and medium head are
also important on the East Coast and Upper Midwest. There is a nearly even size distribution of turbines in
the Pacific Northwest. Size categories of less than 2 m, 2 to 4 m and greater than 6 m each account for
27 to 29 percent of the number of turbines. Turbines tend to be smaller in the Upper Midwest. Most (55
percent) of those turbines have diameters of 2 to 4 m, and 23 percent are smaller than 2 m.

Low levels of dissolved oxygen in hydropower discharges are most common the Southeast and Ohio
Valley states. Probabilities of low DO episodes for the Great Plains and Northeast are less than half of
that for the Ohio Valley and Southeast, but are still considered significant. Low DO occurs less frequently
in the Great Piains, Pacific Coast, and Rocky Mountains. Low head Axial units accounted for 48 percent of
the installed design discharge in the Southeast: very low head Axials, 19 percent; and low head Francis units
22 percent. In the Ohio Valley, low head Axials accounted for 31 percent of the instailed design discharge;
very low head Axials, 23 percent; and low head Francis units 32 percent.

TVA demonstrated that minimum flow and dissolved oxygen problems are most common at projects with
plant factors below 0.35. About 80 percent of the capacity and 2/3 of the flow through projects with low plant
factor is through Francis units. In the Southeast, 53% of the turbines with low plant factors were larger than
6 m in diameter; in the Ohio Valley, 68%. This is consistent with a peaking mode of operation that would
discharge large volumes of water in a short period of time. Most turbines with plant factors of 0.33 to 0.66
were 2 to 6 m in diameter.

Based on interaction with the Technical Committee, these issues were selected for further study and for
development of design concepts for environmental compatibility enhancement. The three concepts were:

1. Large Axial turbines characteristic of those on the Columbia River in the Pacific
Northwest where fish passage survival is the dominant issue.

2. Medium size Francis turbines characteristic of the Upper Midwest and Atlantic coast
where fish passage survival is of dominant interest.

3. Medium to large size Francis turbines in Southeast and Ohio when low D.O. in turbine
discharges in summer months is of dominant interest.

-12.
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4.0 TASK 2 REPORT -- BIOLOGICAL ISSUES & TURBINE DESIGN AND OPERATIONAL
CONSIDERATIONS

4.1 INTRODUCTION

Fish traveling downstream encounter three major exit routes at hydro dams: turbines, spillways/sluices,
or bypasses. A successful passage through any of these routes is of importance, particularly for
emigrating juveniles of migratory fish, for maintenance and enhancement of adult populations. Fish
passage through sluices, spiliways, and bypasses generally has been considered a benign process;
survival rates have been assumed to be 98% in the Pacific Northwest (EPRI 1992). A survival rate of 85
to 89% in passage through Kaplan type turbines has been generally assumed for juvenile salmonids in
the Pacific Northwest (EPRI 1992). However, turbine passage survival rates have been reported to be as
low as 18% for young clupeids in passage through Kaplan type turbines (Taylor and Kynard 1985). It is
not clear, however, whether the reported survival rates represent immediate (direct) effects of turbine
passage or include the indirect effects as well. Thus, it is imperative that results of studies that may be
useable for developing biological criteria for turbine design modifications be separated for identification of
important biological issues. - Where information is lacking from field studies laboratory data may be
gleaned to increase our understanding of threshold values of factors that affect injury/mortality rates.
Mathur et al. (1996a) have suggested that quantification of direct effects of passage has practical
importance in improving turbine design, as they reflect the effects embodied in turbine geometries and
hydraulics. As an example, the turbine replacement program (design, model testing, and installation of
structural medifications) undertaken by the Public Utility District No. 1 of Chelan County at Rocky Reach
Dam on the Columbia River to improve fish passage survival through the new turbines, utilized the data
on direct effects (RMC 1894a; RMC and Skalski 1994a,b). These data guided a design effort to improve
fish passage survival for a turbine rehabilitation project. The modified design included elimination of the
gaps between the hub and leading edge of the runner blades, an area which was believed to inflict higher
rate of injury/mortality to entrained fish.

This section provides (1) a brief review of historical literature with some statistical analysis of those data,
detailed reviews have been provided elsewhere (Bell 1981; Monten 1985; Eicher Associates 1987; EPRI
1992); (2) a summary of some of the most recent data on fish survival as a function of physical and
hydraulic characteristics of turbines, operating efficiency, and fish size; (3) a review of sources of
injury/mortality in passage through Kaplan, propeller (fixed blade tilt), and Francis turbines; (4) the
development of new leading blade edge strike prediction method; (5) a description of mechanisms of fish
injury due to mechanical, fluid induced, and pressure reduction; and (6) in-depth analysis of controlled
experiments conducted recently at large turbine in the Pacific northwest. Most of our emphasis is placed
on the above types of turbines (Figures 10.2-1 through 10.2-6) because some recent studies provide
reliable estimates of direct effects of turbine passage and also these turbines are dominant in the United
States (see Section 3.0). However, to provide a benchmark for survival through turbines, available data
from sluices, bypasses, or spillways are also presented. The latter structures, though devoid of moving
parts, may expose fish to similar type of fluid-induced risks, thus provide some idea on quantification of
their effects on fish survivability.

The ultimate objectives of summarizing the available data are to (1) identify turbine characteristics that
enhance survival so that biological criteria can be incorporated into a new turbine design; (2) evaluate the
importance of factors that affect survival; (3) provide fish survivability in passage through other exit routes
without moving parts such as spillways and sluices; (4) provide some perspective on the magnitude of
improvement in survival that can be achieved given the observed survival rates; (5) discern avenues
wherein the turbine environment improvements should or could be made, and (6) point out significant data
deficiencies and need for conducting controlled experiments with the objective of enhancing the
application of the Advanced Hydropower Turbine System Program.
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4.2 GENERAL REVIEW

Summary

Historical studies primarily focused on juvenile saimonids of limited size range. However, in recent years
turbine passage survivability of other species has also been reported allowing for examination of species
differences. Most studies did not provide turbine operating data and where exactly within the turbine test
fish were released. Many prevailing hypotheses and “rules of thumb” relative to turbine fish passage were
developed based on system configuration and operating conditions that are vastly different from those of
the present and thus may not be applicable at many sites. There is a need to test some of the hypotheses
over a range of operating conditions with fish introductions at muitiple locations in a turbine to improve the
knowledge on injury mechanisms and their relationship to biological factors so that it can be incorporated
into the advanced turbine design.

Discussion

Several reviews of turbine passage survival (Ruggles 1980; Bell 1981; Turbak et al. 1981; Monten 1985;
Eicher Associates 1987; Ruggles and Paimeter 1989; Cada 1980; Ruggles et ai. 1990; EPRI 1992)
indicated that most efforts on estimating turbine passage survival were initially focused on Pacific
salmonids (e.g., steelhead trout, coho salmen, chinook saimon). However, in recent years survival rates
of other species (e.g., resident fish, clupeids such as American shad, river herrings, and Atlantic saimon)
have also appeared, primarily as a result of relicensing of hydro dams and interest in restoration and
enhancement of migratory fish on the East Coast. These data provide a perspective on fish species/size-
related interaction with a turbine type. This perspective is important from the standpoint of developing
design features for an advanced hydro turbine to protect the greatest number of species encompassing
wide size ranges.

Eicher Associates (1987) concluded that despite decades of research on salmonids, much uncertainty
remained in estimating turbine passage survival. A variety of factors may cause this uncertainty; namely,
the variability and lack of details relating to the design of turbine, wicket gate setting, head, species, size
of fish, trajectory of entrained fish, rotational speed of runner blades, runner blade angle, number of
blades, discharge, etc. These factors in combination with uncertainties associated with the prevailing tag-
recapture methodologies used to estimate survival have made results of some early studies difficult to
interpret. Eicher Associates (1987) also concluded that there was no turbine operating mode or design
that can result in fish survival of greater than 80%. Some recent studies, however, have reported survival
higher than 95% (Heisey et al. 1992, 1995, 1986; RMC 1994c,d;, Mathur ef al. 1994; Normandeau
Associates 1996a,b).

In general, survival of fish was and still is deemed higher in passage through Kaplan type turbines than
through Francis type turbines (Eicher Associates 1987; EPRI 1992). The survival was also hypothesized
to be higher when turbines operate at maximum efficiency (Bell 1981). As a consequence, many large
Kaplan turbines on the Columbia River Basin are operated within 1% of maximum efficiency for the head.
However, a statistical analysis of the data presented in Bell (1981) was recently performed by Dr. John R.
Skalski, Professor of Biostatistics at University of Washington, to evaluate the effects of turbine efficiency,
wicket gate openings, fish length, specific speed, and head on passage survival. His analysis showed
that the survival was more a function of percent wicket gate opening, fish length, and runner blade speed.
How-=aver, the latter three variables explained only about 40% of the variation in survival. No single
variable was significantly correlated to fish survival. While the effects of peak turbine efficiency on
survival were not statistically correlated in this analysis, subsequent analysis of recent data from
Wanapum Dam on the Columbia River show that the point of turbine operation can have significant
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influence on fish survival (Fisher ef al. 1997). Higher survival coincided with turbine discharges greater
than the discharges in the range of 1% efficiency below peak efficiency.

These reviews indicated the same factors that were considered as the underlying sources of variability
are also deemed critical factors in affecting fish survival. These include: turbine type, fish size, trajectory
of entrained fish relative to flow streams, clearance between structural components (i.e., spacing between
runner blades or buckets, wicket gates, and turbine housing), number of runner blades or buckets, runner
blade speed, flow, and angle of water flow through turbines (Bell 1981; Eicher Associates 1987). A
mathematical equation, attributed to Von Raben (Bell 1981; Ruggles and Palmeter 1989; Cada 1990), has
been developed for axial flow turbines incorporating some of the above variables to predict the probability
of contact with runner blades or buckets. However, the equation tends to underestimate turbine passage
survival when compared to site test estimates (Bell 1981; Ruggles and Palmeter 1989; RMC 1994b). it
should be noted, however, that fish mortality depending upon the site may occur from other sources as
well. The equation predicts only the strike probability, which has been used to estimate potential fish
mortality in some investigations. In one study, the mathematical equation predicted fish survival rates that
were 3.7 to 13.9% lower than through testing (RMC 1994b). All observed fish mortality at this low head
project (6 m or 21 ft) was attributed to blade strikes. The existing equation has been modified by our team
to improve predictability (see Section 4.3).

It should be emphasized that many earlier hypotheses have not been widely tested over a range of
operating conditions with spatially distributed fish introduction locations within turbines, particularly using
newer mark-recapture techniques (balloon tag, Passive Integrated Transponder (PIT) tag, radio tags,
etc.). Also, most of the earlier survival estimates, particularly in the Pacific northwest, were derived under
system configurations and operational conditions that were significantly different from those presently
used. For example, estimates of survival of fish entering different intake bays and depths at differing
turbine operating efficiencies had been largely lacking. Similarly, the effects of turbine intake screens on
unguided entrained fish were not well defined. Most of the earlier studies had involved fish releases at a
single depth within an intake bay when the turbine was operating over a narrow range of operating
conditions or in the absence of intake screens. Even now, many experiments are limited to tests over a
narrow range of operating conditions and only to obtain estimates of survival within pre-specified
variation. Experiments to determine the actual path an entrained fish traverses for quantification of the
mechanisms of injury/mortality are lacking. Thus, there are large gaps in our knowledge of which factors
affect fish survival in passage through turbines. It may be further compounded at many sites by the
observed high survival rates, leaving little room for significant improvements.

The discussion presented in this Task 2 will address the information gaps and attempt to shed more light
on the causes of fish mortality. Only through recognition of the causes can design and operational
methods be changed to improve fish passage survival at hydro plants.
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4.2.1 COMPILATION OF SURVIVAL DATA

Summary

Available fish survival and injury data were assembled and sorted by turbine type [axia: flow-(Kaplan and
propeller) and Francis], head, turbine operating status, depth of entrainment, fish size, tag-recapture
methodology, recapture rates, etc. for examining trends and evaluation of variables in affecting survival.
Although many of the literature data were collected to obtain only point estimates of passage survival,
available information provided some general trends which can be utilized for turbine enhancement. These
were: species per se is not important, larger sized fish (>200 mm) suffer greater mortality in passage
through smaller turbines (as indexed by runner diameter (<2.5 m or 100 in), runner speed (>100 rpm),
lower discharge (<71 cms or 2,500 cfs), and when wicket gate settings are narrow. The survival of
smaller sized fish (<200 mm) are affected less by the above parameters. However, detailed experiments,
conducted specifically to modify turbine design, showed that the survival of small sized fish (<200 mm)
varied between sites having similar type turbines, entrainment depth, turbine operating status, and
presence or absence of fish guidance screens or protective devices. The assembled data provided a
basis for further analysis and data needs for turbine design modifications.

Discussion

The available data were separated by turbine types because earlier reviews had indicated that differences
in survival may be due to whether the tested turbine was Francis or axial flow type (Kaplan and propeller).
Additional information extracted from each study included the following: site name and location; turbine
characteristics; head; species/size; estimation of direct effects (use of full discharge netting, radio
telemetry, balioon tags) versus total effects (PIT tags, coded wire tags, branding, etc.); tag-recapture
methodology; sample size employed; turbine operating conditions; recapture rate; control survival rate;
statement of assumptions and tests for their validity; and precision of survival estimates. All data listings
and projects at which survival was estimated are provided in Appendix Section 10.1.

Studied axial flow turbines had 3 to 7 runner blades, runner blade speeds of 75 to 241 rpm, runner
diameters of 1.8 to 7.9 m (69 to 312 inches), heads ranging from 5 to 30 m (16 to 98 ft), discharges of 6 to
600 cms (200 to 21,000 cfs), and operated in efficient or inefficient mode. The latter designation is that of
the dam operator at the time each study was conducted.

The Francis turbines had 12 to 19 buckets; single, double, or quad runners with runner blade speed of 72
to 510 rpm; head 4 to 120 m (13 to 387 ft); and discharge of 8 to 200 cms (275 to 7,000 cfs). Relative to
the axial flow turbines, Francis turbines were generally smaller, with lower discharges and higher runner
speeds.

Species tested include some of the most sensitive ones such as the juvenile clupeids (e.g., American
shad, ~lueback herring) to the more hardier ones like the saimon, sunfish, and catfish. However, most
emphasis has been on juvenile salmonid survival.

The dataset includes three basic fish body forms: generally cylindrical (e.g., salmon, most clupeids,
catfish, sucker), compressed (e.g., bluegill), and ribbon-like (eels). Fish size ranged from about 55 to 881
mm; most data is for fish less than 200 mm because they are more likely to be entrained (EPRI 1992).
Consequently, perhaps, data on survival of larger sized adult fish are limited. The results reviewed by
Eicher Associates (1987) pertain mostly to salmonids while those given in EPRI (1992) show a greater
diversity of species/size.




Development Of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 4.0 i

4.2.2 COMPONENTS OF MORTALITY

Summary

Definitions of the two primary components of fish passage mortality are given so that relevant information
for turbine design modifications can be extracted from the available data or from any future planned
experiments. In most cases the literature data do not provide a clear separation between the direct and
indirect effects. Quantification of direct effects is deemed important from the standpoint of turbine design
modifications.

Discussion

There are two primary components of total mortality of fish entrained in hydro turbines or other passage
routes: direct and indirect effects. The direct effects (e.g., mechanically-induced, pressure, cavitation, or
shear-related) are manifested immediately after passage as instantaneous mortality, injury, and loss of
equilibrium; the indirect effects (e.g., predation, disease, physiological stress, etc.) may occur over an
extended period and distance individually or synergistically. The direct effects are easier to quantify and
isolate than those due to indirect sources. Tables 4.2-1, 4.2-2, and 4.2-4 provide fish survival data based
on estimating direct effects while Table 4.2-3 shows data depicting effects of both direct and indirect
sources. The latter studies cover exclusively large hydro dams in the Pacific Northwest.
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4.2.3 POTENTIAL SOURCES OF INJURY/MORTALITY

Summary

The risks encountered by turbine entrained fish are defined (e.g., mechanical, shear-turbuience, pressure,
and cavitation) and the difficulty of quantifying each risk is explained, particularly in light of intake
modifications (installation of fish guidance screens, surface bypass colleclion system, etc.) at several
hydro plants. These madifications alter the turbine hydraulics resulting in deflection of unguided fish to
areas through which fish may not have been transported if modifications had not been made. This points
out the need for considering turbine design modifications separately for turbines equipped with intake fish
guidance screens and those without them.

Discussion
Entrained fish face three primary risks associated with turbine environment:

Mechanical forces on fish body resulting from direct contact with turbine structural
mechanisms: components such as rotating runner blades, wicket gates, stay vanes,
discharge ring, draft tube, passage through gaps between the blades and
the hub or at the distal end of blades, and other structures inserted into
the water passageway (e.g., trash racks, intake fish guidance screens,
etc.). The probability of mechanical contact depends on the distances
between blades, number of blades, and fish length;

Fluid mechanisms: Shear-turbulence - the effect on fish of encountering hydraulic forces due
to rapidly changing water velocities; forces on fish body resulting from
strong velocity gradients relative to fish length are significant.

Cavitation - injury resulting from forces on fish body due to vapor pockets
impioding near fish tissue. Under certain hydraulic conditions implosions
can cause formation of velocity jets, high levels of turbulence, and high
pressure shock waves. It has been assumed that if these implosions can
erode metal they could damage fish tissue as well.

The probability of a fish encountering these fluid mechanisms also
depends to a large extent on the distances between blades, number of
blades, and fish length.

Pressure: injuries resulting from the inability of fish to adjust from the regions of
high pressure immediately upstream of the turbine to regions of o
pressure downstream of the turbine; the pressure change in the turbine
environment itself may not be of sufficient magnitude and duration to be
significant. -

The above risks are related to details of the turbine, plant design, and operation as well as to the location
of fish in the water column. These risks, however, are not universally applicable to all species and their
life stages at all turbines; only a small proportion of the entrained fish population may be exposed to any
of these risks at a site (Heisey et al. 1992; RMC 1994b,c,d,e; RMC and Skalski 1994a,b; RMC et al.
1894). Unless an individual fish is physically retrieved immediately after passage and/or somehow
visually observed during its passage through a turbine, it is difficult to quantify these risks when evaluating
at the level of fish size relative to the magnitude of the above forces. Thus, only probable causal sources
of injury, mortality can be attributed. Also, if a fish suffers muitiple injuries it may be difficult to pinpoint the
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causative factor. Although fish recaptured after exiting turbines have shown manifestations of
injury/mortality suspected to be due to mechanical, pressure, or shear forces such categorizations were

not based on direct observations (Eicher Associates 1987).

4.2.3.1 Effect of Intake Modifications

Summary

Turbine intake modifications such as installation of fish guidance screens can alter hydraulic conditions
such that entrained fish may encounter areas of higher mortality. The survival of unguided fish could vary
with the magnitude of alteration in the intake hydraulics. The redistribution, deflection, and acceleration of
intake flows toward the bottom may transport unguided fish near the blade tips potentially resulting in
lower survival. The Advanced Hydropower Turbine System design needs to account for the presence of
intake structural modifications.

Discussion

Turbine passage survival can be influenced by turbine geometries and the point of operation, but can also
be significantly altered by installation of new structures in the waterway. As an example, extended length
fish guidance screens (Figure 4.2-1) installed at intakes to exclude fish from entering turbines may
drastically alter hydraulic conditions such that entrained fish may encounter areas of higher mortality
(Turner et al. 1993). The screening devices may also result in non-uniform distribution of intake flow,
formation of eddies, and turbulence in some areas (Tumner ef al. 1993). Figure 4.2-2 shows a schematic
of modeled velocity distribution within a turbine intake with and without an extended length screen. Intake
screens cause acceleration of velocities downward. The redistribution and acceleration of flow may
increase the level, incidence, and effect shear has on unguided fish passing through the turbine. Thus,
the potential effect on survival of unguided fish could vary by the magnitude of alteration in the intake
hydraulics. An effect of installing intake screens is a head loss which in turn can alter the hydraulics of
hydro turbines. ;

The redistribution, deflection, and acceleration of intake flows toward the bottom of the intake may also
transport unguided fish near the blade tips. Although the actual effects are not yet fully understood it has
been hypothesized that fish may suffer different mechanically-induced mortality in passage near the blade
tips or hub than at the mid region of the blade (Ferguson 1993, Fisher et al. 1997). Survival of fish
entering different depths within a turbine operating at various efficiencies is largely unknown. However, a
few recent studies shed more light on this issue, specifically, studies at Wanapum and Rocky Reach
Dams on the Columbia River have provided impetus for turbine design improvements (RMC 1994b; RMC
and Skalski 1994a,b, 1996; Ledgerwood ef al. 1990; Normandeau Associates et al. 1995, 1996a; Fisher et
al. 1997).
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4.2.4 QUANTIFICATION OF‘PROBABLE CAUSES OF INJURY/MORTALITY

Summary

Quantification of exact sources of injury/mortality on fish transported through turbines is difficult in the field
due to a lack of controlled experiments and that the observed symptoms could be manifested by two
different sources. However, some mechanically-related injuries, as evident by sliced bodies and pinched
bodies, may be quantified with greater certainty. Resuits from mest studies indicate that mechanically
related injuries are a dominant source of mortality, particularly for fish transported near the hub where
gaps exist (Kaplan adjustable blades). Pressure-related injuries appear to be more a function of
acclimation history of fish upstream of {urbine than passage through turbines per se. At dams (>30 m or
100 ft head), without hydro turbines, fish transported through bottom sluices or openings suffer
decompression trauma (as evident by rupture of air bladder and other internal organs) when rapidly
exposed to shallow tailrace conditions. Though evidence of injuries due to fluid shear forces exist,
relative to other sources, it is not a dominant source of fish injury/mortality in passage through turbines.

Discussion

A lack of controlled experiments to replicate and correlate each injury type/characteristic to a specific
causative mechanism (in combination with the meager knowledge of the actual path fish traverse within a
turbine) precludes definitive classification of observed injuries in the field. Literature suggests that
observed injury symptoms could be manifested by two different sources and accurate delineation of a
cause and effect relationship may be difficult (Eicher Associates 1987). Consequently, only probable
causal mechanisms of injury can be assigned. However, some mechanically related injuries (e.g., sliced
or pinched bodies) may be assigned with greater certainty (Figure 4.2-3). Injuries likely associated with
direct contact with turbine runner blades or impacting structural components are classified as mechanical
and include: bruises/hemorrhaging, lacerations, and severed/sliced body (Dadswell et al. 1986; Eicher
Associates 1987; RMC and Skalski 1994a,b). Injuries likely attributed to fluid shear forces are
decapitation (with the isthmus attached to the body and a slanted wound), torn or flared opercula, and
inverted or broken gill arches (Dadswell et al. 1986). The effects of pressure changes are manifested as
bloody eyes, popped eyes, air bladder rupture, and embolism (Figure 4.2-4).

In general, turbine-passage experiments conducted in the Pacific Northwest have provided most of the
empirical field evidence (Oligher and Donaldson 1966; RMC 1894a; RMC and Skalski 1994a,b; RMC et
al. 1994; Normandeau Associates ef al. 1995; 1996a; Normandeau Associates and Skalski 1996) of
probable sources of injury while laboratory experiments (Muir 1959; Lucas 1962; Harvey 1963; Groves
1972; Feathers and Knable 1983; Tumpenny et al. 1992) have provided data on effects of individual
factors such as pressure changes, cavitation, velocity, shear, turbulence, etc. Some of the former
experiments were conducted over a narrow range of turbine operation efficiencies, entrainment depths,
head, fish size, etc. and could only speculate where in the turbine environment the observed injuries may
have been inflicted.

4.2.4.1 Mechanical Related Injuries

Summary

Direct contact with the turbine runner blades and passage through the gaps between the blades and hub
are prime suspect areas of mechanical fish damage. Injury rates increase with fish size. However, the
rate of mechanical related injury can also vary with the fish entrainment depth, turbine operating status,
and whether the intakes are equipped with fish guidance screens. Mechanical related causes have been
reported as dominant cause of fish mortality at low head (<30 m or 100 ft) projects.
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Discussion

Mechanically related injuries have been posited as a major source of fish mortality in field investigations.
Oligher and Donaldson (1966) conducted a series of relatively controlled experiments to evaluate the
effects of turbine operating efficiency, head, and runner blade angles on fish survival at Big Cliff Dam and
provided some early empirical evidence of probable sources of injury/mortality. Data presented by these
authors for the 1966 experiments showed that about 70 to 93% of the injuries (based on number of
recaptured injured fish) were due to probable mechanical causes and less than 2% due to probable
pressure related causes. In the 1964 experiments by Oligher and Donaldson (1996) probable pressure-
related injuries accounted for 9 to 16% while mechanically related causes accounted for 77 to 84%. The
relative importance of pressure related injuries as a function of head (22 to 28 m or 71 to 91 ft) or blade
angles could not be observed.

Turbine configuration can influence the rate of mechanically related injuries. RMC (1994a) noted a
predominance of probable mechanically related injuries (4.4% as indicated by severed body,
bruises/hemorrhaging) on chinook salmon smolts in passage through Unit 7 (adjustable blade Kaplan) of
Rocky Reach Dam. In contrast, only 1.3%, though nonsignificant, of fish showed similar injury types in
passage through Unit 8 (fixed blade). At Unit 3 (adjustable blade Kaplan), mechanically induced injuries
were observed on 5.7% of recaptured. fish after passage at 3 m (10 ft) depth; at 9 m (30 ft) depth injury
rate was estimated at 4.1% (RMC 1994a). It was concluded that the higher injury rate, though
nonsignificant, on fish entrained at 3m (10 ft) depth of Units 3 and 7 was most likely due to passage
through the gaps between the runner blades and the hub; Unit 8 is a fixed blade turbine and gaps are
absent. At Wilder Dam on the Connecticut River, RMC (1994c) reported that 3.2% of recaptured Atlantic
salmon smolts had severed bodies and on additional 1.6% showed external bruises/hemorrhaging and
internal hemorrhaging.

Injury types and rates can differ between entrainment depth, turbine operating status, and whether the’
intake is equipped with fish guidance screens. At Lower Granite Dam turbine Unit 4 injuries on
recaptured/injured chinook salmon smoits introduced at the depth of standard length screens, with the
turbine operating at normal efficiency, were attributed to probable sources as follows: 67% mechanical
(Figure 4.2-3), 21% shear and pressure (Figure 4.2-4), and the remainder to muitiple causes (RMC et al.
1994). In a 1995 study at the same turbine the overall injury distribution for chinook smolts introduced
about 3m deeper (at the depth of extended lengdth screens) than in 1994 was as follows: 50% mechanical,
18.8% pressure, 14.1% to shear, and remainder to multiple causes. Fish introduced at upper elevation
(about 3 m below the intake ceiling) appeared to suffer greater rate of mechanical injuries (70.6%) than at
greater depths (< 45%); the difference in mechanically-related injury rate was attributed to the presence of
gaps between the runner blades and the hub through which the upper released fish were transported
(Normandeau Associates- et al. 1995). Gap related injuries were characterized by pinching types (Figure
4.2-3). At Wanapum Dam, probable mechanically related injuries were also common (43%) on injured
coho salmon smolts; pressure related injuries accounted for 23%, and shear 10%; the remainder to
multiple causes (Normandeau Associates et al. 1996c). Only 30 of the 1,202 turbine passed, recaptured
fish were injured and a shift of one or two fish into any injury category can make substantial changes in
the indicated percentages. As mentioned earlier, a lack of controlled experiments precludes definitive
assignments of exact source of injury mechanism.

4.2.42 Pressure Related Injuries

Summary

Fish are more sensitive to exposure to sudden pressure reduction than an increase in pressure.
However, the magnitude of pressure change and fish acclimation history are important factors. Fish with
a pneumatic duct (physostomes) attached to air bladders are able to adjust to pressure changes quicker
than those without the duct (physoclist). Physostomes can vent excess gas quicker, but if access to free
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air is not available, they will not be able to adjust to increasing pressures except through the gas gland.
Laboratory studies have shown variable effects of pressure reduction and most studies did not simulate
pressure regimes that fish encounter in the field. Thus, a blanket application of these results to the design
of a turbine may be risky; the effects of pressure reduction are related to the difference in pressure
between the acclimation depth (a function of head) and duration of time and the pressure at the exposure
depth. A true acclimation history of fish and the time it takes to become fully acclimated to a depth are
unknown. Recent studies at low head projects (<30 m or 100 ft) have shown only a secondary importance
of pressure-related damage. However, at higher head dams whether equipped with hydro turbines or not,
exposure to pressure reduction is a significant source of fish mortality; at projects with head less than 18
m (60 ft) probable pressure-related injuries have not been observed. Also, even relatively shallow intakes
(<8 m or 30 ft) leading into long pipes or penstocks (>303 m or 1,000 ft) at high head projects (generally
discharge <23 cms or 800 cfs) pose significant risk of fish mortality because of low relative velocities
allowing time for entrained fish to become acclimated to deeper depth prior to passage through the
turbines. The proportional contribution of pressure-related injuries to the total fish mortality may increase
at large turbine intakes equipped with fish guidance screens compared to those without them
(Normandeau Associates et al. 1995).

Discussion
Fish are more tolerant of increases in pressure than sudden reduction in pressure. The latter is of more

relevance to fish passage at hydro dams. Fish are more tolerant of gradual reduction in pressure than to
sudden exposures. In this section pressure is expressed as pound per inch (psi) in the English system
and as pascal (Pa) in the International (SI) System .(Cada et al. 1997). One pascal equals one N/m?;
water pressure at one atmosphere equals 101.3 (kilo pascal or kPa) or 14.7 psi.

The laboratory-derived relationship between fish acclimation pressure and subsequent rapid exposure to
pressure reductions may not adequately simulate fish responses within the turbine environment of
concern {e.g., exposure to limited or small area of low pressure on the lower side of runner blades). The
results from laboratory-derived data need to be carefully applied to the turbine rehabilitation program. In
addition, some field tests may prove more instructive in determining the tolerance of fish to pressure
regime experienced in lakes or reservoirs; these studies are described below. Little guidance exists to
estimate the time needed to acclimate fish to a given pressure. In addition, Cada et al. (1897) have
pointed out several shortcomings of some of the past laboratory experiments including poor
documentation, inadequate or no controls, use of small numbers of fish, and measurement of fish
responses to reduction in pressure only from atmospheric levels (101 kPa or 14.7 psi) to sub-atmosphere
levels. The latter factor is, perhaps, of most relevance to hydroelectric turbines because fish are
subjected to pressures higher than atmospheric levels prior to entering the turbine environment and then
rapidly traversing a low pressure region on the downstream side of the runner blade and then finally
becoming exposed tc near atmospheric levels in exiting the turbine draft tube. Thus, the eventual fate of
entrained fish would be dictated by its previous acclimation history (depth and time) prior to entering the
turbine and its end pressure in the tailrace rather than a split second passage through a zone of pressure
differential at the runner blades. It is unlikely that this turbine passage time is sufficient for acclimation to
changing pressures. At many sites surface-oriented fish have to sound to greater depths (12 to 20 m or
40 to 65 ft) to exit, such as bottom opening tainter gates at spiliways in the Pacific Northwest, and are
undoubtedly subjected to rapid pressure reductions presumably with little adverse effect; spill is routinely
used to minimize fish passage through turbines. Also, fish intercepted by extended length screens from
deeper depths and collected in gatewells or surface bypass structures have not shown adverse effects of
pressure reductions.

The tolerance to pressure reduction appears to be dependent on whether a species is physostome or
physoclist and their acclimation history (depth and time). Physostomous species (those having pneumatic

1N -
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duct, connecting air bladder to the esophagus, for venting air bladder gas) are more tolerant than
physoclists (those without pneumatic duct). The presence of pneumatic duct allows the physostomous
species (e.g., salmon, minnows, catfish, etc.) to rapidly take in or vent gases from the swim bladder
(within seconds) through the mouth so that adjustment to changing water pressures can be made quickly.
However, the time to reach full acclimation to a given depth is uncertain. In physoclists (e.g., basses,
sunfish, perch, walleye, etc.) contents and pressures within the swim bladder must be adjusted by
diffusion into the blood, a process taking hours (Cada ef al. 1997).

Laboratory experiments by Harvey (1963) and Turnpenny et al. (1992) suggest that physostomes
(primarily salmonids) can tolerate reductions in absolute pressures. When he rapidly exposed sockeye
smolts presumably acclimated at 2,064 kPa (20.4 atmosphere or 300 psi) to atmospheric pressure,
Harvey (1963) observed mortalities of less than 1% per week. Mortalities among the treatment groups
were indistinguishable from those among the controls. Smolts acclimated to 350 kPa (50 psi) for 24 h
then rapidly returned to atmospheric conditions exhibited less than 0.5% mortality per week. Similarly,
Tsvetkov et al. (1972), cited by Cada et al. (1997), reported resistance of two species of sturgeon to
reduction in absolute pressure. These fish presumably acclimated to 608 kPa (88 psi) and then rapidly
exposed to decompression did not exhibit lethality. However, physoclists (primarily largemouth bass)
when acclimated at 280 to 369 kPa and rapidly exposed to 101 kPa suffered significant mortalities
(Feathers and Knable 1983). Muir (1959) rapidly decompressed (from 22 psi to vapor pressure) 20 coho
salmon fingerlings (66 mm) for 0.4 sec. A 60% mortality was observed which was attributed to the rapid
high pressure shock waves associated with the collapse of the cavitation bubble. In another experiment
10 coho fingerlings were exposed for 1.6 sec. to similar decompression (from 22 psi to vapor pressure) no
mortality was observed. Laboratory experiments by Turnpenny et al. (1992) indicated low mortality (O to
10%) with sudden pressure reductions of up to 80% exposure (from a pressure of 343 kPa to 30 kPa);
these low mortalities were supported by mathematical equations developed to predict pressure-related
fish damage in a reference turbine. No external damage (e.g., popped eyes, hemorrhaging) was
observed; a small proportion of fish (10%), however, showed air biadder rupture. They attributed the high
tolerance of tested species to the ability to rapidly vent gases from their swim bladders under
decompression conditions. In contrast, physoclists (e.g., seabass) suffered a higher rate of air bladder
rupture and mortality. Under sustained decompression conditions swim bladder rupture of physoclists

occurred at about doubling of the swim bladder volume.

Field studies provide “important perspective on fish tolerance to pressure reduction (differences in
absolute pressure values from high to low) manifested through intake configuration and depth, acclimation
depth/time, and transit time through penstocks. Studies at Bond Falls Station, Ml (head 64 m or 210 ft,
discharge 11 cms or 385 cfs) and McClure, Ml (head 129 m or 425 ft, discharge 9 cms or 309 cfs), each
equipp_ed with a 2 to 4 km (1.3 to 2.5 mi) long penstock showed that most fish suffered decompression
trauma (as evidenced by ruptured or extruded air bladder, ruptured heart and kidney, and broken bones)
upon exiting the turbines. The intakes for these plants are located in the upper water level (about 3 to 9 m
or 10 to 30 ft, below reservoir surface) and lead into long sloping 3 m diameter pipes (penstocks) which
may allow fish to gradually acclimate to deeper depths (absolute pressures exceeding 9 atmospheres or
142 psi); the estimated velocity through the pipes (penstocks) were less than 0.5 m/s (1.5 ft/s), probably
insufficient to move fish rapidly through the system (RMC 1993b, 1996).

At Berlin Lake in Ohio, walleye passing through bottom sluice gates (depth approximately 35 m or 115 i)
died of decompression trauma (air bladder rupture) while those passing over the tainter gates survived
(Smith and Anderson 1984). Fish acclimated to higher pressure at greater depths suffered decompression
trauma when discharged into shallow tailrace depths. Decompressed fish were more common during the
winter months, perhaps walleyes moving to deeper waters to over-winter. Similar high levels of
decompression-related fish mortalities (74%) were observed in Allegheny Reservoir in the winter months.
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Fish migrating through bottom opening sluices (depth about 30 m or 100 ft) at Tygart Dam, West Virginia
exhibited symptoms of decompression trauma when discharged into a stilling basin (depth 9 m or 30 ft;
Jernezcic 1986). RMC (1992a) reported that a rapid exposure of fish acclimated to pressures of about
376.3 kPa (54.6 psi) or in a long tunnel to pressures of 12.3 kPa (1.8 psi) or in the tailrace, proved lethal
in passage through wheel gates (without hydroelectric plant) at the Youghiogheny Dam, PA (operating
head of about 36 m or 120 ft). The estimated mortality due tc decompression trauma exceeded 90% for
small fish (<100 mm) and about 49% for large fish (221-531 mm). Most common fish depicting symptoms
of decompression were physoclists such as walleye, alewife, crappies, and yellow perch. These fish had
entered the long intake tunnel and became acclimated to deeper depth prior to being suddenly discharged
into the shallow tailrace. Decompression trauma was most common in winter, presumably most fish
moved deeper in the water column to over-winter or to follow the forage fish.

4.2.4.3 Shear Related Injuries

Summary

Effects of shear induced forces have been studied primarily under laboratory conditions which are not
representative of internal hydraulic conditions of a turbine. However, these studies indicate that shear
effects may be species and size specific and are related to the orientation of fish in the shear zone.
Larger sized fish and those facing a water jet appear to suffer less injuries; water jet experiments invoived
velocities of 9 to 36 m/s (30 to 120 fi/s) with a velocity of 18 m/s (58 {t/s) having little effect on fish.

Discussion

Effects of shear induced forces have been primarily studied under laboratory conditions (Groves 1972;
Johnson 1972; Tumpenny ef al. 1992) where fish were exposed to high velocity discharge in a static
water tank rather than interaction between moving flows as encountered in a turbine. These studies
indicate that shear effects may be dependent on species and size and related to the manner of contact
rather than to a particular velocity difference. Johnson (1972) observed no mortality of juvenile coho
salmon, chinook salmon, and steelhead when these fish were transported through a 102 to 152 mm (4 to
6 inches) submerged nozzle at velocity of about 18 m/s (58 ft/s; Figure 4.2-5). The location of fish in the
jet, orientation of fish as they exited the nozzle, and location where they exited the jet into the static water
could not be controlled (Cada et al. 1997). Groves (1972) flushed juvenile coho, chinook, and steelhead
into the water tank through an angled tube so that they would strike the jet within 76 mm (3 inches) of its
emergence from the nozzle. Jet velocities ranged from 9 to 36 m/s (30 to 120 fi/s), however, actual shear
forces and velocities experienced by fish relative to its length were not measured. He concluded that fish
could be injured in any high energy flow situation that creates momentary localized points of sharp
velocity change. Smaller salmon (<30 mm long) suffered greater injury and mortality rates than larger
salmon (135 mm long), probably because of lesser tissue strength and exposure of a greater proportion of
the body to initial contact with the water jet (Groves 1972). Greatest injuries accurred when the water jet
contacted the head region and it was moving from the rear toward the head of the fish (Figure 4.2-8).
Less injurious was when the fish faced into the jet. Turnpenny et al. (1992) noted that water velocities of
up to 156 m/s (50 ft/s) and associated shear stresses caused little mortality in young clupeids and
American eel while the salmonids suffered no mortality at velocities up to 9 m/s (30 fi/s); velocities of 15
m/s (60 ft/s) inflicted variable mortality rates. None of the studies considered the interrelationships of
force, inertia, and shear relative to the fish size. Section 4.3 provides a detailed background of effects of
shear forces for greater understanding so that better experiments can be run.
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4.2.5 SCREENING CRITERIA FOR SELECTING SURVIVAL TESTS

Summary

Although literature reviews and recent studies provide estimates of fish survivability, not all estimates are
useful from the standpoint of understanding the mechanisms leading to the observed mortality so that the
knowle“ge can be used for potential turbine design modifications; mechanistic types of studies are
generally lacking. Most studies were not conducted with the objective of developing information for
turbine modifications However, a careful review of the studies from the existing database was considered
necessary to select those which may contribute to our understanding of fish reactions within turbines.
Therefore, screening criteria which when applied in aggregate rather than only one parameter were
developed to select studies to provide some insight into the mechanisms of turbine related mortality.

These included: high recapture rates, low control mortality, acceptable tag-recapture methodology,
description of injury types, direct or indirect effects, turbine operating status, turbine characteristics, and
adequate sample size. Also, because reporting of survival estimates vary (1 h, 24 h, 48 h, 72 h, 120 h,
etc.) only 1 h estimates were extracted to delineate the direct effects of turbine passage. This selection
criteria is similar to that recommended recently by EPRI (1992) for conducting survival studies.

Discussion

Major obstacles to obtaining reliable survival estimates of fish in transport through a hydro turbine,
particularly those with higher discharges (>60 cms or 2,000 cfs), have been the inability of investigators to
recapture a high proportion of released fish and to maximize control group survival (Heisey et al. 1892).
Burnham et al. (1987) and Ruggles et al. (1990) indicated that the reliability of a survival estimate is
enhanced when investigators can recapture a high proportion of fish after turbine passage, recapture
rates of treatment and control fish are similar, and survival of control fish is high. Mathur et al. (1994)
noted that reliability of survival estimates (direct passage effects) generally increases when fish recapture
rates exceed 70%. The superiority of high recapture of fish in release-recapture survival experiments in
simplifying assumptions is well known (Burnham et al. 1887).

Although literature reviews contain numerous field estimates of fish survivability not all estimates can be
considered useful from the standpoint of potential turbine design modifications. Most of the studies,
particularly related to relicensing of hydroelectric projects in the 1990's, were not conducted with a
specific objective of obtaining information usable for advanced turbine design development; in many
cases the objective was simply to provide an estimate of fish survivability. Additionally, many studies
suffered from a lack of standardized experimental protocols, lack of replication for estimating between
turbine variability, poor documentation of resuits, low precision, lack of adequate controls or high control
mortality (>30%), limited turbine operating data, accurate species/size identification, and sampling gear
deemed suitable for survival estimation (e.g., tailrace netting for estimating survival of herring like fish is
not deemed suitable by EPRI (1992, 1997). Therefore, a set of criteria was developed, to be used in
aggregate rather than based on a single parameter, to-select data that may yield useful information for
turbine designers and narrow down the list of important candidate variables which may be amenable for
possible modifications. Undoubtedly, the selection process requires some professional judgment.
Although the database in this report contains almost all the studies reported in the literature reviews (Bell
1981; Eicher Associates 1987; EPRI 1992) usable information was extracted from studies which also
provided the following: estimation of direct effects; acceptable sample size (>100); high control survival
rate (preferably >90%); high recapture rates (generally >70%); description and quantification of injury
types; turbine characteristics (e.g., discharge, number of biades or buckets, runner diameter, head, etc.);
turbine operating data; and species and size. Tables 4.2-1 to 4.24 show the data used in further
analysis.
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Recently, EPRI (1997) has provided detailed guidelines for obtaining acceptable survival estimates
emphasizing many of the criteria components cited above: need for detailed turbine physical and
hydraulic characteristics; detailed information on species origin (hatchery-reared or river run), condition,
number used, and size; accurate location of fish introduction within a turbine; turbine operating status;
minimal control mortality (preferably less than 20%); number of fish recaptured; replication of tests;
survival estimates (1 h, 48 h, or 120 h, etc.) accompanied with confidence limits (precision); and
assumptions used to derive estimates.

The following Section 4.3 presents background and quantitative characteristics of flow through turbines so
that a better understanding of the processes occurring in turbine leading to fish mortality can be obtained.
As a result, better turbine design features can be planned and implemented to achieve lower turbine

passage mortality.
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Table 4.2-1

Physical and hydraulic characteristics of all hydroelectric dams equipped with Kaplan type turbines for which survival data were deemed usable (direct effects data used in statistical

-

analyses).

Avg. Fish  Turbine No. Runhner Runner Peripheral Percent

Length Discharge of Speed Head Dia, Velacity Survival
Station Sampling Method Specles Tested {mm) {cms) Blades (rpm) (m) {m) (m/s) 1 Hr.
Big Clifl, OR (1964) Full discharge netting Chinook Salmon 100 52,5 6 163.6 27.7 3.76 32.2 91.1
Big Cliff, OR (1964) Full discharge netting Chinook Salmon 100 711 6 163.6 247 3.76 32.2 945
Big Cliff, OR (1964) Full discharge nelting Chinook Salmon 100 711 6 163.6 216 3.76 32,2 89.7
Big CIiff, OR (19686) Full discharge nelling Chinook Salmon 100 52,5 6 163.6 27.7 3.76 32.2 922
Big Cliff, OR (1966) Full discharge nelting Chinook Salmon 100 711 6 163.6 247 3.76 32.2 89.8
Big Clilf, OR (1966) Full discharge nelling Chinook Salmon 100 714 6 163.6 216 3.76 32.2 90.6
Big Clifl, OR (1967) Full discharge netting Steelhead 152 74 6 163.6 216 3.76 32.2 90.4
Chalk Hill, M-wi HI-Z Turb'N Tag Bluegill 103 37.7 4 150 8.8 2.59 20.3 97.0
Chalk Hill, Mi-Wi HI-Z Turb'N Tag Bluegill 1563 37.7 4 150 8.8 2.59 20.3 98.0
Chalk Hill, MI-wWi HI-Z Turb'N Tag W. Sucker/R. Trout 119 37.7 4 150 8.8 2.59 20.3 91.0
Chalk Hill, MI-wWi HI-Z Turb’N Tag W, Sucker/R. Trout 261 37.7 4 150 8.8 2.59 20.3 97.0
Conowingo, MD HI-Z Turb'N Tag American Shad 126 226.6 6 120 274 5.72 35.9 94.9
Craggy Dam, NC HI-Z Turb'N Tag Channel Catlish 180 17.0 4 229 6.4 1.75 21.0 93.0
Craggy Dam, NC HI-Z Turb'N Tag Channel Caltlish 180 5.7 4 229 6.4 1.76 21.0 90.0
Craggy Dam, NC HI-Z Tutb'N Tag Channel Catfish 277 6.7 4 229 6.4 1.76 21.0 81.0
Craggy Dam, NC HI-Z Turb'N Tag Bluegitl 100 6.7 4 229 6.4 1.75 21.0 96.0
Craggy Dam, NC HI-Z Turb'N Tag Channel Catfish 277 17.0 4 229 6.4 1.75 21.0 93.0
Craggy Dam, NC HI-Z Turb'N Tag Bluegill 155 57 4 229 6.4 1.75 21.0 86.0
Crescent, NY HI-Z Turb'N Tag Blueback Herring 91 43.0 5 144 8.2 2.74 20.7 96.0
Essex, MA (bulb turbine) Radio telemetry Atlantic Salmon 288 124.6 3 128.6 8.8 4,00 26.9 98.0
Foster, OR {lests combined) Full discharge nelling Chinook Salmon 120 22.7 6 257 26.2 2.54 342 82.1
Foster, OR (tests combined) Fyke netting Chinook Salmon 130 22.7 8 257 30.8 2.54 34.2 927
Foster, OR (lests combined; Full discharge neiting Chinook Salmon 120 22.7 6 257 33.5 2,64 34.2 91.2
Feeder Dam, NY Full discharge nelting Bluegill 92 29.5 6 120 4.7 2.92 18.3 97.3
Feeder Dam, NY Full discharge netting Bluegill 129 29.5 6 120 6.2 2.92 18.3 92.3
Feeder Dam, NY Full discharge netting Largemouth bass a8 29.5 6 120 5.5 2.92 18.3 98.0
Feeder Dam, NY Full discharge netting Largemouth bass 190 29.5 6 120 5.8 2.92 18.3 90.0
Feeder Dam, NY Full discharge netting Largemouth bass 292 29.5 6 120 6.1 2.92 18.3 86.8
Feeder Dam, NY Fuil discharge netting Brown trout 206 29.5 6 120 6.4 2,92 18.3 86.4
Feeder Dam, NY Full discharge netling Golden shiner 88 29.5 8 120 6.7 2,92 18.3 96.8
Greenup Dam, OH (Vanceburg) Radio telemetry Sauger 231 336.i 5 90 9.1 6.10 28.7 854
Hadley Falls, MA Radlo telemetry American Shad 660 118.9 5 128 15.8 4.32 28.9 78.2
Hadley Falls, MA HI-Z Turb'N Tag American Shad 82 118.9 5 128 15.8 4.32 28.9 97.3
Hadley Falls, MA Radio telemetry Atlantic Salmon 285 118.9 5 128 15.8 4.32 28.9 93.7
Hadley Falls, MA HI-Z Turb'N Tag American Shad 82 43.9 5 128 15.8 4.32 28.9 100.0
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Table 4,2-1

Physical and hydraullc characteristics of all hydroelectric dams equipped with Kaplan type turbines for which survival data were deemed usable (direct effects data used in statistical

analyses).
Avg. Fish  Turbine No. Runner Runner Perlpheral Percent
Length Discharge of Speed Head Dia. Velocity Survival

Station Sampling Method Specles Tested {mm) {cms) Blades (rpm) {m) (m) (mis) 1 Hr.,
Herrings, NY Full discharge netting Centrarchid 100 34.0 4 138 5.8 2.87 20.7 98.3
Herrings, NY Full discharge netting Centrarchid 175 340 4 138 58 2.87 20.7 97.3
Herrings, NY Full discharge netling Centrarchid 250 34.0 4 138 58 2.87 20.7 93.2
Herrings, NY Full discharge netting Percid 100 34.0 4 138 5.8 2.87 20.7 91.1
Herrings, NY Full discharge netting Salmonids 100 34.0 4 138 6.8 2.87 207 90.0
Herrings, NY Full discharge netling Salmonids 175 34.0 4 138 6.8 2.87 20.7 87.5
Herrings, NY Fult discharge netting Salmonids 250 34.0 4 138 5.8 2.87 20.7 96.2
Herrings, NY Full discharge nelting Centrarchid 100 34.0 4 138 58 2.87 20.7 96.0
Herrings, NY Full discharge netting Centrarchid 175 34.0 4 138 5.8 2.87 20.7 96.4
Herrings, NY Full discharge netting Centrarchid 250 34.0 4 138 5.8 2.87 20.7 92,5
Herrings, NY Full discharge netting Percid 100 34.0 4 138 5.8 2.87 20.7 94.9
Herrings, NY Full discharge netting Percld 175 34.0 4 138 5.8 2.87 20.7 98.2
Herrings, NY Full discharge netting Percid 250 34.0 4 138 58 2.87 20.7 96.2
Herrings, NY Full discharge netting Salmonids 100 34.0 4 138 5.8 2.87 20.7 95.6
Herrings, NY Full discharge netting Salmonids 175 34.0 4 138 5.8 2.87 20.7 98.7
Herrings, NY Full discharge netling Salmonids 250 34.0 4 138 5.8 2.87 20.7 98.6
Herrings, NY Full discharge netting Soft ray 100 34.0 4 138 5.8 2.87 20.7 97.6
Herrings, NY Full discharge nelting Soft ray 175 34.0 4 138 5.8 2.87 20.7 91.7
Herrings, NY Full discharge nelling Solt ray 250 34.0 4 138 5.8 2.87 20.7 85.1
Herrings, NY Full discharge netting Clupeids 100 34,0 4 138 5.8 2.87 20.7 92.8
fa centrale de Beauharnois, Float tag American eel 881 262.7 8 947 241 6.32 313 76.1
Lowell, MA Radio telemetry Aflantic Salmon 265 127.4 5 120 11.9 3.86 24.2 88.5
Lower Granite, WA HI-Z Turb’'N Tag Chinook Salmon 134 594.7 6 90 29.9 7.92 37.3 94.6
Lower Granite, WA HI-Z Turb'N Tag Chinock Salmon 151 509.8 6 90 29.9 7.92 373 94.9
Lower Granite, WA HI-Z Turb'N Tag Chinook Salmon 150 509.8 6 g0 29.9 7.92 37.3 95.3
Lower Granite, WA HI-Z Turb'N Tag Chinook Salmon 148 382.3 6 90 29.9 7.92 37.3 97.2
Lower Granite, WA HI-Z Turb'N Tag Chinook Salmon 148 538.1 6 920 29.9 7.92 37.3 94.6
Lower Granite, WA HI-Z Turb'N Tag Chinook Salmon 151 509.8 6 90 29.9 7.92 37.3 97.5
Lower Granite, WA HI-Z Turb'N Tag Chinook Salmon 150 509.8 6 a0 209 7.92 373 97.5
Raymondville, NY Full discharge netting Eel 625 46.4 6 120 6.4 3.33 20.9 63.0
Rock Island, WA (bulb turbine) HI-Z Turb'N Tag Chinook Salmon 179 481.5 4 85.7 12.2 7.01 30.5 96.1
Rock Island, WA (PH 1, U 4) H!-Z Turb'N Tag Chinook Salmon 179 481.5 6 100 13.7 5.74 30.5 95.0
Rock Island, WA (PH 1, U 5) Hi-Z Turb'N Tag Chinook Salmon 179 481.5 6 100 13.7 574 30.5 96.1
Rocky Reach, WA (30",U. 3) HI-Z Turb'N Tag Chinook Salmon 161 453.1 6 90 28.0 (AR 33.5 94.7
Rocky Reach, WA (10',U. 3) HI-Z Turb'N Tag Chinook Salmon 161 453.1 6 90 28.0 7.1 335 93.9
Rocky Reach, WA (10',U. 5) HI-Z Turb'N Tag Chinook Salmon 184 396.5 6 90 280 7.11 335 97.3
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Table 4.2-1

Physlcal and hydraulic characteristics of all hydroelectric dams equipped with Kaplan type turbines for which survival data were deemed usable (direct effects data used in statistical

analyses).
Avg. Fish  Turbine No. Runner Runner Peripheral Percent
Length Discharge of Speed Head Dia. Velocity Survival

Station Sampling Method Specles Tested {mm) {cms) Blades {rpm) {m) {(m) (mis) 1 Hr.
Rocky Reach, WA (30',U. 5) HI-Z Turb'N Tag Chinook Salmon 184 396.5 6 90 28,0 7.11 33.5 944
Rocky Reach, WA (10',U. 6) HI-Z Turb'N Tag Chinook Salmon 184 398.5 6 90 280 7.1 335 94.2
Rocky Reach, WA (30',U. 6) HI-Z Turb'N Tag Chinook Salmon 184 396.5 6 90 28.0 7.11 335 95.8
Safe Harbor, PA (Unit 7) HI-Z Turb'N Tag American Shad 118 235.1 5 109 16.8 5.64 32.2 98.0
Townsend Dam, PA (bulb turbine) HI-Z Turb'N Tag Largemouth Bass 217 425 3 152 49 2.87 22.8 96.8
Townsend Dam, PA (bulb turbine) HI-Z Turb’N Tag Rainbow Trout 139 22.7 3 152 4.9 2.87 22.8 94.4
Townsend Dam, PA (bulb turbine) HI-Z Turb’'N Tag Rainbow Trout 344 22.7 3 152 4.9 2.87 22.8 86.5
Townsend Dam, PA (bulb turbine) HI-Z Turb'N Tag Largemouth Bass 102 22,7 3 152 4.9 2.87 22.8 100.0
Townsend Dam, PA (bulb turbine) HI-Z Turb’N Tag Largemouth Bass 217 22.7 3 152 49 2.87 22.8 86.0
Townsend Dam, PA (bulb turbine) HI-Z Turb’N Tag Rainbow Trout 139 425 3 152 4.9 2.87 22.8 100.0
Wanapum, WA (10ft, Unit 9) HI-Z Turb’'N<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>