CENEER DI PP A LT T NOR IOV Y T

ERUTRT o KSR VIR SO

Increasing fish survival
prospects at hydro planfs

R_K. Fisher and G.F. franke, Yoith Hydro Inc, USA
PA. March, TVA Resource Management, USA
D. Mathur, Normandeau Associates, USA
F. Sotiropoulos, Georgla Institute of Technology, USA

150

Cote-Nord

Some of the actlvities and innovative technologies which are currently being used to Improve
compatlbility of hydropower with the environment and to increase its energy generation potential
are reviewed here. The rehabilitation of existing hydro plants Incorporating new fish-friendly
runner designs, aerating turbines. and advanced control systems for environmental optimization
are all providing improved environmental compatibility as well as inaeasing revenue and

reducing maintenance costs. '

clectric power generation industry include: the

potenuial for global climatic change as a result
of the emission of greenhouse gases produced by
combustion; the depletion and disruption of fossil fuel
supplies, air and water quality; aquatic life impacts;
and, uncertainties about long-term nuclear waste man-
agement. As a result of thcse concems (in many
instances stimulated by environmental groups and
regulatory agencies), the US electric power industry is
focusing attention on technologies for renewable, non-
polluting energy generation. Among these, hydro-
power has the potential to play a significant role.

Hydropower supplies about 10 per cent of the elec-
tricity output in the USA and approximately 20 per
cent of all electicity generated worldwide [SERI,
1990'). In the near term. further development of hydro
potential. through the upgrading of existing plants and
the installation of new facilities. could increase clean
energy production and make a near-term contribution
1o the reduction of greenhouse gas emissions [Sale
and Neuman, 19987].

Impoundments and releases from hydro plants can,
in certain canditions, adversely impact the water qual-
ity of impounded and discharged flows as well as the
aquatic life upsweam, downstream, and migrating
through the sites. These impacts have been scvere
enough to cause political and environmental activists
to demand improvements. Today, in the USA, envi-
ronmental demands include the release of higher spills
from impoundments to increase fish passage survival
and even demnands for the removal of large dams in
some areas of the country, in both cases reducing
hydro encrgy generaton.

To address these adverse effects of hydro plants, new
technologies are emerging which can remove many of
the negative environmental effects of hydropower
generanon and enhance the recognition of hydro as a
source of renewable energy. Some of these new devel-
opments address the improvement of fish passage sur-
vival and the reduction of hydro’s impact on both
water quality and aquatic habitat This paper discuss-
es wark currendy underway in the USA related to
these issues.

Environmcnml concerns broadly affecting the

Developing better environmental

alternatives for hydro

Beginning in the mid-1950s, some utilities in the USA
began to respond to environmental concerns and initi-
ated steps to improve the environmental compatibility
of their hydro plants. Two areas of the counmry were
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particularly active. In the Pacific Northwest, biolo-
gists, governmental agencies, and utilities on the
Columbia river were expenmenting with ways to
increase the survival of fish as they passed down-
stream through hydro plants (fish passage is now also
emerging as an imponant issu¢ in the eastern USA). Ia
the southeast, the Tennessec Valley Authority (TVA)
was a pioneer in using an integrated system approach,
finding improved ways to balance the multiple uses of
water resource projects among hydropower genera-
tion, flood control, municipal and industrial water
supply, water quality, and recreation. TVA, adopting a
pro-active approach (o environmental stewardship,
has invested significantly in R&D and hardware to
develop and implement improvements to system oper-
ation that optimize bencfits among all stakeholders in
their water resource projects [TVA, 1990°).

As pan of its suategy 10 respond to the needs of its
customers, Voith has had a long-term commitment to
developing hydro equipment designs with technolo-
gies for environimental enhancement. In the 1950s,
Voith played a leading role in Europe with R&D 1w
develop turbine designs capable of boosting dissolved
oxygen (DO) levels in water passing through low head
wrbines [Wagner, 1958"). In the 1970s, their enginerrs
began investigations into the use of greaseless compo-
nents in turbine power control elements. In the 1980,
Voith continued the development of oil-free Kaplan
turbine hub designs with the installation of several oil-
frec Kaplan turbines and began R&D to improve the
understanding of issues leading to the mortality of fish
passing through hydro wurbines [Breymaier, 1994%,
Eicher Associates, 1987°]. Voith Hydro, Inc., also
invesied significant funds, with TVA, in a joint R&D
partnership to develop improved hydro turbine
designs to enhance DO concentrarions in releases
from Francis turbines.

During the 1990s, these efforts were further intensi-
fied [Fisher and Roth. 19957]. In 1995, under the sum-
ulus of a cost-shared Department of Energy conmact,
Voith Hydro, Inc. began the development of an
‘advanced environmentally friendly’ family of turbine
designs, in collaboration with the Georgia Institute of
Technology,” Harza Eagineering Co., Normandeau
Associates, and the Tennessee Valley Authority. The
environmental improvements for the advanced
designs addrcssed the goals of:

= improving fish passage survival;

= increasing the levels of dissolved oxygen in hydro

plant discharges;
« developing special turbine designs for efficiendy
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Fig. 1. At Wanapum dam, megsured fish passage survival maxi.
mized at flows where cfficiency was more than | per cent
below peak efficiency. where blade tilts were large. internal
turbulence levels (TALs) were minimal, and blade-to-hub gaps
were small.

Kaplan roanes

Fig. 2. Minimum gap Kaplan runner with spherical hub and
discharge ring profiles. and no guidevane overhang ar high
gare openings.

providing minimum stream flows to protect dowp-
streamn aquatic habitats; and,

* developing designs to provide reduced oil and
grease pollution.

These concepts primarily addressed the enhance-
meat of hydropower’s environmental compatibiliry
through upgrades of turbines at existing hydro sta-
dons. However, the environmentally improved design
concepts provide additional benefits, including
improved plant energy generation and reduced operat-
ing and maintenance costs. The concepts are applica-
ble to new turbine installations as well. An indepen-
dent investigation by the joint venture of Alden
Research Laboratory, Inc., and Northern Research and
Engineering Corporation, under a second DOE con-
tract, also supported the achievability of ‘fish friend-
ly’ turbines with a unique design that is primarily
applicable w fish bypass flow schemes and new tur-
bine installations.

Today, a number of utilities in the USA arc upgrad-
ing mrbines to environmentally friendly designs as
part of their programme for relicensing and energy
gencration improvement. Utilides and water resource
agencies are also developing strategies and imple-

menting control sysiems to improve how they operate
their turbines to enhance water quality and fish sur-
vival when fish and/or low levels of DO are present.
The direct fish mortality of turbine bypass systems,
including spillways (which may also add detrimental
dissolved nitrogen) and fish collecting structures, are
undet investigaticn to provide an understanding of
bow all of the components of a hydro project can be
used to improve @is environmental compatibility. In
many cascs, passing fish through environmentally
enhanced turbine designs can result in higher overall
survival than bypassing fish through the dam’s spill-
ways [Ledgerwood, et al, 1990%, Normandeau Assocs,
1997°].

lncreasmg fish passage survival

By 1990, more than 40 years df investigating fish sur-
vival by catching fish downstream of turbines had not
provided comprehensive insights into actual mecha-
pisms affecting fish survival. The wrbine had been
treated as a ‘black box’ by many researchers. and only
vague rules-of-thumb had been developed to charac-
terize wrbines biologically. Beginping in 1990, a more
precise method for measuring fish passage survival
was introduced. This technique uses carefully
designed and conmolled testing with fish which can be
recovered with ‘balloon tags’ [Heisey, et al, 1992'],
Based on the results of those experiments, statistical
characterizations demonswating much higher fish sur-
vival began to emerge (Mathur and Heisey, 1992").
Survival rates measured for fish passing directly
through large turbines ranged from 88 to 94 per cent.

In the past five years. important rescarch aimed at
further understanding the mechanisms leading to fish
morality has been completed. Numerous workshops
bringing biologists. operators, regulators, and design-
ers together have improved insight into factors which
may influence survival. The US Department of
Energy's Advanced Hydro Turbine (AHT) programme
further stimulated a detailed investigation into mecha-
nistos for fish passage mortality through the use of
detailed numencal simulation of fluid flows in tur-
bines with 3D viscous computational fluid dynamics
(CFD) methods and careful balloon tag testing. As a
resule of the smdies. wrbine design improvements
which can be implemented in new machines or
through the rehabilitation of existing machines have
been developed [Franke, et al, 1997'%]. Limited field
tesung to date has verified many of the conclusions
reached [Normandeau Assocs and Skalski, 1996" and
1998").

An especially enlightening test of the existing tur-
bines al Wanapum dam. using balloon tagged fish,
verified many of the fish mortality mechanism models
[Normandeau Assocs and Skalski, 1996'; Fisher. et
al, 1997'] and showed that best efficiency operation
of Kaplan wrbines is not necessarily the most
favourable operating condition for fish survival. as
had previously been believed. Instead, operation at
higher flows was found to be safer for passing fish
(Fig. 1). ’

The research developed insights into monaliry
mechanisms for Kaplan turbines, with montality being
related to:

= wrbulent flows resulting from low efficiency
designs or plant operating strategies;

= turbulent flows and the trapping and cunting of fish
m the zone of flow passing near the turbine hub when
large gaps berween blade and hub exist (characterizing
the lower output operation of Kaplan turbines):
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» strike of fish by turbine blades or impact of fish on
other turbine structures:

* cavitation in turbine ‘watcr passages:

* abrasion of fish driven into rough turbine surfaces
by flow turbulence; and,

* wrbulence-induced or impact-induced dizziness
cnhancing the chance for predation losses as disori-
ented migrating fish are eaten by birds or other fish
when they emerge from the draft tube.

The number of turbine runner blades and stayvanes,
the length of the fish compared with the size of the tur-
bine. and the quality of the flow at the point of opera-
tion are key elements that characterize survival
[Franke, et al, 1997'? and Fisher, et al. 1997'%). Also.
the location of the fish in the water column and the
zones of flow through which the fish pass have been
found to be important.

As a result of insights gained, a comprehensive envi-
ronmentally enhanced Kaplan turbine concept was
developed. The required features depend on site-spe-
cific goals and include designs having:

* high efficiency over a wide operating range with
reduced cavitation potential (results from rtoday’s
advanced technology design verification tools):

< a gapless design for hub, discharge ring, and blades
(Fig. 2) that enhances fish passage survival.

* a non-overhanging design for guidevanes:

* environmentally compatible hydraulic fluid and
lubricants:

¢ greaseless guidevane bushings: and.,

* smooth surface finishes in conjunction with

upgrades for stayvanes. guidevanes and draft twbe
cone.

To address the changes in mortality associated with
how the turbines are operated. new technology in
measurement transducers and control systems have
been used to improve control system designs to:

* sense fish presence at each turbine and limit turbine
operation (o ‘fish friendly’ modes when fish are pre-
sent;

* automatically update Kaplan wurbine ‘digital cam
surfaces’ to most efficient operation at each head and
flow 1o ensure proper optimization of operations and
minimization of fish injuring flow turbulence;

* sense active cavitation and limit turbine operation to
non-cavitating conditions; and,

* optimize plant output when fish are present to

achieve targetcd fish passage survival based on fish
presence, location. rurbine passage monality, spillway
fish mortality. fish bypass charactenstics, and twial
dissolved gas generated during spilling (Fig. 3).

Furthermore, ncw technology for generator designs
can be implemented for plants with large changes in
hcad. Particularly important for Francis units is that
turbine operations can be adjusted for optimum fish
surviva) conditions, independent of the operating
head, by using adjustable speed gencrators and
advanced control systems.

Elements of the e-‘fish"<mt™ Kaplan have been
implemented in the rehabilitated designs installed at
the Rocky Reach powerplant in Washingion Suate,
USA, [McKee and Ross. 1995'"] and at the Bonneville
project of the US Corps of Engineers [Mocntenich,
1997"*]. An even more advanced design has been
developed and model tested for the Grant County
PU.D.'s Wanapum dam (Hron, et al, 1997'%). These
turbines fearure partly or fully ‘gapless’ designs, as
well as some of the other faatures discussed above.
Fish survival testing using balloon tags at Rocky
Reach showed that eliminaton of the gaps down-
stream of the blade centre of roration resulted in a 4
per cent improvement in fish passage survival at lower
operating powers where gap size was large [Franke, ct
al, 1997®). Testing of the fish passage survival of the
new minimum gap design at Bonneville is planned for
the spring of 1999.

An environmentally enhanced Francis turbine con-
cept was also developed. Fearures include: a low tur-
bulence, high efficiency design with reduced cavita-
tion and a reduced number of blades compared with
traditional designs; a non-overhanging design for
guidevanes; use of ecavironmentally compatible
hydraulic fluids for govemors; greaseless guidevanc
bushings; upgraded surface finishes for stayvanes,
guidevanes, and draft tube cone: adjustable speed gen-
erator for wide head range plants; and, an advanced
control system for speed adjustment and/or for opti-
mized energy generation while operating units and the
plant at flows maximizing fish passage survival when
fish are prcsent in the flow. The Table below shows
the strike related effect of arbine size and number of
blades on fish survival.

Further research is under way. Advanced zonal
mamx models 1o estimaic fish passage survival as a
consequence of turbine geometry and operational
characteristics are being developad and evaluated.
Fig. 4 shows the results of such a model where lines of
constant fish passage survival are shown superim-
posed on the turbine efficiency performnance charac-
teristics. Field tests of eel survival for a propeller tur-
bine design comelated well with predicted survival
[Normandcau Associates and Skalski, 1998'"] using
the zonal mauix model.

Strike related cHect of turdine size and pumber of blades oa fsh survival

Number of blades  Usiog D=10m UsingD=541m
Susvival probability  Survival probability
(per cem) (per cent) |
New 25 89.7 98.1
Original 18 92.6 98.6
New 15 93.8 98.9
New 13 94.6 990
New 1 95.5 99.2

Operarion Module (patens pending) responds to the presence of
fish by forcing operation of the rurbinss with sensed fish pres-
ence 10 the discharge providing the highest fizh survival.

Considering only simike indiced monaliry for Francis turbines of rwo differens sizes
(D) and uarious bers of rwwer blades, large turbinex with a smaller number of
blades provide bener conditions for survival

Hydropower 3 Dams  Issus Five. 1999
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Fig. 4 .Calculated fish survival for a bulb turbine superim-
posed on the turbine performance characteristic curve. Note
that best survival occurs at flows higher than besi efficiency
flow. The calculated survival is a funciion of the specific
turbine geometry (including the number of blades and stay-
vanes), the hydraulic condition of the the turbine and the size
and location of the fish entering the wrbine.

In another application of new technology, an
advanced computational method for estimating trajec-
tories of fish-like bodies passing through hydropower
plants is now under development The method is
based on the assumption that a fish swimming through
the complex, three-dimensional flow field of a hydro
turbine (obtained by a separate 3D viscous calcula-
tion) can be approximated as a body of simplified, yet
fish-like geometry moving through the precomputed
flow field. The motion of such a ‘virtual fish' is gov-
emed by a set of differential equartions which account
for the fish mass and various flow-induced forces.

Fig. 5. The small ellipsoids characterize the position of the
‘virtual fish’ passing through a turbine draft nube flow ficld.
Forces acting on the virtual fish are calculared from velociry
and pressure loading acting on the fish bady surface and are
displayed exicrnal 10 the drafy tube above.

This model can pot only be used to esumate the ua-
jectory of a virwal fish from the forebay to the wil-
race. but can also provide very specific informanon
about a varniery of flow-induced loads to fish passing
through various 20nes of turbine flow, see Fig. S
[Sodropoulous, Ventikos and Fisher, 1997*').

Use of these advanced tools. in conjuncuon with
well planned and executed physical tests to validate
the injury mechanisms, will help turbine designers and
biologists to improve fish passage survival and
enhance the image of hydropower as ‘green power’
and a rencwable resource.

Increasing dissolved oxygen in
turbine discharges

Development of methods for increasing dissolved
oxygen in turbine discharges has been underway for
nearly 50 years. and in the last ten years, significant
progress has been made. TVA has been a consistent
driver of these developments. Through its Noms
Engincering Laboratory, TVA has developed reliable
line diffuser technologies for low-cost aeration of
reservoirs upstream of hydro plants [Mobley and
Brock, 1996®) and effective labyrinth weirs and
infuser weirs for aerating flows downstream from
hydro plants (Hauser and Brock, 1994%]. The most
cost-cffective technology for Francis turbines, where
site conditions permit, has been found to be the use of
the low pressures induced by the water flowing
through the turbine to aerate the flow.

For upgrades and new construction, an on-going
joint development project by TVA and Voith Hydro,
Inc. has made subsaantial improvements in the design
of the ‘auto-venting' twrbine (AVT) [Hauser and
Brock. 1994%; US DOE, 19913*; March. et al, 1992%].
Extensive development with scale models and ficld
tests was used to validate acrating concepts and deter-
mine key paramcters affecting aeration performance.

The new awo-venrning turbine for Norris dam Unit 2.

Hydropower & Dams Issue Five, 1999
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Fig. 6 .The levels of dissolved oxygen in water discharging
from the turbine was increased as g result of the turbine uera-
tiont af Nornis dum (1996).

Specially shaped wrbine component geomeurics were
developed for enhancing low pressures at locations for
aeration outlets in the turbine water passage, for draw-
ing air into an efficiently absorbed bubble cloud as a
natural consequence of the design, and for minimizing
the power lost as a consequence of aeration. New
mcthods werc also developed to manufacture turbine
components for effective acration.

TVA's Norris dam was selected as the first site to
demonstrate this technology. The two Norris AVT
units contain options to aerate the flow through cen-
tral, distributed, and peripheral outlets at the exit of
the turbines.

In testing the new auto-venting turbines, measure-
ments are required 10 maximize the environmental and
hydraulic performance of the aeration options. The
environmental performance is evaluated primarily by
the amount of DO uptake. while the hydraulic perfor-
mance is based on the amount of aeration-induced
efficiency loss. At Normis, each aeration option has
been tested [Ruane and Hauser. 1993°*; Hopping, et al,
19977) in single and combined operation over a wide
range of turbine flow conditions. For cnvironmental
performance, results show that up to 5.5 mg/L of addi-
tional DO uptake can be obtained for single unit oper-
ation with all aeration options operating. In this case,
the amount of air aspirated by the wrbine is more than
twice that obtained in the original turbines with hub
baffles. To meet the 6.0 mg/L target that has been
cstablished for the project, an additional 0.5 mg/L of
DO improvement is obtained by the flow over a re-
regulation weir downstream of the powerhouse. For
hydraulic performance, efficiency losses ranging from
0 to 4 per cent are obtained, depending on the operart-
ing condition and the aeration options. Compared
with the original rurbines at the plant, these replace-
ment units provide overall efficiency and capacity
improvements of 3.5 and 10 per cent. respectively
[Hopping, March and Fisher, 1997®]. The new run-
ners have also shown significant reductions in both
cavitation and vibrations.

In general, the environmental and hydraulic perfor-
mance of a given option varies with the site head and
site power output. [n these conditions, the options
used to meert a target DO can be strategically chosen
1o minimize the zeration-induced cfficiency loss.

As an example, consider the 1996 DO data for the
nevw units at Norris, shown in Fig. 6. Turbine aeradon
was initiated in July, when the scroll case DO began 1o
drop. Throughout the low DO season, based on the
head, power and required DO uptake, a mix of aera-
tion options was used. Aeration ended in November
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after reservoir turnover. On average, the DO down-
stream of the project was maintained near the 6 mg/L
target (except for a period when aeration was disrupt-
ed for an extreme scries of performance ests of the new
units). During the same period the averagc aeration-
induced turbine efficiency loss was about 1.9 per cent.
As is the case with improvements to fish passage
survival, additional research is under way to improve
designs for acraung turbines further. In one project.
computer flow simulations using advanced numerical
methods have been developed to model the processes
involved in increasing the effectiveness of aeration.
*Virtual bubbles’ injected into rurbine flows are being
used 1o calculate bubble size and oxygen wransfer effi-
ciency. By the use of the advanced numerical simula-
tion, oxygen uptake cfficiency as a function of chang-
ing design and operating parameters can be refined
further. Improved software to calculate the influence
of aspirated air on turbine performance and on the
pressure at the air admission point is being studied.
and the design of improved mechanical sysiems for
transporting air to critical locations is underway. Field
tests to verify design assumptions continue to play an
important role in improving the methodology.

Conclusion

Significant progress is being made in removing the
‘tamnish’ from hydro’s image and supporting hydro's
legitimate role as a clean, environmentally sound,
rencwable, and affordable resource. Testing of proto-
type solutions has indicated that effective improve-
ments are being achieved, improving water quality at
hydro sites and reducing hydro’s impact on aquatic
life. Progressive wtiliues are working hard to imple-
ment these new developments and to operate their
hydro systems to balance environmental responsibili-
ty and economical power generation.

Additional research is needed to refinc fish damage
models and additional testing must be conducted to
enhance the understanding developed to date and to
verify the applicability of the new degsigns to a wider
range of projects; 0
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