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Turbines for Solving the DO Dilemma

Increasing the dissolved oxygen levels in water discharged from hydroelectric
stations is a significant challenge. Research and development on re-aerating
turbines promises to provide effective solutions.

By Patrick A. March, Thomas A. Brice, Mark H. Mobley, and Joseph M. Cybularz

The hvdroelectric industry has ex-
perimented with adding air to water
flowing through a turbine as a means
of improving water quality—including
increasing dissolved oxygen levels—for
nearly 40 years. In the late 1950s, TI.
Wagner reported on his experiments in
West Germany with artificial aeration
of river water.! Also in the 1950s,
turbine acration was introduced in the
U1.S. to minimize the effects on river
water quality caused by walers dis-
charged from pulp and paper mills and
municipal sewage systems.” By 1961,
turbine aeration systems were operat-
ing at 18 hydro plants on the Flam-
beau, Lower Fox, and Wisconsin
rivers.® In recent years, several fed-
eral agencies, private researchers, and
turbine manufacturers have conducted
a comprehensive analysis of aeration
techniques. This analysis has led to
the development of a turbine runner
that can provide needed aeration and,
at the same time, can increase the
hydro unit’s efficiency and capacity.
The new design offers opportunities
for hydro plant owners to improve
water quality and optimize operations.
The new design is especially promising
for situations involving plant rehabili-
tation.

Justifying the Need
For an Aerating Turbine

Environmental concerns broadly af-
fecting the electric power industry
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This photograph shows the madel of the new auto-venting turbine runner (left) and the model
of the existing runner (right) at the Norris hydroelectric facility. TVA plans to procure, install,
and evaluate two auto-venting turbines at the Norris plant. The new runner should provide a
capacity increase of 7 percent and an sefficiency increase of 1.8 percent.

include the depletion and disruption of
fossil fuel supplies, the potential for
global climatic changes, and uncertain-
ties about long-term nuclear waste
management. As a result of such con-
cerns, the electric power industlry is
focusing attention on renewable, non-
polluting energy technologies, includ-
ing hydroelectric power. Hydro uses a
clean, renewable “fuel”—water; is in-
cxpensive to generate; provides a
reliable domestic power source; and
does not significantly pollule the air,
land, or water. However, hydropower
facilities can affect aquatic habitat. For
many facilities, the primary concern
regarding fish protection is the quality
of the water discharged from the tur-
bines, specifically the dissolved oxygen
(DO) levels in the water. Low DO
levels are potentially harmful to aquatic
life.

Relicensing or rehabilitating a hy-
droelectric facility offers an oppor-
tunity to address concerns over DO
levels and other water quality issues.

The auto-venting turbine (AVT), a
hydroturbine designed to aerate the
turbine discharge with minimal effect
on operating efficiency, represents a
promising technology for cost-effec-
tively improving the quality of the
water released from hydro plants. A
recent U.S. Department of Energy
(DOE) assessment of renewable en-
ergy technologies notes, “...require-
ments of the Electric Consumers Pro-
tection Act and cumulative environ-
mental impacts will, in many cases,
require  dramatic water quality im-
provements before many (hydro)
plants may be relicensed after their
current license expires. The devel-
opment of new design replacement
turbine runners with improved efficien-
cy and air ingestion capabilities should
be desirable.”

A Primer on Dissolved Oxygen

In many hydropower reservoirs,
organic material washes into the res-
ervoir during spring rains and settles
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One conventional alternative for increasing DO levels in hydropower
releases is to install baffles on the turbine hub to create localized
low pressure areas and aspirate air directly into the turbine dis-

to the bottom. During the summer
months, thermal stratification of the
reservoir forms a surface layer of less
dense, warm water with relatively
high levels of dissolved oxygen. The
DO in the colder water on the bottom
layer reacts with the organic sedi-
ments, reducing the overall DO level.
Hydroturbine intakes typically with-
draw water from this oxygen-depleted
layer, which creates the problem of
low DO levels in the water released
from the turbine.

Numerous factors, such as terrain,
size and type of watershed, seasonal

lemperature variations, intensity and
frequency of rainfall, amount of inflow,
intake structure design, reservoir sys-
tem operations, and hydropower op-
erations affect the DO levels in hydro-
power releases. The experiences of
three federal hydropower producers
illustrate the site-specific nature of DO
levels. A survey assessing the prev-
alence of DO problems in federal
water resource facilities found some
degree of DO concerns at 8 percent of
the 52 U.S. Bureau of Reclamation
projects, located primarily in the West
and Southwest; at 18 percent of the
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Figure 1: This graph plots measured losses in power generating efficiency during turbine
aeration with a variety of techniques for 15 hydro units at eight TVA plants and one Corps of
Engineers plant. For this data, the percent reduction in efficiency is generally lower than the
percent ratio of volumetric air flow to volumetric water flow (Qa/Qw).
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charge. Removable hub baffles are installed at TVA's Norris hydro
plant. These photographs show the Norris tailrace without (left) and
with {right) aeration through the hub baffles.

75 U.S. Army Corps of Engineers
projects, located throughout the
country; and at 42 percent of the 30
TVA projects, located in the South-
east.”

Understanding Is Not Enough:
How Do You Solve the Problem?

Conventional methods for increasing
DO levels in hydropower releases
include selective withdrawal intakes,
weirs, surface pumps, diffusers, com-
pressors, and hub and draft tube baf-
fles (obstruction devices). All of these
techniques have been tried at hydro-
electric facilities, with varying degrees
of cost effectiveness and reaeration
performance.>®” For alternatives in-
volving air injection or aspiration di-
rectly into the hydroturbine, about 1
percenl of air by volume is typically
required to increase DO by 1 milli-
gram per liter (mg/L).

Figure 1 shows measured losses in
power generating efficiency during
turbine aeration with a variety of
techniques for 15 Francis units in-
stalled at eight TVA hydro plants and
one U.S. Army Corps of Engineers
plant. Reducing these efficiency losses
is a major objective in development of
the auto-venting turbine. [Much of the
past work on aeration of hydroturbine
releases to improve downstream
water quality is summarized in a re-
port prepared by TVA for the U.S.
Army Engineer Waterways Experi-
ment Station, Techniques for Re-

aeration of Hydropower Re-
leases.’—Ed.]
Developing the AVT:

A Collaborative Approach
In 1987, TVA initiated a program to
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Figure 2: This graph gives efficiency results (without aeration) from
model tests of the existing Norris runner with hub baffles and of the

proposed auto-venting Norris runner.

develop physical modeling and numer-
ical modcling tools for auto-venting
turbine design and to demonstrate
aulo-venting turbine technology with a
full-scale installation. The goal of the
program was to provide up to 6 mg/L
of dissolved oxygen in hydropower
releases, while minimizing the effect of
aeration on generating efficiency, ca-
pacily, and reliability. The approaches
used in developing auto-venting tur-
hine technology include numerical
modeling, physical modeling, and pro-
totype evaluation. In addition to TVA,
the U.S. Army Corps of Engineers,
the University of lowa's Institute of
Hydraulic Research, the U.S. Bureau
of Reclamation, the lTowa Investors-
Owned Utilities, and Voith Hydro have
been involved in the research, devel-
opment, and demonstration of auto-
venting technology.

The Corps of Engineers’ Waterways
Experiment Station (WES) has pro-
vided TVA with a mean properties
model for correlating laboratory and
field data on DO increases. Data in-
clude mean air concentralions, air/wa-
ter contact time, and DO deficit. WES
also plans to use a numerical turbu-
lence model to investigate turbulence
effects on bubble size distribution, gas
transfer, and model/prototype scaling.

Researchers at the University of
lowa’s Iowa Institute of Hydraulic Re-
search (IIHR) are adapting an existing
numerical flow model developed for
the U.S. Navy. This model will com-
pute pressures, velocities, and turbu-
lence levels throughout a turbine’s
flow passageway. These data will help

Figure 3: This graph presents typical efficiency loss and aeration
results from model tests for a net head of 190 feet and maximum

gate opening (100 percent).

in selecting locations within a turbine
where aeration can be most satisfac-
torily accomplished. The model will be
useful for predicting the mixing and
distribution of entrained air and for
scaling of model results to prototype
behavior. Experimental tests with
swirling air/water mixtures flowing in a
vertical test loop are also underway at
IIHR. TVA, the Bureau of Reclama-
tion, and the Towa Investors-Owned
Utilities Research Program have pro-
vided funding for the ITHR work.

In the development of auto-venting
turbine technology, TVA is initiating
and coordinating the research efforts
of various organizations. TVA’s spe-
cific research efforts include:
—Preparing a comprehensive re-aera-
tion database and analyzing existing
data on air flow rates, oxygen in-
creases, and efficiency degradation;
—Applying WES's mean properties
model to predict DO increases;
—Developing scaling techniques (o
predict aeration performance and effi-
ciency performance of a full-scale auto-
venting hydroturbine from model test
results;

—Testing turbine models and analyz-
ing data;

—Investigating methods to maximize
oxygen transfer after air is introduced
into the flow;

—Developing numerical formulations
for simple air/water flows;
—Integrating two-phase flow formula-
tions into the ITHR model to create a
comprehensive numerical model for
air/waler flow in a hydroturbine; and
—Evaluating prototype performance.

In 1988, TVA funded two hydrotur-
bine manufacturers, Voith Hydro, Inc.
and American Hydro, both of York,
Pennsylvania, to use their existing
numerical models to compute the per-
formance of two 50-MW Francis tur-
bine units at TVA’s Norris Hydroelec-
tric Facility. (DO levels at Norris fall
below 1 mg/L during late summer and
early fall. Removable baffles are in-
stalled on the turbines to create local-
ized low pressure areas and aspirate
air directly into the turbine discharge.
The baffles are effective, typically
raising the DO levels to 3.5 to 4 mg/L.
However, when operating, the baffles
cause efficiency losses—about 0.5 per-
cent loss due to the baffle itself and
another 1 percent loss due to the air.)
TVA asked the manufacturers to pro-
pose and evaluate alternatives for in-
creased aeralion and to estimate the
performance of aerating replacement
runners. Of the allernatives tested,
TVA selected several for additional
evaluation, including air injection
through: a redesigned turbine hub, or
deflector; discharge edges of the tur-
bine blades; coaxial diffuser; discharge
ring; draft tube cone; and combinations
of these.

A Closer Look at
AVT Model Tests

As part of the research effort in
development of an auto-venting tur-
bine, in 1991 TVA and Voith Hydro
co-funded extensive physical model
studies to investigate effects of aera-
tion alternatives on performance of a
medium-head Francis turbine. Model
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tests were conducted for the turbines
at the Norris hydro plant, which are
scheduled for runner replacement in
1994. The testing included efficiency,
cavitation, runaway speed, pressures
and pressure pulsations, air flow, and
DO measurements. The tests were
performed on a model of the existing
runner and for a model of a replace-
ment runner designed to provide im-
proved efficiency, increased capacity,
and additional aeration using the alter-
natives identified by Voith and Ameri-
can Hydro in the earlier numerical
investigations.

A turbine test stand al Voith’'s Hy-
draulic Laboratory in York was used
for the design studies. The laboratory
has two test stands, which share a
120,000-gallon underground reservoir,
two service pumps, and a central
control room. Each test stand includes
a head tank, penslock, test section,
tail tank, and dynamometer. The ser-
vice pumps and a vacuum pump on the
tail tank control the flow rates and
pressures during operation.

Figure 2 gives results (without aer-
ation) from model tests of the existing
Norris runner with hub baffles and of
the proposed auto-venting runner. At
a net head of 190 feet, the auto-vent-
ing runner provided a capacity increase
of 7 percent and an efficiency increase
of 1.8 percent.

Figure 3 presents typical efficiency
and aeration results for a variety of
aeration alternatives from the model
tests for a net head of 190 feet and
maximum gate opening (100 percent).
Aeration through the discharge edges
of the turbine blades improved effi-
clency over a range of air flows,
presumably due (o reduced flow sepa-
ration at the high head/high gate con-
dition. The discharge ring, draft tube
cone, and combination of discharge
edge and draft tube cone provided a
reasonable balance between efficiency
losses and aeration performance. The
largest efficiency losses, as expected,
were observed with the coaxial dif-
fuser. Based on the model tests, most
of the alternatives, when installed on a
full-scale turbine, will pull air in with-
out the requirement of external com-
pressors.

What about the Future?

TVA's current plans call for the
procurement, installation, and evalua-
tion of auto-venting turbines for both
units at the Norris plant. One unit will
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include aeration through the deflector,
the runner discharge edges, and the
draft tube cone. The other unit will
include aeration through the deflector,
the runner discharge edges, and the
discharge ring. TVA also is consider-
ing instaling new auto-venting tur-
bines at its Wilson and Tims Ford
plants.

The selection of an aeration alter-
native for turbine discharges is com-
plex and site specific. Aeration alter-
natives must be compared on the basis
of aeration performance, capital costs,
operating costs, reliability, and main-
tenance costs. Model test results indi-
cate that the multiple objectives of
efficiency increases, capacity in-
creases, and aerated releases are
attainable. Consequently, an auto-vent-
ing turbine represents an attractive
option, particularly if the installation is
carried out in combination with a
planned uprating or rehabilitation.  []

Messrs. March and Mobley may be
contacted at the Tennessee Valley
Authority Engineering Laboratory,
PO. Drawer E, 129 Pine Road,
Norris, TN 37828; (615) 632-1900.
Mr. Brice may be contacted al the
TVA Chattanooga Office Complex,
Room MR3B-C, Chattanooga, TN
37402-2801; (615) 751-2402. Mr.
Cybularz may be contacted at
Voith Hydro, P.O. Box 712, York,
PA 17405; (717) 792-7828.
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