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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



Development Of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 2.0

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.




Development Of Environmentally Advanced Hydropower Turbine System Design Concepts

Section 3.0

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.
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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 Tag Coho Salmon 154 254.9 5 85.7 229 7.24 325 89.7
Wanapum, WA (10fl, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 311.5 5 85.7 229 7.24 325 924
Wanapum, WA (10it, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 424.8 5 85.7 22.9 7.24 32,5 94.8
Wanapum, WA (10ft, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 4815 5 85.7 229 7.24 325 88.5
Wanapum, WA (30ft, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 254.9 5 85.7 22.9 7.24 325 94.9
Wanapum, WA (30ft, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 3115 5 85.7 229 7.24 32,6 96.8
Wanapum, WA (30t, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 4248 5 85.7 229 7.24 325 100.0
Wanapum, WA (30it, Unit 9) HI-Z Turb'N Tag Coho Salmon 154 481.5 5 85.7 22.9 7.24 32.5 96.8
West Enfield, ME Radio telemetry Atlantic Salmon 212 150.1 3 89 6.4 4.88 22.7 96.0
Wilder, VT-NH HI-Z Turb'N Tag Allantic Salmon 191 1274 5 1125 16.5 4.57 28.9 96.0
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Table 4.2-2

Physical and hydraulic characteristics of all hydroslectric dams equipped with propeller 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 Species Tested {mm) {cms) Blades {rpm) (m) (m) {m/s) 1Hr.
Hadley Falls, MA H!-Z Turb'N Tag American Shad 82 118.9 5 150 15.8 3.96 31.1 89.1
Rocky Reach, WA (10',U. 8) HI-Z Turb'N Tag Chinook Salmon 114 566.4 5 85.7 26.4 7.90 35.4 96.9
Safe Harbor, PA (Unit 8) HI-Z Turb'N Tag American Shad 118 260.5 7 75 16.8 6.15 241 97.8
Safe Harbor, PA (Unit 8) Hi-Z Turb'N Tag Amerlcan Shad 118 260.5 7 75 16.8 6.15 241 98.9
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Table 4.2-3

Survival estimates (containing both direct and indirect effects) in passage through Kaplan type turbines.

Runner  Turbine No. Runner Peripheral Percent

Dia. Discharge of Speed Head Velocity Survival
Station Sampling Method Species Tested (m) (cms) Blades (rpm) {m) (m/s) 1Hr.
Bonneville, OR/WA Branding/CWT Chinook salmon 7.62 498.4 5 69.2 18.3 27.6 97.5
Little Goose, WA PIT tag Chinook salmon  7.92 509.8 6 90.0 28.3 37.3 92.0
Lower Granite, WA PIT tag Chinook salmon  7.92 509.8 6 90.0 29.9 37.3 92.7
Rock Island, WA Brand/partial netting Coho salmon 7.01 509.8 4 85.7 12.2 314 93.0
Rock Island, WA Brand/partial netting Steelhead 7.01 509.8 4 85.7 12.2 314 96.9
Wells, WA Brand/patiial netting Steelhead 7.43 566.4 6 85.7 19.8 33.3 84.0
Lower Monumental, WA PIT tag Chinook salmon  7.92 509.8 6 90.0 28.7 37.3 86.5
McNary, WA Brand/partial netting Chinook salmon  7.11 348.3 6 87.5 244 32.6 89.0
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Table 4.2-4

Physical and hydraulic characteristics of hydroelectric dams equipped with Francis type turbines for which survival data were desined usable for direct effects (analysis utilizad these data).

Tost Contro! Avg. Fish Turblne No. Runner Runner Peripheral Y%
Sampling sample sample Length  Discharge of Speed Head Dia. Velocity Survival

Station Method Spacies Tested size size {(mm) {cms) Buckets (rpm) _ (m) {m) {m/s) 1 hr
Alcona, Mi Full dschrg netting Blueglll 97 - 118 46.9 16 90 13.1 2.54 12.0 80.2
Alcona, MI Full dschrg nelling Bluegil 102 - 170 47.0 16 90 1341 254 12.0 84.1
Alcona, M| Full dschrg netting Gold./Common Shiner 51 - 114 47.0 16 90 131 2,54 12.0 80.9
Alcona, M| Full dschrg netting Gold./Common Shiner 58 - 154 47.0 16 90 131 2.54 120 84.7
Alcona, M| Full dschrg netting Northem Pike 44 - 352 471 16 90 13.1 2,54 12.0 51.2
Alcona, Mi Full dschrg netling Ralnbow Trout 40 - 108 474 16 90 13.1 2.54 12.0 100
Alcona, M| Full dschrg netting Ralnbow Trout 40 - 317 471 16 90 13.1 2.54 12.0 89.4
Alcona, M| Full dschrg netting Walleye 45 - 385 472 16 90 131 2.54 12.0 38.7
Alcona, Mi Full dschrg netting White Sucker 60 - 180 47.2 16 90 13.1 2.54 12,0 944
Alcona, MI Full dschrg netting White Sucker 54 - 290 473 16 90 13.1 2.54 12.0 90.4
Buchanan, M! Full dschrg nelling Chinook salmon 600 400 420 28 . - - - - 79.6
Buchanan, Ml Full dschrg netting Steelhead trout 600 400 420 6.2 - - - - - 794
Bond Falls, Mi Full dschrg netting Ralnbow Trout 350 225 210 12.7 - 300 64.0 - - 83.8
Bond Falls, MI Full dschrg netling Yellow Perch 360 225 102 12.7 - 300 64.0 - - 79.5
Bond Falls, M Full dschrg netting Golden Shiner 405 225 70 12.7 - 300 64.0 - - 77.9
Bond Falls, M| Full dschrg netting Bluegill 660 450 115 12.7 - 300 64.0 - . 81.7
Caldron Falls, Wi { Unit 1) Full dschrg netling Centrarchiforms 144 94 76 184 15 226 244 1.83 21.6 100.0
Caldron Falis, Wi { Unit 1) Fuli dschrg netling Cenlrarchitorms 141 90 127 184 15 226 244 1.83 21.6 98.2
Caldron Falls, Wl ( Unit 1) Full dschrg netling Centrarchiforms 76 35 178 184 15 226 244 1.83 21.6 86.8
Caldron Falls, Wl ( Unit 1) Full dschrg nelling Fuslforms 145 86 76 184 15 226 244 1.83 216 80.3
Caldron Falls, W) ( Unlt 1) Full dschrg netling Fuslforms 139 92 127 184 15 226 244 1.83 21.6 84.8
Caldron Falls, Wi { Unit 1) Futi dschig neliing Fusiforms 125 58 178 184 15 226 244 1.83 218 703
Caldron Falls, Wi { Unit 1) Full dschrg nelling Fusiforms 136 63 229 184 15 226 244 1.83 21.6 64.3
Caldron Falls, WI ( Unlt 1) Full dschrg netling Fusiforms 146 94 292 184 15 226 244 1.83 21.6 59.5
Caldron Falls, WI ( Unit 1) Full dschrg netling Fusiforms 153 76 >292 18.4 15 226 244 1.83 216 35.5
Centralia, Wi (Unit 2) Full dschrg netting White Sucker - - 125 14.4 15 90 6.1 0.71 3.3 97.9
Ceontralia, Wl (Unit 1) Full dschrg netiing Bluegiil - - 125 144 15 90 6.1 0.71 3.3 98.2
Centralla, Wi (Unit 1) Full dschrg netting Blueglll - - 175 144 15 90 6.1 0.71 3.3 86.8
Crown Zellerback, OR (Unit 20) Full dschrg netiing Steelhead trout 1,777 500 - 11.6 - 277 11.9 - - 69.4
Crown Zellerback, OR (Unit 20) Full dschrg netling Chinook salmon 1,800 500 - 11.6 - 277 11.9 - - 71.6
Crown Zellerback, OR (Unit 21) Full dschrg netling Steelhead trout 17,999 500 - 14.7 - 255 13.0 - - 80.0
Crown Zelletback, OR (Unlt 21) Full dschrg nelling Chinook salmon 1,798 500 . 14.7 . 255 13.0 - - 81.2
Cushman Plant 2 (1960) Full dschrg netling Salmonlds 25,108 - 58 226 17 300 137.2 2.1 33.1 61.0
Cushman Plant 2 (1960) Full dschrg netting Salmonlds 25,108 - 58 40% wicket - 59.0
Cushman Plant 2 (1960) Full dschrg netting Salmonids 25,108 - 58 40% wicket - 44.6
Cushman Plant 2 (1960) Full dschrg nelilng Salmonlds 25,108 - 58 40% wicket - 52.2
Cushman Plant 2 (1960) Full dschrg netting Salmonids 25,108 - 58 65% wlcket . 773
Cushman Plant 2 (1960) Full dschrg netting Salmonids 25108 - 58 65% wicket - 70.8
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Table 4.2-4

Physlcal and hydraullc characterlstics of hydroelectric dams equipped with Francis type turbines for which survival data were desmed usable for direct effacts (analysis utllized these data).

Teost Control Avg. Fish Turbine No. Runner Runner Peripheral %
Sampling sample sample Llength  Discharge of Speed Head Dla. Velocity Survival
Station Method Spacies Tested " size size (mm) (cms) Buckets (rpm) _ (m) (m) (m/s) ihr
Cushman Plant 2 (1960) Full dschrg netling Salmonlds 25,108 - 58 65% wicket - 65.5
Cushman Plant 2 (1960) Full dschrg netling Salmonlds 25,108 - 58 80% wicket - 75.0
Cushman Plant 2 (1960) Full dschrg neflling Salmonids 25,108 - 58 80% wicket - 73.7
Cushman Plant 2 (1860) Full dschrg nelting Salmonids 25,108 - 58 80% wicket - 55.1
Cushman Plant 2 (1960) Full dschrg nelting Salmonids 25,108 - 58 100% wicket - 735
Cushman Plant 2 (1960) Full dschrg nelling Salmontds 25,108 - 68 100% wicket - 69.1
Cushman Plant 2 (1960) Full dschrg netting Salmonlds 25,108 - 58 100% wicket - 63.8
Cushman Plant 2 (1961) Full dschrg nelting Sliver Salmon 7,923 4,000 89 22,6 17 300 137.2 2.1 33.1 53.3
Cushman Plant 2 (1961) Full dschrg netting Steelthead 1,590 800 127 226 17 300 137.2 2.11 33.1 429
Cushman Plant 2 (1961) Full dschrg netting Siiver Salmon 7,923 4,000 89 40% wicket - 345
Cushman Plant 2 (1961) Full dschrg netting Sliver Salmon 7,923 4000 89 50% wicket - 50.9
Cushman Plant 2 (1961) Full dschrg nelling Steelhead 1,590 800 127 50% wlcket - 51.9
Cushman Plant 2 (1961) Full dschrg netting Sliver Salmon 7,923 4,000 a9 60% wicket - 59.9
Cushman Plant 2 (1961) Full dschrg nelting Steelhead 1,590 800 127 60% wicket - 38.6
Cushman Plant 2 (1961) Full dschrg nelting Siiver Salmon 7.923 4,000 89 68% wicket - 60.5
Cushman Plant 2 (1961) Full dschrg netling Steelhead 1,580 800 127 68% wlcket - 423
Cushman Plant 2 (1961) Full dschrg nelling Silver Salmon 7,923 4,000 89 76% wicket - 720
Cushman Plant 2 (1961) Full dschrg nelling Steelhead 1,590 800 127 76% wlcket - 50.0
Cushman Plant 2 (1961) Full dschrg nelting Sliver Salmon 7,923 4,000 89 84% wicket - 68.4
Cushman Plant 2 (1961) Full dschrg nelling Steelhead 1,590 800 127 84% wicket - 338
Cushman Plant 2 (1961) Full dschrg nelling Sliver Salmon 7,923 4,000 a9 80% wlcket - 777
Cushman Plant 2 (1961) Full dschrg nelling Siiver Salmon 7,923 4,000 89 100% wicket - 64.9
E. J. West, NY Full dschrg netling Centrarchid 320 320 <100 76.3 15 113 19.2 3.33 19.7 717
E. J. Wesl, NY Full dschrg netting Centrarchid 159 160 175 76.3 15 113 19.2 3.33 19.7 85.5
E. J. West, NY Fuli dschrg netling Centrarchid 128 128 > 250 76.3 15 113 19.2 3.33 19.7 59.8
E. J. West, NY Full dschrg nelting Percid 240 240 <100 76.3 15 113 19.2 3.33 19.7 56.1
E. J. West, NY Full dschrg netting Soft Ray 157 159 <100 76.3 15 113 19.2 3.33 19.7 323
E. J. West, NY Full dschrg netting Soft Ray 160 159 175 76.3 15 113 19.2 3.33 19.7 71.3
E.J. West, NY Full dschrg netting Soft Ray 160 160 > 250 76.3 15 113 19.2 3.33 19.7 67.5
E. J. West, NY Full dschrg netting Salmonid 280 280 <100 76.3 15 113 19.2 3.33 19.7 65.2
E. J. West, NY Full dschrg netting Salmonlid 160 160 175 76.3 15 113 19.2 3.33 19.7 90.6
E.J. West, NY Fult dschrg netting Salmonid 160 160 > 250 76.3 15 113 19.2 3.33 19.7 95.6
Elwha, WA Partlat netling Chlnook salmon 42,168 20,030 - 14.1 . 300 31.7 1.49 234 100.0
Finch Pruyn, NY (Unit 4) Balloon tag Smallmouth Bass 61 44 191 20.0 15 225 14.0 0.91 10.8 95.0
Finch Pruyn, NY (Unit 4) Balloon tag Smallmouth Bass 49 37 210 20.0 15 225 14.0 0.91 10.8 91.0
Finch Pruyn, NY (Unit 5) Balloon tag Smallmouth Bass 32 37 210 23.6 15 225 14.0 0.91 10.8 91.0
Finch Pruyn, NY (Unit 5) Balloon tag Smallmouth Bass 43 44 21 23.6 15 225 14.0 0.91 10.8 71.0
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Table 4.2-4

Physical and hydraullc characteristics of hydroelectric dams equipped with Francis type turbines for which survival data were deemed usable for direct effects (analysis utilized these data).

Test Control Avg. Fish Turbine No. Runner Runner Perlpheral %
Sampling gample sample Length  Discharge of Speed Head  Dia, Velocity Survival
Station Method Species Tested size size (mm) {cms) Buckets (rpm) _(m) (m) (m/s) 1hr
Flve Channels, Mi Full dschrg netling Blueglll 95 - 118 33.0 16 150 11.0 140 11.0 93.6
Five Channels, M| Full dschrg nelling Bluegill 91 - 170 33.0 16 150 1.0 1.40 11.0 89.2
Five Channels, M| Fuli dschrg netting Gold./Common Shiner 59 - 114 33.0 16 150 11.0 140 11.0 81.8
Five Channels, Ml Full dschrg nelling Gold./Cominon Shiner 60 - 154 33.0 16 150 11.0 1.40 11.0 85.5
Five Channels, M| Full dschrg netling Northem Plke 31 - 352 33.0 16 150 11.0 140 11.0 91.3
Five Channels, M| Full dschrg netling Ralnbow Trout 40 - 108 33.0 16 150 11.0 1.40 11.0 95,8
Flve Channels, M| Full dschrg netting Ralnbow Trout 46 . 317 33.0 16 150 11.0 1.40 11.0 70.0
Flve Channets, M| Full dschrg netting Walleye 55 - 162 33.0 16 150 11.0 1.40 11.0 71.2
Five Channels, M! Full dschrg netting Walleye 60 - 385 33.0 16 150 1.0 140 11.0 76.7
Flve Channels, MI Fuli dschrg netting White Sucker 56 - 180 33.0 16 150 11.0 1.40 11.0 88.6
Five Channels, M| Full dschrg netling White Sucker 60 - 290 33.0 16 150 11.0 1.40 11.0 714
Five Channels, M| Full dschrg netiing Yellow Perch 30 - 186 33.0 16 150 11.0 1.40 11.0 774
Glines, WA Panilal netling Sliver salmon 31,256 23442 - 424 - 225 59.1 2.35 27.6 69.6
Grand Raplds, Wi (U 1,2,4 comb) Full dschrg netling Blueglil - - 76 18.2 15 90 8.5 1.47 6.9 96.7
Grand Raplds, WI (U 1,2,4 comb) Full dschrg netting Blueglll - - 127 18.2 15 90 8.5 147 6.9 100.0
Grand Raplds, Wl (U 1,2,4 comb) Full dschrg netting Blueglll - - 178 18.2 15 90 85 147 6.9 94.9
Grand Rapids, Wi (U 1,2,4 comb) Full dschrg netting White Sucker - - 76 18.2 15 90 8.5 1.47 6.9 100.0
Grand Raplds, Wi (U 1,2,4 comb) Full dschrg netling White Sucker - - 127 18.2 15 90 8.5 1.47 6.9 100.0
Grand Rapids, Wi (U 1,2,4 comb) Full dschrg netling White Sucker - - 178 18.2 15 90 8.5 147 6.9 94.9
Grand Raplds, WI (U 1,2,4 comb) Full dschrg netling White Sucker - - 229 18.2 15 20 8.5 1.47 6.9 93.7
Grand Raplds, Wi (U 1,2,4 comb) Full dschrg netling White Sucker - - 292 18.2 15 90 8.5 1.47 6.9 904
Grand Rapids, Wi (U 1,2,4 comb) Full dschrg nelling White Sucker - - >292 18.2 15 90 85 1.47 6.9 80.5
Hardy, M1 (Unit 2) Full dschrg netting Blueglll 63 - 118 14.4 16 163.6 30.5 2.13 18.2 89.5
Hardy, M} (Unil 2) Full dschrg netting Blusglll 30 - 170 14.4 16 163.6 30.5 2.13 18.2 91,5
Hardy, Ml (Unlt 2) Full dschrg netlting Gold./Common Shiner 30 - 114 144 16 163.6 30.5 213 18.2 85.5
Hardy, Ml (Unit 2) Full dschrg netling Gold./Common Shiner 59 - 154 144 16 1636 305 213 18.2 88.7
Hardy, M1 (Unit 2) Full dschrg netting Largemouth Bass 60 - 118 144 16 163.6 30.5 213 18.2 76.2
Hardy, Mi (Unit 2) Full dschrg netling Northem Pike 58 - 352 14.4 16 163.6 30.5 2.13 18.2 76.0
Hardy, Ml (Unit 2) Full dschrg netling Rainbow Trout 59 - 108 144 16 1636 305 213 182 714
Hardy, Ml (Unil 2) Full dschrg netling Ralnbow Trout 60 . 317 14.4 16 1636 305 2.13 18.2 68.6
Hardy, MI (Unit 2) Full dschrg netting Walleye 60 - 385 144 16 163.6 30.5 2,13 18.2 77.3
Hardy, Ml (Unit 2) Full dschrg netting White Sucker 59 - 180 14.4 16 163.6 30.5 2.13 18.2 76.9
Hardy, MI (Unit 2) Full dschrg nelling White Sucker 60 . 290 144 16 163.6 30.5 2.13 18.2 64.5
Hardy, M! (Uit 2) Full dschrg netting Yellow Perch 60 - 107 144 16 163.6 30.5 2.13 18.2 83.1
Hardy, Ml (Unit 2) Full dschrg netling Yellow Perch - - 186 144 16 1636 305 213 18.2 95.5
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Table 4.2-4

Physical and hydraullc characteristics ot hydroelectric dams equipped with Francis type turbines for which survival data were deemed usabla tor direct effects (analysis utilized these data).

Tost Control Avg.Fish Turbine No. Runner Runner Peripheral %
Sampling sample sample Length  Dilscharge of Speed Head Dla. Veloclty Survival

Station Method Specleg Tested slize slze {mm) {cms) Buckets (rpm)  (m) {m) (mls) 1hr
High Falls (Unlt 5) Full dschrg nelting Centrarchiforms 154 as 76 7.8 12 358 25.3 0.99 186 85.5
High Falls (Unit 5) Full dschrg netting Centrarchifonms a0 48 127 78 12 358 25.3 0.99 18.6 78.1
High Falls (Unlt 5) Full dschrg netling Centrarchiforms 111 70 178 7.8 12 358 253 0.99 186 58.9
High Falls (Unit 5) Full dschrg netting Fusiforms 146 95 76 78 12 358 253 0.99 18.6 87.8
High Falls (Unit 5) Full dschrg nefling Fuslforms 81 49 127 7.8 12 358 253 0.99 18.6 67.9
High Falls {Unit 5) Full dschrg nelling Fusitorms 184 79 178 78 12 358 253 0.99 18.6 48.4
High Falls (Unit 5) Full dschrg netling Fusifonms 96 66 229 7.8 12 358 253 0.99 18.6 46.2
High Falls (Unit 5) Full dschrg netting Fuslforms 160 58 292 7.8 12 358 253 0.99 18.6 20.1
High Falls (Unit 5) Full dschrg netiing Fuslforms 71 41 >292 7.8 12 358 25.3 0.99 18.6 27

Holst, MI Full dschrg netting Brown Trout 150 150 85 8.5 - 360 433 - - 45.1
Holst, MI Full dschrg netting Brook Trout 150 150 135 8.5 - 360 43.3 - - 43.0
Holst, MI Fult dschrg netting Brown Trout 150 150 220 85 - 360 43.3 - - 22.8
Holst, MI Full dschrg netting Bluegilt 150 150 65 8.5 - 360 43.3 - . 19.7
Holst, MI Full dschrg netting Bluegill 150 150 116 85 - 360 43.3 - . 75.0
Holtwood, PA(U10/slngle runner) Balloon tag Ametican Shad 100 100 125 99.0 16 84.7 18.9 3.80 18.8 89.4
Holtwood, PA (U3/double runnet) Balloon tag Ametrican Shad 100 80 125 99.0 17 102.8 18.9 2.84 153 835
la centrale Beaurharnols, QE Float tag American eel 100 . 888 197.9 13 75 24.1 5.38 211 84.2
Leaburg, OR Full dschrg netting Ralnbow trout 1,249 624 . 311 . 225 271 2,29 26,9 95.2
Lequille, NS Full dschrg netling Aflantlc salmon - - - 9.9 13 519 118.0 1.37 373 52,0
Luray, VA Full dschrg netting Amerlcan Eel 393 - 853 104 12 164 4.9 1.59 13.7 99.0
Minelto, NY Full dschrg netting Centrarchid 164 104 <100 424 16 72 6.2 3.53 133 62.0
Minetto, NY Full dschrg nelting Centrarchid 236 110 175 424 16 72 52 3.53 133 83.0
Minetto, NY Full dschrg netting Centrarchid 165 120 > 250 424 16 72 52 3.53 13.3 84.0
Minetto, NY Full dschrg nelting Percld 133 117 <100 424 16 72 5.2 3.53 133 80.0
Minelto, NY Full dschrg netiing Percld 243 142 175 424 16 72 5.2 3.53 133 86.0
Minetto, NY Full dschrg netting Soft Ray 348 220 <100 424 16 72 5.2 353 13.3 82.0
Minelto, NY Full dschrg netting Soft Ray 214 133 175 424 16 72 52 3.53 133 94.0
Minetto, NY Full dschrg netting Soft Ray 177 160 > 250 424 16 72 52 3.53 13.3 84.0
Minetto, NY Full dschrg netting Salmonlds 237 160 <100 424 16 72 5.2 3.53 13.3 92.0
Minetto, NY Full dschrg netting Salmonids 184 107 175 424 16 72 5.2 3.53 13.3 91.0
Minetto, NY Full dschrg netting Salmonlds 178 159 > 250 424 16 72 5.2 3.53 133 92.0
Minetto, NY Full dschrg netting Amerlcan Eel 107 92 625 424 16 72 5.2 3.53 133 94.0
Minetto, NY Full dschrg netting Alewlfe 189 140 <100 - . - - - - 80.0
North Fork, OR Partial netting Coho salmon 4,076 5,158 . 70.7 - 139 415 295 214 74.0
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Table 4.2-4

Physical and hydraulic characteristics ot hydroelectric dams equipped with Francis type turbines for which survival data were deemed usable for diract effects (analysis ulllized these data).

Test Contral Avg. Fish Turbine No. Runner Runner Perlpheral %
Sampling sample sample Length Discharge  of Speed Head Dia. Veloclty Survival
Station Method Specles Tested slze slze {mm) {cms) Buckets (rpm) (m) {m) (m/s) 1hr
Pashtigo, Wi {Unit 4) Full dschrg netting Centrarchiforms 146 84 76 13.0 15 100 4.0 2,03 10.6 100.0
Peshllgo, Wi {Unlt 4) Full dschrg netling Centrarchlforms 140 77 127 13.0 15 100 4.0 2,03 10.6 98.9
Peshtigo, WI {Unit 4) Full dschrg netling Centrarchiforms 121 75 178 13.0 15 100 4.0 2,03 10.6 100.0
Peshtigo, WI (Unlt 4) Fuli dschrg nelling Fusiforms 158 103 76 13.0 15 100 4.0 2.03 10.6 94.0
Peshtigo, Wi (Unit 4) Full dschrg netting Fusiforms 141 90 127 13.0 15 100 4.0 2,03 10.6 93.7
Peshtigo, Wi (Unkt 4) Full dschrg netling Fusiforms 166 109 178 13.0 15 100 4.0 2.03 10.6 96.6
Peshtigo, Wi (Unit 4) Full dschrg netiing Fuslforms 158 93 229 13.0 15 100 4.0 2.03 10.6 954
Peshtlgo, WI (Unit 4) Full dschrg netling Fusiforms 166 105 292 13.0 15 100 4.0 2,03 10.6 855
Peshtigo, WI (Unit 4) Full dschrg netting Fuslforms 128 79 >292 13.0 15 100 4.0 2.03 10.6 82.8
Potato Raplds, WI (Unit 1) Full dschrg netling Centrarchiforms 134 94 76 14.1 15 123 52 213 13.7 100.0
Potato Raplds, WI (Unlt 1) Full dschrg netting Centrarchiforms 154 93 127 141 15 123 5.2 213 13.7 84.7
Potato Raplds, WI {Unlt 1) Full dschrg netling Centrarchiforms 11 70 178 141 15 123 5.2 213 13.7 83.0
Potato Rapids, WI (Unit 1) Full dschrg netting Fuslforms 168 104 76 141 15 123 5.2 2.13 13.7 89.2
Potato Rapids, WI (Unit 1) Full dschrg netting Fuslforms 104 69 127 14.1 15 123 5.2 2.13 13.7 76.5
Potato Raplds, WI (Unlt 1) Full dschrg netling Fuslforms 150 91 178 14.1 16 123 5.2 213 13.7 68.4
Potato Raplds, WI (Unit 1) Full dschrg netting Fusltorms 160 96 229 14.1 15 123 5.2 2.13 137 61.1
Potato Raplds, WI (Unit 1) Full dschrg netting Fuslforms 136 83 292 14.1 15 123 5.2 2.13 13.7 53.3
Potato Raplds, Wi (Unit 1) Full dschrg netting Fuslforms 145 112 >292 14.1 15 123 5.2 2,13 13.7 345
Potato Rapids, Wi (Unit 2) Fuli dschrg netting Centrarchifoms 166 105 76 141 15 123 5.2 213 13.7 93.4
Potato Raplds, W! (Unit 2) Full dschrg netting Centrarchiforms 137 104 127 124 15 135 5.2 2.03 144 83.7
Potato Raplds, WI (Unit 2) Full dschrg netting Centrarchiforms 58 28 178 124 15 135 5.2 2.03 144 914
Potato Rapids, Wi (Unit 2) Full dschrg netting Fusiforms 179 123 76 124 15 135 5.2 2.03 14.4 84.5
Potato Raplds, W1 (Unit 2) Full dschrg netting Fuslforms 134 93 127 124 15 135 52 2.03 14.4 61.7
Potato Raplds, WI (Unit 2) Fuli dschrg netting Fuslforms 138 92 178 124 15 135 52 2.03 144 7514
Potato Rapids, WI (Unit 2) Full dschrg netting Fuslforms 158 98 229 124 15 135 5.2 2.03 14.4 61.0
Potato Raplds, Wi (Unit 2) Full dschrg netting Fuslforms 156 91 292 124 15 135 5.2 2.03 144 57.8
Potato Raplds, Wi (Unit 2) Full dschrg netting Fuslforms 149 85 >292 124 15 135 5.2 2.03 144 48.2
Pricket, MI Full dschrg netting Blueglll 256 150 52 9.2 15 257 16.5 1.36 18.3 97.7
Pricket, M| Full dschrg netting Golden Shiner 182 120 < 100 9.2 15 257 16.5 1.36 18.3 93.9
Pricket, MI Full dschrg nelting Blueglll 131 90 102 9.2 15 257 16.5 1.36 18.3 92.5
Pricket, M! Full dschrg nelting Bluegill 21 21 > 127 9.2 15 257 16.5 1.36 18.3 85.7
Pricket, Mi Full dschrg nelling White Sucker 201 119 165 9.2 15 257 16.5 1.36 18.3 70.8
Publishers, OR (1960} Fuil dschrg nelting Steelhead trout 1,768 500 - 7.8 - 255 12.2 - - 87.9
Publishers, OR (1960) Full dschrg nelting Chinook salmon 1,798 503 - 7.8 - 255 12.2 - - 874
Publishers, OR (1961) Full dschrg nelting Steslhead trout 1,800 500 - 7.8 - 255 12.2 - - 84.5
Publishers, OR (1961) Full dschrg netting Chinook salmon 1,800 500 - 7.8 - 255 12.2 . - 87.1
Punlledge, BC Floating net Steelhead trout 500 - 124 - - 277 103.6 2,16 314 58.1
Punlledge, BC Floating net Kamploops 1,500 - 69 - - 277 103.6 2.16 314 725
Puntledge, BC Floating net Kamploops 1500 - 46 - - 277 103.6 216 314 7.2
Punlledge, BC Floaling net Salmon 1500 - 36 - - 277 1036 2.6 314 67.4
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Table 4.2-4

Physical and hydraulic characteristics of hydroslectric dams eqixlpped with Francis typse turbines for which survival data were deemed usable for direct effects (analysis utllized these data).

Test Control Avg. Fish Turbine No. Runner Runner Perlpheral %
Sampling sample sample Length  Discharge of Speed Head Dia. Velocity Survival

Station Method Specles Tested size size {mm) (cms) Buckets (rpm) _ (m) (m) (m/s) 1hr
Rogers, Ml (Unlts 1 & 2) Full dschrg netting Blueglll 90 . 118 10.8 15 150 119 1.52 12.0 96.0
Rogers, Ml (Units 1 & 2) Fuli dschrg netting Blueglll 92 - 170 10.8 15 150 119 1.52 12.0 85.2
Rogers, Ml (Units 1 & 2) Full dschrg netting Gold./Common Shiner 60 - 114 10.8 15 150 119 1.52 12,0

Rogers, Ml (Units 1 & 2) Full dschrg netting Gold./Common Shiner 34 - 154 10.8 15 150 1.9 1.52 12.0 92,5
Rogers, Ml (Unlts 1 & 2) Full dschrg netting Largemouth Bass 60 - 118 10.8 15 150 1.9 1.52 120 774
Rogers, Ml (Units 1 &2) Full dschrg netting Notthem Pike 47 - 352 10.8 15 150 11.9 1.52 12,0 834
Rogers, Ml (Unlts 1 &2) Full dschrg netling Spottall Shiner 31 - 116 10.8 15 150 119 1.52 12,0 73.5
Rogers, Ml (Units 1 & 2) Full dschrg netling Walleye 40 - 385 10.8 15 150 119 1.52 120 86.2
Rogers, MI (Unils 1 & 2) Full dschrg nelling White Sucker 55 - 180 10.8 15 150 11.9 1.52 12.0 91.2
Rogers, MI (Unlts 1 & 2) Full dschrg netling White Sucker 57 - 280 10.8 15 150 119 1.52 12,0 88.1
Rogers, Ml (Unlls 1 & 2) Full dschrg netting Yellow Perch 78 - 107 10.8 15 150 119 1.52 120 91.8
Ruskin, BC Fyke netling dwnstm Sockeye Salmon 12,125 12,159 86 1131 . 120 39.6 3.78 238 89.5
Sandstons Raplds,Wi Full dschrg netting Centrarchifonms 165 99 76 184 15 150 12.8 221 17.3 97.0
Sandstone Raplds,WI Full dschrg netling Centrarchiforms 141 90 127 184 15 150 128 221 173 80.7
Sandstone Raplds,WI Full dschrg netting Centrarchiforms 61 53 178 184 15 150 128 2.21 173 79.9
Sandstone Raplds Wi Full dschrg netting Fuslfonns 169 100 76 18.4 15 150 128 2.21 173 64.9
Sandstone Rapids,WI Full dschrg netling Fusiforms 132 96 127 184 15 150 128 221 17.3 75.0
Sandslone Rapids,WI Full dschrg netting Fuslforms 145 97 178 184 15 150 12.8 221 17.3 76.0
Sandstone Raplds,WI Full dschrg netling Fusiforms 127 78 229 184 15 150 12.8 221 17.3 69.8
Sandstone Raplds,WI| Full dschrg nelling Fuslforms 119 7 292 184 15 150 12.8 221 17.3 58.4
Sandstone Rapids,WI Full dschrg netting Fuslforms 144 92 >292 184 15 150 12.8 221 173 47.1
Schaghiticoke, NY Full dschrg netting Cenlrarchid 160 160 175 11.6 17 300 43.6 2,03 31.9 59.0
Schaghiticoke, NY Full dschrg netting Percld 239 237 <100 11.6 17 300 43.6 2,03 31.9 68.0
Schaghlticoke, NY Full dschrg nelting Soft ray 160 160 <100 116 17 300 43.6 2,03 31.9 60.0
Schaghilicoke, NY Full dschrg nelting Soft ray 149 150 >250 11.6 17 300 438 2,03 31.9 22.0
Schaghilicoke, NY Full dschrg netling Salmonid 159 160 <100 1.6 17 300 43.6 2,03 319 56.0
Seton Creek, BC Fyke net In tallrace Sockeye Salmon . - 86 127.2 - 120 433 3.66 23.0 0.8
Shasta, CA (January) Full dschrg netting Chinook Satmon 4,800 * 102 41% wicket 15 1385 1158  4.67 33.9 57.6
Shasta, CA (January) Full dschrg netting Rainbow Trout 1,000 °* 254 41%wicket 15 138.5 1158  4.67 339 58.6
Shasta, CA (January) Full dschrg netling Steslhead 3200 * 152 41% wicket 15 1385 1158  4.67 33.9 79.0
Shasta, CA (January) Full dschrg netling Chinook Salmon 4,800 ° 102 50% wlicket 15 138.5 1158  4.67 33.9 604
Shasta, CA (January) Full dschrg nelling Ralnbow Trout 1000 ° 254 50% wlicket 15 138.5 1168 467 33.9 53.1
Shasta, CA (Januaty) Full dschrg netling Steelhead 3200 °* 152 50% wicket 15 138.5 1158  4.67 339 754
Shasta, CA (January) Full dschrg netting Ralnbow Trout 1,000 ° 254 55% wicket 15 138.5 1168 467 33.9 58.8
Shasta, CA (January) Full dschrg netling Steelhead 3200 152 55% wicket 15 138.5 1158 467 33.9 81.6
Shasta, CA (Januaty) Full dschrg netling Chinook Salmon 4,800 °* 102 60% wicket 15 138.5 1158 467 339 721
Shasta, CA (January) Full dschrg netling Ralnbow Trout 1,000 °* 254 60% wicket 15 138.5 1168 467 33.9 66.2
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Table 4,2-4

Physical and hydraulic characteristics of hydroelectric dams equipped with Francis type turbines for which survival data were deemed usable for direct effects (analysis utitized these data).

Test Control Avg. Fish Turblne No, Runner Runner Peripheral %
Sampling sample sample Length  Discharge of Speed Head Dia. Velocity Survival

Station Method Specles Tested slze size {mm) {cms) Buckets (rpm)  (m) {m) {m/s) 1hr
Shasta, CA (January) Full dschrg nelling Steslhead 3,200 * 152 60% wicket 15 138.5 1158 4.67 339 78.6
Shasta, CA (January) Fult dschrg netting Chinook Salimon 4,800 ‘ 102 65% wicket 15 138.5 115.8  4.67 33.9 54.8
Shasta, CA (January) Full dschrg nelling Ralnbow Trout 1,000 * 254 65% wicket 15 138.5 115.8 4.67 33.9 71.2
Shasta, CA (January) Full dschrg netling Steethead 3,200 * 152 65% wicket 15 1385 115.8 4.67 339 89.3
Shasta, CA (November) Full dschrg netting Chinook Salmon 11,500 * 102 40% wicket 15 138.5 1158 4.67 339 61.7
Shasta, CA (November) Full dschrg netting Steelhead 4,400 ¢ 152 40% wicket 15 138.5 1158  4.67 33.9 39.6
Shasta, CA (November) Full dschrg netting Rainbow Trout 1,025 * 254 40% wicket 15 138.5 11568 4.67 33.9 50.5
Shasta, CA (November) Full dschrg netting Chingok Salmon 11,500 * 102 50% wlcket 15 138.5 1158  4.67 339 69.7
Shasta, CA (November) Full dschrg netting Steelhoad 4,400 . 152 50% wicket 15 138.5 115.8  4.67 33.9 72.3
Shasta, CA (November) Full dschrg netting Rainbow Trout 1,026 * 254 50% wicket 15 138.5 1158  4.67 33.9 69.8
Shasta, CA (November) Full dschrg nelling Chinook Salmon 11,500 °* 102 55% wicket 15 138.5 1158  4.67 33.9 77.9
Shasta, CA (November) Full dschrg netting Steelhead 4,400 ¢ 152 55% wicket 15 138.5 1158 4.67 33.9 90.5
Shasta, CA {(November) Full dschrg nelling Ralnbow Trout 1,025 ‘ 254 556% wicket 15 138.5 1158 4.67 339 69.2
Shasla, CA (November) Full dschrg nelting Chinook Salinon 11,500 °* 102 61% wicket 15 138.5 115.8 4.67 339 84.5
Shasta, CA (November) Full dschrg netling Steelhead 4,400 ¢ 162 61% wicket 15 138.5 1158  4.67 33.9 59.8
Shasla, CA (November) Full dschrg nelling Rainbow Trout 1,025 ¢ 254 61% wicket 15 138.5 1158 4.67 33.9 68.1
Stevens Creek, SC Balloon tag Blueglll 110 110 122 28.3 14 75 8.5 343 13.5 954
Stevens Creek, SC Balloon tag Blueback Herring 131 120 203 283 14 75 8.5 3.43 135 95.3
Stevens Creek, SC Balloon tag Spolted Sucker/Y. Perch 120 120 165 28.3 14 75 8.5 343 13.5 98.3
T. W, Sullivan, OR Discharge nelting Steslhead trout - - - - - 242 12.5 - . 74.1
T. W, Sullivan, OR Discharge nelting Chinook salmon - - . 74 - 242 12.5 - - 85.7
Vernon, VT/NH Balloon tag Ametlcan Shad 153 150 95 51.9 15 74 104 3.96 15.3 94,7
White Raplds, Wi Balloon tag While Sucker 42 36 204 254 14 100 8.8 3.40 17.8 93.0
White Raplds, W! Balloon tag White Sucker 58 64 112 254 14 100 8.8 3.40 17.8 100.0
White Raplds, WI Balloon tag Blueglil 56 62 90 254 14 100 8.8 340 17.8 95.0
White Raplds, Wi Balloon ag Bluegill 44 38 155 254 14 100 8.8 3.40 17.8 100.0
Youghlogheny, PA Full dschrg netling Alewife Naturally entrained 51 21.2 - - 36.6 . - 0.1
Youghiogheny, PA Full dschrg netting Walleye Naturaily entrained 376 21.2 . - 36.6 - - 39,5
Youghlogheny, PA Full dschrg netting Rock bass Naturally entralned - 21.2 - . 36.6 S - 4
Youghiogheny, PA Full dschrg netling Yellow perch Naturally entrained - 212 - - 36.6 - - 7
Youghlogheny, PA Full dschrg netling Crapples Naturally entrained - 21.2 - . 36.6 . - 0.2
Youghlogheny, PA Full dschrg netling White sucker Naturally entralned - 21.2 - - 36.6 - - 9.5

* Composite number of fish Introduced and thelr recaplure rates; Noveimber tests - test=91.0% and control=73.8%, Januaty tesls - tesl=72% and conirol=66%.
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Figure 4.2-1

Turbine intake equipped with fish guidance extended length screens at Lower Granite Dam.
From Normandeau Associates et al. (1995).
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Figure 4.2-3

Example of mechanical injuries, blade and gap related. From Normandeau Associates ef al.
(1995).
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Effect of shear velocity on fingerling salmonid mortality. From Bell (1984).
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Figure 4.2-6

Effects of shear on the orientation of fish. From Groves (1972).

~-32-




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

4.3 FISH SURVIVAL PREDICTION METHODS

4.3.1 MECHANISMS FOR FISH INJURY
4,3.1.1 Background

Overview of Prediction Methods

Fish survival prediction methods developed here are primarily oriented toward dire¢t effects that may be
verified by field studies of fish passage through turbines. Other effects that could cause indirect mortality
such as stress induced effects leading to mortality after a longer period of time or abrasion related
infection, disorientation, visual or other sensory impairment resulting in predation and so forth have not
been explicitly considered. Predation, an indirect effect, resulting from turbine powerhouse design and its
impact on the backroll in the tailrace is discussed in Section 4.3.3.5. The types of analyses performed
here may be extended to other effects such as disorientation (leading to an increased probability of
predation), if biological data become available showing the effects of quantified disorienting phenomena.

Several mechanisms inducing fish injury may be amenable to numerical prediction. These include
mechanical, fiuid and pressure mechanisms. Mechanical mechanisms inducing damage to the fish body
may be classified as being related to:

e leading edge strike The effect of a fish impact on a turbine blade leading edge, possibly a gap
between a biade and adjacent structure, a stay vane leading edge, a wicket gate leading edge, or
the leading edge of a support pier in an intake or draft tube.

e gap grinding The effect of a fish caught in a narrow region formed between a blade and an
adjacent component

e abrasion The effect of a fish sliding against a turbine structure
wall strike The effect of a fish impact on a relatively flat turbine structure

» mechanical chop The effect of a fish cut by a rotating blade against a stationary wicket gate
trailing edge

Fluid mechanisms inducing damage to the fish body may be classified as being related to:

e excess energy dissipation (Theoretically Avoidable Loss) The effect of a fish passing near or
through a region where the flow is experiencing turbulence, velocity gradients, vortices, or related
phenomena that dissipate more energy (cause more losses) than the most benign flow field that
could exist in an idealized turbine flow field. These phenomena, when sufficiently intense, can
create a force on a fish body of high enough level to cause damage or mortality. A variety of
mechanisms will induce such damage, such as:

*  non-optimum incidence on blades, vanes, gates, etc.

= flow through and downstream of gaps ( blade or wicket gate overhang) and clearances
which produce vortices and shear zones
vortices that form at a blade leading edge, or as a result of complex flow phenomena
non-optimum flow entering the draft tube or developing in the draft tube as a result of flow
separation or flow interaction with pier structures.

e cavitation The effect of water vapor bubble collapse. The bubble which forms in a region of low
pressure, moves to a region of higher pressure and collapses due to the increase in pressure
above the vapor pressure. Depending on the shape of the vaporized region and the pressure and
velocity gradients involved, the collapse may create intense local pressure waves, jets of high
velocity fluid and regions of strong flow turbulence.

-33-




Development Of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 4.0

Pressure refated mechanisms inducing damage to the fish body may be related to

» pressure reduction Injury resuiting from the inability of fish to adjust from the regions of high
pressure immediately upstream of the turbine to regions of low pressure downstream of the
turbine. This includes both bladder rupture and gas embolism effects. The pressure change in
the turbine environment itself may not be of sufficient magnitude and duration to be significant;

Two types of predictions have been considered: 1) global one-dimensional methods that are based on
overall turbine characteristics, and 2) detailed three-dimensional methods that are based on precise
details of the flow field that are calculated for all internal components for all operating conditions. Sections
4.3.2 through 4.3.4 discuss these methods in the application to survival prediction. For additional insight,
Section 5.3 presents results of three-dimensional Computational Fluid Dynamics (CFD) flow field analysis
methods applied to typical turbine geometry to quantify characteristics of turbine flow fields.

Several types of predictive approaches have been considered. In the study of mechanically induced
damage, particularly leading edge strike, one dimensional methods with some guidance from 3-D
methods have shown some success and are examined further. For fluid-induced damage mechanisms,
another approach was developed. Here, the mortality caused by the dissipation of energy in the turbine
was evaluated in a novel way. This evaluation does not explicitly calculate the individual effects of
turbulence and strong velocity gradients, nor the effects of grinding, scraping or wall strike. Instead, the
mortality is implicitly addressed based on empirical data through knowledge of the flow field. Based on
the analysis of measured survival data, new insights into turbine operation to maximize fish survival were
obtained. = For shear, using the results of turbulence modeled two-dimensional calculations and
correlation with previous experiments utilizing fish, a basis for prediction of a critical shear zone was
developed

To assist in the quantification of pressure and time scales which are characteristic of the turbine
environment so that the data can be used for further biological evaluation, pressure versus time
determination was done for flow through typical turbine components and the results are presented in
Section 5.3. The design of the power plant, and in particular, the turbine intake structure and its location
in the dam, its length, the time of passage and so forth are important as the plant civil design may allow
fish to become acclimated to a high pressure so that when fish are discharged into a low pressure in the
tailrace, decompression trauma may occur. For this effect, no formal predictions have been made as they
lay outside the scope of this study.

With better biological basis it may be possible to derive mortality predictions associated with fish body
forces determined from the computation of some of these fluid and mechanically based effects arising
from fish swimming through actual turbine environments. Sections 5.3 and 5.4 demonstrate some of the
flow field features that can be calculated with modern three-dimensional turbulence modeled calculation
methods.

Operation Limits and Hill Curves
The performance of a turbine is typically displayed on a hill curve as shown in Figure 4.3.1-1. On the

abscissa(x axis) the head (H) or head coefficient ( £, ) is presented. On the ordinate (y axis) the
discharge rate (Q) or discharge coefficient ( 0, ) is presented. The head coefficient is based on the net
head, the acceleration of gravity, as well as the rotational speed and the turbine diameter. The discharge
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is the volume of water discharged through the turbine per unit time. The discharge coefficient is based
on the discharge as well as the rotational speed and the turbine diameter. The definitions of these
coefficients are given below.

The use of coefficients rather than dimensional data for a particular size and speed turbine is a common
practice. In this way the performance data of a turbine is known for any choice of turbine size, head, rpm,
etc. If a turbine is constructed to be geometrically similar to another turbine (such as to a scale size
laboratory model), then the turbine performance characteristics shown in coefficient form are also similar.

The turbine efficiency is presented in the form of iso-efficiency contours. Each of the contour curves
represents a constant efficiency level. The center point of these contour curves is the best efficiency point
of the machine. There are several reasons that the operation of a turbine is not always made at this best
efficiency point. As conditions change the location of the operating point can move to different regions on
the hill curve. As head varies, the point of operation moves to the left or right of the peak. As the
demand for power varies, more or less water is required to be discharged and the operation moves'above
or below this optimum point. There are also operational limitations associated with power (generator
limitations), cavitation, gate opening capability, and/or pressure pulsations. Operation of a Kaplan turbine
anywhere on this performance curve requires operation of the machine at the “on-cam” combination of
wicket gate opening and blade tilt. On-cam operation means that the wicket gate opening and the blade
tilt vary with head and output in order to maximize the efficiency of the machine at the given head and
discharge of the point of operation. If not operated on cam, efficiency values will be less and undesirable
fluid and vibratory conditions can exist. For a more in depth presentation of operating characteristics of
turbines, the reader is referred to ASME Hydro Power Technical Committee (1996).

4.3.1.2 Nomenclature

The reader is referred to Figures 4.3.2-1 through 4.3.2-3 to help understand the variables defined ere.

variable description (units)
B Runner height at inlet (length)
d Distance having shear greater than the critical value (length)
D Diameter of runner (length)
D* Non-dimensional shear distance =)
= d / blade spacing
D, Diameter of runner at inlet (length)
D, Diameter of runner at discharge (length)
D,,, Mean diameter of runner at discharge (length)
=0.707D,
g Acceleration of gravity (length? / time)
H Turbine net head (length)
K Proportionality factor relating losses to Q2 (none used)
Kim Theoretical minimum value of K (none used)
Kia, Theoretical avoidable value of K (none used)
L Fish length (length)
N Number of blades or buckets )
P Probability of strike )
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Q Turbine discharge (length®/ time)
Qo Turbine discharge at best efficiency (length®/ time)
r Radius (length)
R Maximum radius (length)
RPM Revolutions per minute
t Time for passage of fish or runner blade (time)
v, Axiai velocity (length / time)
V. Radial velocity (length / time)
Vref Reference velocity (length / time)
i Absolute tangential velocity at runner inlet (length / time)
Ve Absolute tangential velocity at runner exit (length / fime)
. Q angle to tangential of absolute flow upstream of runner  (-)
(for Francis turbines)
Q, angle to axial of absolute flow upstream of runner O]
(for Axial flow turbines)
i3 Relative flow angle at runner discharge )
& Ratio between Q with no exit swirland Qopt  (-)
A Strike mortality correlation factor ( lambda ) O
n - Turbine efficiency -)
()] Rotational speed (1/ time)
: 2z
= RPM -—
60
E. Energy coefficient )
__8H_
~ (wD)?
O Discharge coefficient )
_9
oD’
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Figure 4.3.1-1 Turbine Operation is Quantified on a Hill Curve
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4.3.2 MECHANICAL MECHANISMS LEADING TO FISH INJURY
4.3.2.1 Development of New Leading Edge Strike Equation

Summary

The existing strike equations are reviewed, an improved set of equations are developed and better
methods are developed to apply the equations. The improvement to the equations is based on adding
consideration for the tangential projection of the fish length. Better methods to apply the equations are
based upon calculating the flow angles based on overall operating head and discharge parameters. New
insights are obtained by analysis of a non-dimensional form of the equations. While their development is
similar in concept, the equations for Kaplan, Propeller and Francis turbines are presented separately.

Discussion

Review of Existing Method

An existing method for strike prediction was examined (Von Raben 1957, cited by Bell 1991). This
method considers the fish length, turbine runner size and number of buckets, turbine rpm, and assumes
the fish is aligned with the local flow. The basis of the derivation is that the strike probability is the ratio of
time for the meridional length of the fish to pass the leading edge of a runner blade divided by the time
between passage of successive runner blades. The analysis assumes that the fish remains in a two-
dimensional plane of revolution of a point at a given radius on the blade. Essentially, the fish is modeled
as a meridional line segment and the blade is modeled as a point. It was aiso initially assumed that any
impact by the blade along any portion of the fish length would be fatal. A factor to correlate experimental
data was included. The phenomena that small fish (relative to blade size) may be transported around the
blade leading edge was not considered.

Note that the terms mortality and survival are related. This section discusses the probability of strike, and
with a correlation factor, strike could be considered to be related to mortality. Most of the presentation of
experimental turbine passage data is presented in terms of survival. Survival can be determined from
mortality, for example, using percentages, as:

Survival = 100% - Mortality

The physics of strike are the same for Francis turbines and for axial flow turbines (both Kaplan, Propeller
and Bulb turbines), but the equations have slightly different form because of the different geometries of
these turbines. Figure 4.3.2-1 and 4.3.2-2 illustrates the terminology used for the flow field variables and
Figure 4.3.2-3 shows the geometry variabies for Francis turbines. For example, for a Francis turbine, the
times of passage are:

D,
- _N_
trmmer - w_l)l
2
L-sing,
="y

r

The resulting Von Raben strike probability equations are:
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@D,
L-sing, N- 2
PVonRuhen = I/:, : 7ZD1
Axial Flow
oD
L-cosa, ¥ o
R VonRaben = v : zD

a

Derivation of New Equation

Since the existing method has demonstrated some promise in correlating fish survival, the basic physics
used to derive these equations was reexamined. It was observed that the meridional component of the
fish length was considered, but the tangential component of length was not considered. The Von Raben
equation gave results that could be physically unrealistic in some circumstances. As an example, in a
situation where the tangential projection of the fish length is greater than the blade to blade spacing, it is
not possible for a fish to pass through the e::rance edge region of a runner without touching a runner
blade, Figure 4.3.2-4. In this case, the actual sirike probability is 100%. The strike probability calculated
by the above equations gives a false value less than 100%.

By considering the tangential projection of fish length, a more accurate strike prediction is obtained. This
contribution to strike probability is the ratio of the tangential projection of fish length to distance between
successive runner blades, Figure 4.3.2-5. The additional contribution to strike probability is:

Francis
L-cose,
Plangenlial = 7ZD
N
Axial Flow
L-sine,
Ptangenllal = 272-,,.
N

With some rearrangement, both contributions can be expressed as:

Francis

P= N-L .[a)Dl -sing, cosa,:l

D 27V, * z
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Kaplan and Propeller

_N-L |cosq, - N sina,
- D 2x-V, .
R

p

Although the terms N L/ D have been grouped to clarify their importance, this form of the strike equations
has several drawbacks. Key relationships between variables are not clear and their application to a
specific turbine operating condition, i.e. calculation of the flow angle, requires a number of assumptions.
Note that if the orientation of the fish were not equal to the local flow angle, and if this angle were
available from other means, then the orientation could be used directly. The following section presents an
alternative form of the new leading edge strike equations.

An Improved Form of the New Leading Edge Strike Equation

Summary

The use of the strike equations can be improved by replacing some of the ad hoc estimates of flow angle
that had been used by previous investigators. The use of non-dimensional head and discharge
parameters clarifies important relationships between variables. Additional generalizations were added to
provide a correlation factor that may be based on experimental fish survival data.

Discussion

By using more accurate assumptions regarding the internal flow field in a turbine and expressing the
result in a non-dimensional form, the usefulness and accuracy of the strike equations is greatly enhanced.
Two main concepts have been used. The first is the use of Euler's equation to evaluate the flow angle
based on known values of key operating parameters, such as head and discharge. The second concept
is the use of non-dimensional parameters. Euler's equation states the reaction torque on the runner is
equal to the change in angular momentum of the flow through the runner. As was done by other
investigators, the discharge and cross sectional area are used to calculate an average through-flow
velocity.

An additional correlation function, lambda ( A ), is added to the equations to account for several factors.
One is that the fish may not lie entirely in a plane of revolution. This could be caused by the forces that
act on a three-dimensional body in a flow or fish free will. Another is, as has been suggested by other
investigators, a length related fraction could be appiied because an impact on a sensitive portion of the
fish body, particularly the head region may be more damaging than an impact to a different region, such
as near the tail. Yet another factor is the phenomena that the local details of the flow at the leading edge
of a blade will transport a fish in a manner that can carry it around the leading edge. While readily
observed in physical tests, this factor has not been quantified numerically at this time.

In addition to strike phenomena, the use of lambda extends the applicability of these equations to all
injury mechanisms that are related to the variable N L / D. Such mechanisms could include mechanical
mechanisms of leading edge strike and gap grinding as well as fluid induced mechanisms related to flow
through gaps or other flow phenomena associated with blades. Subsequent discussion will conclude that
these “strike” equations may be generalized and could be termed “Blade Zone Encounter” (BZE)
equations. The lambda factor is further discussed in Sections 4.4.3 and 4.4.6.
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Axial Flow Turbines
For axial turbines, the average axial velocity is assumed to be

and a useful form of Euler's equation is
gHn =01V ~V,;) with

Vo
tana, =-—
7

A Kaplan turbine is double regulated with both wicket gates and runner blades being adjustable in
position. When operated “on - cam”, the blade and gate positions are coordinated to achieve the highest
possible efficiency. As a result, the flow discharging the biades, entering the draft tube, has a small and
reasonably constant amount of swirl (tangential velocity) at all operating conditions. A good assumption is
to use ¥/, equal to zero. Figure 4.3.2-6 illustrates the difference between the exit swirl characteristics of
an adjustable blade machine, i.e., a Kaplan, versus a fixed blade machine such as a propeller turbine or
Francis turbine. The complete strike equation including the lambda function can be expressed as:

Kaplan Turbine Leading Edgé Strike Equation

P N-L |cosa, . sing,

P= with the value of &, most conveniently obtained from
D |80, T
R
7k, -
tang, = et
2 —_
de R

Several important relationships can be deduced from this form of the equation. A primary variable is the
non-dimensional grouping of N L/ D. This is the ratio of fish length to blade spacing. The individual
values of L, N, or D are not important, only their ratio is important. Fish strike probability is linearly
proportional to this ratio. The use of non-dimensional head and flow variables shows that factors such as
head, discharge, rpm, or tip speed do not appear individually. Therefore, they do not affect the strike

probability. The variables head, discharge and rpm occur only in the terms £, (the head coefficient)

and Q,, (the discharge coefficient). For a given design of Kaplan turbine, the variables E,; and O,
uniquely specify the operating point. A given design of Kaplan turbine with the same number of blades N
can be built in different sizes, rpm, and for different heads to suit specific site requirements. Therefore,
machines of varying size, head, etc. (such as a model in a laboratory or an extremely large unit) will have
identical fish strike characteristics, and will be a function only of the non-dimensional grouping of L/ D.
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Figure 4.3.2-7 shows a strike probability calculation at the blade mid span non-dimensional radius r/R =
0.75 for all operating conditions for a particular Kapian design. Since the values of the correlation factors
are not yet determined, the strike probability is normalized by-the value that occurs at the best efficiency
point. The primary trend which can be observed is that strike probability decreases significantly as the
discharge increases, and that the strike probability increases somewhat when operating at heads less
than the optimum head. This leads to the proposition that higher discharges are beneficial for fish survival
influenced by blade leading edge strike. This proposition is further evaluated in Section 4.4. Also,
operation at heads lower than the optimum head will have higher strike probability and presumably higher
mortality than operation at the optimum head.

The probability of strike varies with the radius along the blade entrance edge. Figures 4.3.2-8 and 4.3.2-9
show the calculated effect for two discharges as a function of radius. The currently developed formula as
well as the previous formula are used to demonstrate that the previously accepted belief that strike
probability is lower at the hub is valid for low discharges, but not at high discharges. Figure 4.3.2-10
presents the result of the calculated ratio of strike probability at the hub to strike probability at the
periphery as a function of discharge.

The contribution of the additional term in the strike equation due to the tangential length of a fish was
examined by calculating the strike probability for a number of Kaplan units. This calculation included the
full range of specific speed for axial flow turbines, from three bladed Bulb units to seven bladed Kaplan's.
Figure 4.3.2-11 shows that the additional term, although generally smail compared to the overall strike
probability, is growing in magnitude as specific speed decreases. For reference, a discussion of specific
speed in contained in Appendix 10.2.

Propeller Turbine

A propeller machine is similar to a Kaplan, but has runner blades that are fixed to the hub. They can not
be adjusted. The discharge swirl of such a machine varies continuously with the machine discharge.
Under the assumption that at the propeller turbine’s best efficiency point, its operation is similar to a

Kaplan turbine, the exit swirl velocity, ¥, is assumed to be zero at the best efficiency point. Using this

known relationship, ¥, is calculated for any other operating condition. The strike equation is the same as
for a Kaplan, but the relationship for the flow angle can be expressed as:

Propeller Turbine Leading Edge Strike Equation

z n Tr
od QD
tana, = 2 + SR —tanf where
0 L @ Ou
..«MR
BY
8 R
tan b =
d Q,.opt
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Francis Turbines
A similar procedure may be followed for Francis turbines. The average radial speed is calculated from the
discharge and the area at the runner inlet.

0
V = ——
" #DB

This assumption is most applicable to turbines of low specific speed. For turbines of high specific speed,
the meridional curvature of the water passage causes a variation in the flow velocity. The velocity near
the band is higher than the average value and the velocity near the crown is lower than the average,
Figure 4.3.2-12. The strike probability will vary along the inlet edge, from crown to band. The equations
presented below are based on a constant inflow velocity from band to crown, therefore, it is likely that
these equations will suffer reduced accuracy for higher specific speed Francis turbines. An attempt was
made to approximate the velocity profile based on a simple radius of curvature method, however, the low
accuracy of this approximate method does not seem to justify its additional complexity. Higher accuracy
velocity profiles may be obtained through application of CFD analysis tools.

A useful form of Euler’s equation is:

gHn= co(D'zVa' - DZ;K”) with
N
7z

In a similar manner to a propeller turbine, the discharge swirl from the runner changes continuously with
discharge. It is assumed that a zero swirl discharge flow occurs at a user specified multiple of the

discharge at the best efficiency point (é -Qopt). At this value of flow, the discharge conditions are
known, in particular, the relative flow angle [. Using this known flow angle, ¥, is calculated for any

other operating condition. Note that a mean radius is used at the runner discharge. The complete equation
can be expressed as:

Francis Turbine Leading Edge Strike Equation

) B
N-L Sln0".D, cosa, ) ) .
P=2 . + with the:value of @, most conveniently obtained from
D | 20,
2
27E,,-1 B z-0.707 B(Dz) B D,
- )=—F— - —————| —==| -4.0.707 -tanf——
tan(90 a,) 0. D 5 0. D\D, % D, D, and
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A value of £=1.1 is suggested as a typical value for a zero swirl discharge. The resuiting leading edge

strike probability is shown in Figure 4.3.2-13. The strike probability is normalized by the value at the best
efficiency point. Since the flow mechanisms are different than a Kaplan turbine, the resulting strike
probability is different. Generally, the strike probability increase at lower heads (similar to the Kaplan) but
the strike probability can increase with increasing discharge. This strike probability increase is caused by
the change in the flow angle compared to the change in discharge and occurs differently than in a Kaplan
turbine. The implications for fish passage are that increased discharge may not contribute to lower
mortality in the same manner as is expected for Kaplan turbines.

tan f =

The accuracy of the improved method for calculating values of flow angle, ¢, and ¢, is evaluated in
Appendix 10.4

4.3.2.2 Gap Grinding

Summary

The presence of a gap as defined below creates a source of both mechanical and fiuid mechanisms which
may injure fish. The prediction of mortality due to gap induced velocity fields and mechanical gap grinding
requires an advancement of technology from today’s basis. Estimations of the gap related effect on fish
injury are developed based on two experimental observations discussed in Section 4.4.5.

Discussion

Kaplan blades rotate with a hub around the shaft axis of rotation and also in the hub about a blade axis of
rotation and change position as the turbine operates. To accommodate the rotation on the unit in the
stationary discharge ring and the blades within the hub assembly between high blade tilts and low biade
tilts, traditional Kaplan blades have clearances and gaps. Before discussing gaps, it is important to
differentiate between clearances and gaps. Clearance describes the minimal distance required between
two surfaces for relative movement of those two surfaces. In order for the individual blades to change tilt
within the runner, there must be a minimal clearance between the inner radius of the blades and the hub
(approximately 0.00035 times the runner diameter). In order for the runner assembly to rotate within the
stationary discharge ring there must be a minimal clearance between the outer radius of the blades and
the discharge ring (approximately 0.0007 times the runner diameter). These minimal clearances are
unavoidable; they must exist for the unit to function. Typically, these clearances are much smaller than a
Yypical fish, and are presumed to have minimal impact on fish mortality. The terminology “gap” as used
here describes a distance that is significantly greater than a clearance. The causes of gaps are described
below.

In a conventional Kaplan design the hub and discharge ring surfaces are combinations of spherical,
cylindrical and conical sections in the areas where they are in close proximity to the biades. The hub and
discharge ring surface shapes are designed to accommodate mechanical needs such as disassembly, or
to provide space for conventional blade servomotor and linkage mechanisms to operate. Figure 6.2.1-2
shows a Kaplan blade at minimum and maximum tilts and the gaps typically created by cylindrical and
conical sections on the hub and periphery. With the blade set at its maximum tilt, the inner radius surface
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of the blade is machined to fit any adjacent non-spherical surface of the hub. At maximum tilt there is no
gap between the blade and hub. At minimum tilt a significant gap is created between the blade and hub.
Some turbines have had special considerations whereby gaps between the blades and the hub have been
minimized in certain regions between the blade and the hub. Because of the ease of assembly and
disassembly, most Kaplan turbines are provided with discharge rings having a cylindrical surface
upstream of the blade centerline and with a partially spherical surface downstream of the blade centerline.
With the blade set at its minimum tilt, the outer radius surface of the blade is machined to fit any adjacent
non-spherical surface of the discharge ring. At minimum tilt there is no gap between the blade and
discharge ring. At maximum tilt there is a significant gap between the blade and discharge ring,
particularly upstream and occasionally at the lower region of the discharge ring as the blade extends
beyond the often provided partially spherical segment. Gaps can exist in other locations in the turbine.
For example, some wicket gate and discharge ring designs are such that the wicket gate overhangs the
top of the discharge ring at high gate openings creating a gap. Thus, gap geometries vary significantly
depending on the turbine design and the point of operation of the turbine.

Gaps between the blade and hub may cause significant mortality (from approximately 2% to more than
5% ) for the fish entering the turbine near the roof of the intake and passing through the runner at it's inner
radius (Section 4.4.5). Similar gap related mortality may exist for the fish entering the turbine blades near
the outer blade diameter. Fish in this outer diameter region could come from those near the floor
elevation of the intake which pass through the runner at it's outer radius (Section 4.4.6) or come from fish
which entered the turbine intake at other elevations but were then transported to the region of the biade tip
gaps because of cross flow currents caused by fish diversion devices, or by large separation regions or
secondary flows in the intake, stay vanes, wicket gates or the runner inlet. Gap related mortality includes
not only the effect of mechanical gap grinding (a fish caught in the narrow gap), but mortality arising from
fluid related effects such as excess energy dissipation effects (Section 4.3.3).

The prediction of gap grinding is not amenable to a one-dimensional analysis other than to account for the
presence or absence of a gap. A preliminary CFD analysis is presented in Section 5.3.4 that verifies
some of the expectations of the flow through a gap. A prediction of the loads applied to a fish being
caught in this region would require a CFD calculation including the presence of a “virtual fish” . Gap
effects are related to the number of blades.

Observations of carefully planned and executed experiments do give some indications of mortality that
has occurred in these regions. Section 4.4.5 reviews the results of a fish passage survival determination
at the Rocky Reach Dam and concludes that a gap at the trailing edge of a blade caused approximately
4.4% additional mortality for a particular operating condition. Section 4.4.6 reviews the results of a fish
passage survival determination at Wanapum Dam and concludes that fish injected at a location expected
to transport the fish near the runner inner radius experienced approximately 3% additional mortality in
comparison to fish passing through the middle section of the blades. This mortality is attributed to fluid
and mechanical effects related to the blade leading edge gap and other geometries in the vicinity of the
runner hub.

4,3.2.3 Abrasion

Summary

Use of 3-D advanced CFD methods is probably necessary for abrasion prediction. However, a new
insight into the role of cross sectional area is presented here. The probability of occurrence of scrape due
to the space between blades is unknown.
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Discussion

While abrasion is a mechanical effect arising from a fish scraping a mechanical surface, it can also be
related to the degree of excess fluid energy dissipation in a design, and therefore the point of operation of
a turbine and to the overall quality of the hydraulic design. As an example, fish in a swirling draft tube flow
may have a higher chance for wall scrape. A fish having a large size in relationship to the minimum
space between turbine blades (the vent dimension) could lead to scrape. The scrape effect related to
vent depends on turbine type. The blades of Francis and Propeller turbines are fixed in position and have
a fixed value of vent. Kaplan turbine blades change their position as a function of operating point. At low
blade tilts (openings), the space between blades is smaller, while at high blade tilts, which correspond to
high discharge, the space is larger. Also the smaller number of blades in Kaplan and Propeller turbines
will give larger values of vent.

The prediction of scrape generally requires the use of advanced CFD analysis tools for any quantitative
assessment. It is expected that scrape could occur due to both primary and secondary flows, centrifugal
and buoyancy effects, or fish volitional movement. The flow field effects leading to abrasion will be
discussed in Section 4.3.3, Fluid Mechanisms Leading to Fish Injury.

One aspect of scrape, however, that can be clarified is the role of cross sectional area. Several
references have presumed that a turbine design goal should be to maximize the cross sectional area
through the turbine. Figure 4.3.2-14 illustrates the concept of “vent” of a turbine. The vent of a turbine is
the minimum distance between adjacent blades. It occurs near the blade trailing edge. In general, a fish
passing through the turbine runner would experience a continuous decrease in cross sectional area. If
the body of the fish were not flow aligned, and if the fish length were larger than the vent dimension, then
it seems possible that the decreasing cross sectional area could cause the fish to scrape against a runner
blade.

The value of vent for a particular turbine design is determined by the number of blades and the local
geometry of the blade outlet edge, particularly the blade angle. A smaller number of blades will have a
larger vent. For a given design condition, (number of blades, head, discharge, rpm, etc.) the blade angle
is essentially fixed, therefore, the vent is fixed and can not be arbitrarily adjusted.

The frequency of scrape type injuries and factors that influence scrape are uncertain. The fish survival
studies that have atiributed sources of injury to possible causes are limited.

4.3.2.4 Wall Strike

Summary
Use of 3-D advanced CFD methods is probably necessary for wall strike prediction

Discussion

While wall strike could be thought of as similar to abrasion, we differentiate it here as a mechanical injury
caused by a fish body impact with a wall with enough energy to cause mechanical injury. For this to oceur
a relatively high rate of change of velocity over a distance related to fish length is necessary. While it is
basically a mechanically induced injury, wall strike is assumed to be induced by vortices and high
turbulence levels related to the fish length. It is related to the point of operation and the quality of the
hydraulic design. Section 5 addresses fiuid conditions that could lead to wall strike.
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4.3.3 FLUID MECHANISMS LEADING TO FISH INJURY
4.3.3.1 Overview

The concept of excess energy dissipation is an attempt to quantify the injurious effects that a non-ideal
flow field can cause. Excess energy dissipation can be equated to Theoretical Avoidable Loss (TAL), a
concept which has been observed to correlate with measured fish survival. The concept of critical shear
is developed and shows some promise of being a credible prediction method. A one-dimensional
prediction method based on critical shear is not adequate to predict observed fish survival.

The general assumption regarding fish survival and turbine operating condition is that inefficient turbine
operation causes adverse flow field conditions leading to fish mortality. This assumption agrees with the
fact that inefficiency is a measure of losses caused by the dissipation of energy (head loss) in the flow.
Some of this energy is presumably available to harm fish. It is also known that energy losses are a direct
result of flow that is not smoothly aligned with hydraulic surfaces. Two paths have been taken in this
study to quantify this phenomenon.

The first method, the overall energy dissipated in the flow, is analyzed without consideration of the precise
flow field details. It considers that some energy dissipation is inevitable and causes no harm to fish, while
other energy dissipation exceeds a theoretical minimum and this excess energy dissipation is available to
cause mortality. The second methr4, the analysis of shear, is an atter: pt to directly quantify the details of
the flow field. A quantity defined as shear is postulated as a quality of the flow that can be linked to fish
mortality. A critical value of shear was estimated from experiments in the literature. Based on a simplified
flow field analysis, a general method for estimating shear for any turbine operating condition was
developed. The foundation was established for subsequent, more detailed, analyses by CFD methods.

It should be pointed out that both TAL and fluid shear are related to the geometry of the turbine. The
number of turbine blades, stay vanes, and wicket gates as well as the presence or absence of blade gaps
and the overall quality of the hydraulic design influence the fluid mechanisms which can damage fish.
Mortality correlations with the number of turbine blades can relate to the physical strike by a blade
* structure as well as to the fiuid mechanisms associated with the number of blades.
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4.3.3.2 Evaluation of Avoidable Loss

Summary

Some loss of energy in a turbine can not be avoided. Other sources of energy loss are dependent on the

turbine operating condition. The losses that are in excess of a theoretical minimum possible were
correlated to measured fish survival. When losses are greater than the minimum amount, fish survival is

adversely affected. The point of minimum theoretically avoidable loss usually occurs at a discharge

greater than the best efficiency point discharge.

Discussion
Two explicit methods have been applied to predict and evaluate mortality:

o Theoretically Avoidable Loss (TAL) An explicit calculation of the portion of the overall energy that
has been dissipated in the turbine and that is available to damage fish.

e Shear The effect of a fish passing near or through a region where the flow is experiencing a velocity
gradient that is sufficiently intense to cause damage. This effect is listed separately from excess
energy dissipation because of a different prediction methodology that is used.

The concept of a theoretically avoidable loss has been found to be a useful parameter to correlate a
turbine operating condition to internal flow mechanisms capable of causing damage to fish. The flow of
water over any surface results in friction that causes a reduction in the useful energy of the flow. This
frictional energy loss (actually a transfer of energy into heat) attains a minimum value when the flow is
smooth and the velocity is a minimum. For example, the flow of water through a pipe causes losses, but
unless the fish comes in near proximity to the pipe wall, in fact so close that it would touch the wall, this
energy exchange as a result of the discharge (therefore deemed unavoidable) does not cause damage to
the fish. In the turbine, energy losses occur due to several mechanisms. Flow through the spiral case
can have losses associated with vortices and secondary flows, but mostly contains losses related to
friction on the spiral case walls. Flow over stay vanes, wicket gates, and runner blades may encounter
the structure with an angle of attack (depending on the particular operating condition) and the resulting
velocity patterns and associated losses are higher than could be achieved under optimum conditions.
The flow in a draft tube is typically swirling, with a flow pattern that can cause flow separation from the
wetted surfaces. This generates increased turbulence and flow mixing, resulting in energy losses. Flow
through various clearance spaces and over thick trailing edges also induce losses. Some of these losses
are related to the requirement of moving flow through the machine, and cannot be avoided. Other losses
are related to non-optimum flow patterns and could theoretically be eliminated (at a particular operating
condition) by redesign of the non-optimum components. Therefore, a method has been developed to
separate the theoretically avoidable losses from the losses that cannot be eliminated.

In a turbine the sum of all losses is quantified by the turbine efficiency. Efficiency can be related to
losses with the relationship:

efficiency = 1- (losses / Head)

where the losses are taken as the sum of all losses in the turbine. Since some of the losses are
proportional to the velocity squared, this offers a means to examine the distribution of losses as a function
of operating condition. A procedure was developed to assess the magnitude of frictional losses that are
proportional to the velocity squared, and are thus unavoidable, and the magnitude of losses caused by
other mechanisms that are considered to be theoretically avoidable. The discharge is used as an
indicator of the local velocity. Defining a proportionality between losses and discharge gives:
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losses =K* Q2
and to be able to separate avoidable and unavoidable losses, K is further separated

K= Kra + Kinm

Kim , where tm means theoretical minimum, accounts for the unavoidable frictional losses. Ki, accounts
for the theoretically avoidable losses. The value of K is dimensional, having units of (length® / time?). The
use of this concept is to compare the value of the losses at various operating points. Therefore only
relative values of K at various operating points are most useful. The value of K,,, corresponds to the most
favorable flow pattern possible for a particular turbine. After a value of K, is selected, Ky, may be
calculated. The value of Ky, is used to calculate the avoidable losses and can be deemed to be
Theoretically Avoidable Losses (TAL). They are called “theoretically” avoidable because the turbine
design to avoid them would need to have a geometry which can be adjusted to be “theoretically ideal” at
every operating condition. TAL then, are an overall measure of the energy available to drive high velocity
gradients, swirling flows, vortices and turbulence. These fluid effects, when of high enough energy can
cause forces on fish bodies which can result in injury and direct mortality. They can also drive fish into
mechanical structures with sufficient energy to create mechanical injury.

In Section 4.4.6, experimental fish survival data from the Wanapum project are analyzed with this
approach to provide a quantitative measure of thé impact of TAL on the overall measured fish mortality.
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4.3.3.3 Evaluation of Fluid Shear

Summary

Shear may be a quantifiable indicator of a flow field condition that causes fish injury. Based on the
evaluation of a single study, an injury threshold value of shear (450 / s) has been tentatively selected. A
simplified design study has verified the adverse effects of off-design turbine operation on shear, i.e.
operation with the turbine blades for a range of values of angle of attack. However, the simplified design
study seems inadequate to explain observable mortality effects. Probability equations are developed to
predict mortality based on the size of a critical shear zone. The shear concept is applied to confirm the
existence of a non-lethal velocity and, for the first time, to explain the minor role that tip speed is observed
to have in turbine fish passage survival studies.

Discussion

Definition of Shear

A flow field that causes forces on a fish body that are high enough to do damage are a cause of mortality.
Velocity fields within a turbine that change significantly over a distance characteristic of a fish dimension
could cause these types of forces. The concept of using this definition of shear to predict fish mortality
has been evaluated.

Shear is defined as a change in velocity divided by a change in length. This definition of shear is an
indicator of force on a finite three-dimensional body such as a fish. The velocity change causing the
shear may be induced by viscous forces as in a boundary layer, in a separated flow region or in the wake
downstream of a blade or vane trailing edge. Velocity changes can also be caused in a non-viscous
manner and do not necessarily imply energy losses, viscosity, vorticity (rotational flow), or an unfavorable
flow field. Note that this definition yields a dimension for shear of ( 1 / s) as the length dimension in
velocity cancels the length in the denominator. An evaluation of shear in Alden, 1997 used a dimension of
(ft / s / inch), since these authors chose not to cancel the length units.

The definition of shear as a stress, related to laminar or turbulent viscous forces has been used in the
literature. This definition was not chosen here because it excludes certain types of velocity gradients. A
flow field having velocity gradients will exert forces on a finite size body, such as a fish. Figure 4.3.3-1
shows velocities and hence velocity gradients, in a runner that are the result of a non-viscous caiculation.
A definition of shear that was based on viscous forces would incorrectly imply that no fluid induced forces
would exist for this flow field.

Shear can be considered as an influence of a mechanical structure that exists some distance away from
the structure. Intuitively, this effect is related to the energy contained in the speed between the fluid and
the structure. The energy of a moving body is it's kinetic energy, which is proportional to velocity
squared. Therefore, as an initial evaluation of the energy in a given flow field that may be available to
cause injury to fish, a calculation of the kinetic energy of the flow relative to the blades was made.

As background information, the variation of blade impact energy for different operating conditions is
provided. In contrast to initial expectations, this information did not lead to new insights. The fish
approaches the blade at a relative velocity. This velocity difference defines the kinetic energy of a
possible collision. Figure 4.3.3-2 shows the square of the ratio of relative flow velocity to tip velocity. This
calculation was made for the same § bladed Kaplan turbine as was used for the sample strike calculation.
These results may be used as a general indication of some trends for all turbines. A different view of the
strike energy is accomplished by the following shear analysis. The magnitude of the effects caused by
strike energy is evaluated and testable predictions are made.
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Estimation of the Critical Value of Shear

An important challenge in using the shear concept to evaluate fish survival is to determine if a threshold
value exists. Shear above such a value would be described as a critical shear and would be sufficient to
cause injury or mortality to a fish, while lower values would cause no injury or mortality. Of course this
critical value may be species dependent and also dependent on the size of the region exhibiting this
characteristic relative to the fish. If additional biological data become available and a value of shear that

can cause disorientation or minor injury is known, then additional types of prediction could be made.

A series of experiments having a nozzle discharging into a quiet pond was used as a benchmark to look
for a threshold value (Johnson, 1970a, 1970b, and 1972). A first test with a 150 mm (6 in) nozzle
operated at 17.5 m/s (57.5 feet / s). The species used were 120 to 180 mm (5 to 7 in) chinook salmon,
and 180 to 200 mm (7 to 8 in) coho salmon. The results were recorded with a high speed movie camera,
and it was noted that the fish came out in random positions (head first, tail first or broadside) and location
in the jet (left, right, above, or in the center). Some fish broke out of the jet within one foot of the nozzle,
while others remained in the jet throughout the picture. Many fish were subjected to violent distortions,
both in and breaking out of the jet, with no apparent physical harm. No fish were killed.

A second test with a 100 mm (4 in) nozzle was operated at 20.4 m/s (67 feet / s). The results were as
follows:

length of fish  coho chinook steelhead Number percent

inches killed killed
8to9 350 19 54
8to9 150 3 2.0
2.51t03.5 150 0 0.0
3to4 150 1** 0.7

** In addition to the one mortality, three fish had popped eyeballs.

Apparently the critical factor governing mortality was their precise location when they were ejected from
the jet. To further investigate the shear phenomenon, 100 each of the 8 to 9 inch chinook and coho were
anesthetized and were allowed to be entrained into the jet. Approximately 30 percent were seen to enter

the jet within one or two feet of the nozzle; none were ki "zd.

A detailed CFD analysis of this experiment was performed as an axisymmetric calculation. Figures 4.3.3-
3 and 4.3.3-4 show the grid and velocity vectors. A four inch nozzle protruded into a large tank. The
inflow boundary was the small pipe, the discharge boundary was far downstream. The large tank
basically provides a large, low velocity area for a gentle recirculation region. Intense mixing occurs at the
boundary of the discharge jet. Grids were concentrated in this region.

The shear was evaluated at all locations in the flow, Figure 4.3.3-5. Shear values change rapidly in the
near vicinity of the nozzle exit. Considering the 57.5 feet / s experiment, ( where fish were ejected from
the jet within one foot downstream from the nozzle exit), shear values in the one half to one foot distance
ranged from about 400 to 600 (1/s), Figure 4.3.3-6. Considering the 67 feet / s experiment, { where
anesthetized fish entered from the jet one or two feet downstream from the nozzle exit, shear values
ranged from about 300 to 450 (1/s) in this region Figure 4.3.3-7. Based on these two ranges of shear that
caused no mortality, a value of 450 was selected as a tentative critical value. It is also noted that in a
different experiment, a lower value of shear (360 (1/s) was found to cause no harm to alewives, a very
fragile species that is highly susceptible to injury, (Alden, 1997).
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This critical value of shear was evaluated at a point in the flow field. Although the size of a shear zone
with respect to fish size, and the direction of the velocity with respect to a fish are important, (Groves,
1972) these effects were not considered in this study. No information is available regarding the
orientation of fish during turbine passage. This lack of information regarding fish orientation is a limitation
in the application of mortality prediction.

Evaluation of Shear by a One-dimensional Method

The prediction of mortality based on the shear concept, mathematically developed in the next section, is
based on the spatial extent of the region having shear values greater than the previously defined
threshold value. During CFD evaluations of shear for certain turbine geometries, discussed in Section 5, it
was observed that the highest values of shear occurred near the entrance edge of blades, vanes, and
gates. Two types of analyses may be useful in the determination of the size of a shear-affected region. A
detailed three-dimensional CFD analysis of the exact turbine geometry and operating condition would
provide the most accurate information. A second possibility is to approximate a precise analysis with a
simplified blade shape and approximate the details of the three-dimensional flow by a two-dimensional
calculation with an a priori estimate for the local inflow condition. For the simplified type of analysis, a
series of calculations might be performed one time that could then be applied for a wide range of turbine
geometries and operating conditions to provide guidance on the shear values that might exist. Based on
these approximate calculations, it was hoped that the results could be distilled into a method that could be
based only on readily known turbine operating parameters. In order to determine whether an approximate
approach could give reasonabile results, a series of two-dimensional analyses were performed.

An evaluation of flow over airfoils was performed for a range of conditions. An uncambered NACA airfoil
(Abbott and Von Doenhoff 1959) in a two-dimensional linear cascade was used. A variation of angle of
attack, blade thickness, and blade spacing was performed. Calculations were done with a 1m long blade
in a 10 m/s inlet velocity flow field. An important part of this procedure was to non-dimensionalize the
geometry and flow field to be able to relate these results to any turbine operating condition. Distances
were non-dimensionalized by dividing by the blade spacing. Velocity and velocity related quantities were
non-dimensionalized by dividing by a reference velocity (Vref ). In this two-dimensional study the inlet
velocity was used as Vref. For subsequent use, the non-dimensionalized values can be applied to
particular situation by multiplying the non-dimensional distance by appropriate blade spacing and non-
dimensional velocity by a reference velocity.

A typical grid is shown in Figure 4.3.3-8. This grid also shows Cartesian coordinate axes, the blade is in

the x-y plane, with the z axis normal to the paper. The label of the z axis is more clearly visible in
subsequent figures that show more detail of the blade leading edge. In these figures the z is rather large,
and since it is shown rotated, it has the appearance of a large capital N. For small angles of aftack, the
velocity field is smooth with high shear values occurring near the leading edge stagnation point, in the
boundary layer, and in the trailing edge wake, Figures 4.3.3-9 and 4.3.3-10. For higher angles of attack,
the velocity field shows flow separating near the leading edge. This leads to high shear values that occur
some distance away from the blade, Figures 4.3.3-11 and 4.3.3-12. Plots of the shear were made and a
visual judgment was made as to the location having the greatest distance from the blade to the critical
shear location.

The distance, d, from the airfoil to the critical value of shear (450 /s) was determined and was non-
dimensionalized by the blade spacing, i.e.

D*=d/ spacing
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and the shear was non-dimensionalized by the blade spacing and Vref, i.e.
S* = shear / (Vref / spacing)

Figure 4.3.3-13 summarizes the results of the parametric study. The non-dimznsional distance , D*, is
presented as a function of angle of attack, since the angle of attack was found to have the strongest
effect. Generally, the thin blades (having a maximum thickness of 2% of the blade length) have lower
shear when operated at small angles of attack, while thick blades (4% thick) have lower shear when
operated at larger angles of attack. This result confirms general expectations.

In order to use these data to predict mortality in a turbine, several steps are required. The value of the
critical shear, i.e., the value that causes mortality, must be known. One must evaluate the angle of attack
on the turbine entrance edge, and using the runner iniet velocity and the blade spacing, the distance
where the critical shear value occurs can be calculated. This distance could be used to calculate the
probability that a fish would pass through the critical shear zone. The development of this calculation is
addressed in the next section.

Development of Shear Mortality Equations

Equations describing the probability that a fish will encounter a critical shear zone were developed in a
manner similar to the leading edge strike equations. The dimension of a zone in the flow field that
contains a critical value of shear can be subtracted from the blade spacing. The magnitude of the
mortality due to shear calculated using general estimates seerns too low to account for observed fish
survival effects. It may be possible to use CFD results, possibly with a virtual fish, to find accurate critical
shear distances and correlation functions for use in these equations. The details of the derivation are
included in Appendix 10.3.

Application of Shear Concept to Non Damaging Velocity and Explanation of the Minor Role of Tip
Speed

Summary

Through a consistent application of the shear principles, a velocity of 5 m/s adjacent to a structure will not
generate a shear zone of sufficient strength to cause fish mortality. Velocities of this magnitude can exist
in several locations in a typical turbine. Also, the mechanism causing blade tip speed to play such a
minor role in fish mortality is explained.

Discussion

A further use of this shear analysis is the evaluation of the existence of a velocity that is low enough to
avoid shear damage to fish. A typical calculation was examined to represent a flow over a blade, vane,
or any other type of obstruction that is not ideally hydraulically streamlined. A 2% thick vane at 20 degree
incidence was chosen because, due to the vane's sharpness at this incidence; a region of flow separation
exists. This separation causes high shear values that can be studied. The non-dimensional shear values
from this calculation were used to calculate the shear values that would exist for a range of velocities. A
1m long vane was chosen with a 1m vane spacing. The shear was calculated from the non-dimensional
shear, S* by multiplying different values of (Vref / spacing). Figure 4.3.3-14 shows these shear values as
a function of the distance from the vane. In general, lower values of velocity cause lower shear values, as
expected. When the velocity decreases sufficiently, the highest value of shear attained does not reach
the presumed critical value of 450 (1/s). This occurs at approximately 5 m/s. A strict interpretation of the
5 m/s data would conclude that the shear does not reach the threshold value, however, recognizing some
numerical inaccuracy easily leads to a judgment that the shear is quite close to the threshold and occurs
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at a distance of about 3.3% of the spacing. An exact value for a non-lethal velocity cannot be determined
precisely, but at or slightly below 5 m/s it appears that no mortality is expected based on this shear
analysis. The results may be summarized in Table 4.3.3-1.

Vref (m/s) o

distance from vane / spacing

20 .044

10 .039

5 .0330r0
2 0

Table 4.3.3 -1 Distance from vane to location of critical shear.

Although the injury mechanism of impact with a solid object seems likely to be different than a shear
induced injury, results from two impact experiments are mentioned. First, an impact velocity of 5.2 m /s
was found to cause little damage and no mortality (Tumpenny, 1992), based on an experimental study
using airfoil shapes mechanically propelled in a test tank. A second test showed that a velocity of 4.9 m/s
(16.1 ft / s) was required to cause mortality based on impact of fish by solid objects, (Bell, 1991). ltis
noted that the results of this experiment were presented without information regarding test protocols or
test details. The magnitude of velocity required to cause mortality in a direct impact is quite similar to the
velocity required to cause a critical shear zone adjacent to a solid object.

A second aspect of this study illuminates the manner in which strike energy, represented by higher head
turbines with higher tip speeds, has not been observed to play an observable role in fish mortality. The
distance from the vane to the location of the critical shear value varies with velocity, as is noted in Table
4.3.3-1. At 20 mv/s, the distance from the vane to the location of the critical shear has increased by a mere
1% compared to the distance when the velocity is 5 m/s. The shear equation predicts that a 1% change
in the non-dimensional shear distance leads to a 1% change in the probability that a fish will enter the
critical shear region. Therefore, once the velocity is high enough to cause injury, a significant increase in
velocity above this value will give a small increase in the extent of the critical shear zone and hence a
small increase in the shear mortality probability.

Outlook for Shear Based Mortality Prediction

The previous sections have defined shear, estimated a threshold value of injuring shear, established

general characteristics of probable shear distances, developed z one-dimensional shear mortality

prediction equation, and used the shear concept to find a velocity that is low enough to avoid fiuid induced

damage. While these concepts are a necessary prerequisite to a useful mortality prediction method,

several steps remain as a subject for further evaluation. These include

¢ evaluate threshold shear values and direction with respect to finite sized fish

e evaluate estimated shear zones compared with more accurate CFD results

e determine local angles of attack for any operating condition, both for axial flow and for Francis
turbines and find a more accurate method for predicting high specific speed Francis turbine inlet
velocities
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4.3.3.4 Cavitation

Summary

It is perceived that fish passing through cavitating flow fields can be damaged by fluid effects arising
because of cavitation and subsequent vapor bubble collapse. The turbine operating condition that
coincides with the onset of cavitation can be determined by CFD analysis. Designs for existing turbines
can be developed to eliminate cavitation while increasing power production. Operational guidelines to
minimize operation in cavitation regimes will reduce maintenance costs and reduce fish mortality
associated with fluid induced loading on fish bodies related to cavitation.

Discussion

The phenomena of a water vapor bubble formation is referred to as cavitation. When the value of static
pressure in a fluid reaches vapor pressure, cavitation is presumed to begin. CFD methods can
reasonably determine when this condition occurs. However, damaging effects of the phenomena are
associated with vapor bubble collapse. A bubble that forms in a region of low pressure is transported to a
region of higher pressure and the increase in pressure above the vapor pressure causes the bubble to
collapse. Depending on the shape of the vaporized region and the pressure and velocity gradients
involved, the collapse may create intense local pressure waves, jets of high velocity fiuid and regions of
strong flow turbulence. These fluid effects can cause injury to fish and may be associated with mortality.

Numerical modeling of the growth and collapse of cavitation bubbles and the quantification of the
velocities and forces created by the collapse are beyond the scope of current CFD methods. However,
benefits are still obtained from the use of CFD. Utilizing today’s technology, replacement runner designs
can be developed to improve cavitating characteristics of existing turbines and in many cases eliminate
cavitation while improving power output. Figure 4.3.3-15 shows a comparison of the cavitation
performance improvement (expressed as a coefficient signifying the beginning of detrimental cavitation)
that was obtained for the Bay D'Espoir Francis turbines. .For this project, a turbine design which was
normaily operated in the cavitation region was replaced with a higher efficiency runner design which
eliminated the cavitation while enabling operation at higher outputs than previously achievable.

The work conducted for this contract cannot directly add to the current state of knowledge regarding
cavitation induced fish mortality. However, carefully designed fish survival experiments can be used to
place fish into turbine cavitating flow fields. From these experiments, correlation between observed
mortality and the state of the cavitating flow field estimated from scale model testing of turbine
components may be able to be made. Section 4.4.6 discusses fish passage survival testing at Wanapum
Dam. For one of the operating conditions fish were injected into the turbine intake leading some of the fish
to a region where cavitation was observed during model testing. An estimate of the effect of cavitation
was derived from these turbine passage tests. More data are required to be able to develop a quantified
prediction method.

4.3.3.5 Draft Tube Backroll

Summary
The flow leaving the draft tube and entering the tailrace can cause a complex flow field that may trap and
possibly disorient fish. CFD methods may be applied, but would challenge current hardware and software.

Discussion

The flow leaving the draft tube and entering the tailrace is quite complex. A backroll is defined as a region
of the flow that recirculates. This occurs due to the interaction of the velocity field inside the draft tube
and the tailrace. The draft tube exit flow is commonly believed to behave like a fiuid jet entering a
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quiescent pool. Such a jet has separated or recirculating flow on all sides. The draft tube exit jet typically
has a solid boundary on the bottom and an atmospheric boundary at the tailrace pool surface. Adjacent
turbines may or may not cause an interaction. Both civil structure and internal flow fields may interact to
have significant effects. Figure 4.3.3-16 shows alternate arrangements that were used for the draft tube
designs at the old and new sites ai Bonneville Dam. The draft tube with greater upsweep, had a more
visible disturbance to the tailrace surface, compared to the more horizontally oriented discharge. The
internal draft tube flow field is believed to have an appreciable influence. Figure 4.3.3-17 shows a tailrace
surface that is more disturbed subsequent to a turbine runner replacement. Despite good turbine
performance, it is postulated that the draft tube discharge has become more nonuniform.

Overall, the backroll phenomena seems to be relatively unexplored. CFD methods may be applied, but
the analysis of a single operating point would require caiculation of both the draft tube (with a suitable link
to a runner calculation) and the tailrace. The tailrace would require that the location of the surface be
determined as a result of the calculation. Calculations of this complexity may be possible or are
becoming possible as computing hardware and software advances, but are not normally performed by
turbine manufacturers.
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Figure 4.3.3-1 A Changing Velocity Field According To A Nonviscous Analysis. Plan View Of The Crown
Showing Velocity Vectors. Speed Is In M/S.
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Turbine Efficiency (%)
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Figure 4.3.3-2 Square of the Ratio of Relative Flow Velocity to Tip Velocity for 5-Bladed Kaplan.
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Figure 4.3.3-8 Grid For Two-Dimensional Airfoil Study. Blade Is 2% Thick, Spacing To Adjacent Blade Is

One Blade Length.
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‘Figure 4.3.3-13 Summary of Critical Shear Distance
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Figure 4.3.3-15 Rehabilitation Can Improve Cavitation Performance
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4.3.4 PRESSURE MECHANISMS LEADING TO FISH INJURY

Summary

Inside of turbines, the pressure distribution and the rate of change of pressure with time can be
determined accurately by CFD analysis. Transit times from the high pressure region at the turbine spiral
case inlet to the exit of the draft tube are relatively short, even for big turbines. Transit times through low
pressure regions in the runner blade region are quite short. The rapid transit through this low pressure
region in the blades is felt to cause no significant mortality. More important is the change in pressure from
that to which the fish has become acclimated to a lower value at the draft tube exit. Controiled
experiments on fish at low head projects (<30 m or 100 ft) indicate that pressure related injuries/mortality
is low. However, pressure related mortality can be significant at higher head dams, whether equipped
with hydroelectric turbines or not, if sufficient time is given to fish to acclimate to greater depths (high
pressure) and subsequent rapid exposure to low pressures. Such environments can be associated with
fish passage as fish move from the bottom of an upstream deep reservoir or long penstocks to a
downstream reservoir. To minimize the adverse pressure effects, the turbine plant design may be more
critical to fish passage survival than turbine machine design. For new advanced turbines, plant designs
should be developed to minimize long times associated with penstock passage, and therefore the
acclimation to deeper depths associated with them

Discussion

The absolute levels of pressure and their rate of change over time (between intake and the draft tube exit)
are the result of complex interactions of factors associated with the environment and turbine design. For
a particular turbine design, the head and discharge cause a unique flow pattern that can be calculated by
advanced CFD methods. Subtle changes to the turbine runner geometry or the turbine operating
condition can cause significant changes to the resulting pressure. However, in the absence of cavitation,
pressure changes that fish experience for exceedingly short time cause no significant mortality (RMC
1994a,b,c,d; RMC and Skalski 1994a,b; RMC et al. 1994; Normandeau Associates et al. 1995, 1986a).
Time to acclimation is probably too short to cause significant pressure related fish damage. However, as
mentioned earlier acclimation history and the time to reach full acclimation are not precisely known.

On the other hand, time to acciimation may be sufficient to cause significant damage in plants where the
civil design draws fish from lower regions of the reservoir, or allows fish to transit the penstock in a
manner wherein the fish can become acclimated to the higher pressures by the time they reach the
turbine spiral intake. Figure 4.3.4-1 shows schematics of two alternative turbine plant configurations, and
the pressure history for fish passage. For all sites, the transit times for fish passing the turbine is
relatively small in comparison to the transit times for fish passing from the dam to the turbine. For typical
Kaplan projects the heads range from 6 to 26 m (20 to 120 ft) and the pressure changes associated with
the difference in pressure from the headwater to the tailwater are not sufficient to create serious
decompression trauma. For Francis turbines, however, heads are higher (15 to over 350 m or 40 to over
1,200 ft), the time of passage is longer (particularly at sites with long penstocks or tunnels leading to the
turbine) and the possibility for decompression trauma is real.

Testing has been done to help understand the effects. The information derived from laboratory tests is
quite variable and is based mostly on subjecting fish to pressure regimes that may not mimic those
encountered by fish in passage at dams with greater than 14 m (45 ft) of head. Therefore, the
development of criteria for maintenance of safe pressure differential at the turbine runners may be risky if
based on currently available laboratory data. This is especially true if the fish tolerance to pressure
differential (expressed as a ratio or proportion of fish exposure pressure fo acclimation pressure)
observed in a laboratory is applied to designing an advanced turbine. A numerical example may help
clarify the importance of considering the site specific depth characteristics. A pressure reduction of 60%,
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that is a ratio of final pressure to acclimation pressure of 0.4, can be observed in two different situations
with significantly different consequences. For example, fish acclimated at 30 m or 100 ft depth (about 4
atm) and suddenly exposed to 6 m (20 ft) deep tailwater (about 1.6 atm) and fish acclimated to 18 m (60
ft) depth (about 2.9 atm) and rapidly exposed to 2 m (5 ft) deep tailwater (about 1.16 atm), each
experience a 60% reduction in pressure. The latter pressure condition is frequently encountered by
surface oriented fish intercepted by extended length screens at large hydroelectric dams (e.g., Pacific
Northwest) and collected in gatewells or surface bypass structures. Recent studies at hydro dams with
less than 15 m (50 ft) of head have not shown pressure related injuries/mortality (see Section 4.2.3).
Section 4.2.4.2 provides other specific examples of the effects of intake configuration, location, and depth
on fish injuries/mortalities caused by changes in pressure.
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4.3.5 IMPLICATIONS OF SURVIVAL PREDICTION FOR TURBINE DESIGN AND OPERATION
4.3.5.1 Evaluation of Francis Turbine Number of Blades

Summary

Fewer blades appear to'be a feasible design concept. For large turbines passing small fish, high survival
can be achieved. For small Francis turbines with large fish, the best solution for fish survival may be to
keep the fish out of the turbines. This section presents the results of a design study where a series of
different turbine runner designs were developed and verified to operate cavitation free at the desired
design point. Geometrical differences in the designs are shown along with estimates of fish passage
strike survival.

Discussion

A detailed hydraulic desigh was made for a series of Francis turbine runners. Each design had a different
number of blades. Precise contours were developed for the shape of the crown, band, and runner blades.
Each runner was designed to have identical performance characteristics, i.e. had identical specific speed,
discharge, power output, and cavitation characteristics. To achieve identical cavitation performance,
designs with fewer blades required that each biade be longer. The determination of the complete
characteristics of each design (efficiency, pressure pulsations, runaway speed, etc.) is beyond the scope
of this study. A preliminary conclusion from the study is that a reduction in number of blades seems to be
a modest extension to current design methods and seems likely to produce good turbine characteristics.
Some performance and cost tradeoffs may need to be accommodated for designs having fewer than the
traditional number of blades.

The designs were developed for a specific design condition: a diameter of 5.41m, a head of 814 m, a
discharge of 215 m¥s, and a power of 180MW. Survival prediction was based on the strike equation. The
fish length used was 150 mm and the lambda correlation value was arbitrarily chosen as 0.2. The value
of lambda that would be most appropriate for Francis turbines is unknown, but values in the range of 0.1
to 0.2 were determined from Kaplan survival tests. Runner designs having 25, 18, 15, 13, and 11 buckets
were developed. Figure 4.3.5-1 compares the water passage shapes of the designs. Table 4.3.5-1
shows the impact of bucket number on calculated survival, as well as the survival for a smaller turbine
with the same operating point (head coefficient and discharge coefficient).

using D=1.0m using D=5.41m
Design Number of Blades Survival Probability (%) Survival Probability (%)
New 25 89.7 98.1
Original 18 92.6 98.6
New 15 93.8 . 98.9
New 13 94.6 89.0
" New 11 95.5 99.2

Table 4.3.5-1 Predicted Survival for Various Number of Blades
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4.3.5.2 Evaluation of Francis Turbine Specific Speed

Summary

Through the use of a simplified sizing exercise for a turbine at a new hydro site, the role of specific speed
is demonstrated. The principal effect of choosing a high specific speed for the head at the site is to
reduce the turbine size, thus increasing the strike probability. The new term in the strike formula was
found to have a significant contribution to the calculated strike probability.

Discussion

The strike equation was used to conduct an evaluation of design tradeoffs that might occur for the
analysis of a new hydro site. The characteristics of turbines vary as a function of specific speed. As the
selected specific speed increases, the turbine becomes smaller, operates at higher speed, and has
increased susceptibility to cavitation for a given centerline elevation. The following scenario was used to
evaluate calculated fish strike for different turbine designs operating at their best operating point.

Number of units 1

Discharge 28.3 cms (1000 cfs)
Head 2591 m (85 feet)
Number of bilades 13

fish length 152 mm (B inch)

A number of considerations were ignored, such as unit submergence required to avoid cavitation,
operational flexibility, energy production during a yearly flow duration cycle, etc. The result shown in
Figure 4.3.5-2 is that fish survival due to strike is enhanced by selection of lower specific speed units for
the head at the site. Further study for a specific plant would be required to evaluate other operating
conditions to permit an overall judgment.

Since the strike equations used here are new, the contribution of the additional term in the strike equation
due to the tangential length of a fish was examined. The sirike probability was calculated separately for
each term in the strike equations for these same Francis units. Figure 4.3.5-3 shows that the additional
term is significant compared to the overall strike probability, and becomes relatively larger as specific
speed decreases. :

4.3.5.3 Evaluation of Adjustable Speed Turbines

Summary

Adjustable speed offers the possibility of improved fish survival. Adjusting the speed to compensate for
head changes will allow the head coefficient characterizing the turbine performance location on the
turbine performance hill curve to be kept at a more favorable operating point than a design having
constant speed.

Discussion

When a turbine is operating at head and discharge coefficients that are not optimum for fish survival,
alteration of the rotational speed offers the opportunity to move the operating point to a more favorable
location on the hill curve. Consideration of the Kaplan turbine leading edge strike probability, Figure 4.3.2-
7 indicates that higher discharge coefficients are always better, and higher head coefficients are typically
better. Consideration of the Francis Turbine leading edge strike probability, Figure 4.3.2-13 indicates a
different variation with discharge coefficient but, higher head coefficients are always better. The excess
energy dissipation mechanisms relating to fish mortality, based primarily on the results of the Wanapum
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fish survival tests, indicates that the optimum fish survival occurs at the minimum TAL, which occurs at a
head coefficient near best efficiency heads and a discharge coefficient greater than the best efficiency
discharge, but less than the maximum possible discharge. Combining both of these considerations leads
to the presumption that the overall minimum fish mortality location on the hill curve occurs near the best
efficiency head coefficient and at a discharge coefficient that is greater than the best efficiency discharge,
but less than the maximum possible discharge.

Operational considerations will have an effect on mortality. In the case of operation at a low head, a lower
rpm will change the head coefficient to a higher value. If it is desired to discharge the same discharge at
the lower rpm, the discharge coefficient must increase. This would be accomplished by opening the
wicket gates. If this desired operating point is greater than the maximum gate opening, then this condition
can not be realized. Also, it may be that this operating point is in a region of higher TAL, or possibly
cavitation. A precise analysis of some of these effects could be evaluated for a particular design but is
beyond the scope of this work.

4.3.5.4 Critical Velocity Implications for Specific Turbine Components

Summary

A survey type of analysis was performed to evaluate average values of velocity in several regions of a
turbine to permit a rough assessment of potential mortality. For structural piers, in turbine intakes, typical
velocities are significantly less than 5 m/s. Therefore, strike on these bodies seems to be of no concern.

For stay vane entrance edges and for runner blade tips, typical velocities are shown on Figure 4.3.5-4, as
well as mortality results for fish impacting solid objects and entering water adapted from Bell (1991). it is
noted that that Bell provided this data without information on test design, uncertainty estimates or
protocals 'used. Although Turmnpenny (1992) found that an impact with an airfoil shape at 5.2 m/s caused
little damage and no mortality, little supporting data is available to evaluate these mortality results.

The velocity on stay vane entrance edges is a function of the head. Velacities of 5 m/s at the stay vanes
of Kaplan turbines are expected when the head exceeds approximately 17 m (56 feet). Therefore, stay
vanes should not be ignored except for very low head turbines. The tip speed of runners essentially
always exceeds 5 m/s and all blade strikes may be lethal. Also, the lowest speed portion of a Kaplan
blade, (near the hub), will experience relative velocities between the blade and the water exceeding 5 m/s

when the head exceeds 3 m.
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4.3.6 ZONAL DEPENDENCE OF INJURY/MORTALITY MECHANISMS

Summary
Injury mechanisms are associated with specific zones of turbine geometry. This section introduces the
concept.

Discussion

A turbine should not be treated as a black box into which fish are carried and out of which some injured
fish and some uninjured fish emerge. The survival of the fish is highly dependent on the zones of the
turnine traversed by the fish path.

For the purpose of evaluating the fish injury potential of a turbine, the turbine should be considered to be
comprised of a number of separate zones and sub zones. Each zone’s geometry and fluid characteristics
will have a unique effect on the fish. Some zones are fish friendly, while others cause damage. As an
example, the turbine can be divided into zones associated with the principal structures. Zones associated
with the intake upstream of the turbine (penstock or other civil structure with trash racks), the near inlet
(spiral case or semi spiral case), the stay vanes and wicket gates, the runner and the draft tube could be
considered. In the vicinity of the runner, the zones could be further subdivided (Figure 4.3.6-1). Here,
the annular regions of the water passage could be designated as the hub zone, the mid zone and the tip
zone for Kaplan turbines, and other zones for Francis or propeller turbines. The annular regions could be
further subdivided into near blade zones and between blade zones. Within the hub zone, there would be
a separate zone per blade, each of which may contain gaps with sharp edges and associated fluid injury
mechanism sources such as cavitating vortices, regions of high shear and so forth. Experimentally
measured mortality correlated with the number of turbine blades, for example, would contain the effects of
both mechanical strike and fluid induced mortality. Experiments to determine the effect of certain
mechanisms on fish mortality will need to recognize the zonal nature of damage mechanisms and be
desig:-2d to carry fish into appropriate zones.

In the discussions that follow, the concepts of the zonal nature of the turbine and the zonal effects on
injury/mortality mechanisms will be used.
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Figure 4.3.6-1 Fish Survival is Strongly Affected by Transit Through Different Zones of the Runner
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4.4 INSIGHTS TO INJURY MECHANISMS AND SURVIVAL PREDICTION METHODS OBTAINED
FROM EVALUATION OF FISH SURVIVAL TEST RESULTS

4.4.1 INTRODUCTION

Data selected in Section 4.2 are evaluated herein to look for trends supporting concepts presented in
Section 4.3. Kaplan, Propeller and Francis data are used, but treated separately in the evaluation. Note
that statistics have not been relied upon for our evaluations. Instead, each evaluation outcome was
examined for it's merits in integration of biological significance with turbine flow physics. This is to avoid
confusion between statistical significance and practical significance

Fish injury during turbine passage and therefore survival is dependent on a number of factors. These
have been outlined in Section 4.3. No single mechanism can be correlated with observed injury or
mortality in fish passage survival testing. Instead, a combination of effects come into play which are
dependent on the type of turbine, the turbine geometry, how the turbine and the turbine plant is operated,
as well as the species and size of fish, the fish's location in the water column and the fish's behavior in
approaching and passing through the turbine. The mechanisms of injury can be characterized into zones
within the turbine. Fish passing through different zones can encounter different mechanisms and
therefore experience different survivability.

Because of some unique characteristics of the hydroelectric dams on the Columbia River Basin, and the
intensity of effort in improving fish passage survival there, significant fish passage testing has been
conducted on Kaplan turbines providing a relatively good availability of comparable data, under relatively
controlled conditions. The testing investigated the effect of intake modifications, turbine operating
conditions, and turbine geometry with the specific objectives of improving furbine passage conditions.
Insights gained from these tests are discussed separately below. The tests include those at Rocky Reach
Dam and Wanapum Dam on the Columbia River and Lower Granite Dam on the Snake River. At Rocky
Reach Dam the experiments were conducted to identify potential sources of fish injuries so that turbine
design and structural modifications could be incorporated into a new replacement turbine. At Wanapum
Dam, the investigation was done to determine the effects of turbine operating performance on the survival
of fish entrained at two depths. Studies at Lower Granite Dam were conducted to provide baseline
survival and sources of fish injury for comparison with turbine operation during the proposed reservoir
drawdown and to evaluate the potential effects of extended length screens on unguided fish in passage
through turbines, (Figure 4.4.1-1). For all tests, data were specifically obtained to evaluate the effects of
turbine operating efficiency, fish entrainment depth, differences between turbine intake bays, and
presence or absence of intake screens on fish survival and injury rates. With some minor exceptions,
these types of data are generally not available from other regions of the country. However, even in this
database a wide range of operating conditions, configurations, and fish behavioral reactions have not
been tested to draw a predictive statistical relationship. The above data and others from previous testing

are discussed below.
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4.4.2 EFFECT OF LOCATION OF FISH WITHIN THE WATER COLUMN

Summary

The geometry of the turbine intake influences the distribution of fish as they pass through the turbine
internal geometries. For Kaplan turbines with large well designed intakes and low inflow distortions (such
distortions may be induced by upstream flow nonuniformities, inserted structures, trash on the trashrack
or the state of operation of the neighboring units), the location of fish relative to the height in the intakes
reasonably predicts the relative height of their path through the stay vanes , wicket gates and within the
runner. For Francis turbines this is often not the case. If the fish position is known as it passes through
the turbine, observation of fish injuries incurred can be related to the local geometry and to the resulting
injury mechanism.

Discussion

Based on the background developed in Section 4.3, the mechanisms associated with fish injury are
related to the turbine geometry and its operation. In general, the mechanisms are localized and do not
occur at the same time and in the same manner throughout the turbine water passageway. Thus, the
probability of fish injury and the type of injury are related to the location of the fish relative to the turbine
geometry or to the zone through which the fish pass. The location of the fish within the turbine geometry
zones are related to their starting position in the intake, the flow characteristics of the turbine and their
own free will response to fluid stimuli.

The geometry of a Kaplan intake frequently takes the form of a semispiral intake where the initial cross
sectional geometry is a box like structure that has a significant distance from the upper portion of the
water column to the bottom portion. Section 5.3 presents the results of CFD analysis of such a.Kaplan
turbine intake showing flow paths of neutrally buoyant particles injected into the flow. Fish without the
effect of fish volitional movement (FVM) would pass like neutrally buoyant particles. For Kaplan turbines,
in the absence of FVM and significant disturbances within the turbine flow field, the flow will transport fish
through the turbine in such a manner that fish in the upper water column pass by the top of the wicket
gates and stay vanes and enter the runner near the hub. Fish near the lower portion of the water column
will be transported past the stay vanes and wicket gates near the lower portions of these structures and
into the blades near the runner tips. Fish entering the intake in the mid elevation will be transported to the
zone in the center of the blades. Some Kaplan turbines have full spiral intakes connected to the upper
reservoir by a penstock. In this case, the characteristics of the intake flow distribution will be as described
below.

The geometry of a Francis intake is significantly different from that of a semispiral Kaplan. Typically,
Francis turbines draw water into either the bottom or upper portion of the dam or intake structure and lead
the water into a penstock (pipe) which carries the water to the full spiral intake. Section 5.3 presents the
results of CFD analysis of a Francis full spiral turbine intake showing predicted flow paths of neutrally
buoyant particles.injected into the flow. In contrast with Kaplan turbines, neutrally buoyant particles
seeded into the flow at the full spiral intake for Francis turbines enter the stay vanes and runner at
different locations dependent on their starting radius. Particles near the top on the spiral inlet can pass
the stay vanes at the top, mid region or bottom of the vanes and then in similar positions of the wicket
gates and into the runner entrance edge. The effect of the geometry of the penstock, which leads water
into the spiral case, ‘on particle distribution is also significant. Bends in the penstock can set up swirling
flow patterns, redistributing the neutrally buoyant particles. Some Francis turbines have semispiral
intakes much like the classic Kaplan and in that case have similar intake flow distributions as a Kaplan
described above.
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Based on the above, it can be seen that the location of the fish in the intake of the turbine can be related
to flow characteristics and geometry of each zone through which the fish pass. This has been observed in
prior studies. For Kaplan turbines, it has been hypothesized that survival may be lower for fish entrained
at greater depth because fish are likely to enter turbines nearer the blade tip (Eicher Associates 1987;
Ferguson 1993; Turner et al. 1993). However, this hypothesis did not take other factors into consideration
such as the detailed geometry of the turbine, the quality of the hydraulic design, the change in geometry
as the point of operation changes, the impact of flow obstructions within the water passages such as fish
screens and so forth. At Lower Granite Dam on the Snake River, the estimated survival (93.6 to 95.4%)
of chinook salmon smolts entrained at mid-depth elevations was similar to that at the upper elevation
(94.9%) with the turbine operation held constant at (Normandeau Associates et al. 1995). At Rocky
Reach Dam Unit 3 on the Columbia River the point estimate (93%) of survival of chinook salmon smolts
released at upper elevation was slightly lower (though not significantly) than for the mid-elevation
releases, 94.7% (Mathur ef al. 1996a). The turbine operated over a wide range of normal power outputs
and discharges during the test. However, as discussed earlier, survival at Unit 5 varied with power output
and was higher at 9 m (30 ft) depth than at 3 m (10 ft) depth. At Wanapum Dam, coho salmon smolts
were introduced at two depths within a turbine that presumably swept them either near the hub or near the
middle of the blade at four different operating efficiencies (Normandeau Associates et al. 1996a). The two
release depths were selected on the basis of CFD model predictions which assumed that fish was
incapable of changing its path while entrained in these flow streams. Fish released 3 m (10 ft) below the
turbine intake ceiling were expected to pass near the hub and those released at 9 m (30 ft) below the
intake ceiling were expected to end up at the mid blade region. The survival was consistently lower for
coho salmon introduced at 3 m depth than at 9 m depth; depth-related differences in survival increased
with increased discharge; the largest difference (9.3%) occurred at 184 cms (17,000 cfs). At other
discharges survival at 3m depth was 4.4% to 5.2% lower that at 9 m depth.

The interrelationships between the mechanisms for injury and the flow characteristics that occur in
different zones and how they vary with discharge will be explored in more detail below.
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4.4.3 EVALUATION OF (N L /D)

Summary

While fish passage survival is influenced by N L / D, the effect of other parameters such as turbine
geometry, turbine performance (efficiency, cavitation), the point of operation, and the quality of the
experiment lead to enough data scatter that it is difficult to define the effect of a fish passage experiment
without a carefully designed and executed test. For Kaplan turbine data (from 3 to 6 blades) the newly
developed leading edge strike (or blade zone encounter) equations verify that N L / D correlates
measured data well. An estimate for the strike mortality correlation factor, lambda, derived in Section 4.3
is developed for Kaplan turbines.

Background Information for a New Data Analysis Technique

A new data analysis technique is used. Previous analysis techniques have presented survival as a
function of individual variables, such as peripheral speed. These previous presentations mask several
effects that are known to occur simultaneously. For example, at a particular value of peripheral speed,
various data points could exist for different fish length, or even different turbines having different number
of blades. A useful data analysis technique would account for known correlations of certain variables and
therefore, clarify whether other variables play a role. This is accomplished by combining measured
survival with predicted survival as a ratio. This single quantity then contains information regarding the
correlation of survival by the prediction method. In this case, the prediction uses the variable N L/ D, as

well as the correlation factor, lambda. Note that the predictive method used here does not include the
variables head, peripheral speed, acclimation pressure, etc. Future use of this technique could employ
more sophisticated prediction methods, when they become available. The success of this method
requires that the prediction have reasonable success. A plot of this ratio versus a variable of interest,
permits conclusions to be drawn regarding the isolated effects of that variable. If this variable had
observable influence, with other effects occurring in a random manner, the ratio values would form a
definite trend. If this variable had no observable infiuence, the ratio values would vary about unity with
data points scattered above and below unity in a random manner.

Note that although the “strike” equation is used as the prediction method, this does not imply that strike is
the only phenomena occurring. As an example, fluid mechanisms such as those associated with Kaplan
blade gaps and entrance edge shear are related to the flow in the zone near the blades and are therefore,
related to the number of blades. In the analysis of the data, several mechanisms of injury may contribute
to-the correlation, as long as they are strongly related to the geometrical variable N L / D, and are
contained within the lambda value. Because of the zonal nature of the mechanical and fluid mortality
mechanisms associated with the blade zone, the term “blade zone encounter” (BZE) might be a better
choice of words replacing “leading edge strike” in the sections that follow.

Discussion

Fish Length: Fish length has long been known to directly influence fish survival. Evaluation of limited
data selected in Section 4.2 where significant changes in length were evaluated confirms the effect. To
evaluate whether the strike (BZE) equation correctly accounts for the fish length, the ratio of measured
fish survival to fish survival predicted by the strike equation is used. Overall, this ratio will approximately
equal unity due to the choice of lambda equal 0.2. If the strike (BZE) equation captures the essential
influence of fish length on mortality, these ratio data points will occur at values both higher and lower than
unity without any significant deviations at large or small values of fish length. For example, if less severe
mortality effects would occur for large fish, their higher survival would cause the ratio value to increase.
This would cause a cluster of data points at higher ratio values for large fish.
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For a Kaplan turbine at Hadley Falls, where significantly different length fish were used, the ratio of
survival data shown in Figure 4.4.3-1 shows no clustering. The data point for the largest fish length, for
example exceeds unity by a similar amount that the data points at the smallest fish length differ from unity.
A similar analysis for all data from Table 4.2-1 (Figure 4.4.3-2a and b) shows greater scatter (presumably
due to various uncontrolled aspects of the experiments), but shows no obvious data clustering. Since the
fish trajectories are unknown, calculations are presented for two values of the radius where fish are -
assumed to enter the runner, /R = 0.4, and /R = 0.75.

For reference, Figure 4.4.3-3 presents survival data directly. For fish of approximately 300 mm, the
measured survival varies from 70 to 97%. This large scatter is due to the effect caused by the
simultaneous variation of other important variables. With this type of data analysis, even sophisticated
statistics have not been successful in identifying fundamental physical relationships.

Number of Blades: Another physical effect considered by the one-dimensional leading edge blade strike
(BZE) model is based on the physical size of the turbine, the fish and the number of blades. For large
Kaplan turbines, this aspect of fish survival was examined for turbines having the most common number
of blades ( 5 and 6 ) where fish of nearly the same size were tested. Figure 4.4.3-4 shows that within the
scatter associated with operating conditions, fish location, turbine geometry and so forth, the effect of the
number of blades was not significant. However, when data from 3 and 4 bladed turbines were
considered, the N L / D parameter of the strike equation did correlate the data, Figure 4.4.3-5. The
measured mortality (calculated as 100% - survival) includes both effects related to strike (BZE) and to
other effects. These other effects include stay vane or gate strike, wicket gate overhang gaps, TAL
(theoretical avoidable loss) related to the inlet, stay vanes, gates and draft tube flows, as.well as
cavitation etc.

Plotting the ratio of measured mortality divided by predicted mortality, Figure 4.4.3-6, yields a ratio of
approximately 0.2 which may be used to place an upper bound on lambda derived in Section 4.3.2 , at
least for Kaplans. It is also noted that the overall correlation achieved with the strike (BZE) equation
indicates the substantial role of the variable N L/ D.

To more precisely estimate the lambda factor, more accurately designed survival tests which lead fish into

zones dominated by leading edge strike (BZE) need to be conducted. Such a test is discussed in Section
4.4.6. Based on those test results, lambda was estimated as having a value of 0.1.
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444 INVESTIGATION OF PERIPHERAL SPEED, TURBINE HEAD, INDIRECT EFFECTS, AND
SPECIES

Summary
Using the data sets selected in Section 4.2, little correlation between fish survival and peripheral speed ,
turbine head, indirect effects, or species was observed.

Discussion of Peripheral Speed

One of the mechanisms associated with fish mortality is strike. While it had been suggested in the
literature that peripheral speed was related to fish passage mortality, the following analysis of existing test
data shows little correlation between fish survival and runner peripheral speed. All data from Tables 4.2-1
for Kaplan turbines and Table 4.2-2 for Propeller turbines was used. The use of all data introduces the
variability of different test protocols, species used, fish length, fish injection location, internal turbine
geometry, and other effects. These effects may introduce scatter to the data set, or, since the effects are
not well understood, may introduce bias.

In an axial flow turbine, the peripheral speed varies with radius. Since the actual radius that would be
appropriate for each passage test point is unknown, the peripheral speed at the blade tip is used. Figure
4.4.4-1a shows the ratio of measured to predicted survival for the Kaplan turbine data. If any clustering
of the data exists, it's magnitude is modest compared to the scatter of the data. Figure 4.4.4-1b shows the
result of Propeller turbine data analysis. Since no significant clustering of the data exists, no significant
role of peripheral speed in fish survival can be demonstrated.

Several factors support this empirical finding. Peripheral speed is related to both energy of impact and
the size and intensity of the shear zone near blade leading edges. The discussion of Section 4.3.5.4
indicates that for most turbine runners, independent of size and rpm, the peripheral speed of the entrance
edge is above the critical value for injury and mortality due to mechanical impact. The theoretical analysis
of Section 4.3.3.3 showed that although the blade entrance edge fluid shear zone intensity and size
increases with peripheral speed, the size of the region having a lethal shear value is relatively small
compared to the blade. Also, the total lethal zone (including mechanical and fiuid effects) grows slowly
with increasing runner peripheral speed. Virtually all runner blades have sufficient impact energy for a
direct impact to cause mortality. Thus, that the mortality is insensitive to peripheral speed is not
surprising.

Discussion of Turhine Head

The available data from Table 4.2.1 was analyzed for evidence that the head influences survival. This
could occur due pressure reduction effects, or possible TAL or other energy dissipation mechanisms.
Within the scatter of the data, no mortality differences were found (Figure 4.4.4-2).

Discussion of Direct and Indirect Effects

Several data sets are available that quantify the combined effects of direct and indirect mortality. Figure
4.4.4-3a and b and Figure 4.4.4-4 contrast the comparison of predicted and measured mortality for these
effects. Since the effect of the location of fish during-runner passage is unknown, calculations were
performed for r/R = 0.4 and r/R = 0.75 for the direct data. For the rather narrow range of N L / D of the
combined direct and indirect data, that only partially overlaps the direct effect data, no trend is evident.

Discussion of Species
The available data from Table 4.2.1 was analyzed for evidence that species have different susceptibility to
injury. Within the scatter of the data, no mortality differences were found (Figure 4.4.4-5).
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4.4.5 CLUES TO GAP RELATED INJURY

Summary

Fish passage tests at Rocky Reach provided data used to estimate fluid and mechanical mechanisms
associated with gap related injury. At smaller biade tilts a gap exists between the blade trailing edge and
the hub. For one blade tilt, a filler piece was installed to close this gap. When fish were injected to enter
the runner blade zone near the hub, a minimum improvement in fish survival of approximately 4.4% with
the trailing edge gap filled could be inferred from the reported data.

Discussion

Passage tests of a new Kaplan turbine runner at Rocky Reach Dam using chinook salmon smolts were
conducted at a range of blade tilts providing power outputs between 60 MW and 100 MW. The new
Kaplan runner design closed the leading edge hub gaps upstream of the blade rotational axis over the full
range of blade angles, but conventional Kaplan blade gaps were present downstream of the spherical
portion of the hub. Fish were injected into the turbine intake at locations 3 m (10 ft) and 9 m (30 ft) below
the intake ceiling. The lower (88.8%) than expected survival rate of fish entrained at 3 m (10 ft) depth at
60 MW prompted exploration of potential causes and subsequent solutions. It was suspected that the fish
released at 3 m (10 ft) depth may have been transported through the gaps between the blade inner edge
and the hub downstream of the spherical portion of the hub at the turbine operating point tested.
Therefore, an additional test using the same sized chinock salmon smolts was performed at a blade tilt
corresponding to 60 MW, where a filler piece was constructed to temporarily fill in the gap between the
hub and the blade, downstream of the spherical portion of the hub near the outlet edge for testing
purposes. The primary purpose of these fish releases (for testing purposes) was to evaluate whether the
injury rates were the same. Because no concurrent controls were released to adjust for the potential
effects of tagging, handling, release, and recapture, survival probability was not reported (Normandeau
Associates and Skalski 1996). However, the 48 h control survival rate of the same stock and size of
chinook smolts used in the primary releases was slightly greater than 99%. Therefore, it may be
reasonable to assume that the effects of tagging, handling, induction, and recapture may not change over
a short time period. Similar observations have been made in other investigations lasting two to three
weeks (RMC et al. 1994; Normandeau Associates et al. 1995, 1996a,b,c,d). The reported data suggest
that if the rate of severe injury decreased then survival should have correspondingly increased. The injury
rate declined from 5% with gaps to 2.8% with closed gaps. A minimal improvement in survival of about
4.4% compared to the unmodified turbine could be inferred from the reported data. The closure of the
gap, and the minimization of its associated fluid and mechanical injury mechanisms, could be related to
an increase of survival of approximately 4.4% in this zone.
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4.4.6 INSIGHT FROM THE TESTS AT WANAPUM DAM

Summary
Tests at Wanapum Dam were designed, conducted and evaluated to shed light on injury mechanisms -
and how they changed with zone and the point of operation. The overall survival was correlated with the
new leading edge strike equation. A value of 0.1 was estimated for the lambda coefficient of the strike
equation. The effect of the point of operation on fish passage survival provided insight to the TAL
relationships and the cavitation effects. Peak survival did not coincide with peak efficiency, but occurred
at a discharge where the blade strike probabilities were low while the TAL were at a minimum and before
~ cavitation began to be significant. Additional mortality was attributed to flow phenomena in the zone of
geometry near the vicinity of the hub. There, a dramatic decrease in survival occurred for fish injected at 3
m (10 ft) below the intake ceiling compared to those injected at 9 m (30 ft) below the intake ceiling, and
was attributed to gaps between the blade and the hub.

Discussion

For Unit 9 at the Wanapum Dam on the Columbia river, fish passage survival tests were conducted at the
originally designed Kapian turbines. The tests were sponsored by the Public Utility District No. 2 of Grant
County as part of its on going efforts to improve fish passage survival at the project. The dam houses 10
vertical Kaplan turbines, each rated at 89.5 MW (120,000 HP) at 24.4 m (80 ft) net head. Rehabilitation of
the existing turbines is underway to improve turbine performance and fish survival (Hron et al, 1997).
Model testing of the original turbine design was conducted as part of the testing to develop an upgraded
design. The tested Unit 9 has 5 adjustable runner blades, a speed of 85.7 rpm, and runner diameter of
7.2 m (285 inches). A systematic variation of turbine discharge (and therefore, efficiency, blade and
wicket gate gap geometry and cavitating conditions) and fish injection location was performed. Four blade
positions were selected for evaluation covering a range of discharge from below the peak efficiency to
nearly maximum output; 250, 310, 425, and 480 cms (9,000, 11,000, 15,000, and 17,000 cfs), Figure
4.4,6-1. Two fish injection locations were used, 3 m (10 ft) and 10 m (30 ft) from the intake ceiling. Based
on CFD analyses, Figures 4.4.6-2 through 4.4.6-5, these heights in the intake are believed to transport
fish to the runner entrance edge at 52% and 75% of the blade maximum radius. No information regarding
possible fish volitional movement or dynamic effects on three-dimensional fish shaped bodies was
simulated in the CFD analyses, so these locations must be considered as tentative. The 10 ft location fish
are assumed to pass through an annular zone relatively near the hub and therefore in the vicinity of the
hub gaps, while the 30 ft location fish are assumed to pass through the blades in an annular zone near the
middle of the blade, Figure 4.4.6-6.

In addition to the fish passage survival testing, scale model test measurements and visual observations of
a 1:20 scale model operated at the equivalent conditions to the 8,000, 11,000, 15,000, and 17,000 cfs
discharges were made. These observations were used to document turbine efficiency and define
cavitation patterns associated with gap leakage and blade surface cavitation at the highest discharge. To
complement the model and field testing, CFD analyses of selected turbine geometries were made.

The geometry of the 5 bladed turbines is such that the blades have a leading edge hub to blade gap
upstream of the spherical portion of the hub, Figure 4.4.6-7. A special three-dimensional localized
contour on the hub exists downstream of the spherical portion of the hub to minimize the gap between the
blade inner edge and the hub, Figures 4.4.6-8a and b. Along the hub surface at low blade tilts (Figure
4.4.6-8a) and especially at high blade tilts (Figure 4.4.6-8b), the special hub contour is oriented in a way
that it creates a flow distortion as water passes along the hub surface. At the blade tip, a gap exists
between the runner blade and the discharge ring upstream of the runner centerline because the discharge
ring is machined cylindrically upstream of the blade centerline to allow removal of the runner. The wicket-
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gate deometry is such that the gates overhang the discharge ring at higher gate openings.
Characteristics of the Unit 9 turbine gaps as a function of discharge are shown in Figure 4.4.6-9.

A sequence of reasonable assumptions and data comparisons were made to draw conclusions about
sources of mortality that refine the prediction methods.

e The mortality of fish at the 30 ft location (assumed to pass the blade in the mid blade annular zone
centered around r/R=0.75) is assumed to be due to leading edge strike and TAL. This assumption
was made because the runner gaps and the special three-dimensional localized contour on the hub
are relatively far from the middle of the biade, and no cavitation was present in the middle of the
blade according to model test observations.

e The gaps between the biade and the hub are minimum at the maximum blade tiit tested (17,000 cfs ).
Therefore, fish mortality for the 10 ft location at the maximum flow rate includes no contribution from
gaps.

s Some cavitation was observed in the model on the blade near the hub at the maximum tilt tested
(17,000 cfs). Figure 4.4.6-10

o There is an entrance edge gap. There is essentially no blade to hub gap downstream of the spherical
portion of the hub due to a special three-dimensional localized contour on the hub.

At flows above 15000 cfs there is a wicket gate overhang gap.
At all flows there is a blade tip to discharge ring gap at the biade leading edge.

o The mortality attributed to the flow conditions in the annular zone along the hub, including the
entrance edge gap, was 3% higher than the mortality in the mid blade zone.

30 ft location (mid blade zone) Figure 4.4.6-11 presents the measured survival data with uncertainty
bands and a prediction of survival based on the strike equation with a lambda value of 0.2. Using the
leading edge strike equation with a 0.2 factor for lambda would indicate that virtually all of the mortality for
each test point at the 30  location wouid be attributed to strike and at the 15000 cfs condition, survival is
higher than the strike equation would indicate is possible. Also, no mortality would be due to any other
source. As this seems unrealistic, a value of lambda equal to 0.1 was arbitrarily chosen for the strike
equation and leading edge strike mortality was recalculated. This choice of a value of lambda equal to 0.1
allows other damage mechanisms to exist and gives a survival prediction for the 15000 cfs condition that
is within the experimental uncertainty band. It is recognized that future tests can be expected to refine
this estimate. In order to assign damage mechanisms to the remaining mortality, several damage
mechanisms were evaluated specifically for this location:

= Gap grinding effects are not believed to exist because the fish are assumed to enter the runner near
the mid blade zone.

=> Cavitation effects are not believed to exist because no cavitation was observed at the three lower
discharges and for the higher discharge, no cavitation occurred on the mid blade region.

= Pressure reduction effects are not believed to be significant. At the 15,000 cfs test condition no
mortality was attributed to probable pressure related changes (Normandeau Associates et al. 1996¢).
The pressure reduction effect would be the same for all test points, if it is based on the acclimation
pressure and the final pressure.

The remainder of the mortality for the mid blade position were assumed to be related to TAL. TAL related
losses are in a sense a one number characterization of the fiuid energy losses which may cause damage
to fish. They are not distributed spatially throughout the machine as a function of location (stay vanes,
runner, draft tube) or blade radius even though the fiuid mechanisms related to the losses (shear,
turbulence ) are localized mechanisms. It is beyond the scope of the current work to be able to predict
which percentage of the losses are of a characteristic which may cause mortality to fish and where those
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occur. Even though the magnitude of the losses associated to TAL are somewhat arbitrary, it can be
seen from Figure 4.4.6-12 that the shape of the TAL assumed mortality characteristics as a function of
discharge correspond to the calculated total TAL based on the observed model efficiency distribution. For
a different choice of lambda, the magnitude of the TAL induced mortality would change, but the shape of
the curves would be similar. The distribution of the estimated mortality sources is shown on Figure 4.4.6-
13.

The above assessment related to pressure reduction related mortality contrasts with the field observations
made during the fish passage testing. For the Wanapum study, the field attribution of pressure related
mortality varied with operating condition. While some operating conditions had no mortality attributed to
probable pressure related causes, overall, 23% of the injuries were attributed to pressure related causes.
However, a lack of reliable quantifiable criteria for such mortality assignments appears to be a significant
obstacle to obtaining an accurate mechanism causal assessment of the mortality.

10 ft location (near hub zone) Figure 4.4.6-14 presents the measured survival data with uncertainty
bands. The leading edge strike equation with a 0.1 factor for lambda was used with the radius ratio (/'R =
0.52) for the 10 ft location to calculate the portion of mortality due to strike. The same TAL induced
mortality from the 30 ft location was assigned to the 10 ft data. The remaining mortality is assigned to
specific sources based on experimental guidance, estimation, or the process of elimination. Hub gap
mortality was assigned as 0% at the maximum tilt (17,000 cfs) and 2.5% at minimum blade tilt (9,000 cfs).
The value of 2.5% was chosen based on consideration of the Rocky Reach study of blade trailing edge
gap mortality in Section 4.4.5. The hub gap related mortality versus discharge is distributed in a manner
that assumes that some gap creates a leakage velocity jet and shear values high enough to cause
mortality and that gap grinding aiso occurs. The sources of mortality that were assigned so far were
based on results of the 30 ft location analysis, or on other specific tests. The assignment of the remaining
mortality requires more arbitrary judgments. At the minimum tilt, the remaining unassigned mortality was
assumed to be caused by a higher concentration of flow induced mortality arising from unfavorable
geometry in the hub annular zone including the abrupt sharp edge disturbance between blades and under
the runner hub. A flow calculation that was developed for a different purpose illustrates the potential for
injury in the hub region. Figure 4.4.6-15 shows a vortex located under a runner hub. At larger tilts, and
discharges, this fluid induced mortality was assigned an increasing value. At the maximum tilt, 3.3%
mortality remained unassigned and was attributed to cavitation related effects both by the process of
elimination and by guidance from model observations. Figure 4.4.6-10 shows the cavitation pattern
observed during the model testing. Note that based on the CFD streamline tracing cavitation occurred in
this flow zone. The resulting distribution of mortality is shown on Figure 4.4.6-16.
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Figure 4.4.6-6 Expected Fish Location for 10 ft and 30 ft Injection Points at Wanapum
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4.4.6-8a Wanapum Special Hub Contour at Higher Blade Tilt
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Figure 4.4.6-8b Wanapum Special Hub Contour at Lower Blade Tilt
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4.4.7 KAPLAN TURBINE OPERATION FOR MAXIMUM FISH SURVIVAL

Summary .

The proposition that operation at discharges within 1% of peak efficiency will maximize fish survival was
examined. Historical data that had been generally believed to support this belief, from the Big Cliff and
Foster Kaplan turbines was reanalyzed. This data does not show that maximum fish survival occurs at
discharges within 1% of peak efficiency. Analysis of the complex factors involved reveal tendencies for
fish survival that operate in opposing directions. That is, some factors maximize survival at high
discharges while other factors maximize survival at low discharges. For the geometry of the Wanapum
Dam turbines and for fish located predominately in the upper water column, fish survival was enhanced by
operation at higher discharges where efficiency is more than 1% lower than maximum, where TAL is a
minimum, the hub gaps are small, and no cavitation is present in the blade region.

Reexamination of the 1% Criteria '

Three separate studies containing survival measurements over a range of discharges were evaluated.

The data from Oligher and Donaldson (1966) were reexamined. A series of survival tests were conducted
at three heads at Big Cliff Dam on the North Santiam River, Oregon. Although uncertainty estimates were
not provided, the description of the experimental protocols used compare favorably with those used today.
Plots of all their data are reproduced in Figure 4.4.7-1. The general trend that maximum fish survival
occurred in the area of highest operating efficiency, concluded by the authors, does not hold. In fact, in
some cases survival increased at turbine discharges greater than the best efficiency point.

At Foster Dam, a series of tests were conducted to evaluate the effects of turbine operating efficiency on
fish survival (Figure 4.4.7-2, adapted from Bell, 1891). Tests were conducted for on cam and off cam
operation. Only the on cam data are presented here. Generally, no trend is evident except at the lowest
head tested where survival was a maximum at a discharge less than the peak efficiency.

Data from the tests at Wanapum were discussed in detail in Section 4.4.6., Figures 4.4.6-11 and 4.4.6-14
show the measured survival, and Figure 4.4.6-1, shows the turbine efficiency. Maximum fish survival
occurs at a discharge greater than those discharges having efficiencies less than 1% below the maximum

efficiency.

Current Understanding of Operation To Maximize Survival
Since factors affecting fish survival do not uniformly increase or decrease with changes in turbine
operation (Figure 4.4.7-3) each factor is briefly reviewed, and the consequence for fish survival is

summarized.

The strike probability equation for a Kaplan turbine as presented in Figure 4.3.2-7 shows that the
probability of strike and also blade zone encounter is lowest at highest discharges and also varies
somewhat as a function of head. Generally, lower strike and BZE probabilities occur at higher heads.

The injury effects of gaps between the blade and the hub, both fiuid induced and mechanically induced,
are related to the size of the gap. This gap size varies with operating point and the turbine design and is
minimized at higher discharges (higher blade tilts), and is at maximum at lowest discharges. Therefore,
survival due to’hub gaps is increased at higher discharges. The actual variation of survival with the size
of the gap has not been studied experimentally, thus requiring an assumption of survival as a function of
gap size.
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The injury effects of gaps between the blade and the periphery are presumed to cause fluid and
mechanically induced damage to fish similar to hub gaps. However, fish have not been introduced in a
controlled way in the vicinity of these gaps to verify survival mortality effects. The size of these gaps also
varies with operating point, but in contrast to the hub gaps, is minimal at low discharges. Therefore, for
fish passing through the runner near the periphery, survival is greater at lower discharges.

The location of fish in the water column has been shown to be important. For fish that do not traverse the
runner in zones including the hub or periphery gaps, the gap related mortality tendencies do not apply.
These fish may be more affected by strictly fluid induced effects such as TAL. In this case, survival may
be enhanced by operation at the minimum TAL condition. TAL losses are a one dimensional
representation of the energy available to injure fish. While the losses are zonal, the distribution of TAL to
different zones is not possible with the algebraic calculation method employed in this study. Therefore,
quantitative predictions are not made.

Cavitation bubbles typically do not appear for operating points near the best efficiency. As discharge
increases, cavitation bubbles may appear, and with further increases in discharge, may grow to form
larger regions. At heads larger or smaller than the head at the best efficiency point, cavitation may begin
at lower discharges compared to the discharge at the best efficiency point. Operating conditions having
cavitation are presumed to reduce survival, and should be avoided. A detailed analysis of cavitation
patterns is required to make an assessment for a specific turbine and operating point.

Some turbines may also have somewhat uncommon features, such as the three-dimensional surfaces on
the hub of the Wanapum turbines (Figures 4.4.6-8a and b). These surfaces function to essentially
eliminate the gap between the hub and the inner edge of the blade downstream of the spherical portion of
the hub, but also create rather sudden changes in the local contour of the water passage. Possible
mortality effects of these surfaces is difficult to predict without the use of CFD and a “virtual fish”.

All of these effects operate simultaneously. The aggregate of all effects may be examined through
analysis of carefully planned fish survival tests designed to evaluate zonal survival, such as were
conducted at Wanapum. There, it was found that fish survival was a maximum at discharges greater than
the best efficiency discharge. The maximum fish survival occurred at an operating discharge that had an
efficiency that was more than 1% lower than the best efficiency..
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4.4.8 EFFECT OF FISH SCREENS AND FLOW DISTURBANCES ON FISH PATHS

Summary

Physical model testing and CFD analyses have investigated the impact of the presence of fish screens on
velocity distributions in turbine intakes. Physical model tests indicate significant redistribution of flow
takes place. Fish screen effectiveness testing has shown that the exclusion of fish entering the turbine is
not 100%. Therefore, some portion of the unguided fish go under the fish screen either by being carried
there by the water or by their own free will. Fish passing the intake under the fish screens may then find
themselves in the lower portion of the water column where they are expected to pass through the lower
zone on the wicket gates and near the outer radius zone of the blades. These fish will experience a
different set of turbine geometry and associated fluid effects compared to fish passing through the upper
portion of the wicket gates and the mid to inner regions of the blades. Compared to units without fish
screens, the presence of fish screens may cause different fish survival characteristics.

Restuits from Lower Granite Dam show the importance of site-specific characteristics (i.e., whether intakes
are equipped with screens or not), entrainment depth, point of operation of turbine, experimental protocals,
and perils of extrapolating data from one site to another for the purposes of turbine rehabilitation. For tests at
Lower Granite turbines, when equipped with extended length fish guidance screens, survival was highest for
fish introduced at lower elevation when turbine operated towards its lower end of operating efficiency range.
No significant differences in survival of fish introduced in the three intake bays at the same depth and turbine
operation occurred. Survival in cavitation mode was similar to that at turbine operating modes. Injuries due
to gaps between the runner and the hub were more common for fish introduced at upper elevation than at
lower elevation.

Discussion

Despite efforts to exclude fish entry into turbines by installation of intake guidance screens or a surface
bypass collector system some proportion of fish population remains unguided and is transported through
the turbines. The entry of these fish into turbines most likely occurs differently than through turbines not
equipped with protection devices. Thus, the development of "fish friendly” passage through these
turbines needs to consider the altered hydraulic conditions, depth and trajectory of fish entrainment, fish
distribution, etc. Limited field experiments have been conducted to offer some insights into potential
sources of fish injury/mortality at turbines equipped with protective devices. Two separate tests were
conducted at Lower Granite Dam turbine Unit 4, one in 1994 and the other in 1995.

The 1994 test was conducted to establish benchmarks of turbine passage fish survival prior to the
proposed reservoir drawdown so that a pre- and post-drawdown comparison could be made. This test
involved introducing fish at about 8 m (30 ft) below the turbine Unit 4 intake ceiling (Bay B) equipped with
standard length screens; the turbine operated near the upper discharge limit of the within 1% of normal
peak operating efficiency discharge range (about 513 cms or 18,000 cfs discharge). The 1995 test was
conducted to evaluate the potential effects of (1) extended length screens, installed at turbine Unit 4, (2)
passage through different intake bays, (3) turbine operation, and (4) entrainment depth in one intake bay
(A).

Although in Appendix Section 10.1 only immediate survival rates (1 h) from Lower Granite are presented
for consistency with other studies the experimental protocols utilized at Lower Granite Dam were identical
in 1994 and 1995 and 120 h survival estimates were made (RMC et al. 1994; Normandeau Associates et
al. 1995). These data are discussed herein for drawing general conclusions for this site. The potential
effect of extended length screen on fish survival was almost non-existent; in 1994 the 120 h survival was
estimated at 93.4% and 94.0% in 1995. In both years, the turbine operated within the discharge limits set
by a 1% drop in efficiency from the peak efficiency at the head of operation. However, the probable

122 .




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

sources of fish injury differed between the two years. In 1994, 67% of the injuries were attributed to
probable mechanical causes, 21% to shear and pressure, and remainder to muitiple sources. In 1995,
mechanically caused injuries accounted for 40%, shear and pressure 40%, and the remainder to multiple
sources. Again, we emphasize that these were field determinations of probable causes of injury
mechanisms and some uncertainty exists in exact classifications.

Tests to determine the impact of turbine operation were conducted at 385 cms or 13,500 cfs (lower
discharge limit of the 1% down from peak efficiency at the head, at 513 cms (18,000 cfs), the upper
discharge limit, and at 541 cms (19,000 cfs),.beyond the upper discharge limit, off cam and above the
discharge for the beginning of cavitation. The effects of the point of turbine operation on fish survival were
evident. The highest survival (97.2%) was estimated at lowest turbine operating efficiency (within +1%
towards the lower end of efficiency, discharge of 385 cms or 13,500 cfs) for fish introduced in intake bay A at
3 m (10 ft) below the extended length screens. The estimated survival at a discharge of 19,000 cfs was
94.1% and comparable to that estimated (93.6%) at the discharge of 513 cms (18,000 cfs).

The question remains; where did the fish go and into which zones of the turbine were they transported.
What mechanical and fluid mechanisms for fish injury were associated with the zones transited by the
fish, and what survival models could be associated with the transit. To shed light on this issue, a closer
look at the Lower Grapite Dam Unit 4 data are discussed below.

The presence of fish screens alters the velocity field in the intake (Figure 4.2-2). The velocity field
alteration results in fish passing the screen being transported to deeper portions of the intake. CFD
studies of a similar Kaplan intake with a screen are presented in Section 5.3.2. From these studies it can
be seen that water from the lower region of the intake under the screens is transported to the lower
portion of the stay vanes and wicket gates and then into the runner blades at the mid to outer radius of the
blades. In this region, fish near the lowest region of the wicket gates are in a fluid environment which is
affected by the wicket gate overhang gaps. In the runner blades, fish transiting the zone near the outer
radius experience fluid and mechanical injury mechanisms which are strongly influenced by the blade tip
gaps. Lower Granite turbines have a design where the upper portion of the discharge ring is cylindrical.
At small blade tilts, the gaps are at a minimum. At larger tilts associated with higher discharges, the gaps
are large and the gap flow characteristics provide strong vortices, high turbulence, shear and leakage
cavitation. Mechanically, the gap shapes are sharp edged and tapered providing for a high potential for
gap grinding. At high discharges, the wicket gates overhang the discharge ring and give rise to a leakage
vortex.

To examine the effects of the above fluid and mechanical mechanisms, an analysis of the observed fish
mortality was done. Fish injection was conducted at a location approximately 3 m (10 ft) below the bottom
of the extended length screen but downstream of the screen. Velocity pattemns are unknown here but
would affect the fish transport path. Whether or not fish injected into the fiow would be transported near
the lower portion of the stay vanes and gates is unknown. The experimental results are shown in Figure
4.4.1-1. Test results including those from injection in three bays and at two elevations in bay A as well as
1 hour survival and 120 hour survival are presented. Maximum survival occurred at the minimum
discharge. The survival trends for higher discharges is less clear. Consideration of the overlapping nature
of the estimated uncertainty bands leads to the conclusion that survival trends with discharge cannot be
established. No support for any survival hypothesis is inferred from these data. '

It can be concluded that experiments designed to specifically address a single issue are best able to
advance the understanding of fish survival.
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4.49 PROPELLER TURBINES

Summary

Although measured data are few, good correlation was achieved between the new leading edge strike
equation with lambda = 0.1 and the measured survival data. This improved correlation compared to
Kaplan turbines may be due to the absence of blade gaps and limitations of the dataset.

Discussion

Few data for propeller turbines exist. Table 4.2-2 summarizes the available data from three installations.
Two turbines are conventional propeller designs, the units at Safe Harbor (which are sometimes referred
to as a mixed flow design) were included in the propeller turbine analysis. This was based on a judgment
that the runner experiences an inflow that is substantially axial rather than the radial inflow that was
assumed to exist for the development of the Francis turbine strike equations. All of these survival tests
were conducted at the best efficiency point. Therefore, the propeller performance characteristic is
virtually the same as that of a Kaplan at this point, and the strike prediction equation is also the same as a
Kaplan. An appropriate value of lambda may be different than for a typical Kaplan turbine. Considering
that a propeller turbine has no hub or periphery gaps, a value of lambda lower than 0.2 may be expected.
A value of lambda equal to 0.1 was inferred for the strike only portion of Kaplan mortality. Because of
sources of mortality in addition to strike lambda would be expected to be larger than a strike only value.
Although little cavitation is likely to exist at the best efficiency point, some TAL is expected, and some
deflector vortex rope phenomena may occur, a value of lambda may be greater than 0.1. Without
additional data, a value for lambda could not be further refined, so a value of lambda equal to 0.1 was
used and all fish were presumed to enter the runner at /R = 0.4. The strike prediction equation and the
measured mortality are compared in Figure 4.4.9-1. Good correlation between predicted and measured
mortality is observed when correlated with the variable N L/ D.
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4.4.10 FRANCIS TURBINE EVALUATION OF PREDICTION METHODS

Summary

Poor correlation was achieved between measured survival and the strike equation prediction. Data
inaccuracies, reduced applicability of the strike equations for high specific speed turbines, and pressure
reduction inducted mortality are possible causes.

Discussion

The Francis turbine data is more extensive than the Kaplan data. It encompasses a greater range of
turbine sizes, thus leading to a greater range of the variable N L / D. The specific speed range is also
large. The accuracy of the Francis turbine strike (BZE) equations is believed to decrease as specific
speed increases. It also appears that the credibility of the turbine operating data is not as high as the
Kaplan data. In spite of this, all available data (Table 4.2.4) was used to evaluate the strike prediction
formula. The correlation coefficient, lambda, was reevaluated for Francis turbines. Figure 4.4.10-1 shows
considerable scatter for the calculation of lambda for each survival data point. A value of lambda equal to
0.2 was chosen, based on Kaplan turbine results, and on the absence of a reliable estimation method.
Figure 4.4.10-2 shows poor correlation between measured and calculated survival. The use of data
obtained from balloon tag experiments, which may have higher accuracy, does have less scatter.

Injury types were examined for two studies at Shasta and Cushman No. 2. At Shasta, injury allocation
was as follows: 74.4 to 76.8% due to mechanical causes; 7.6% to 13.4% due to pressure, 6.2% to 7.1%
shear related; 2% to cavitation (in one test); and the remainder to unknown causes. At Cushman,
probable causes of injury were 5§7.1% to mechanical causes and 42.9% to pressure related causes.

The literature contains occasional references to correlation to runner tip speed. Section 4.3.3.3 presented
a mechanism by which higher heads will increase the strike energy available. The experimental data
were also used to examine a possible correlation. Figure 4.4.10-3 shows large scatter in the data. No
such correlation is evident. High head Francis turbines, with typically longer penstocks than low head
turbines, could have increased mortality due to pressure effects, if longer penstocks provide time for fish
to acclimate to higher pressures. No correlation is evident for the effect of turbine head (Figure 4.4.10-4).

Different velocity profiles at the runner entrance were noted to occur for different specific speed designs in
the strike equation development (Section 4.3.2.1) and it was speculated that the accuracy of the strike
equation may decrease with higher specific speeds. No correlation is evident for the effect of specific
speed (Figure 4.4.10-5).

The available experimental data does contain some interesting information. Figure 4.4.10-6 compares the
value of the non-dimensional length parameter N L / D for Francis and for Kaplan turbines. Due to the
generally smaller size and larger number of blades of Francis turbines, the non-dimensional length
parameter is an order of magnitude larger than for Kaplan turbines. It is presumed therefore, that fish
survival would be significantly lower
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Figure 4.4.10-1 Calculation Of Correlation Coefficient For The Francis Turbine Data Set
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4.4.11 EFFICIENCY AND FISH SURVIVAL AT FRANCIS SITES

Summary

Tests at the relatively high head turbines at Shasta and Cushman are the only data available to evaluate
the effect of turbine operating point on fish survival. Survival does not appear to reach a maximum at
flows less than peak efficiency, but there is no conclusive evidence that survival is highest at peak
efficiency, The data do not preciude the possibility that the complex factors involved in survival cause
maximum survival to occur at discharges greater than the peak efficiency discharge.

Discussion |

In contrast to the fish survival data on Kaplan and propeller turbines, data on Francis turbines are
characterized by studies at high head (>30 m or 100 ft) dams (primarily prior to 1970’s) and those
conducted in the 1990's, primarily at low head dams. Only two studies, prior to 1970, were conducted
specifically to evaluate fish survival at several turbine operating efficiencies (Cramer and Oligher 1964).
Both these studies were conducted at relatively high head dams (Cushman No. 2, head of about 136 m
(450 ft), and Shasta, head of about 124 m or 410 ft). At Cushman No. 2, although two years of testing
occurred, data presentation was different for each year. For the tests conducted in 1960 a composite
survival rate of mixed salmonid species was given for each wicket gate opening; for the 1961 tests
survival rates for individual species were provided (Cramer and Oligher 1964). Because of the different
sizes of species tested (chinook salmon averaged 102 mm, steelhead 152mm, and rainbow trout 254 mm)
pooling of data may mask the effects of interest. Results of these studies are discussed below.

Studies by other investigators have generally invoived tests either at the prevailing turbine operating
condition (with no accompanying data) or at the “worst case” scenarios (narrowing of the wicket gates to
the lowest operable level). Many of these studies utilized small sample size, no controls, poor
experimental protocols, use of mixed species, unknown fish lengths, unknown depth of fish introduction,
etc. and thus are of little value for the present discussion. These deficiencies are apparent from data
listings given in Appendix 10.1.

For the tests at Shasta, discharges were not available, so the relationship between wicket gate opening,
efficiency, and fish survival was used, and is shown in Figure 4.4.11-1. Significant variability between the
January and November tests is evident. Fish length varied with species, but different species had the
best survival for different test points, with no pattern being evident. For the same species at similar wicket
gate openings, survival differed up to 30%; the largest difference (30%) occurred between the January
and November tests for chinook salmon at the highest wicket gate opening tested. Differences in survival
between the two test periods for any species were generally less than 21%. No survival data could be
obtained at discharges equal to or greater than the best efficiency discharge due to limitations on
generator output. The highest survival did not consistently coincide with the discharge nearest to the best
efficiency discharge. These data do not support a conclusion that operation at best efficiency enhances
fish survival.

Two test series at Cushman No. 2 (Cramer and Oligher 1964), also provide survival information at
different operating conditions. In the 1960 test data, Figure 4.4.11-2, changes in tailwater elevation had a
large and perhaps dominant effect. Survival was extremely similar at the best efficiency discharge and at
100% gate opening , except for the low tailwater data. This point would have the most severe cavitation
effects which may have caused disproportionate mortality. The 1964 data (Figure 4.4.11-3) show
considerable variation as a function of gate opening. Maximum survival for Steelhead trout occurred at
50% gate opening (51.9%)and nearly the same survival was obtained at 76% gate opening (50.0%).
Maximum survival for silver salmon occurred near the best efficiency point (72.0%), but nearly the same
survival was obtained at 90% gate opening (71.7%). Overall these data do generally support the
conclusion that survival is maximized near the best efficiency point, but due to the large variability in
survival rates, the reliability is not high.
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4.5 SURVIVAL THROUGH SLUICES/SPILLWAYS

Summary

Fish survival in passage through exit routes without moving parts (sluices, spillways, etc.) is not 100% at
all sites; most likely because these passage routes were constructed primarily to transport excess river
flow and debris, and not fish. Survival rates vary between sites and may be reflective of differences in
unique physical and hydraulic features. However, fish transported through these conduits must contend
with the potential effects of the same hydraulic forces (e.g., impact velocity, pressure change, shear,
cavitation, etc.) as those passing the turbines. Thus, fluid related information obtained at these passage
routes may be applied to the Advanced Hydropower Turbine System Program.

Discussion

Historically, spillways and sluiceways (Figures 4.5-1 and 4.5-2) at hydroelectric dams were deemed
strictly as conduits for transporting excess river flow or debris with little focus on their potential for fish
passage routes. In recent times, however, these conveyances are increasingly viewed as viable fish
passage routes. Consequently, at many hydro dams, particularly on the Columbia River Basin, spill is
used as an alternative to turbine passage because of reported higher survival rates for juvenile saimonid
emigrants (Bell 1981; Eicher Associates 1987). However, spill is expensive in terms of lost power
generation and with some spillway configurations can result in potentially lethal levels of total dissolved
gas in the river. Additionally, many spillways are equipped with bottom opening tainter gates and the
surface oriented fish, such as salmonids, may not be effectively guided by these spillways. These fish
would be required to sound approximately 6 to 18 m (20 to 60 ) to exit at such a conventional spillway.

To alleviate the dissolved gas saturation problem and to take advantage of the surface oriented
behavioral patterns of fish, two major structural modifications of spiliways have occurred at some hydro
dams: installation of flow deflectors for total dissolved gas abatement (Figure 4.5-3), installation of top flow
structures such as overflow weirs (Figure 4.54) or vertical slots to improve spill effectiveness for
attracting surface oriented salmonid emigrants. Although there are no moving parts that fish encounter in
passage through siuices or spillways, they are subjected to varying hydraulic forces (e.g., turbulence,
pressure changes, variable terminal velocity), potential impact collisions with rock outcrops, abrasive
surfaces, obstructions in flow path, etc. (Rugglés and Murray 1983). Therefore, the survival data obtained
at these passage routes can provide some insight into factors (exclusive of mobile mechanical parts) that
affect fish survivability and perhaps a better perspective on survival through turbines. The importance of
impact velocity, pressure change, cavitation, and collision with structural objects has been noted mostly in
laboratory experiments (Muir 1959; Harvey 1963; Groves 1972; Bell et al. 1972; Tumpenny ef al. 1992).
However, some recent survival studies at several hydro projects where fish were immediately recaptured
upon passage through sluices and spillways provide empirical estimates of survival, injury types, and
probable sources of injury/mortality (RMC 1892f;, Normandeau Associates et al. 1996b,¢,d).
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4.5.1 SPECIFIC DATA

Survival rates of fish passage through siuices or over spillways have been estimated almost exciusively
for juvenile migratory fish (e.g., salmon, American shad, and herrings) and only at limited sites. However,
comparable survival rates in passage through turbines are not available from all sites. Table 4.5-1 shows
some recent fish survival data along with the discharge, estimated impact velocity, species size, and

head. The velocity data in Table 4.5-1 were estimated from the equation v= ,/2gh , Where g=gravitational

acceleration, 10 m/s (32 fi/s), and h=height (Bell 1972). As in the case of turbine passage survival
database little species-related differences are evident. Additionally, the effects of head, discharge, or fish
size on survival are difficult to discern from these limited data.

The effect of estimated impact velocity entering stilling basin on fish survival can differ with site, exit route,
flow volume, and spillbay configuration Table 4.5-1. At spillways, with estimated impact velocities 18 m/s
(60 ft/s) entering stilling basin survival exceeded 95%; while velocities greater than 18 m/s (60 ft/s)
seemed to produce variable resuits depending upon the type of structural modification and flow volume.
At Wanapum Dam, the survival was 92.0% at 57 cms (2,000 cfs) and 96.9% at 114 cms (4,000 cfs) in
passage through a spillbay equipped with an overflow weir (estimated velocity was 19 m/s or 62 ft/s). At
sluiceways, survival ranged from 93% to 99%; the impact velocities ranged from 13 to 22 m/s (41.6 to
71.1 ft/s). The three lowest survivals (92.0%, 93.0%, and 93.3%) observed included for Atlantic salmon in
passage through sluiceways at Vernon and Wilder dams, and chinook salmon in passage through an
overflow weir at Wanapum Dam, respectively. Results of some laboratory experiments reported in Bell
(1984) and reproduced here in Figure 4.5-5 show that velocities of up to 18 m/s (60 ft/s) entering water
had litle effect on fish survival, however, velccities of 15 m/s (50 ft/s) striking against a solid object
caused about 50% mortality. Velocities of <6 m/s (20 fi/s) striking solid objects caused little mortality.
Turnpenny et al. (1992) reported similar findings for several species.

The potential effect of differential flow volume was observed only at two sites, Wilder and Wanapum dams
(Table 4.5-1). The sluice passage survival of Atlantic salmon at Wilder Dam was lowest at intermediate
spill volume tested, 9 cms (300 cfs), and highest at the lowest volume (6 cms or 200 cfs) tested. Water
cascades down a sloping concrete channel with two concrete pillars adjacent to the discharge from the
sluice. It is possible that passage conditions at 6 cms (200 cfs) were such that the probability of collision
with the pillars was lower than at other discharges. At Wanapum Dam overflow weir an opposite effect of
increasing flow on survival was observed (Table 4.5-1). At 57 cms (2,000 cfs) the estimated survival was
only 92% but increased to 96.9% at 114 cms (4,000 cfs). Whether the hydraulic conditions improved at
the higher spill volume is unknown. Field observations indicated great turbulence in the area between the
overflow weir and tainter gate, but the difference in turbulence levels between 57 cms (2,000 cfs) and 114
cms (4,000 cfs) could not be quantified.

The principal causal mechanisms for injury/mortality to fish transported via spillways have been attributed
to shear forces, turbulence, rapid deceleration after high terminal velocity, impact against the base of the
spillbay, scraping against the concrete face of the spillbay, and rapid pressure change (Ruggles and
Murray 1983). Although experiments have not been conducted to identify the relative importance of these
factors in affecting fish condition/mortality at most spillways, reported injury types sustained included eye
damage, embolism, hemorrhaging, and abrasions (Ruggles and Murray 1983). At Wanapum Dam, the
scrape, cut, and bruise wounds were suspected to be caused by the fish physically contacting structural
components at the spillbay including the frame of the weir, tainter gate, and flow deflector (Normandeau
Associates et al. 1996d). The internal injuries (ruptured or hemorrhaged organs) could have resulted from
pressure changes; bulging or hemorrhaged eyes have been aftributed to pressure effects, as have

corroborating symptoms such as expanded or burst air bladders and entrapped gas bubbles (Cramer and
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Oligher 1964). A relatively high proportion of suspected pressure-related injuries was observed on
overflow weir and sluiceway fish (Figures 4.5-6 and 4.5-7). The passageways for these fish are different;
the sluiceway fish do not have to sound and presumably are not subject to significant pressure changes.
However, fish attracted by surface currents to the overflow weir must sound to exit; thus, these fish may -
be exposed to pressure changes. Wanapum spillbay 2 is equipped with-a flow deflector and the overflow
weir was characterized by severe turbulence. Sluiceway fish experience a substantial vertical drop and
the plunge pootl is quite turbulent (Figure 4.5-1).

Injury rates and types may vary with site-specific exit route characteristics (Normandeau Associates et al.
1996b,c). At The Dalles Dam, chinook salmon smolts exhibited primarily hemorrhaging eyes and body
injuries (Figures 4.5-8 and 4.5-9) in passage through an overflow weir; the estimated injury rate was 2.5%.
At another spillbay modified with an "I" slot configured overflow weir, the injury was characterized by
hemorrhaging and bulging eyes; the injury rate was estimated at 1.5%. The primary causative
mechanisms for fish injury was attributed to collisions with structural components of the spilibay (tainter
gate, baffles, or downstream end sill) and large boulders in the stilling basin. No observed injury was
attributed to pressure, cavitation, or shear-related causes. At the unmodified spillbay the injury rate was
0.5% (Normandeau Associates ef al. 1996c¢).

At Bonneville Dam, the injury rates of chinook salmon smolts in passage through a spillbay equipped with
a flow deflector and a standard spillbay were similar (1.8% and 2.2%, respectively) and were attributed to
contact with flow deflectors, tainter gates, or downstream dentates. Which of the structural components
contribute most to injuries was not apparent (Normandeau Associates ef al. 1996b).
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Table 4.5-1

Short-term (one hour) fish survival over spillways or ice-log sluices at hydro projects. All studies utilized balloon

tag-recapture technique.

Passage Estimated Discharge
Station/Location Route Species Height (m) Velocity (m/s)* (cms) Survival (%)
Bellows Falls, VT Sluice Atlantic saimon 18.0 18.7 8.5 96.0
Wilder, VT Sluice Atlantic salmon 15.8 17.6 5.7 99.0
Wilder, VT Sluice Atlantic saimon 15.8 17.6 8.5 93.0
Wilder, VT Sluice Atlantic salmon 15.8 17.6 14.2 98.0
Vernon, VT/NH Sluice Atlantic salmon 8.2 12.7 1.1 93.3
Cabot, MA Sluice American shad 21.0 20.3 6.4 98.0
0.0

Crescent, NY Spillway** Blueback herring 4.0 8.8 1.1 100.0
Bonneville, WA Spillway** Chinook salmon 7.6 12.2 339.8 100.0
Bonneville, WA Spillway** Chinook salmon 7.6 12.2 339.8 100.0
The Dalles, WA Spillway** Chinook salmon 16.2 17.3 297.4 95.4
The Dalles, WA Spillway** Chinook salmon 16.2 17.3 297.4 99.2
The Dalles, WA Spillway** Chinook salmon 16.2 17.3 127.4 98.9
Wanapum, WA Spillway** Chinook salmon 6.4 11.2 121.8 99.6
Wanapum, WA Spillway** Chinook salmon 6.4 11.2 121.8 95.7
Wanapum, WA Spillway** Chinook salmon 18.3 18.9 56.6 92.0
Wanapum, WA Spillway** Chinook saimon 18.3 18.9 113.3 96.9
Wanapum, WA Sluice Chinook salmon 24.1 21.7 56.6 97.4

* Estimated velocity (V)= 2gh; g=gravitational acceleration, h=head or height (Bell etal. 1972).
** Modified spillbay with flow deflectors or overflow weir.
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Figure 4.5-7

Example of probable shear/mechanical injury in passage at a spillway. Note torn/bent left
operculum. From Normandeau Associates ef al. (1996d).
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Figure 4.5-8

Example of pressure/shear injuries in passage at a spillway with flow deflector. Note bulging left
eye, tear at top of gill cover. From Normandeau Associates et al. (1996d).
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Figure 4.5-9

Example of injuries sustained by fish in passage through overflow weir at Wanapum Dam.
From Normandeau Associates ef al.(1996d).
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4.6 PERSPECTIVE ON IMPROVEMENTS OF FiSH PASSAGE SURVIVAL

Summary

The fish passage survival of any turbine design should be evaluated against a standard of comparison
(benchmark) survival rate based on the “best of class” alternatives for passage including bypass systems
or spillways, other turbines of similar type with similar L/D ratios, or other turbines of any type and
characteristic. Fish passage survival of any modified turbine design should be evaluated anainst a
benchmark where the passage survival has been evaluated in a before and after manner using
comparative controlled experiments. The Rocky Reach experiments with the new turbine show that the
relative effectiveness of engineering solutions (e.g., closure of gaps at the trailing edge of the runner
blade) can be quantified by comparative controlled experiments performed before and after
- implementation of engineering solution to enhance fish survival.

Discussion

A quantitative evaluation of a turbine design for its enhanced fish passage survival capability should be an
integral component of the AHT program. It should include considerations for the establishment of
guidelines for “best of class” survival and for “comparative” survival and use these benchmarks to
determine a magnitude of improvement that is achievable or possible or that was obtained, and could
contain the following steps:

1. establishment of “best of class” benchmarks for survival rates; these may be established
using the existing databases (passage through turbines or alternative exit routes such as
bypasses, spillbays, ice-log sluiceways, etc.), or be based on new experiments utilizing well
designed comparative controlled experiments. These “best of class” benchmarks would
establish the maximum possible limit of improvement in fish survival. For example, if the
benchmark is established at 95% at a hydroelectric project scheduled for rehabilitation, then
the possible improvement would not be measured based on the ideal of 100% survival, but
rather on the difference between the actual survival and the benchmark. Whether this
benchmark survival rate is achievable for the particular installation is unknown but it can help
in comparisons with other acceptable passage alternatives.

2. actual tests to determine the fish friendliness of the modified design. The same experimental
protocols used in establishment of the “comparative” benchmark survival rates ( in this case,
the unmodified design) should again be used to obtain the new data.

The passage survival study at Rocky Reach Dam on chinook salmon smoits (Normandeau Associates
and Skaiski 1996), having well designed comparative controlled experiments, used the “comparative”
benchmark to evaluate whether changes in fish injury/survival due to engineering design modifications of
turbines can be detected. Results from the secondary fish releases showed that the zonal injury rate was
reduced from 5% to 2.8% and a minimal improvement in survival rate of 4.4% for chinook salmon smolts
infroduced at 3 m (10 ft) depth below the intake ceiling after a temporary engineering solution was
implemented (a steel wedge was placed to close the gap between the runner trailing edge and the hub)
could be inferred from the reported data. Although controls were not released concurrently with the
secondary releases to evaluate the effects of tagging, handling, and induction results from primary
releases of chinook showed control survival rate exceeded 99%. The probable sources of zonal injuries
changed as well; prior to the interim engineering solution most injuries appeared to be pressure- and
shear-related. After the modification most of the injuries were attributed to probable mechanical causes.
Obviously, the hydraulic conditions were altered due to “re-engineering” the turbine’s local geometry by
closing the gap and changing the zonal injury mechanisms.
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4.7 SUMMARY AND CONCLUSIONS

Section 4 combined insights of biologists and turbine designers to develop an understanding of the
mechanisms of injury/mortality which may occur within hydropower projects. The combined work of the
team in discussing the problems and probable causal relationships as well as the reevaluation of existing
data and evaluation of new data sets to achieve an insight -oward potential mechanisms led to some new
understandings, some perceptions which need further tesiing through future experiments, and to some
conclusions for design concepts. Based on the material presented, the criteria for improvements to
features of existing turbines and for new turbine designs are derived based on causal mechanisms.

Zonal Observations

The mechanisms of injury/mortality are zonal. Some zones of geometry within the turbine are relatively
free of injury/mortality mechanisms. Others exist having high mechanism concentrations. The zones a
fish traverses in its passage through a turbine has a significant effect on its injury/mortality. At Rocky
Reach, a change to the geometry of the blade-hub zone led to the inference of a 4.4% increase in
survival. At Wanapum, fish that were believed to pass through the runner near the hub zone experienced
a 5% increase on mortality compared to fish passing through the middle zone of the runner.

The development of the blade encounter zone (BEZ) concept and the development of an improved
encounter equation with the significant parameter N L / D led to a better analysis technique whereby new
correlations and insight were achieved. The BEZ contains a number of injury/mortality mechanisms.
Some of these are related to blade strike. Others are related to blade end gaps and local fluid effects.
Quantification of exact sources of injury/mortality of fish transported through turbines is difficult due to a
lack of controlled experiments and to the fact that the observed symptoms could be manifested by two
different sources. Correlation of predictive methods with zonally planned and executed fish passage
survival testing is the key to understanding injury mechanisms and developing improved survival
prediction methods. Historical studies primarily focused on juvenile salmonids of limited size range. Most
studies did not provide turbine operating data or location of fish injection.

In spite of thelimitations of the existing data, they are the basis for correlations with the BEZ prediction

method. Some of the new insights obtained through this correlation effort are:

o The combined variable N L / D plays a major role. Individual values of N, L, or D play no significant
role.

¢ Because impact velocities related to peripheral speed are always above the critical value where direct
impact is assumed to be fatal, peripheral speed has no observable effect on survival in data analyzed
for Kaplan turbines, and for Francis turbines plays no obvious role. Other analyses of the shear
damage mechanism have provided the physical basis to explain this observation.

¢ Data did not show a species effect.

A new concept of theoretical avoidable loss (TAL) is introduced, and in tests at Wanapum, has provided a
tool to further understand the relationship between fish injury/mortality and energy dissipation within a
turbine. For these tests, low values of TAL correlated with high survival. However the TAL concept treats
the entire turbine as a single zone and does not lead to specific injury/mortality insight.

A number of zones in a turbine have regions of fluid shear. Effects of shear induced forces have been
studied primarily under laboratory conditions. 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 the water jet appear to suffer less injuries. CFD studies have been used to estimate a
threshold vaiue of shear (450/s). Shear values greater than this threshold or critical value can cause
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mortality. Through a consistent application of the shear principles, a velocity of greater than 5 m/s
adjacent to a structure will generate a shear zone above the critical value to cause mortality to fish.
Velocities of this magnitude can exist in several zones in a typical turbine.

In all zones fish experience pressure changes. Pressure-related injuries appear to be more a function of
acclimation history of fish upstream of turbine 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. Inside of turbines, the pressure distribution and the rate of change
of pressure with time can be determined accurately by CFD analysis. Transit times from the high
pressure region at the turbine spiral case inlet to the exit of the draft tube are relatively short, even for big
turbines. Transit times through low pressure regions in the runner blade region are quite short. The rapid
transit through this low pressure region in the blades is felt to cause no significant mortality. More
important is the change in pressure from that to which the fish has become acclimated to a lower value at
the draft tube exit.

It is perceived that fish passing through zones with cavitating flow fields can be damaged by fluid effects
arising because of cavitation and subsequent vapor bubble collapse. The turbine operating condition that
coincides with the onset of cavitation can be determined by CFD analysis. Designs for existing turbines
can be developed to eliminate cavitation while increasing power production. Operational guidelines to
minimize operation in cavitation regimes will reduce maintenance costs and reduce fish mortality
associated with fluid induced loading on fish bodies related to cavitation.

Physical model testing and CFD analyses have investigated the impact of the presence of fish screens on
velocity distributions in turbine intakes. Physical model tests indicate significant redistribution of flow
takes place. Fish screen effectiveness testing has shown that the exclusion of fish entering the turbine is
not 100%. Therefore, some portion of the unguided fish go under the fish screen. Fish passing the intake
under the fish screens may then find themselves in the lower portion of the water column where they are
expected to pass through the lower zone on the wicket gates and near the outer radius zone of the
blades. These fish will experience a different set of turbine geometry and associated fluid effects
compared to fish passing through the upper portion of the wicket gates and the mid to inner regions of the
blades. Compared to units without fish screens, the presence of fish screens may cause different fish
survival characteristics.

Operation

The operation point of turbines has a large effect on fish survival. Tests at Wanapum Dam were
designed, conducted and evaluated to shed light on injury mechanisms and how they changed with zone
and the point of operation. Peak survival did not coincide with peak efficiency, but occurred at a
discharge where the blade strike probabilities were low, while the TAL were at a minimum, and before
cavitation began to be significant. The proposition that operation at discharges within 1% of peak
efficiency will maximize fish survival was examined. Historical data that had been generally believed to
support this belief, from the Big Cliff and Foster Kaplan turbines, was reanalyzed. This data does not
show that maximum fish survival occurs at discharges within 1% of peak efficiency. Analysis of the
complex factors involved reveal tendencies for fish survival that operate in opposing directions. That is,
some factors maximize survival at high discharges while other factors maximize survival at low
discharges. Tests at the relatively high head turbines at Shasta and Cushman are the only data available
to evaluate the effect of Francis turbine operating point on fish survival. Survival does not appear to reach
a maximum at discharges less than peak efficiency, but there is no conciusive evidence that survival is
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highest at peak efficiency, The data do not preclude the possibility that the complex factors involved in
survival cause maximum survival to occur at discharges greater than the peak efficiency discharge.

Fish survival in passage through exit routes without moving parts (sluices, spillways, etc.) is not 100% at
all sites; most likely because these passage routes were constructed primarily to transport excess river
flow and debris, and not fish. Survival rates vary between sites and may be refiective of differences in
unique physical and hydraulic features. However, fish fransported through these conduits must contend
with the potential effects of the same hydraulic forces (e.g., impact velocity, pressure change, shear,
- cavitation, etc.) as those passing through turbines.

Design Observations
For Kaplan turbines, blade end gaps are judged to be a significant source of injury/mortality.

Adjustable turbine and generator speed offers the possibility of improved fish survival. Adjusting the
speed to compensate for head changes will allow the head coefficient characterizing the turbine
performance location on the turbine performance hill curve to be kept at a more favorable operating point
than a design having constant speed.

The effects of some of the injury/mortality mechanisms are significantly greater than others and depend
on turbine type, size and project variables. For some Kaplan turbine projects, increasing the number of
blades to reduce gaps results in a significant fish passage survival improvement. For other projects,
decreasing the number of blades may be the correct solution. The effect is project related. Fewer blades
for Francis turbines appears to be a feasible design concept. For large turbines passing small fish, high
survival can be achieved. For small Francis turbines with large fish, the best solution for fish survival may
be to keep the fish out of the turbines.

Other

The fish passage survival of any turbine design should be evaluated against a standard of comparison
(benchmark) survival rate based on the “best of class” alternatives for passage including bypass systems
or spillways, other turbines of similar type with similar L/D ratios, or other turbines of any type and
characteristic. Fish passage survival of any modified turbine design should be evaluated against a
benchmark where the passage survival has been evaluated in a before and after manner using
comparative controlled experiments. -
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5.0 TASK 3 REPORT -~ INVESTIGATION OF INDIVIDUAL DESIGN ELEMENTS
5.1 INTRODUCTION

Different aspects of individual design elements were investigated by three team members. Voith utilized
its family of CFD tools to provide details of the flow fields in many locations in Kaplan and Francis
turbines. The goal was to demonstrate the nature of internal turbine flows, quantify velocity and pressure
fields, and sharpen knowledge regarding fluid mechanisms leading to possible fish injury. Georgia
Institute of Technology studied more basic flow physics to improve our understanding of advanced CFD
methods. TVA reviewed the state of the art in mitigation of low dissolved oxygen flows, and reported on
the testing, and operation of aerating turbines.

5.2 DISCUSSION

Voith analyzed the entire water passage of Kaplan and Francis turbines. Several computer programs
were used in this study including proprietary and commercial codes. Detailed CFD calculations were
performed using a commercial three-dimensional Navier-Stokes turbulence modeled code, TASCflow,
developed by Advanced Scientific Computing Ltd. (Raw 1995, Thomas et al. 1989). A standard K -
epsilon method was appiied for the turbulence modeling. The calculations were applied for semi-spiral
intakes, spiral case, stay vanes and wicket gates, runners and draft tube. Many of these calculations
were performed explicitly for this project. Some results were taken from ongoing efforts. The goals
included:

ascertain probable fish paths

o illustrate the complex flow fields that exist in turbines

e evaluate and sharpen expectations regarding fluid induced injury mechanisms of shear, rate of
pressure reduction, cavitation, and gap flows.

e examine draft tube flow conditions for recirculation (entrapment regions), draft tube pier impact, and
disorienting gﬁects

Georgia Institute of Technology developed and tested advanced numerical methods and turbulence
models for simulating hydroturbine flows. The combined effects of numerical resolution and turbulence
modeling on the accuracy of complex flow predictions were investigated in great detail. An advanced
turbulence model was proposed which was shown to yield superior results as compared to existing
models. A computational framework for predicting unsteady flow phenomena in Francis-type
hydroturbines was also developed and applied to simulate formation of rope-like vortices. These
advancements provide us with a better understanding of the complex flow environment inside the
powerplant which, in turn, will lead to more accurate evaluations of fiuid induced fish injuries. The
potential of coupling advanced. CFD methods with a virtual fish numerical model, capable of estimating
fish trajectories and fiow induced loads on fish bodies, was also demonstrated.

TVA reviewed the state of the art in mitigation of low dissolved oxygen flows, and studied the testing, and
operation of aerating turbines.
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5.3 THREE-DIMENSIONAL CFD STUDIES
5.3.1 KAPLAN INTAKE

A Kaplan turbine intake with no fish screen was analyzed. The region from the trashracks through the
runner, including all stay vanes and wicket gates was calculated. The purpose of the calculation was to
analyze the semi-spiral case with an emphasis on flow through the stay vanes and wicket gates and into
the runner. This calculation does not contain features that would permit accurate calculations through or
below the runner. The inlet flow boundary to the intake was assumed to have constant total pressure.

This simulates inflow from a large quiet reservoir, and permits a velocity profile to develop. The exit
plane, below the runner, was specified to have the desired mass flow. The presence of the runner was
simulated by applying a tangential body force to remove swirl that was induced by the stay vanes and
wicket gates. The grids on the outer surface of the model are shown on Figure 5.3.1-1

The results of the calculation are demonstrated by streamline plots, Figures 5.3.1-2 through 5.3.1-4. The
path of a streamline is not affected by forces on a three-dimensional body, centrifugal effects, or
buoyancy. In the absence of a “virtual fish” calculation that could account for more realistic fish effects,
streamlines are tentatively accepted as an approximation of fish paths. Streamlines at a given height at
the trash racks travel to a constant radius in the runner region. Generally, streamiines near the roof travel
to the hub and streamlines near the floor travel to the periphery. The results for this geometry support
the previously assumed hypothesis that fish from the near surface region would tend to be discharged
through the runner near the hub. These streamlines are colored by transit time for a laboratory scale
model turbine. Figure 5.3.1-5 shows a transit time of 30 seconds for a prototype size (Wanapum) intake.
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Development of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 5.0

5.3.2 KAPLAN INTAKES WITH FISH SCREENS

Upon recognizing the significant influence that a fish screen would have on the internal intake flow, the
previous grids were altered to include additional grids that could simulate a typical fish screen (from the
Wanapum project) and to remove grids in the runner region. The runner grids were removed to prevent

the large total pressure drop across the runner from overwhelming the relatively smaller total pressure
loss due to the fish screen. The calcuiation outlet boundary was near the stay vane outer diameter. The
fish screen region with more refined grids, shown on Figure 5.3.2-1 (note that this figure shows stay vane
and wicket gate grids that were not used) was specified to have properties of a porous media to simulate
the fish screen, or was specified to have no special properties to simulate the absence of the fish screen.
The properties of the porous media were adjusted to cause a total pressure loss of 0.73 times the local
velocity head. Subsequent analysis of model screen testing on the Bonneville project indicated that
screen caused a loss of total pressure equal to 2.24 times the local velocity head. The current analysis
therefore, has insufficient total pressure loss and would have less flow disruption than an equivalent
Bonneville type screen. The diversion of flow through the gate slot was also modeled. 10% of the flow
was specified to be discharged from the model at the gate slot location.

The results of the calculation are demonstrated by streamline plots. Plots are shown in a sequence of
side and plan views with no fish screen present and with the fish screen active. Figures 5.3.2-2 and 5.3.2-
3 show streamlines released at the inlet from 87% of the inlet height (100% is the top at the inlet). Note
that the outline of the all grid blocks are shown in black, including the fish screen, even if the porous
feature of the fish screen is not active. Streamlines near the roof are deflected significantly upwards due
to the flow entering the gate slot. This 87% of the inlet height is approximately the dividing surface
between flow entering the gate slot and flow entering the turbine. Streamlines released at the inlet from
30% of the intake height are shown in Figures 5.3.2-4 through 5.3.2-5. This height is approximately-the
dividing surface between flow passing beneath the fish screen and flow through the screen. These
streamlines are affected by both the upward deflection of the flow entering the gate slot and a downward
diversion of the flow that would tend to flow around the obstruction of the fish screen. The result is an
approximate cancellation of these effects, and the 30% height streamline is approximately the dividing
streamline both with a fish screen and in the absence of a fish screen. The presence of the fish screen
affects the streamline paths for both release locations. While streamline paths in the absence of the fish
screen terminate at a nearly constant height, the presence of the fish screen causes a redistribution of the
flow, and subsequent variation in the location of the streamline paths. Presumably, fish trajectories would
also be similarly affected. Velocity vectors and total pressure plots that also highlight the flow disturbance
caused by the fish screen are shown on Figure 5.3.2-6 while Figure 5.3.2-7 compares streamlines
released behind the fish screen with and without the fish screen.

Flow disturbances that the fish screen generate which could alter the details of flow in the stay vane,
wicket gate, or runner could not be analyzed with this calculation. Such a calculation would require a grid
fine enough to modei the turbulent mixing behind the fish screen. The calculation model used 300,000
nodes. A model of. this size was nearly impossible several years ago and even today requires an
advanced workstation.
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Figure 5.3.2-6 Velocity Vectors And Total Pressure Contours. With Fish Screen Activated (Left
Side) And With Fish Screen Not Activated (Right Side).
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Development of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 5.0

5.3.3 STAY VANES AND WICKET GATES

Kaplan and Francis Turbines

The flow field in stay vanes and wicket gates and related fish damage mechanisms are generally the
same for Kaplan and Francis turbines. One modest difference between typical Kaplan and typical Francis
turbine stay vanes and wicket gates is related to the difference between a spiral case and a semispiral
case. Streamline tracings in a spiral case, as is more commonly used for Francis turbines, show that
initial position in the spiral case inlet does not coincide in a clear manner to a definite position at the
runner inlet (Figure 5.3.3-1).

Stay vanes and wicket gates are analyzed from the spiral case centerline to approximately the runner
entrance. Periodic boundaries are used assuming that all flow channels are identical and therefore, only
one flow channel needs to be analyzed. A typical grid of the water passage wetted surface is shown on
Figure 5.3.3-2. Velocity fields, shear magnitude and pressure gradients are analyzed. Two cases were
studied.

A gate and vane that are not optimized was analyzed. This gate and vane were existing shapes that were
encountered during a turbine rehabilitation project (Wanapum). The velocity and shear field are shown in
Figures 5.3.3-3 and 5.3.34. In general, the result is unremarkable. At the stay vane leading edge,
velocities are fow enough to prevent the occurrence of critical shear values, as shown in a magnified view
of the stay vane leading edge, Figures 5.3.3-5 and 5.3.3-6. Shear values greater than the critical value
were found at the stay vanes trailing edge and at the wicket gate leading edge, Figures 5.3.3-7 and 5.3.3-
8. However, the region having shear greater than the critical shear (450 /s) is quite small. Pressure
gradients were small, varying from zero to approximately 500 psi/ sec. As these local pressure gradients
are presumed to have little effect on fish survival, figures are not provided.

To illustrate the effect of design modifications on flow field characteristics, improvements were made to
the shape of both the stay vanes and wicket gates. The stay vane shape was modified to reduce the angle
of attack and the wicket gate shape was also changed. The flow field analyzed in this case is not precisely
the same as the first case. At a different circumferential location in the semi-spiral case, the inflow to the
stay vanes is more tangential. The velocity and shear field are shown in Figures 5.3.3-9 and 5.3.3-10. In
general, the flow field is smoother and values of shear are reduced. Values of critical shear no longer
occur on the gate leading edge. Only a smaller region of critical shear is observed near the stay vane
trailing edge, Figures 5.3.3-11 and 5.3.3-12. This optimized gate and vane was found (through laboratory
testing) to increase turbine efficiency.

The wicket gate openings analyzed above were chosen to avoid large openings where the gate
overhangs the bottom ring. At higher gate openings, a gap is created at the bottom of the gate, allowing a
leakage flow to develop. No CFD calculations were made to verify the unfavorable flow field that is
presumed to exist at the higher gate opening.

In summary, the risk of fish mortality for optimized stay vanes seems low for Kaplan turbines at typical
heads, and a good indicator of fish friendliness is a hydraulic design that gives good efficiency. Higher
velocities on the wicket gates may have greater potential for injury. Although not analyzed, other gate
openings that occur at different operating conditions will cause different flow fields and will have different
mortality. In general, it seems that good turbine designs that optimize turbine efficiency are beneficial for
fish survival. '
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Figure 5.3.3-1 Streamlines in a Spiral Case. Initial Position Does Not Correspond to a Particular

Runner Inlet Position
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Development of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 5.0

5.3.4 KAPLAN TURBINE RUNNER

Kaplan turbine runner blades were analyzed at an on cam condition. The inflow condition to the runner is
obtained from a stay vane and wicket gate analysis. Periodic boundary conditions are used so that only
one flow channel needs to be analyzed. The runner blade extended completely from hub to periphery,
without any gaps or clearances.

Figure 5.3.4-1 shows a typical grid as well as streamlines that have been colored to show prototype transit
time. Streamiines typically exit the runner in approximately 0.2 to 0.3 sec.

The prediction of cavitation is important for avoiding fish injury as well as for achieving good operating
characteristics. Figure 5.3.4-2 shows a prediction of cavitation on the suction side of the blade and 5.3.4-
3 is a prediction for the pressure side. The results are presented such that the pressure reaches vapor
pressure if the values shown reach the plant sigma parameter. Based on a plant sigma of 0.7, this blade
shape is not ideal as cavitation would occur on both pressure side, on a small region near the periphery
leading edge, as well as on larger regions of the suction side.

Two locations through the runner blade were analyzed to study fluid-induced damage mechanisms, near

the periphery, and near the hub. Figures 5.3.4-4 through 5.3.4-10 present velocity, shear, pressure
gradient, and absolute pressure at a location near the periphery. Figures 5.3.4-11 through 5.3.4-15
present similar information for a location near the hub. Overall critical shear values are small when
viewing the entire blade, but in the detailed views of the leading and discharge edges, values of critical
shear exist at the leading edge near the periphery. The lower flow velocities near the hub do not induce
regions of critical shear. The higher speed flow at the periphery also causes a thin layer of critical shear
on both the pressure and suction sides of the blade. This identifies another possible mechanism of fish
injury. Secondary flows that might cause a fish to move toward the blade surface could cause injury that
might be independent of possible fish scrape or contact with the blade. This shear region is quite thin and
is therefore, not suspected as a major mechanism of injury. Pressure gradients are greater in the runner
than in the stay vanes and wicket gates, achieving values in excess of 750 psi/ sec. These vailues are not
believed to induce any fish injury. Generally, high pressure gradients occur near the leading edge and
near the trailing edge. These regions are somewhat larger for the periphery than the hub.

In general, a well designed Kaplan blade operating on cam, having no gaps, and operating without
cavitation, seems to cause only small local regions of critical shear that might cause fish injury.

A preliminary analysis was made of a conventional Kaplan blade at its mid range tilt position with hub and
periphery gaps. This calculation was a first effort and results are viewed as preliminary. Two analyses
were made, one analysis assumed the blade extended exactly to the hub and periphery, so that no gaps
existed. A second analysis included gaps at the hub entrance and discharge and the periphery entrance
and discharge. Figure 5.3.4-16 shows the blade and hub grid to permit visualization of the hub gap.
Visualization of the results is presented with streamlines that have been colored to show the value of
shear. Streamlines were released in all gap locations. In Figure 5.3.4-17, streamlines were seeded in the
gap at the blade periphery and aiso the blade was colored according the value of local velocity. High
shear values exist on thé streamlines in the gap and for a short distance downstream of the gap.
Subsequently, the flow moves downstream without evidence of vortices or other significant flow
disturbance. Figures 5.3.4-18 and 5.3.4-19 show shear in a region near the periphery leading edge for
both gap and no gap calculations. The calculation that includes the gap has a larger region of critical
shear. Streamlines seeded in all four gap locations (hub entrance edge and discharge edge, and
periphery entrance edge and discharge edge) are shown in Figure 5.3.4-20. The periphery gap leakage
flow seems to not form a strong vortex at this particular operating condition, but the hub entrance edge
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leakage forms a large vortex and the streamlines do not travel along the hub, but move radially outward
and are at a rather large radius when they leave the blades. The implications for a fish traversing such a
vortex can not be quantified at this time, but are presumed to be significant. The flow through the hub
discharge edge gap also forms a strong vortex, with similar implications, and indeed with tested adverse
consequences for fish survival (see Section 4.4.5).
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Figure 5.3.4-9 Rate Of Pressure Change Near Periphery
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Figure 5.3.4-10 Absolute Static Pressure Near Periphery

4l

39

P__METERS
o

3
3
3
3

.BSRE+21

.4SPE+Q@L

.25BE+Q1

.BSBE+QL

.85BE+01

.65BE+Q1L

.450E+@1

.250E+Q1L

.85S9E+01L

.85GE+0Q1

.65BE+01

.H450E+01

.250E+0@1

.B58E+QAL

.S@2E+00

.580E+008

.SBRE+008

.58RE+QGA

.20PE-Q21

.SABE+20

852E+Q1




-Lv-

KAPLAN RUNNER SHEAR MAGNITUDE

SH_MAG

VOITH
near hub’

Figure 5.3.4-11 Shear Value Near Hub
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Figure 5.3.4-17 Streamlines Released In The Periphery Gap, Colored By Shear Magnitude.
Blade And Hub Surface Colored By Velocity
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' KAPLAN TURBINE WITH RUNNER GAPS
VOITH

Figure 5.3.4-18 Shear Contours Near The Periphery Leading Edge With Gap Effects
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Figure 5.3.4-20 Streamlines Released In All Gaps, Colored By Shear Magnitude. Blade And
Hub Surface Colored By Velocity
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5.3.5 FRANCIS TURBINE RUNNER

Two aspects of Francis turbine operation were evaluated, blade shape and off design operation. An
ongoing project was used, with the following characteristics: Inlet diameter of 6.4 m, Rated speed of 107 °
RPM. The best efficiency point occurs at head of 112 m and a discharge of 296 m3/s. Two blade shapes
were analyzed, one blade having a relatively thin leading edge near the crown, and a second blade with a
considerably thicker leading edge near the crown. Off design effects were evaluated by analyzing
operation at a low head (70% of the best efficiency head). Section 10.2 reviews terminology that may be
useful on this section. Grids for a typical calculation are shown of Figure 5.3.5-1. This figure also shows
streamlines colored by prototype transit time.. Near the band, transit time is typically 0.2 sec while at the
crown, transit time can be up to 0.4 sec. The streamlines near the crown also demonstrate unexpected
flow paths that accur due to secondary flows, even at the best efficiency point. Some of these streamlines
remain near the crown, while others respond to the complex flow field and travel toward the band. This
phenomenon has a variety of fish survival implications, affecting leading edge strike, zones of shear and /
or energy dissipation, scrape, etc.

Operating Condition Evaluation with a Thick Entrance Edge Shape

Operation at the best efficiency condition for the thicker blade is shown in Figures 5.3.5-2 through 5.3.5-6.
This condition is characterized by smooth flow. The blade shape has been carefully chosen to minimize
flow disturbances at this head and discharge. The resulting flow field shows minimal shear regions both
near the crown and near the band. The shear magnitude is higher at the band than at the crown due to the
higher velocity near the band. Figure 5.3.5-2 shows that critical shear regions are small and occur near
the blade and in the wake flow at the discharge edge. Figures 5.3.5-3 and 5.3.5-4 show in greater detail
the velocity and shear values near the band entrance edge. The pressure gradient is significantly larger
than for a low head Kaplan turbine, is shown on Figure 5.3.5-5. Shear values near the crown are low
(Figure 5.3.5-6). Values of absolute pressure are shown on Figure 5.3.5-7.

In contrast to the best efficiency point, at the low head operating condition, the blade is operating at an
angle of attack. Flow conditions are considerably more complex at an “off design” point of operation. The
same series of figures as for the best efficiency point are shown in Figures 5.3.5-8 through 5.3.5-12. The
resulting flow field shows higher shear values, especially at the band. Figures 5.3.5-8 and 5.3.5-10 show
the leading edge details near the band where the region having a value of shear greater than the critical
value extends noticeably away from the blade. On Figure 5.3.5-12, it is observed that shear levels are
higher than for the best efficiency point, but the lower velocities at the crown, in combination with the
blade shape do not create large shear regions. Values of absolute pressure are shown on Figure 5.3.5-
13.

Blade Thickness Evaluation

Figure 5.3.5-14 shows two blade shapes, referred to as thin and thick. Near the band, both blades have
equal maximum thickness. Near the crown, however, the “thin” blade is approximately one fourth as thick
as the “thick” blade. The blades do however, have subtle differences in the shape of the blade nose. The
thin blade actually has a slightly thicker region very close to the leading edge.

At the best efficiency operating point, the thin blade has good performance. The flow field and in
particular the values of shear are basically the same as for the thick blade at both the crown and band,

Figures 5.3.5-15 through 5.3.5-18.

At the low head operating condition, the thin blade has significant differences compared to the thick blade.
Near the crown, the thin blade is unable to maintain smooth attached flow. Figures 5.3.5-19 and 5.3.5-20
show the resulting separated region has induced a recirculation zone and a significant region having high
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shear values. The critical vaiue of shear has been exceeded. Also shown is a circular flow pattern that is
a cross section of a vortex. Streamilines further showing the significant extent of the vortex are shown on
Figure 5.3.5-21. Near the band, Figures 5.3.5-22 and 5.3.5-23 show that the “thin” blade, with it's
superior local shape near the nose, has lower shear values compared to the “thick” (but locally slightly
sharper ) blade.

Additionally, a blade was designed having a thin entrance edge along it's entire entrance edge, from
crown to band. The analysis of this blade at the low head operating condition shows increased shear
values at the band compared to the previous “thin” blade (that actually was not thin at the band), Figure
5.3.5-24.
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Figure 5.3.5-2 Contour Of Shear Magnitude Near Band, Thick Blade, Best Efficiency Point
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Figure 5.3.5-4 Shear Value Near Band Leading Edge, Thick Blade, Best Efficiency Point 1
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Figure 5.3.5-5 Rate Of Pressure Change Near Band, Thick Blade, Best Efficiency Point

21

20

19

PSI_PER.S
1.000E+0Y

8.S00E+93
S.0BRE+B3
8.50PE+@3
B8.00CE+Q3
7 .SPGE+03
7 .B0BE+Q3
6.508E+@3
6.000E+03
S.50PE+@3
S.PBPE+0O3
4.50BE+Q3
4.P99E+03
3.50BE+03
3.000E+0Q3
2.500E+03
2.000E+Q3
1.500E+@23
1.200E+0@3
S.000E+0Q2

2.P03E+00




FRANCIS RUNNER. BEST EFF

SHERR MAGNITUDE NEAR CROWN

VOITH

-89-

Figure 5.3.5-6 Shear Value Near Crown Leading Edge, Thick Blade, Best Efficiency Point
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Figure 5.3.5-7 Absolute Static Pressure Near Periphery, Thick Blade, Best Efficiency Point,
Atmospheric Pressure is Approximately 10 m Absolute
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Figure 5.3.5-8 Contour Of Shear Magnitude Near Band, Thick Blade, Low Head Point
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Figure 5.3.5-9 Velocity Vectors Near Band Leading Edge, Thick Blade, Low Head Point
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Figure 5.3.5-10 Shear Value Near Band Leading Edge, Thick Blade, Low Head Point
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VOTITH FRANCIS RUNNER. LOW HERD
P GRADIENT NEAR BAND

Figure 5.3.5-11 Rate Of Pressure Change Near Band, Thick Blade, Low Head Point
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VOTTH|FRANCIS RUNNER. LOW HERD THICK BLADE

Figure 5.3.5-13 Absolute Static Pressure Near Periphery, Thick Blade, Low Head Point,
Atmospheric Pressure is Approximately 10 m Absolute
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VOTITH FRANCIS RUNNER BLADE COMPARRISON

GREEN-THICK BLADE BLACK=THIN BLRADE
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Figure 5.3.5-14 Comparison Of Thick And Thin Francis Turbine Blade ‘

SN |

2 —

[[L]

/]

1]

[N
[T

NI




T6-3676°
BO+3Thk "
20+3T69°
BO+3ThE "
BO+3@6T"
BB+30hhH°
2B+39069°
BO+308h6 "’
T0+387T0°
TB+3ERT"
T9+3892"°
TB+3E6E "
TO+38TS"
TO+3€ERY "
TO+389<4°
T8+3€68°

T0+38710°

T8+3€RT

Te+3892"°

TO+3€6€

TB+38TS

4
a33ds

AN\

.
o
o
/////
/’//
7
yd
/
S/
/

2Rt e o o

- 3N (o]
—
e
R A S S

—’?/'/o/-///'
//’

,/:/2/1/1/’//

-~

e

M

-1

-
=2

>
A
AR

"""
e

Z
‘e
Z

4

AN

T .. ,/./ julod Aousjoyy3 yseg ‘apeig uly ], ‘abp3 Buipea pueg JeaN S10J03A AI00JBA §1-6°€°G 84nBig
. ..4 ,.”‘/, = . - .
1 RN
A ./////
NN
////.0/

TB+304T°S

IO T8 NIHL

® | 000G JOLO8A

ONUE dU3IN SYOLI3A ALIOJ03A

443 1534

"UINNNY SIIJNUY A

HLTOA

-67-



_89—

BEST EFF

FRANCIS RUNNER.

VOLTH
SHEAR MAGNITUDE NEAR BAND

Figure 5.3.5-16 Shear Value Near Band Leading Edge, Thin Blade, Best Efficiency Point

17

16

SH_MRAG
4,.SPRE+B2

4,25QE+@2
4H,P00E+Q2
3.750E+02
3.500BE+Q2
3.250E+@2
3.200E+@2
m 2.7SOE+82
2.50PE+B2
2.2S0E+@2
2.00BE+@2
1.7SBE+@2
1.S@BE+@2
1.25BE+@2
1.008E+@2

7 .S0BE+B1

5.9B0E+Q1




FE=EElE T Julod fousolyz 1sag ‘apeig uiy .y, ‘abp3 Buipea umoi JeaN SI0109A AI00IBA L1-6°¢"G @anBid /

TBe+3892°

@0+3Thh T ;- — ey o 00
80+3T69° 2 \\\ \\ \\ 4 \\ - — m o~~~
. 1,077 7 7 T | \
20+3Th6 € 151177 7, \\ T s
eo+3eet s § | \\\\\\\\\\\ \\ \\ e ==y
@0+30hhL "9 ‘\\\\\\\\\\\\\\\ \\ s l...\\\\\\
it 1IN A A A A A e
@0+30h6 B \ \ \ \ \ / /s - 2
. \ \ \ \ \ \ y p A Y
T@+38T0" T \ \ \ / e .
T@+3ERT " T E“ \N\ \\ I 7 \\\\\u\\\\\
: __ \ [ 7

To+3€6€° T
TB+38TS T §
T@+3EHY" T
T@+3892° T

TB+3E68 "

-1

T8+38T6"

TD+3ERT"

Z
4
T@+3892°¢2
¥4

T@+3€6€E" /// 4 A
T8+38TS°2 /7 4 / g #
QL VAR

T8+388Z b NMOYD MHIN SYOLIIA ALIIOTIA
JOBTE.NTHL 443 139 "y3NNNy sTongya |[HLTIOA

®|50g Jojoagf

-69-



TB+3008°S T

T0+308S " £ 4

28+3000°T €

20+30SZ'T h

20+300S° T S

ZB+38SL°T 9

28+3000°2 Z

2B+305Z°'¢ 8

Z8+300S°'2 6

20+3054°2 2T

20+30080°'€ TT

20+30S2°¢ T

ZB8+308S°€E ET

20+30@SZ°€ hT

Z0+3000'h ST

ZB+38SZ'h 97

ZD+30@S ' h LT
SUUTHS

jul0d Aouaolyd isog ‘spelg uiyl ‘abp3 Bujpear umol) Jeap anjeA feays gl1-6°¢'s ainbi4

e e e e e e e e e

40818 NIHL

NMOY3 dU3IN JANLINIBUW JUIHS

443 1539 83INNNY STIoNuyg |[HLIOA

-70 -



Z2B-3248° 8

@B+30€E"’

—

B2+3L6S"

pB+38S8°

n o N

PR+3€EZT"
@B+3LBE" 9
PB+3TS8" 4
2B+3ST6°8
TB+347T0°T
TB+3hkT'T

T@+3042°'T

TO+346€°T +

TD+3EZS T ¢

TB+36HS" T
TO+384L° T
T8+3206°T
I9+3628°2
TO+3GST" 2
T0+3282°2
T0+380k "2

TP+3hLES" 2
a33ds

I

4

/7
7 4

=

N Nt !
O\ ,, : b 4;4/ o\ r///
RN ﬂ#Wr%./%/JY. //
%;’ ﬁwfv.uw.n%.,.ﬁ/.,. KB SN N\ U

NI GNNEY Sy
Ecl\_\m\\ g

)

ny

\
\
A

AN A

dg3aH

NMOYJ dU3IN S¥0LJI3A ALIJ013A

MO 1 "d3INNNY SIJINUAA

/,

iulod peaH mon ‘apejg uiy ). *abp3 buipear umou] IeaN s10j09A AI00jeA 6L-6'¢°G ainby4 \ \
/

/
170 )

-71-



LOW HERD

17

FRANCIS RUNNER.

SHEAR MAGNITUDE NEAR CROWN
1S

16

14

13

-ZL—

Figure 5.3.5-20 Shear Value Near Crown Leading Edge, Thin Blade, Low Head Point
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Figure 5.3.5-21 Typical Vortex At Crown Due To Low Head Operating Point -
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Figure §.3.5-22 Velocity Vectors Near Band Leading Edge, Thin Blade, Low Head Point
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Figure 5.3.5-23 Shear Value Near Band Leading Edge, Thin Blade, Low Head Point
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Developmeyh't of 'énvironmentally Advancéd Hydi-opower Turbine System Design Concepts
Section 5.0 c

5.3.6 KAPLAN TURBINE DRAFT TUBE

Since Kaplan turbines operate on-cam, the runner discharge conditions do not vary drastically. it is the
experience that the draft tube flow field therefore, remains relatively similar at all operating conditions.
For this reason an extensive operating range was not examined.

For an on cam condition, a typical Kaplan draft tube (Bonneville) with a single pier was analyzed. The
inflow condition was determined from laboratory measurements. The grid on the outer walls is shown on
Figure 5.3.6-1. A combination of streamline plots and total pressure contours are used to characterize
the results, Figures 5.3.6-2a and b and 5.3.6-3. The streamlines show what is a common theme

throughout draft tube analyses performed during this study (also in Sections 5.3.7 and 54). The
decelerating flow responds to pressure gradients and numerous other factors to create a highly complex
pattern. Some streamlines flow in a direct and smooth path to the exit, while adjacent streamlines exhibit
features of a vortex or recirculation zone. The existence of such phenomena in a Kaplan turbine draft
tube, where one would expect that the on cam or maximum efficiency condition would yield the optimum
draft tube conditions, indicates that these complex flow features are unavoidable aspects of decelerating
flow in a bended channel that cannot be designed away. Figure 5.3.6-3 shows a section through the
centerline of the draft tube, ending on the pier nose. 1t also shows that the bottom of the hub extends into
the draft tube. The flow disturbance in this region (also shown by sireamline vortex patterns in Figure
4.4.6-15) is shown her by total pressure contours. Total pressure is a measure of the energy in the flow, a
combination of static pressure and kinetic energy. This figure illustrates that the area of the draft tube
affected by the hub flow is quite large and is expected to have a significant influence on the entire flow
field.
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Figure 5.3.6-2a Streamlines Are Complex, Even For An On Cam Operating Point
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Figure 5.3.6-2b Streamlines Are Complex, Even For An On Cam Operating Point
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Development of Environmentally Advanced Hydropower Turbine System Design Concepts
Section 5.0

5.3.7 FRANCIS TURBINE DRAFT TUBE

A Francis turbine draft tube without piers was chosen for analysis. Three operating points were
calculated: maximum output, best efficiency, and low power output. The different discharge

characteristics of a Francis turbine runner have different effects on the draft tube flow field. Grids on the
outer surface are shown on Figure 5.3.7-1.

Figures 5.3.7-2 through 5.3.7-6 show velocity vectors, and streamlines for the maximum output condition.
This condition has a complex inlet condition with a combination of clockwise and counterclockwise swirl.
Velocity nonuniformities become accentuated, the secondary flows form a complex pattern, and
streamlines show considerable vortex like behavior.

For the best efficiency condition, Figures 5.3.7-7 through 5.3.7-11 show the same flow field information as
for the maximum power figures. The inlet flow field is much more uniform, resulting in a much more
uniform velocity pattern. Complex secondary flows still exist and vortex patterns are still evident in the
streamlines.

At low output, Figures 5.3.7-12 through 5.3.7-15 show a variety of velocity vectors and the total pressure
on the symmetry plane. The pattern of the inflow is essentially opposite of the high power condition. A
low velocity region in the center region dominates the flow field, resulting in a large recirculation region
that extends to the draft tube inlet surface. This flow would have a tendency to reenter the runner.
Typically, this operating condition is not stable, and the unsteady flow is manifest in pressure puisations
that are a limitation in plant operation. Unsteady caiculations are discussed in Section 5.4.3.
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Figure 6.3.7-1 Typical Grid For A Francis Draft Tube With No Pier
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Figure 5.3.7-4 Velocity Vectors On Horizontal Plane, At Maximum Power
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Figure 5.3.7-8 Velocity Vectors On Symmetry Plane, At Optimum Efficiency
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Figure 5.3.7-9 Velocity Vectors On Horizontal Plane, At Optimum Efficiency
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Figure 5.3.7-10 Velocity Vectors To Illustrate Secondary Flows, At Optimum Efficiency
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Figure 5.3.7-11 Complex Streamlines, At Optimum Efficiency
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Figure 5.3.7-13 Velocity Vectors On Symmetry Plane, At Low Output
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