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EXECUTIVE SUMMARY

During 28-30 October 1986, the Office, Chief of Engineers (OCE), under
the Water Qperations Technical Support (WOTS) Program sponsored a workshop on
reservoir releases, which was conducted by the US Army Engineer Waterways
Experiment Station (WES). OCE, WES, and Divisions and Districts from across
the Corps of Engineers (CE) and other Federal and local agencies were repre-
sented by partiecipants and presenters at the workshop. A list of workshop
attendees is included in the workshop proceedings. The objective of the work-
shop was to provide a forum for the exchange of information related to reser-
voir release water quality problems and potential evaluationrand solution
techniques and methodologies to improve reservoir releases. Papers were
solicited from across the CE, the Bureau of Reclamation, and the Tennessee
Valley Authority (TVA). Examination of the Table of Contents and the workshop
Agenda will reveal the breadth of the topics discussed in the twenty-seven
papers presented at the workshop. In overview, the papers were presented in
five categories: (1) Water Quality Policy; (2) Measurement, Evaluation, and
Prediction Techniques; (3) Operational and Tailwater Techniques; (4) In-
Structure Techniques; and (5) In-Reservoir Techniques. Generalized and
specific case studies of reservoir release water quality problems and
solutions were presented.

In general terms, papers in Session I: Water Quality Poliey, covered
some of the issues that have impacted and shaped the existing posture
regarding reservoir release water quality. Representatives of the OCE and TVA
presented papers on each agency's policies regarding the quality of reservoir
releases. Both agencies have clear objectives to maintain suitable aquatic
habitat downstream of reservoir projects and to improve the release quality
when possible within the guidelines of authorized project purposes. Specif-
ically identified as a developing policy question is the challenge to develop
a strong poliey of nondegradation of release water quality at projects where
non-Federal hydropower is proposed. TVA and CE, based on the papers in this
session, appear to be in transition from primarily identification and assess-
ment of water quality problems to emphasizing the monitoring and management of
water quality. To these ends, remote satellite data acquisition equipment is
being developed and deployed to permit the effective use of fisecal and man-

power resources to achieve the monitoring/management objectives,



Papers in Sessions IIA and IIB: Measurement, Evaluation, and Prediction
Techniques, contained generalized topics related to existing capability to
model and thereby evaluate various aspects of water quality in reservoirs and
regulated streams. Quality parameters of interest were temperature, dissoclved
oxygen (DO), and suspended sediment. Other papers dealt with the effects of
and methods to evaluate the impacts of reservoir releases on tailwaters, A
general paper on modeling provided an overview of several approaches available
to evaluate reservoir release water quality with a brief review of two appli-
cations of these modeling techniques. A case study was presented on the
application of a one-dimensional model for simulating the transport of
suspended sediment into and through a reservoir. Other papers presented case
studies on the evaluation of a modified reservoir withdrawal structure, the
potential impacts on in-lake and release temperatures of a pool raise and
storage reallocation, and the application of a reservoir system model for
real-time control of DO. Two papers focused on predieting the effects of
release improvement on project tailwaters below several TVA reservoir projects
and Buford Dam, a CE project, on the Chattahoochee River. Of parficular
interest in these two papers were the effects of providing minimum flows
downstream of a reservoir and the application of an aquatic habitat model
PHABSTIM.

The papers in Session III: Operational and Tailwater Techniques,
presented case studies on the data collection and analysis to determine the
causes of low DO downstream of a hydropower project. A case study was
presented on a project where provisions were made to provide minimum flows
downstream of a hydropower project. Two papers presented applications 6f a
numerical model of selective withdrawal that can prediet release quality
characteristices and can provide guidance on the operation of a multilevel
outlet structure.

In Session IV: In-Structure Techniques, the results of generalized
research and specific applications of the concept of blending in a single wet
well to control release water temperature were presented. Additiocnally,
several applications of turbine venting to increase the DO content of releases
from hydropower projects were discussed.

In the last session, Session V: In-Reservoir Techniques, in-lake aera-
tion and oxygenation systems were the topies of several papers that outlined

experiences at TVA and CE projects. At both, the oxygenation system was



designed to improve the reservoir DO concentration in a local area, At the CE
project, the water that was improved was for release quality maintenance. At
the TVA project, the locally improved water was to provide a haven for striped
bass., Case studies were presented relating results of applications of local-
ized destratification for release improvement. These studies specifically
dealt with the use of an epilimnetic pump and early experiences with a
pneumatic destratification system. Another paper developed the design of a
local hydraulic destratification system. Of particular importance was a paper
from the Bureau of Reclamation that outlined a design procedure for pneumatic
destratification systems,. Additionally, the results of operating a retro-
fitted selective withdrawal structure were presented.

Appreciation must be expressed to OCE for sponscoring the workshop
through the WOTS Program; to the session chairmen for efficiently presiding
over their topic areas; to the presenters who provided the information and
technology transfer; to Mr. Dennis Barnett who was the local point of contact
from the South Atlantie Division; to Mr, William N. Rushing who made all the
physical arrangements; and to personnel of the WES Hydraulics Laboratory who

conducted the workshop.



PREFACE

This report presents the proceedings of the CE Workshop on Reservoir
Releases that was held in Atlanta, Georgia, 28-30 October 1986. The workshop
was funded by the Water Operations Technical Support (WOTS) Program, which is
sponsored by the Office, Chief of Engineers (OCE). The workshop was organized
and conducted by personnel of the US Army Engineer Waterways Experiment Sta-
tion (WES). Mr. Steven C. Wilhelms of the Reservoir Water Quality Branch
(RWQB), WES Hydraulies Laboratory, and Dr. Richard E. Price, Acting Chief,
RWQB, were the principal conference coordinators. Mr. Wiliiam N. Rushing,
Assistant Program Manager of WOTS, WES Environmental Laboratory, made ar-
rangements for the workshop facilities and served as peint of contact for
submission of abstracts and papers. Messrs, Wilhelms and Rushing and
Dr., Price were assisted in workshop administration by Ms. Laurin I. Yates.
Messrs. Jeffery P. Holland, Chief, RWQB, John L. Grace, Jr., Chief, Hydraulic
Structures Division, and F. A. Herrmann, Jr., Chief, Hydraulics Laboratory,
directed the effort. Mr. Wilhelms prepared the Executive Summary and
organized the remainder of this report.

Dr. Jerome L. Mahloch, Envirommental Laboratory, WES, was Manager of
the WOTS Program. The Technical Monitor of the WOTS Program for QCE was
Mr. David P. Buelow.

COL Dwayne G. Lee, CE, was the Commander and Director of WES,

Dr. Robert W. Whalin was Technical Director.
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POLICY ISSUES
ASSOCIATED WITH RESERVOIR KELEASES

by

John 3. Crossman, Ph.D.
Environmental Scientist, Environmental Quality Staff
Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

Reservoir releases from the Tennessee Valley
Authority's (TVA) dams are adversely affecting
approximately 340 miles of stream during late
summer, low flow conditions. The parameter of
greatest concern and the one most oftem failing
to meet State and Federal water quality
¢criteria is dissolved oXygen {DO}.
Unacceptably low no concentrations in
combination with reserveir operations that
leave satream beds dry for up to 45 days per
year have severely impacted tailwaters and have
virtually eliminated any potential they offer.
Because of changed publie priorities, TVA is in
the process of addreasing and/or accommodeting
the nonstetutory demands being made on TVA's

reservoir system. However, majoer policy
questions that still need to be addressed
include: {1} are reserveir releases being

improved to restore beneficial uses or to
develop the resource, (2} should the cost of
improvements be paid by the ratepayer or
taxpayer, and (3) what 1level of improvement
should TVA strive for?

INTRODUCTION

The IVA integrated water control system of 40
dams comprises what is generally considered the
most regulated river system in the world.
Developed in accordance with a comprehensive
plan mandated by the TVA Act, the Nation's
fifth largest river is mansged primarily for
fleod control and navigation, and as consistent
with these statutory purpeses it also provides
hydroelectric power. Largely completed by the
late 19508, TVA's multipurpose reservoir system
has bheen one of the cornerstones of the
region's succeas in economic growth and
developmant. Estimated benefits provided by
the reservoir system for the 1934-83 period
{expressed in 1982 dollars) are:

o Flood Control Benefits: Total flood
control benefits from the IVA system
are estimated to be $4,127 million .
based on the cost of flood damages
prevented.

o Navigatioen Bemefits: Total navigation

benefits of the TVA reserveir system
are estimated to be $3,655 million .
[as determined] by comparing the cost
of moving freight via the Tennessee
River to the next cheapesat mode and
route of transporation.

o Recreation Benefits: Total estimated
banefits associated with recreational
activities made possible by the
resecvoir system are $6,363 million.

o Hydroelectric Benefits: The  total
value of the benefits associated with
the production of electricity by TVA's
system of dams and reservoirs is
batween $8.3 billion and $12.9 billion
depending on the method used to measure
them, i.e., based on TVA average
wholesale rates or nationgl average
wholesale rates (Anonymous VA,
1985).1

As the Valley's ececnomy has improved and public
prierities have changed, IVA has suctessfully
modified its operations to accommodate to some
degree many of the nonstatutory demands made on
the system. For example, TVA currently
operates its system to meet water supply needs,
to ¢ontroel mosguitos and aquatie vegetation, to
reduce the adverse effects of downstream
effluent releases such as thermal discharges,
and te provide for recreational use, Among
other things, these changes have helped
eradicate malaria from the Valley, they support
a fisheries velued at $425 million per yesr,
and they support a recreation industry that
drews 70 million visits per year {(Mills and
Jones, 1986).

NEW EXPECTIONS - TVA REGION

A study by TVA's Reservoir Development 3Hranch
indicates that the recreational use of TVA's
reservoir system is expected to grow by over

10 million viasite during the 1980s (Anonymous
TVA, 197%). If the Labor Department's Bureauy
of Labor Statistics trend on high employment
growth in eamusement and recreation aservices
holds true for the TVA area, recreation will be
a growth industry deserving greater considera-
tion in the way the Valley's water resources
are managed,

In addition to the expected recreational
demands, environmental c¢oncerns related to
wastewater treatment and meeting water guality
standards are placing new demands on the
quality and quantity of releases from water
resource projects. For example, in Tennessee

-1, The real {inflation adjusted) rate of return

is in the 7-10 percent range which is
roughly double the return society received
on investments made during the same period.



the governor's Safe Growth Team has noted that
economic growth may be compromised by the in-
ability of many communities to provide adequate
wastewater treatment. This was summarized in a
1982 report to Governor Alexander in which the
Safe Growth Team reported that:

At present there are 89 communities’
in Tennessee where the inadequacies
of wastewater treatment facilities
are so great that water quality
standards are regularly violated in
the streams receiving these wastes.
Approximately 530,000 Tennesseans
live in these communities. A much
larger number of our citizens are
affected because of the widespread
recreational use of the waters of the
State (Smith, 1982).

When considered in conjunction with the
following observations, it is no wonder that
states are making water issues a priority.

o During the 1975-82 period, the Nation
was spending between $4 and $7 billion
per year on municipal waste Creatment
facilities with appreximately 75
petcant of the monies being provided by
the Environmental Protection Agency's
congtruction grants program. Today
this program has been scaled back to
$2.4 billion per year and the Federal
share has been reduced from 75 to 535
percent.

o It is estimated that it will cost $1.2
billion to meet the wastewater
treatment needs in just the Tennessee
Valley region through the year 2000.

o EPA's new Municipal Compliance Policy
is placing new demands on the BStates.
It apecifically calls for enforcement
actions against municipalities not
complying with appropriate provisions
of the Clean Water Act whether Federal
wastewater treatment funds are
available or net (Wyatt, 1986).

RESQURCE MANAGEMENT CHALLENGES

Az clean water related issues gain increased
public atrention, water resocurce mansagement
agencies should expect questions on how they
plah to address and/or accommodate these issues
while meeting the project uses authorized by
Congress. Recent initiatives supporting this
chearvation include:

o In Tennessee, State water gquality and
natural resource agencies have
indicated an increased concern about
water gquality and instream flows
downstream of &1l dams in the State.
The Tennessee Division of Water
Pollution Control has proposed the
adoption of language in their water
quality standards regulations
specifying that the State's use
designations and DO criteria, i.e., 5.0
mg/l for warmwater C[isheries and 4.0
mg/l for coldwater fisheriesz, are
applicable to all tailwaters " . . . up
to the toe of the dam.” The Tennessee
Water Quality Control Board and the
Tannessee Wildlife Resources Commission

have also adopted resolutions urging
TVA to move beyond its experimental

releases improvement programn anhd
mitigate the impact of its reservoir
releases.

¢ EPA has developed a draft guidance
document clarifying the need to control
nonpoint sources of pellutants Lhrough
nonpoint souree controls, best
management practices (EMP's}, and how
BMP's =should be implemented Lto meet
water quality standards.

o Pending hydropower licensing, omnibus
water resources, and clean water bills
in the House and Senate indicate that
increased emphasis on environmental and
energy conservation requirements is
likely to be placed on new as well as
existing hydropower projects. The most
envirenmentally significant legislation
involves hydropower relicensing in
which Congressmen Markey, Dingell, and
others are reccommending changes to the
Federal Power Act that require the
Federal Energy Regulatory Commission,
in deciding whether to issue a license
for any project, to give equal
congideration to energy conservation,
fish and wildlife aemenities (including
related spawning grounds and habitat),
recreational opportunities, and the
preservation of environmental guality
to the power and development purposes.

TVA'S RESERVOIR RELEASES SITUATION

In August 1978, an interoffice task force
preparad & special executive report for the IVA
Board of Directors on Gthe impact of TVA's
projects on downstream uses and water gquality
{Anonymous IVA, 1978}, One of the most
significant findings of the report was that
releases from TVA's dams were adversely
impacting approximately 340 miles of stream.
The parameter of greatest concern and the one
most often failing to meet State and Federal
water quality c¢riteria was dissolved oxygen
{DO). Unacceptably low concentrations of DO in
combination with operations that leave stream
beds dry for extended periods of time had
virtually eliminated the teailwater resource and
any development potential it offered.

The number of days that releases from TVA's
dams failed to meet protective criteria varied
from a minimum of three days at Upper Bear
Creek to & mazimum of 183 daya per year at Tims
Ford. The most serious problems were
associated with the east Tennessee tributary
projects. These projects are deep, stratified
impoundmants with 3long retention times and
highly variable releases. They are also
located in moderately to highly developed
watersheds.

TVA's efforts to mitigate these problems has
primarily involved a 2-prong technelogical and
resource management approach, i.e., mitigating
technologies aimed at improving DO concen-
trations at the dam and efforts to control
pollution in the reserveir watershed. The
technological work has invelved a major experi-
mental program to identify inexpensive,
efficient aeration techniques that can be used
at TVA dams. The resource management effort
addresses the reduction of upstream pollution.
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This has resulted in the development of
reservoir water guality management plans. One
of the major components of these plans involves
modeling the relationships between reservoir
inputs {(peint and nonpoint source contributions
te regerveoirs) and reservoir water quality.
Although peint and nonpoint sources of pollu-
tants are not the only cause of hypolimnetic DO
depletion, control of these pollutant Iloads
ghould improve reservoir DO concentrations.

In addition to the technological and resource
management activities deseribed, TVA  has
undertaken institutional initiatives to address
igssues related to the DO problem. One of the
most promising endeavors is a Memocandum of
Understanding between the State of Tennegsee
and TVA which recognizes TVA, "as the area
management agency with respect to nonpeint
sources of pollution originating from
properties in TVA custody or under TIVA control
which are situated in the State of Tennessee.™
As the designated management agency, TVA has
agreed to work with the State and other
authorized agencies to achieve implementation
of the Tennessee Water Quality Hanagement
Plan. Efforts being pursued under this agres-
ment include:

o Incorporating waste treatment management
plans into all TVA lapd use plans.

o Incorporating requirements for nonpeint
sgurce control measures inte all future

licenses, leases, and easements for
property in TVA custody or contrel
including any renewals of existing

licenses, leases, and easements.

o Incorporating requirements for nonpoint
sgurce control measures into approvals
given under Section 264 of the TVA Act.

TVA has also taken an increasely active role in
the review of State water quality standards.
This year, TVA has urged the State of Tennessges
to control more effectively the pollutants that
are causing significant cultural eutrophication
end sediment buildup problems in Tennessee's
streams and reservoirs. Water bodies with
severe use impairments should be identified as
"Nutrient Sensitive Waters" or "Erosion
Sensitive Watershed.™ Following this
designation, TVA recommended implementation

of watershed pollutant control programs that
emphasize the control or treatment of point and
nonpoint source contributions at their source
{Rivers, 1986}.

POLICY DISCUSSION

The issues raised strongly suggest a need to
reexamine resource management and pollution
control strategies, in perticular those related
to water quality and quantity programs. Better
integration of these programs is not only an
important policy issue in the Tennessea Valley,
but nationally as originally noted by the Water
Regource Council's (WRC} ipn their "Second
National Water Assessment," nearly 10 years
ago. In the policy section of that report, WRC
stated:

Perhaps the most gignificant
deficiency in the paat management of
water resoyrces was the failure to
adequately consider water quality in
many sreas. Accordingly, it has boen
necessary to make major investments
in an effort to bring water guality
up to an acceptable level. Aggres-
sive programs directed at water
quality management should have been
initiated before major problems arose
as a result of induatrial and agri-
cultural development and urbanization.
Even now, as an all out attempt to
alleviate water pollutien problems
proceeds, the integratien of water
quality planning and management with
other aspects of water resources
development tends to be overlooked.
Without integration, the water qual-
ity goals will be more difficult, and
more costly to meet. The Second
National Water Asaessment did not
address the issue of flow require-
ments for water quality management
(Anonymous WRC, 1978).

The country has taken steps te factor reserveir
releases into the design of new projects. For
example, in the planning of new projects,
Federal agencies now routinely factor in needs
to maintain downstream assimilative capacity,
to protect fisheries, and t¢o accommodate
downgtream recreation. There has been less
success in resolving these issues at existing
projects. Efforts to address these issues,
i.e., at existing projects, under the national
water quality standards program, the sections
402 and 404 permitting activities, and the
section 208 water quality management program of
the Clean Water Act have not been particulerly
effective. Instead it seems that litigatiom or
the threat of 1litigation over hydropower
relicensing has been the prinmeiple vehicle for
resolving these isszues,

Whether litigation or some other option is the
appropriate vehicle for addressing the reser-
voir releases gitustion at existing projects,

only a future historian can say with any
certainty. At IVA we are addressing it as a
technological isswe requiring the combined
resoureed and expertise of both resource
management and regulatory agencies. In that

regard, we have identified the following policy
issues that are the subject of an ongoing
policy debate within TVA:

o Are the downstream improvements in DO
and flows being undertsken to restore
beneficial wuses or to develop the
tailwater resource?

o Should the cost of improvements be paid
for by the ratepayer in accordance with
the polluter-pays principle ‘or the
taxpayer through Congressional
appropriations in support of the uses
prescribed in the original project
authorization?

o What water gquality objective or what

level of DO improvement should TVA
strive for?
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How ever these internal TVA issues are
resolved, the following policy issues deserve
the attention of everyome interested in water
rasources. Given the need to better integrate
water quality and water resource programs, if
water resource projects are achieving State
approved minimum flows and water guality
objectives: .

o Should construction grants decisions
for funding waste treatment projects

beyond secondary treatment be
coordinated with water Cesource
agencies?

o Should EPA and States modify their
policies making additional flows and
increased PO levels eligible for
funding under the construction grants
or revolving loan programs? (Note -
This change should be consistent with
saction 102{b} of the Clean Water Act,
i.e., water resource "ghall not be
provided as & substitute for adequate
treatment or other methods for
controlling waste at the source."}

o Should flow
encouraged?

related permits be
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TVA RESERVOIR RELEASE IMPROVEMENTS: AN OVERVIEW

Bavan W. Brown

Director, Division of Air and Water Resources, Tennessee Valley Authority, Knoxville, TN

ABSTRACT

A brief overview of TVA efforts to improve the
quality of reserveir releases from major dams

in the Tennessee Valley. The program involves
improvement of dissolved oxygen levels in reser-
voir releases and steps to provide a minimum
stream flow below IVA dams. These and other
efforts are, however, not to be understeod in
isolation but as part of a total concern for
water gquality in the region. Without a com-
mitment to total water quality, such techno-
logical fixes would simply be stopgsp measures,
doomed to be overwhelmed eventually by the
pressures of industrial expansion and population

growth.

INTRCDUCTION

TVA and others around the couﬁtry have heen
aware for man; years that our dams were creating
water quality problems. Two factors are
involved, of course. One is the natural
Vtendency of deep bodies of water to stratify
during the summer. The other is the design of
power components which use the deeper waters of
a reservoir for hydroelectric generation. These
deeper waters tend to be low in oxygen through

much of the summer and early fall.

4 number of devices have been examined through
the years te try Lo correct the problem.
Seversl years ago TVA looked into ways of
introducing oxygen into the water near the
turbine intakes. But, there was no sense of
urgency on anybody's part to deal with low
dissolved oxygen in reserveoir releases. The
situation was there. We knew it was there. And
we knew, in the back of our minds, that someday
it probably would have t¢ be dealt with. We
were, however, somewhat like Scarlet O'Hara in
"Gone With The Wind"--it was something we would

think about tomorrow.

THE CURRENT TVA PROGRAM

It was not until the start of the 19803, or
thereabouts, that we at TVA really got serious
about dealing with oxygen deficiency in reser-
voir releases. We began experimenting with some
technology that had been tried in Alabama, and
we thought we had found a way to make it work

without costing our power system a fortune.

Improving the oxygen content of reservoir

releases is the first part of a two-pronged
effort TVA has been pursuing for about seven
years. You'll hear more about the technical

aspects of this program from others in TVA,



I'11l just give a brief outline of where we stand
right now. But mainly I want to consider some
of the reasons why we believe water guality
issues must be among our top priorities in water

resource management.

At Norris Dam, we are working with hub baffles
to increase air injection into water turning
hydroelectric turbines. The baffles installed
at existing seration vents on the turbine hub
are able to increase oxygen content of the water
by 2.5 to 3 milligrams per liter. The baffles
are bolted onto the turbine hub in the spring
and removed in the fall of the year when they

are nc longer needed.

At Tims Ford Dam in middle Tennessee, we are
using a large air compressor te force air into
the water flow. The effect is about the same as

we are getting with hub baffles at Norris.

At South Holston Dam in upper east Tennesses, We
found that a simple modification of the existing
agration system gave pretty good results. Oxygen
levels are increased around 2 milligrams per

Liter.

And at Douglas Dam we have begun a& study of
Garton pumps to overcome the problem of low
digsolved oxygen in turbine releases into the
French Broad River. These pumps look something
like airplane propellers. 'They are suspended
ten feet deep beneath a floating piatform, and
are protected by a heavy wire cage. The idea
is to force surface water deep enough into the
reservoir near the turbine intakes so that the
well oxvgenated water from the surface flows
through the powerhouse and into the stream below

the dam.

Our work has convinced us that there is no
simple, off-the-shelf method of improving cxygen
coentent of reservoir releases. We have found
that hub baffles work pretty well one place but
not at all on another, similar generating unit
somewhere else. Air compressors can do the job
at some installaticns but are unsuited for other
facilities, Each installation has its own
characteristics end requires an individual
solution, It may be that oxygen injection mey
be the best sclution at some facilities. We

have not given up on that procedure.

In fact, we are explering direct oxygen injec-
tion &t Cherokee Reservoir as part of an attempt
to create fish sanctuaries for striped bass.
These fish suffer considerable stress during

the summer unliess they can find an area of cold

water with adequate disselved oxygen.

It is also becoming clear that what we are doing
now may be only a transient phase in dealing
with oxygen depletion in reservoir releases.

The ultimete solution probably lies with the
design of the replacement units in powerhouses
all across the Nation. We have studied a number
of TVA installations in recent years, locking

at the older units and at the feasibility of
replacing them with newer designs. There is no
ddubt that many older TVA hydroelectric units
can be replaced with units that will not only
produce greater amounts of electric power with
the same amount of water but that seration can

be designed into the new equipment.

The second part of our efforis to improve water
quality in streams below TVA dams involves
sustainable minimum flows. Below Norris Dam we

have constructed a small reregulating weir that
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is designed to ensure & minimum flow of 200
cubic feet per second. This is accomplished
pretty much through normal operation of the
hydroelectric facilities. By impounding water
behind & rock dam during power generation and
releasing it in a contrelled manner when the
turbines are not operating, we can provide a
reliable minimum fiow in the Clinch River.

There are times when no hydroelectric generation
is scheduled for an extended period that we have
to pulse a turbine for an hour twice a day to

supply the needed water.

At Tims Ford Dam, we have installed a small
hydro unit that generates when the bipg power
unit is not operating. It releases 80 cubic
feet of water per gecond to the stream below the

dam.

And below Tellico Dam, we are providinmg 8 cubic
feet per second of cold, well aersted sir teo an
arm of Watts Bar Reservoir to create a sanctuary
for striped bass. A siphon has been constructed
to carry the water over the ¢am and into the old
river bed below Tellico. To hold the cold water,
an underwater barrier has been built near where
the Little Tennessee and the Tennessee River
join below Fort Loudoun Dam. This sanctuary
appesrs to have been used by considerable
numbers of stripers and other fish this past

summer.

QUTCOME AND OUTLOOK

Obviously, improving oxygen content of water
below IVA dams and guaranteeing & minimum flow
in the stream provide fishery benefits. Fish

and the aquatic organisms on which they feed

need oxygen and minimum amounts of flowing water
in order to thrive., Our experience below Notrtis-
Dam indicates that some cold water fisheries in
the Tennessee Valley can be greatly improved
through a combination of oxygen improvement and
provisions for a minimum flow. Not only do the
fish have better quality water in which to live
but insects and other aquatic life impertant to

fish thrive better under such conditions.

This is especially important in tributary
streams. On thé Tennesses River from Knoxville
to Paducah, Kentucky, maintenance of navigation
depths ensures that there will always be con-
siderable water below mainstream dams. But in
some tributery streams, there are times when

the flow is little more than a trickle. Full
development of any kind of Fishery is impossible

under such conditions.

There is a broader rarge of éonsiderations than
fishery development, however, behind our efforts
at reservoir release improvement. Just about
everyone in the Tennessee Valley region -- all
7 million people -- have a stake in water
guality improvement and protection in one sense
or another. The economic well-being of the
region is wrapped up in the health of its water
resources. An abundance of water has long been
a major gelling point for the Tennessee Valley
when indusgrial recruiters go looking for

prospects.

But abundance is often a relative matter. That
is one of the things we are learning from two
years of drought in the Tennessee Valley. We
still have a lot of water in the region, but
that water is now under considersble stress.

Fish and mussels are dying in some places where
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we had no idea that severe water quality problems

existed.

Some of the problems may come from sources of
poliution that are poorly understood or undoci-
mented, Some of the problems may arise in the
reduced capacity of the water to assimilate
natural and manmade inputs of one kind or
another, And this probably results from a

combination of low dissolved oxygen and higher

than usual water temperatures.

Some things, of course, we tan do little about
under the conditions that govern cur opera-
tions. But fundamental reservoir release
improvements are within our capacity. And
because one reservoir generally feeds into
gnokther in a downstream pattern, improvements

at certain key dams can make significant improve-

ments in water quality in one, two, perhaps

three or more reservoirs downstream.

THE BALANCED PIGTURE

More than %0 years of IVA experience have con-
firmed many times over that quality natural

resources are essential to the economic well-
being of a regien. When the agency went to wurk
in the 1930s, we immediately pﬁt peeple to work
restoring lands that had been abused for cen-

turies, This restoration had a bonus effect of

improving water quality in the Tennessee Valley.

Now we are hard at work on a number of water
quality issues, some far older than TVA, and
some as new as the latest consumer product or
industrial process.

Reserveoir release improve-

ments are an important part of the overall water

quality effort. But let me make it clear, they

do net stand alone., Unless we guard water qual-
ity from all other threats, any improvement we
meke in dissolved oxygen and more reliable stream
flow wiii only be stopgap. Stresses of indus-
trial change and population growth will soon

overwhelm whatever we do unless we can see the

whole water quality picture,
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STATUS OF THE WATER QUALITY CONTROL MISSION IN ORD AND NEEDS FOR RESEARCH SUPPORT

MARK ANTHONY, PhD

Chief, Water Quality Section
Reservoir Control Center
U.5. Army Engineer Bivision, Ohio River

Water quality controel iz a significant,
integral aspect of our water fontrol mission in

the Ohio River Division. The location and
resources of this basin resulted in early
extensive development and subsequent magjor
problems with polluted streams. The Corps of
Engineers was involved in two major studies of

polliution in this basin {1920’s and 1930’s) prior
to any reservoir construction in the basin.
while flood control was the primary focus of the
1938 TFlood Contrel Act which authorized
construction of a large reservoir system in this
basin, water pollution control was also cited as
a major benefit. Subsequent authorization of
specific projects have established water quality
control storage as well as storage for low-flow
augmentation. A major improvement in water
quality contrel resulted from incorporating
selective withdrawal capability at storage
projects constructed during the last 20 years.
This feature allows us to more closely comply
with streem standards than at projects with only
a capability for bottom releases.

While ocur districts were collecting at
least some water quality data for reservoir
regulation guidance during the 1960's, an
intengive effort was initiated in 1967. A long-
range plan was carefully developed along with
specific objectives and priorities and an
organized data collection effort began. The
basic strategy was to acquire an adequate data
base at all projects, employ interpretative
techniques abetted by an understanding of
hydrodynamics and hydrometeorological conditions
in order to anticipate and respond to the quality
of storage when scheduling reservoir releases.
The success of this strategy along with very
careful coordinatjon with state agencies has

allowed the Chio River Division (ORD) to avoid
controversy, litigation and crash mitigation
efforts.

We, at the present time, are attempting to
further refine all of the procedures associated
with water quality control. We now have accesas
to a multitude of more precise and eloquent
procedures developed through the Environmental
Water Quality Operations Study Research Programs,
many of which have already been integrated into
our program. However, further integration or
utilization of this improved technology is
proving difficult because of the limited size of
district staffs and the level of difficulty posed
by the complexity and sophistication of scme of
the latest computerized analytical techniques.
Staffing comatrainta force districts to rely more
and more on direct support by research personnel
for initial application of water management
procedures. Thus, there iz a dilemma: districts

require the services of a skilled and alsoc staff-
limited research staff whose primary mission is
to continue research toward identified and
Justifiable objectives and needs.

The location and resources of the Ohio
River Basin promoted early and rapid settlement
and the oOhio River provided relatively easy
transportation to the west. By 1800, Pittsburgh
was a thriving center of industry including iron
and steel, boat building, coal, lumber, and
glass. Thousands of flatboats were built to
transport settlers and materials on one way
Journeys as far as New Orleans. In the early
1800's, bulk cocal shipments by flat beoat were
routine. The largest of these boats was 175 feet
long, 26 feet wide, and drew B feet when loaded
with 24,000 bushels of coal. They were floated
downstream only on high water stages. In 1847,
the peak year, more than 2,200 flat boats from
the Ohio Valley landed in New Orleans.

The first Ohio River steamboat was built at
Pittsburgh in 1811 and the first Ohio River
towbont teking coal to New Orleans delivered
2,280 tons in four barges in 1B54. Steamboats
provided an enormous impetus to Ohio Valley
industrial development and accelerated commercial
growth. The success of this means of
transportation led to the first Inland Waterways
Improvement Act in 1824 which directed that
experiments be conducted to determine the best

method of coping with sandbars in the Ohio River
and that measures be taken to remove snags
cbstructing navigation on the Ohio  and

Mississippi Rivers. tThe Army Corps of Engineers
was assigned responsibility for implementing this
Act.

In 1824 the Ohio River was much obstructed
throughout ita length by snags, rocks, and sand
and gravel bars. The width of channel varied
exceedingly and the low-flow depth varied from a
minimum of one—foot above Cincinnati to two feet
below Cincinnati. When the depth over the worst
shoals was three feet or more, the river was
navigable  throughout its entire Ilength for
steamboats, flat boats and keel boats.

Improvements initiated in 1825 consisted of
removal of rocks and snags, placement of wing
dikes and back channel dama. This approach was
continuéd and expanded until construction of a
system of 50 locks and dams with a nine-foot
navigation channel completed in 1929. By 1950,
this system had become obsolete because of
capacity and maintenance costs. Beginning in

1954, 13 new modern navigation structures were
built to replace 39 of the old atructures. The
present navigation system consists of 20 locks




and dams on the Ohio main stem. Tributary
navigation projects include the Ailegheny River
{aight structures), Monongahela River (nine
structures), Kanawha River (four structures),
Kentucky River (14 structures}, Green River i four
structures), Cumberland River {four structures),
and Tennessee River {10 structures).

As settlement proceeded, Ohio Basin floods
became a major problem and a controversial issue.
A proposal by Charles Ellet, Jr. in 1849 outlined
improvement of the Mississippi and Ohic Rivers by
means of storage reservoirs. He maintained that
reservoir sites should first be established on
the Allegheny, Monongahela and other Ohio River
tributaries. His plan suggested that such
reservoirs would control flonding, and low flow
navigation and produce power. The opposing
position (including the Corps of Engineers’)
considered levee systems to be a much more
teasible approach. A series of devastating flood
events led to the 1936 Flood Contrel Act and
responsibility on the part of the Corps for
planning, constructing and operating flood
control reservoirs.

Ohio River water quality degradation had
become a serious probiem by the early 1900’s., A
report published in 19312 by the Pittsburgh Fleood
Commission contained the results of surveys,
investigations and studies concerning the causes
of damages by and methods of relief from floods
in the Allegheny, Monongahela and Ohio Rivers.
This repert recommended building a system of
storage reservoirs to cantrol flooding and
provide benefits to navigaticn, sanitation, water
supply and hydropower. Human sewage alone was
overpowering during low flows. Industry, mining
and deforestation alse contributed major
problems. Exposed metal (boats, lock gates,
boilers, etc.) had an extremely short 1life. For
example, three-eighths inch steel plates were
reduced to a knife edge in a year's time,
Increasing pellution and typhoid epidemics scon
led to additional studies. The Corps was
involved in two major ©Chie River pollution
studies during the 1920's and 1930's.  These
studies led to the establishment of the Ohio
River Valley Sanitation Commission in 1946 and to
the addition of water pollution control as a
major benefit for the Ohio River Reservoir System
authorized by the 1938 Flood Control Act.

The Corps currently operates 76 storage
regservoirs in the Ohio River Basin. These
projects are located on 21 tributaries. The
primary authorized purpose is flood control at
all projects. Other autherized purposes include
recreation at 74 projects, water quality at 39
projects, fish and wildlife at 35 projects, water
supply at 16 projects, hydropower at six projects
and navigation at 1 project. These projects are
located on 21 tributzries, Thirty-six projects
have selective withdrawal capability, 64 projects
have minimal summer releases, 18 projecta have
downstream temperature objectives. Reservoir
systems operation is critical during both low and
high flows in the basin and iz highly
controversial during drought events when
requirements to initiate early drawdown conflict
with desires for stable recreation pools. The
original plan of operation for this system
assumed that main stem Ohio and lower Mississippi
low flow needs, including navigation, would be
met with aystem releases from conservation
storage. Subsequent authorizations that
eatablished recreation as a project purpose have

decreased the flexibility that was established by
the original plan.

By the wmid-1960's the (orps was operating
more than 45 reservoirs in the Ohio Basin and was
inmersed with water pollution issues. Public
sensitivity concerning pollution was rapidly
inereasing in proportion to post-war affluence
and increased leisure time. Several of the
existing reservoirs and many under construction
or being planned were impacted by coal mining
activities. Hundreds of miles of tributary
streams were biological deserts and the Ohio
River was heavily polluted. The navigation
modernization program, replacement of many low
head locks and dams with a few highlift
structures, had adversely impacted reaeration and
made dissalved oxygen conditiens much worse.
Efforts were being initiated to draft legislation
to establish water quality standards and fund
extensive new treatment facilities.

A Water Quality Section was formally
established in the ORD Water Control Branch in
1967 and shortly thereafter +in the district
Hydrology and Hydraulics Branches. The primary
mission was to advise reservoirs regulation
elements concerning water quality issues. it
that time, there was ne published guidance
regarding procedures for man—made lakes. A long
range plan and specific wbjectives  were
developed. Objectives were to acquire adequate
knowledge and understanding so as to improve and
maintain the water quality in reservoirs to
enhance fish and wildlife and recreation uses,
contrel the quality of releases to protect

downstream fisheries and water supply, maintain

the best possible quality conditions in the lower
tributaries and wmain stem Ohic and to mitigate
the low-flow impacts of the highlift navigatiocn
structures.

Based on the experience of a multi-
disciplinary staff and data ccllected previously
by the districts and other agencies, a multi-
faceted approach was implemented. Limnological
procedures complimented with knowledge of
hydrodynamics and hydrometeoro-logical expertise
previded a  protocol for evaluating existing
reservoirs and performing  pre-impoundment
studies. Reservoir temperature models helped
with interpretation of data and understanding of
existing reservolir conditions, as well as
prediction of conditions in future projects.
These models along with physical modeling by the
Waterways Experiment Station {WES) 1improved the
design of selective withdrawal structures. While
we had achieved a reasonable degree of success in
understanding and control of problems by the mid-
1970's, the after shocks of the Dredge Material
Research Program and spinoff  from the
Environmental and Water Quality Operatiomal
Studies Program {EWQ0S) enhanced the efficiency
and effectiveness of our procedures.

Ohio River Basin water gquality conditions
are significantly improved today. A quality
fishery now exists throughout most of the Ohio
River from Pittasburgh to Cairo and hundreds of
miles of tributary streams have recovered. While
geveral of our reservoirs are borderline at times
because of watershed problems, mest support at
least a reasonable fishery and releases comply
reasonably with water quality standards most of
the time. Certainly much credit for this
improvement is due to the massive outlays for
improved wastewater treatment and enforcement of
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effluent standards. Neverthelesas, intentional
and inadvertent operations on our  part
cccasicnally kill fish in streams that were
barren 10 vyears agoe and changes in systems
operation could easily induce extensive
degradation because of accumulative impacts as

flow passes from pocl to pool.

Conditions are still far from pristine in
the basin and political and economic changes can
easily reverse what has been accomplished. State
and local governments are willing to allow some
degradation as a part of the competition to
attract industry. The acid rain issue threatens
costly changes for industry. Enforcement of coal
mining regulations has  been relayed but,
fortunately, reduced coal production and recent
closures of steel mills have significantly
enhanced water quality in several stream reaches.
The treatment of abandoned mine wastes has been
reduced and sewage treatment is still short of
optimal. The new secondary treatment facility at
Cincinnati, at best, provides primary treatment
because of design defects. Consumption of fish
caught in parts of the Ohio River should be
limited because of concentrations of toxic
materials in the flesh.

Our strategy for day-to-day guidance of
reservoir operation to control water quality has
been relatively simple in concept. Callect
enough of a data base over a long enough period
of years so that the response of each lake (water
chemistry, hydrodynamics, etc.) to any
hydrometecrological event is clearly understoed.
Subsequently, data collection would be
substantially reduced to a level that verifies
that current conditions correspond to those
anticipated in relation to hydrometeorological
events. We had
procedures, remote  sensing technigues, and
limited data ccllection would support control
efforts.

In practice, this strategy is only partly
successful. Our data collection efforts have
been reduced substantially and the actual needs
for data and priorities regarding specific
problem areas have  guided this reduction.
However, manpower limitations have become a major
issue. Our districts have never acquired a
desirable skill level regarding use of
computerized procedures for water quality (or for

water control). while we have successfully
utilized modeling and made reasonable headway in
developing data management and interpretive

procedures, recent manpower cuts have had a very
negative impact.

We cannot complete an objective of
modifying and integrating the multitude of useful
computerized procedures developed by EWQOS. We
feel that we need these procedures in order to
fully utilize an extensive data base and to
effectively menage a program that faces
increagsing pressures from conflicting water user
‘groups. For example, add-on hydropower at
storage and navigation projects will cause at
least some degradation and @may result in
significant accumulative impacta unless we
upgrade water control and water quality control
pracedures.

There is 1little possibility that ORD will
be able to fully utilize the extensive liast of
EWQOs software products regardiess of the
advantages and needs unlesa ataff nusbersz and

assumed that computerized:
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skills are is increased. We must rely more and
more on direct support by research personnel or

consultants for application and other support.
Even this alternative is constrained by both
research laboratory and district resource
limitations. The effective use of contractors

also requires a high level of technical skill and
time in order to communicate objectives to the
contractor and evaluate the return product.

Another problem that concerns us is the
degree of sophistication and especially the data
required by some of the models already developed
or proposed for further research. Even if
district manpower were at optimal levels, any
model that will be used for operating reservoirs
and reservoir systems for water quality purposes
must be as simplistic as possible in regard to
data requirements and computer time.

The development of models for day-to-day

regulation of reservoirs and reservoir systems
requires in-depth knowledge of district
regulation procedures and of projects to be
regulated. The orientation required far exceeds

the historical data or the period of record and
regulation manuals. The verification and
calibration of the greatest model in the world is
just the beginning of the tedious, frustrating
and perhaps lengthy effort required if it is to
become a useful, reliable tocl for real-time
regulation of reservoirs.

The reservoir systenm and navigation
improvements have had a major impact in terms of
the history of the Ohio River Basin. Since most
of the feasible storage projects have been
constructed, the future needs must be met by fine
tuning water management procedures and changes in
water use must be accommodated by project and
operational modifications. The addition of
hydropower is one such change that will stress
the operating flexibility of the system. The
operational demands of the system already suggest

that 24-hour/7-day water contrel staffing is
necessary. We have only partially met expanding
needs for operating models for reservoirs and

tributary systems including water quality.

require increasing support from
research elements for more than routine
technology transfer. We need support in terms of
appiying water management models and implementing
available software for precise identifiecation of
data needs. We npeed additional research,
including simplified operational models and use
of remote sensing, to acquire water quality data

We will

to support reservoir vregulation. We need
inatruments that are compatible with data
collection platforms and the Geostationary

Operational Environmental Satellite (GOES) that
are relatively maintenance free. We need
guidance regarding reaeration in relation to
hydropower development at storage reservoirs and
navigation structures, We need to improve
selective withdrawal capability for hydropower
releases, These needs obviously exceed the
respurces of the research laboratory elements
and, unless agency priorities are changed, water
management in the Ohio River Basin is likely to
experience unnecessary cohtroversy.

ANTHONY,
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ABSTRACT

Reservoir  turbidity was simulated with a
mathematical model called WESTEX during
preimpoundment water quality studies of the Rogue
River Basin In southwestern Oregon., The main
objective of this simulation was to predict the
turbidicy of reservoir release flows for a variecy

of operating schemes and watershed hydrelogical
conditions. A comparison between observed data
after the project became operational with simulated
data shows that the WESTEX predictions had been
very high and, hence, that the reservoir's
turbidity potential had been greatly overestimated.
WESTEX's unreliability raises questions about the
value of turbidity assessments which depend solely
on  mathematical modeling. This paper offers
suggestions as to how studies to determine
turbidity potential might be made more reliable and
effective.

INTRODUCTION

WESTEX 1is a reservolr temperature and turbidiey
simulation model that was developed for Portland
District, Gorps of Engineers in the early 1970's
(Fontane et al. 1973). This model was used during
preimpoundment water quality studies to estimate
the turbidity potential of three large multipurpose
dams in the Rogue River Basin, Oregon (U.S. Army
Corps of Engineers, 1974),

WESTEX's development and use, costing over one
million dollars, was one of several commitments
made by Portland District to ensure protectien of
the Rogue River from the possible disruptive
effects of dams. Another commitment was the
installation of reservoir intake towers with multi-
level ports for selective withdrawal capability
(Figure 1) to aveid the discharge of poor quality

wvater or, alternately, to discharge reserveir water
capable of erhancing water quality downstream.
m ...
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Flgure 1. Cross-section view of intake tower at
Lost Creek Lake,Oregaon. :

At Lost Creek Reservoir, selective withdrawal
capability was increased substantially by the
addition of a turbidity conduit (Figure 1)
facetiously called an "elephant trunk," for rapid,
downstream disposal of turbid inflows whenever
river turbidities throughout the Rogue River were
raturally high because of frequent winter storms
and high streamflow conditions (Larson, 1982).
These commitments were certainly appropriate and
necessary, mnot only for safeguarding the Rogue
River's famous and much-valued fish runs {Larson,
1984}, but because most of the lower Rogue River
had been officially designated as "wild and scenic"
and, therefore, would require careful operation at
upstream dams to  assure that 1ts essential
attributes would be preserved.

A major objective of the WESTEX study,
hence,was to predict release-flow turbidities for
several combinations of yearly runoff conditions
and selective withdrawal operations. In this paper
we compare WESTEX predictions with 4 years of
observed (postimpoundment) reservoir afid release-
flow turbidity data, collected routinely at Lost
Creek Reservelr, to assess the reliability and
usefulness of the WESTEX model. We alsc report on
the selective withdrawal manipulations at Lost
Greelt BReserveir to  minimize rche problem of
turbidity dewnstream and in the impoundment,
Firally, we discuss why WESTEX performed se poorly
and suggest ways to improve the model's capacity to
predict water quality impacts,

WESTEX ADAPTED TO TURBIDITY PREDICTIONS

WESTEX was originally designed to simulate
thermal and chemical stratification in a reserveir,
and to predict temperatures and dissclved-solids
concentrations for reservoir-release flows (Clay
and Fruh, 1970). The model’'s execution of three of
its mathematical components- - (L) vertical
placement of reservoir inflows, (2) the extent of
vertical mixing, and (3) the depth of reservoir
withdrawal-- relies almost solely upon reservoir
density stratification, either physically or
chemically induced. For example, the model directs
reservoir Inflows into that reserveir stratum whose
density equals the density of the inflow. The model
then wvertically mixes the reservoir, to whatever
extent nmecessary, To attain a stable density
gradient. This stability must be obtained before
WESTEX can calculate the depth of reservoir
withdrawal.

Fontane et al. (1973)
WESTEX as a reservoir

justified the use of
turbidity model on the
underlying assumption that suspended sediment,
which causes cturbidity, cam be budgeted for and
routed through a reservolr system, similar te the
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budgeting of heat and dissolved solids for other
water quality predictions. The model’s output,
predicted concentrations of suspended matter in the

reservoir and In outflows, iIs converted to
turbidity predictions by linear regression,
establishing a "correlation" between turbidity and
suspended matter (U.S5. Army Corps of Engineers,
1674).

WESTEX CALIBRATION AND VERIFIGATION

WESTEX was calibrated with actual turbidity
data collected by Klingeman et al,{1971) at Hills
Creek Reservoir, Oregon. Hills Creek had been
chosen for WESTEX wverification simply because it
was the only reservoir among Portland District's 16
reservoir projects with turbidicy data.
Unfortunately, Hills Creek was unique in another
respect: The reservoir contained a deepwater layer
of relatively turbid water (Figure 2), which caused
considerable  turbidity downstream whenever the
deeper water was released from the project.
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Figure 2. Vertical turbidity profiles for Hills
Creek Reservoir,Oregon, 1971 (Klingeman et al.
1571}. -
Deepwater turbidity had persisted for years in
Hills Creek owing to the reservolr’s poor flushing

ability and the predominance of extremely fine-
particle, hence slow settling, montmorillonite clay

in suspended loads entering the reserveir
{Klingeman et al. 1971, Larsen, 1979).
Interestingly, it was the Hills Creek turbidity

situation which had prompted Portland District to
undertake the preimpoundment turbidity assessment
for Lost CGreek Reservoir, using the WESTEX
turbidity model. )

Several assumptions were required before the
Hills Creek Reservoir turbidity structure could be
simulated with WESTEX ({Fontane et al, 1973; U.S.
Army  Corps of Engineers, 1974). First, the
reservoir’s initial thermal and turbidity profiles
were assumed to be wuniformly 4.4° and 5 NTU,
respectively. Second, 1t was assumed, hecause of
the characteristically slow settling of Hills Creek
clays, that soils and other particulate matter in
the reservoir's water column would be held in

suspension, i.e., have a zero settling rate.
Third, stormflows greater than 2000 c¢fs were
mathematically plunged to the reservoir bottom,

followed by a 50 percent reduction in reservoir

turbidity. Fourth, coefficients for heat diffusion
and light extinction were assumed to be 0.1 and
0.05, respectively; other parameters, such as heat

absorption and heat entrainment were also assumed,
Fontane et al. (1973), after a series of
computer trials, best-fit WESTEX to the Hills Creek

Reservolr prototype. They stated that they
“"obtained reasonable  agreement between the
predicted and observed turbidity profiles." The

verified WESTEX turbidity model, calibrated to fit
the extreme turbidity gradient in Hills Creek
(Figure 2), was now ready for application at Lost
Creek Reservoir

LOST CREEK RESERVOIR TURBIDITY PREDICTIONS

Three  hydrologically different years were
selected for WESTEX turbidity simulations: 1930
{average runoff), 1955 (low runoff}, and 1958 (high
runoff). Additionally, a spring freshet in March
1972 was modeled to estimate the effect of highly
turbid  inflows on the reserveir’s turbidity
structure during reservoir refill (U.S. Army Corps
of Engineers, 1974). A second regressilon analysis,
flow wversus turbidity, was used te compute
reservelr inflow turbidities for the particular
years of study, This ™correlation," perhaps as
tenuous as the relationship between turbidity and
suspended solids (APHA, 1985), was based en
approximately 35 turbidity and flow measurements
recorded in 1971-72 (U.5. Army Corps of Engineers,
19743.

Turbidity simulations were also wmade under
three project operational schemes, designated as
plans A, B, and C, in combination with various

assumed or actual watershed hydrological conditions
(U.S. Army Corps of Engineers, 1974), 1In Plan 4,
all dam outlets were utilized year-round for the
sole purpose of meeting water  temperature
requirements downstream. In plans B and C, the
same temperature objectives were desired, but there
was alsc an attempt to meet turbidity objectives by
using only the dam's 1low- elevation outlet, the
"elephant trunk,” during the winter when flows, and

thus turbidities, in the Rogue River Basin are
highest, Plans B and C differ from one another in
scheduled wuse of the low-elevation cutlet. Under
Plan B, the outlet would be used from November
through February; Plan € would carry this use on
through  April, to pass highly turbid spring
freshets. The predicted data considered in this

report were generated under Plan C, which the Corps
eventually recommended for Lost Creek (U.S. Army
Corps of Engineers, 1974).

Reservoir turbidity predictions for 1950,
1855,1958, and 1972, are given in Figure 3.
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Figure 3, Observed (0) versus predicted (X)
turbidicy profiles in Lost Creek Reservoir, Oregom.

Predicted profiles are compared with their
respective observed years, i.e., 1982, 1981, 1983,
and 1984, As demonstrated, WESTEX reservoir

turbidity predictions were mostly 1 or 2 orders of
magnitude above observed conditions (Figure 3).

Similarly, predicted outflow turbidities were
higher than wvalues actually observed, but those
differences were considerably less (Table 1) than
those for reservoir turbidity; in fact, the
differences in outflow  turbidity may Dbe

insignificant in some cases.

Table 1. Observed versus Predicted
Cutflow Turbidities (NTU),
Average Monthly Values, Plan .
U.5. Geological Survey Records

Month 1982/1950 1981/1955 1983,1958 1984/1972
Jan 4/4.5 1/5.0 2/5.0 5/12.5
Feb 5/4.5 1/4.0 2/8.0 4/26.5
Mar © 5/4.5 2/4.0 3/9.0 5/32.5
Apr 2/4.5 2/4.0 2/7.0 4/28.0
May 2/5.5 2/4.5 1/9.0 3/13.5
Jun 1/6.3 1/5.0 2/7.5 2/9.0
Jul 0/5.8 2/4.5 2/6.5 3/8.0
Aug 1/5.0 1/4.0 3/6.5 3/8.0
Sep 1/4.5 1/4.0 2/5.0 3/6.5
Oct 1/4.5 /4.0 2/4.0 2/6.0
Nov 1/6.5 1/3.5 2/5.0 3/13.5
Dec 2/9.5 5/25.5 6/64.5 2/7.0
Average monthly cturbidity walues such as those
compared in Table 1, however, are probably not
indicative or representative of day-to-day outflow

turbidity conditions, which may vary substantially
over a 30-day period (Figure 4). Thus, predicted
versus observed comparisons may be uninstructive,
at least for ocutflow conditions
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Figure 4. Inflow versus outflow turbidities, Lost
Creek Reservoir, Oregom.

There are perhaps several reasons for WESTEX's
generally poor predictive record at Lost Greek.
Certainly, using Hills Creek turbidity data to
calibrate and verify the model, especially various
assumptions made to obtain correlation between
observed and predicted turbidity profiles,
contributed to the medel’s questionable
performance. In addition, the model generally
predicted that highly turbid stormwaters entering
Lost Creek Reservolr would be retained
indefinitely, when, in fact, these flows pass
quickly through the impoundment and on downstream.
That this quick outflow occurs is suggested by both
Figure 5 and data in Table 2, which show that
turbidivy wvalues for the period of record (1976-
present) are nearly as high at the downstream
station as they are upstream of the reservoir.
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5. Turbidity-demsity currents in Lost Creek

Figure
Reservoir, Oregon, 1981.

Table 2. Statistical Comparison by Month
of Inflow and Qutflew Turbidity Data
From U.S. Geological Survey Records.

MEAN MIN MaX

NO KO TUR TUR TUR

STATION MON OBS MISS NIU NTU NTU
14330000 Jan 229 50 3 0 32
(UPSTREAM) Feb 210 32 3 ) 59
Mar 287 15 5 0 101

Apr 284 8 3 0 21

May 289 14 4 0 47

Jun 247 13 4 0 85

Jul 306 4 3 0 41

Aug 293 8 1 0 12

Sep 248 16 1 0 40

Oct 270 9 1 0 22

Nov 180 132 3 0 77

Dec 129 65 3 0 35

MEAN MIN  MaX
NO Jule] TUR TUR TUR

STATION MON OBS MISS NTU NTO KTU
14335075 Jan 34 43 4 o 190
{ DOWNSTREAM) Feb 239 56 3 0 35
Mar 330 27 3 0 55

Apr  27% 19 2 0 20

May 316 25 2 0 15

Jun 302 12 2 0 15

Jul 365 14 1 0 3

Aug 382 7 1 0 7

Sep 347 27 2 0 10

Oct 374 21 1 0 is

Nov 316 28 2 ¢ 80

Dec 323 33 & 0 50

As seen In Figure 5, a plume of sediment appears in
the upstream portion of the reservoir on 3
December, then moves as a concentrated mass along
the bottom of the reservoir, reaching the outlet on
8 December, At the outlet, a porcion of the
sediment plume 1s discharged downstream (as shown
in preceding Figure 4}. The estimated velocity of
this density current was approximately 0.1 fps
(feet per second} during the monitoring period.

Conventional applications of analytical
techniques such as Churchill (1947), or
applications of reservolr hydraulics and sediment

settling wvelocity concepts would indicate that
nearly all of the fine sediment would remain in the
impoundment area. In actuality, the hydrodynamics
of density currents are net well known., According
to a density current study on Lake Mead (Howard,
1953), those currents consist chiefly of particles
smaller than 20 microns, whose settling velocity is
approximately 0.001 fps. These fine sediments
would require only 1 percent of the mean velocity
of 0.1 fps in the vertical to stay in suspension.
Thus, we should not be surprised to find that
turbidity-density currents tend to move through
Lost Creek Reservoir, and that tendency has been
efficiently demonstrated.

Little infermation about particle-size
distribution of sediments yielded to Lost Greek
Reservoir is available. At the very least, all
inflowing sediment of sand-size or larger is

deposited within the backwater or delta areas of
the reservoir {Brune, 1953; Churchill, 1948). The
fate of sediment finer than sand-sized (<0.62 mm)
is not so evident. Intensive monitoring of a storm
event in December 1981 showed that fine sediment
apparently follews the bottom of the reservoir as a
density current. Figure 5 tracks a turbidicy-
density current from the upstream end of the
reservoir to the dam axis.

RECOMMENDED ACTIVITIES FOR A RESERVOIR TURBIDITY
STUDY

A primary feature
should be a
study. A

of any sediment study
sediment budget for the watershed of
sediment budget can be defined as

conceptualization of the type and magnitude of
sediment sources and the linkage and timing of
sediment transport through the watershed (Swanson
and  Fredriksen, 1982.) A reservoir, 1if its
turbidity regimen {s to be accurately predicted,
cannot  be evaluated in isolation: A thorough
turbidity study must 4inciude arn evaluation of

sediment yields to the reservoir as well as
sediment transport and deposition within the pool.
A reserveir's sediment dinput 1is found by
studying its  tributary watershed's hydrology,
soils, geology, and erosional charecteristics.
Geologic, soll, and hydrolegic resource maps show
what material might be ylielded to a stream chanmel.

Larson, et al.
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The nature of erosional processes depends largely
on land-use, rainfall intensity, and slope, such as
rill and gully erosion on croplands or debris
avalanches and debris torrents in steep, forested
watersheds. Aerial photos are the best means to
identify active areas of ercsion, especially if
coverage of the reservoir’'s watershed has been
repeated.

The timing and particle size of sediment
yielded to a reservoir site is identified by stream
gaging and sediment sampling. The intent of these
activities is to find a statistical relationship
between sediment transpert and water discharge, by
sediment size. This statistical relationship can
then readily be checked for persistence throughout
a water year and. ©of course. over a period of
several water years. Mineralogic identification of

the finer materials such as clay and non-inert
silts is parcicularly needed, so that thelr
flocculation or dispersion when they enter the

reservoir can be determined. As with any study,the
longer the duration and the wider the spectrum of
the flows sampled, the more conclusive the
results.

The mathematical/statistical results of the
sediment discharge/water discharge relationship can
then be integrated with a flow duration curve to
determine the estimated average annual sediment
yield to the proposed reservoir (Vanoni, 1977).

The proposed land wuse of a watershed is an

importanc factor of expected reservoir
sedimentation. Changes in land use,such as
corversion of grazing to crop lands or timber
harvesting, may increase sediment yields
considerably, Therefore, a reservoir sedimentation
study should include analysis of anticipated as

well as present sediment yields.

The processes of sediment transport and
deposition in a reservoir are not completely known
at the present state of art, There are
uncertainties in defining effective flow and dead
storage In a reserveir, density stratification,
secondary currents, and transport of fine sediments
within a pool. Sediments coarser than silts (> 0.62
mm) generally settle in the backwater and delca
areas of the reserveir. These coarser sediments car
be effectively and readily studied wusing a
hydraulics-based model such as HEC-6 (U.5. Army
Corps of Engineers, 1977).

The fate of fine and non-inert sediments, as
mentioned, is  less well defined. Obtaining
estimates of retemtion of fine sediments in some
cases may be as simple as using a nomegraph, such

as Churchill (1948) or Brune (1953); other studies
may require complex procedures such as x-ray
diffraction of sediments, sediment chemistry, and
numerical modeling. If numerical modeling, such as

WESTEX 1is wused, sediment transpert processes must
be defined. In the previcus study of Lost Creek
Reserveir, in which WESTEX modeling was used, the

possibilities of density currents and the

effectiveness of the turbldity conduit were not
taken 1into account. The projections derived from
this study suggested that Lost Creek would release

chronically turbid water.
never done,

This ¢the project has

There is a danger in making environmental
impact predictions: The process often becomes an
end in itself. Preimpoundment turbidity

predictions, in this case, are merely planning aids
that will require ctesting In the postimpoundment
period to establish their authenticity (Hecky et

al. 1984). As Nielson (1967) eloquently stated,
"Predictions are easlly made: it is accuracy in a
prediction which is difficule,”
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ABSTRACT

Environmental consequences of construction of
new water resource projects or changes in opera-
tions of existing projects must be addressed. A
variety of tools developed during the Envircnmen-
tal and Water Quality Operational Studies (EWQOS)
program may be used to assess impacts of regula-
tion on stream water quality. These techniques
range from simple analytical models to wmore
sophisticated unsteady flow water quality models.
Model applications have been made to a number of
systems in order to address riverine management
issues. Several of these applications are dis-
cussed to provide an overview of tools available
and their possible uses.

INTRODUCTION

Like our other natural rescurces, we find
that water, too, is limited. To meet this chal-
lenge, the Corps of Engineers (CE) is seeking out
every obtainable bemefit from our existing water
resource projects. Not only are our dams and
reserveirs valuable resources, but the tailwaters
below them are also becoming increasingly impor-
tant. Consequently, more envirormental concern is
being focused on regulated stream environments
such as reservoir tailwaters and waterways.

A variety of modeling tools have heen
developed and applied to study effects of project
modifications on riverine and stream water qual-
ity. These tools range from relatively simple

STREAM FLOW

EFFLUENT

DILUTION

analytical models to more sophisticated unsteady
flow water quality mcdels. This paper provides
an overview of these various tools with a brief
descripticn of applications.

ANALYTICAL MODELS

Some riverine and stream water quality
issues can be addressed with analytical models
that have closed solutions solvable with a hand-
held calcuiator. Questions about the dmitial
spread and dilution of a pollutant discharged
into a receiving stream can be determined with
such methods. In general, these analytical
models are referred to as integral jet-plume
models. Typically these models address the
question of whether a pollutant has beer suffi-
ciently diluted over a reach of concern. An
example i5 the spread and dilution of return flow
from a confined dredged material disposal facil-
ity or other types of effluents (see Figure 1).

The integral jet-plume solution used depends
on physical characteristics of the discharge and
receiving stream. Guidance on selection and
application of these models can be found in a
publication by HolTey and Jirka (1986). Although
application of these analytical models is rela-
tively simple, selection of an appropriate proce-
dure can be a tedious task if one is not familiar
with the various models and their assumptions.
The best way to make these models readily useable
by even a novice would be to develop them and
their protocols into an expert system through

L SOLUTE, -

Figure 1. Two-Dimensional Spread and Concentration Distribution of an Effluent in a Stream
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Artificial Intelligence. This development, which
has been proposed by several researchers familiar
with this field, would lead the user through the
proper model selection and use.

After a discharge has fully mixed with the
receiving stream, the mass transport equation is
used to compute downstream transport and biochemi~-
cal transformations of water quality constituents.
Most stream water quality issues can and should be
addressed with the one-dimensional (1-D} mass
transpart equation. In other words, the only sig-
nificant changes in water quality occur along the
Tongitudinal "axis ({stream-wise direction}, and
cross-sectional homogeneity is  assumed. 1f
steady, uniform flow can be assumed, and if con-
stituent kinetic processes can be adequately
described with rather simplistic relationships,
such as first order decay, then analytical sclu-
tions are still possible. The stream model,
STEADY, is a good example of using an analytical
solution procedure to provide a2 relatively simple
method of modeling temperature and dissolved oxy-
gen (DO} in streams.

STEADY (Martin 1986a)} is based upon 1-D, lon-
gitudinal, steady-state, analytical methods for
determining stream-wise variations in temperature
and DO. STEADY allows comparisons of different
flow regimes, inflow Toadings and meteorclogical
conditions on the spatial distribution of water
temperatures and dissolved oxygen concentraticns
in flowing systems under steady-state conditions.
It is easily applied and requires minimal input
data.

While STEADY is based upon analytical solu-
tions, its coding allows simulation of a series of
piece-wise non-uniform segments which make up a
river subreach. A series of subreaches with dif-
ferent, but steady, flows can make up the total
river reach modeled. The effects of withdrawals,
branches, and tributaries can be simulated.

STEADY was originally developed for the Nash-
ville District by the Waterways Experiment Station
(WES) to allow a reconnaissance level assessment
of temperature variations above and below a pro-
posed reregulation dam downstream of Wolf Creek
Dam, Kentucky. In subsequent studies, the
unsteady flow model, CE-QUAL-RIV1, was applied to
the same system. Cowparisons indicated that
STEADY provided water temperature predictions
nearly identical to time-averaged values from the
unsteady model, STEADY is considered appropriate
for other applications where steady-state or time-
averaged predictions are useful. The model has
also been applied by the Walla Walla District to
assess temperature variations in river reaches
affected by proposed drainage from Lake Malheur,
Oregon.

When assumptions that facilitate analytical

solutions become inappropriate or do not allow for
enough fiexibility, 1t becomes necessary te resort
to numerical water quality models. Numerical
water quality models for rivers and streams vary
widely due to the amount of detail allowed, the
number and type of water quality constituents, and
whether or not the modet allows for time-varying
conditions. Discussions that follow provide an
overview of two 1-D, numerical, stream water qual-
ity models used by WES on CE projects.

QUAL-1L

QUAL-II is a 1-D (longitudinal) stream water
quality model having branching capability (Roes-
ner et al. 1977) and is maintained by the EPA.
The basic equation to be solved is the time
dependent water quality constituent transport
equation which allows for changes in each con-
stituent due to advection, dispersion, and
sources and sinks.

QUAL-I1 subdivides a stream system into
basic sections called reaches. Each reach repre-
sents a portion of the river having similar chan-
nel geometry, hydraulic characteristics, and
chemical and biological coefficients. Reaches
are further divided into equally spaced units
called computational elements or nodes. The con-
stituent transport equation is solved simultane-
ousiy (implicitly) for all elements in the
system.

Hydraulic conditions (flow rate and depth)
used within the constituent transport equations
are determined from steady, non-uniform flow by
satisfying continuity and using either stage-
discharge relationships or solution of Manning's
equation with channel geometry information.
Steady flow implies that flow, veleocity, width,
and depth at a given point in the stream are con-
stant with time. Non-uniform fiow allows these
factors to change longitudinally from reach to
reach. .

QUAL-II was applied by WES (Hamlin and
Nestler 1986) to 108 miles of the Rogue River
downstream of Last Creek Dam in Oregon. The
study objective was to provide the Portland Dis-
trict with a model that could predict the down-
stream effects on water temperatures of the Lost
Creek Dam operation. Specific temperature ranges
are critical to Rogue River salmon abundance.
The model was calibrated and verified with data
collected from 1978 to 1981. For this study, the
model was modified to allow for variable dis-
charge updates at inflow boundaries. Use of this
feature provided acceptable resulis as long as
flow updates were gradual with respect to the
system's travel time. Flow changes in this sys-
tem were gradual, thus this model was selected as
opposed to using the CE-QUAL-RIVI model. The
model was considered to be quite accurate for
temperature predictions as Figure 2 demonstrates
for the Merlin gage (River Mile B6) during 1979.

One problem enccuntered in the Rogue River
study was the lack of flow and temperature data
for many of the tributaries. The ungaged tribu-
taries were estimated to contribute 30 to 50 per-
cent of the flow in the river depending on the
time period medeled, To solve this problem,
regression equations for temperature and flow
based on STEADY (Martin 19B86a) and basin charac-
teristics, respectively, were developed for these
tributaries, This development substantially
improved model accuracy.

The Rogue River modeT has been developed
within an interactive, user-friendly system so
that the Portland District can easily apply the
model for various operational scenariocs,

At the time this paper was prepared, the
QUAL-II model was also being applied by WES to
the Red River in Louisiana for the Vicksburg Dis-
trict (Martin 1986b). The objective of the Red
River application was to assess the impact of a
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Figure 2. Comparison of Predicted Temperature Using QUAL-II with Observations for the Rogue River at the

Merlin Gage during 1979

series of lock and dams on DO concentrations 1in
the waterway. The model was calibrated with data
collected during 1979 and 1985. The 1979 and
1985 data were collected prior to and following,
respectively, the construction of Lock and Dam 1.
The model was then used to assess the effects of
the ongeing staged construction of a series of
five Tlock and dams and the effects of the
completed project. The application allowed
assessment of structural reaeration requirements
for maintaining DO concentrations in the waterway.
The effects of present as well as projected future
toadings were assessed.

CE-QUAL-RIV1

CE-QUAL-RIV1, a 1-D, unsteady flow, riverine
water quality model (Bedford et al. 1983}, actu-
ally is comprised of twe sub-models: a hydro-
dynamic medel, RIVIH, which can stand alone and a
water quality model, RIV1Q, which requires output
from RIVIH or another routing model to drive it.

RIVIH uses the four point, implicit, finite
difference scheme to solve for flows and eleva-
tions. The model's formulation allows unequal
steps in time and space and simulation of branched
river systems with multiple hydraulic control
structures (flow reguilating structures such as
weirs and dams).

RIV1Q uses a two point, fourth order accurate
scheme to calculate advective transport. This
allows sharp gradients in water quality constit-
vents to be accurately resolved. The program can
simulate ten water quality variables: tempera-
ture, dissolved oxygen, CBOD, organic nitrogen,
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ammonia, nitrite plus nitrate, phosphate, dis-
solved iron and manganese, and coliform bacteria.
Reaeration may take place via stream reaeration,
wind-driven reaeration, and reaeration through
control structures. Temperature may be
modeled with a direct energy balance method or
equilibrium temperature calculations.

This model's versatility in simulating time-
varying flows and water quality has lead to its
use in & variety of situations. Three applica-
tions presented here cover a wide range of sys-
tems and constraints. The Chattahoochee River
study (Zimmerman and Dortch 1986), conducted for
the Savannah District, addressed potential
effects on water quality of building a proposed
reregulation dam below a peaking hydropower dam
(Buford Dam) to meet projected water supply needs
for the Atlanta area. The Wolf Creek Dam study
(Martin 1986c) on the Cumberland River in
Kentucky (Nashville District) addressed water
quality impacts associated with proposed modifi-
cations of adding peaking production and a down-
stream reregulation dam to an existing baseload
hydropower project. The on-going modeling effort
for the Lower Ohio River Multipuépose Study
(LORMS} of the Louisville District addresses the
water guality impacts of retrofitting for hydro-
power generation six lock and dams on a major
inland waterway.

In the Chattahoochee River study, CE-QUAL-
RIV1 simulated unsteady flew and water quality
conditions over 50 river miles. Concerns
addressed in the study inciuded possible devel-
opment of wunsuitably high temperatures, Tow
dissolved oxygen concentrations, and high
concentrations of dissolved manganese and irom.
Summer and autumn water quality conditions were
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modeled as they represented times when highest
temperatures and lowest dissolved oxygen concen-
trations, respectively, could be expected. The
model was calibrated and verified using prototype
data for most of the model variables and a variety
of conditions. Figure 3 demonstrates how well the
mode] predicted stages, dye cancentrations, and
temperatures as a power wave moved downstiream,
After the model was fully calibrated and verified,
Zimmerman and Dortch (1986) made numerous simula-
tions to compare various conditions with and
without the proposed reregulation dam and to
investigate various reregulation dam design and
operational alternatives.

The CE-QUAL-RIV1 model was applied to a
16 mile reach of the Cumberland River below Wolf
Creek Dam, Kentucky. Hydropower modifications
have been proposed which include uprating existing
units, a change from base load to peaking opera-
tion, and construction of downstream veregulation
dam to attenuate the power wave. Like the Chatta-
hoochee River study, the highly unsteady releases
from Wolf Creek Dam required application of an
unsteady flow model, such as CE-QUAL-RIV1, to
examine time-varying conditions. The cbjective of
the model study was to assess the impact of the
proposed modifications on water quality and fish-
eries habitat. Fisheries habitat was evaluated by
Curtis et al. {1986) using the PHABASIM system
{Milhous et al. 1984) driven by the unsteady flow
cutput of RIVIH.

The LORMS application, currently in progress,
examines how proposed retrofitting a series of
lock and dams for hydropower may influence water
quality, especially dissolved oxygen, along about
500 miles of the lower Chio River. The system is
being modeled for mid through late susmer condi-
tions, when severest water quality impacts may be
expected. To facilitate this application, RIV1Q
is being coupled to another unsteady flow hydrau-
1ic model that was previously applied by the
Louisville District to this river reach. CE-QUAL-
RIV1 was chesen for this study because the retro-
fitted hydropower may invoive peaking operatioss,
and the multiple lock and dams can be handled more
easily with the capabilities of this model.

CE-QUAL-RIVI has already proved itself a val-
uable and reliable tool for predicting water qual-
ity in a wide variety of riverine and reservoir
tailwater situations. While unsteady flow model-
ing is a primary attribute of the code, Steady
flows can be simulated as well., Different
approaches to predicting temperature are easily
implemented, and the code includes several methods
for modeling reaeration. The ten water quality
variables presently in the program cover most com-
mon water quality modeling situations, and select
variables can be modeled without having to model
atl ten. .

CONCLUSTONS

No single method is appropriate for address-
ing all water guality issues in requlated streams.
Differences in stream environments and management
issues require that a variety of tools be avail-
able for assessing existing or predicting future
impacts of reservoir releases and stream regula-
tion. The varipus stream water quality models
discussed here have provided an effective means of
addressing reservoir tailwater and stream water
quality dssues. Each particular model presented

has its own merits and limitations and should be
selected based on the specific needs of an
application.

Additional research is presently underway to
better identify and describe facters influenc-
ing the quality of reservoir tailwaters. An
additional tool under development is the system
for Management and Analysis of Tailwater Quality
(MATQ), which will provide a user-friendly methed
of estimating, with Timited input data require-
ments, effects of reservoir releases on down-
stream water quality. The need for such
information and techniques to ‘aid in understand-
ing and managing our reservoir tailwaters and
requlated streams becomes increasingly important
as we attempt to increase benefits we obtain from
our prajects.
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Effects of Aeration and Minimum
Flow on the Biota and

Fishery of Norris Tailwater

by Donley M. Hill
and William M. Seawell

Tennessee Valley Authority
Knoxville, Tennessee

ABSTRACT

Low dissolved oxygen (DO) in the releases
from Norris Reservoir was improved through tur-
bine venting in 1981, and minimum flows were
inereased in 1984. Subsequently, several bene-
ficial changes have occurred in the tallwater.
Invertebrates sensitive to environmental stress
have increased, and trout conditlon has improved
somewhat during the season when low DO is most
proncunced. These improved conditlons have
allowed an increase in number of trout stocked
and in fishing use of the tailwater. A trophy
fishery for brown trout has developed and is
recelving widespread publicity. Possglible
reasons for the lack of complete recovery of
aquatic life are presented.

INTRODUCTICN

Hypolimnetic discharges [rom storage reser-
volrs can significantly affect downstream commnu-
nittes of fish and benthic invertebrates through
altered stream temperatures, extreme and Fre-
quent fluctuations in flow, inadequate minimum
flows, increased heavy metal concentpatiens, and
reduced stream organic matter. 3Some of these
effects can be positive (Axon, 1976). Cold
hypolimnetic releases have created many miles of
big river trout water where previously none
existed. However, several conditlons caused by
these releases are detrimental te both fish and
benthic invertebrates, principally low dlssolved
oxygen {(D0), 1inadequate minimum Fflows, and
associated phenomena. Low DO concentratlons
have been demonstrated to limit growth and sur-
vival of Ffish in laboratory studies (USEPA,
1986); and similar effects are belleved to occur
in some tallwaters.

Invertebrates such as midges, lsopods, and
amphipods are tolerant and are often very abun-
dant in streams with 1low DO (Davis, 1975).
Benthic invertebrates such as mayflies, stone-
flies, and caddisflies are, however, sensltive
to low DO and are not abundant in affected
waters. Inadequate minimum flows can cause sub-
strate drying, reduce available habitat, and
favor invertebrates which are adaptable to these
conditions. These invertebrates alsco include
many of the same types that are tolerant of low
Do, i.e., midges, isopods, and amphipods.
(Brown et al., 1968).

Adverse effects of low DO on fish may
include 1loss of appetite, depressed growth and
condition, 1increased susceptibility to disease
and predation, and in extreme cases, mortality.

Low DO also limits the number of fish specles in
a stream and the size and diversity of Fish food
organisms. Low stream Flows velow tallwaters
reduce water depths and velocity and change the
amount of preferred habitat for individual
specles and can reduce the number and welght of
fish a stream can support both by direct influ-
ence on their physical habitat and by affecting
the food base.

Approximately 191 miles of the tailwaters
of 10 tributary reservoirs operated by the
Tennessee Valley Authority are affected by low
DO and/or lack of minimum releases. In these
stream reaches, Fish and aquatic invertebrates
are limited, and recreational use is held well
below its potential.

A study of the Norris tallwater from
1671-1977 (Boles, 1980} identified low DO and
lack of adequate minimum flow as the primary
fFactors 1limiting further development of the
trout Flshery. Partly as a result of these
findings, TVA's Reservolr Releases Improvements
Program (IVA, 1980) began an effort to improve
dissolved oxygen and Flow conditlons in the
tallwater. In 1980 a hub baffle system was
installed and tested intermittently on one of
the two Norris turbines. This aeration system
increased minimum DO in the releases by an
ayverage of about 0.7 mgsl in 1981, and 2-3 mg/l
frem 1982-1985. The system was operated when DO
in the releases fell below & mg/k.

Construction of a flow reregulation welr
approximately 3.2 km {2 mi) downstream of Norris
Dam was completed in May 1985, and water stored
behind the weir, supplied by pulsed Flow from
the hydropower unlts, has since provided a mini-
mum flow of approximately 5.7 m3/s {200
fr3/sec) downstream. Approximately 1/2 hour
of flow from one turbine is required to Fill the
pool behind the welr which supplies flow down-
stream for twelve hours.

The purpeose of this paper is to describe
changes 1in fish, invertebrate populations, and
angler use in Norris tlaillwater that have accom-
panied aeration of releases and operation of the
flow reregulation weir.

MATERIALS AND METHODS
Description of Study Area

Norris Dam impounds a storage reservolr
located at mile 7%.8 of the Cilmech River, It
was impounded in 1936, covers 13,841 ha (34,200
ac) at normal full pool level, and has a
drainage area of 7,539 km? (2,912 mi?).
Water 1is normally released from the reservalr's
hypolim- nion through two hydroelectric units.
Maximum two-unit discharge is approximately 241
m¥/sec (8,500 ft.3/sec). Flow 1s controlled
primar- ily Ffor peak power generation to meet
power loads.

DO varles seasonally Ln the releases from
Norris Dam, with lowest concentrations {(as low
as 0.5 mg/l) wusually recorded 1in the early
autumn. A typleal DO and temperature, and dis-
charge cycle 1s shown in Figure 1.
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Figure 1. Representative DO, temperature, and
discharge trend in turbine discharge
from Nerris Reservoir for 1975,

The tailwater extends approxlmately 22.5 km
(14 mi} downstream from Norris Dam to the head-

waters of Melton Hill Reservolir. Average width
of the river at two-unit flow From Norcis Dam is
approximately 131.6 m (432 Fft), while under
minimum flow conditions width ts 4.5 m (310
ft}. water level in the river fluctuates about
1.8 m (6 ft) between periods of two-turbine
generation and no generation, Average unreg-
ulated f{low at the dam site (1903-1969) was
120.8 m3/sec (4,624 fti/sec). Stream
gradient is about 0.6 m (2 ft} per mile with a
normal sequence of pools and riffles. Bedrock
1s the primary substrate in the tailwater, with
small patches of rubble, gravel, and cobble.
Extensive growth of filamentous green algae,
primarily Oedogonium with small pockets of
Cladophora, covers much of the bottom.

The river is used for boat, bank, and wade
fishing. Most bank and wade fishing takes place
when the turbines are off and access is limited
primarily to the upper 6.4 km {4 ml) below
Norris bDam and a short section 22.5 km (14 mi)
downstream of the dam. Most boat fishing takes
place when the turbines are operating. At full
Flows the entire 22.5 km may be floated.

Benthos

Four quantitative samples for benthic
invertebrates were collected at each of 5 tail-
water locations (Figure 2) with an unmodified
0.09 m® (1 ft?) surber sampler with a 750
micron mesh net. Samples were collected Ffrom
shoal areas less than 0.3 m deep from substrate
consisting mostly of <cobble and/or rubble.
Samples were fixed in a 10 percent formalin
solution. After sorting, 1invertebrates were
preserved 1in alcohol, identified (usually to
genus), and counted.

Fish Population Sampling

Samples were collected with chemical fish
toxicants {(sodium cyanide or rotenone) at river
miles 77.1 and 70.95 Ffrom 1971-1977 and
1930-1985, River mile 70.% was not sampled in
1973 or 1977. Sampling was conducted twice
annually in summer and autumn). Fish collected
in these samples were ldentified, weighed, and
measured.
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Figure 2. Sampling stations for benthos and fish
in Norris tailwater.

Creel

A roving creel census based on non uniform
probability design developed by Dr, Don Hayne,
North Carclina State University was used.
Sampling was conducted in accessible areas of
the tailwater five (95) days a week. All week-
ends &and holidays were Iincluded; then encugh
weekdays are randomly selected to complete the
needed number of workdays during a peried.
Census days were divided into two work pericds,
sunrise until noon, and noon until sunset. The
period censused for each day was chosen by ran-
dom selection. The time for & count of anglers
was then c¢hosen by random selection. At this
preselected time the clerk counted all persons
fishing in accessible areas. During the
remainder of the day the clerk interviewed
anglers. Information collected included time
Fished, number caught, and lerngth and welght of
individual Ftish.

The F[ishing pressure count waes then
expanded to estimate total Ffishing pressure for
the day. Harvest estimates were made For each
period as the product of mean daily effort and

estimated mean catch per effort. Estimates from
individual periods are summed to produce
monthly, quarterly, and annual estimates.
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Trout Condition

Relative condition, preoposed by LeCren
(1957) to elimipate trends in condition associ-
ated with length, was used as a measure of the
changes in  plumpness (condition) of fish
harvested by anglers. Condition was used to
examlne changes in growth rates after seraticn
of releases and increased minimum Flow.

RESULTS AND DISCUSSION
Physical Changes

Aeration and flow enhancement measurably
improved physlcal habitat in Norris tallwater.
The minimum dissolved oxygen concentrations in
the releases whlch typically coccur during August
through October were elevated by as mueh as 3
mg/% immediately below the dam and the effects

diminished downstream (Figure 3). Flow, temper-
ature, and water quality modeling (Beard and
Hauser, 1986} under low flow copditions (pulsing

to maintain weir pool) typical of weekend oper-
ations indicate that the increased minimum flow:

L. Decreased daily maxiloum temperature by 0.5 -
1° ¢.
2. Increased dally minimum DO by about 1 mg/f
below the welr.
3. Decreased daily maximum DO by about 2 mg/i
below the welr.
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Figure 3. Mean DO {Mg/P} during a "typical®

24-hour period with 2-unit discharge
{8,000 cfs) from 10 a.m, until 10 p.m.
with and without hub baffles (after
Beard and Hauser, 1986}.

Under high flow conditions water residence times
are considerably reduced, dampening diurnal
variations in DO and temperature.

Flow model simulations under minimum flow
conditions also indicate the wetted area of the
stream is increased about 25 percent as a result
of impoundment upstream of the weir and about 10
percent downstream from a sustained minimum flow.
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Effects on Benthic Fauna

Although the Norris tailwater benthic Fauna
community continues to be dominated by chiron-
omids, iscpods, and amphipods, less tolerant
taxa are occurring more frequently (Figure 4).
Caddisflies, crayfish, snails, stoneflles, and
mayflies, all desirable food for trout, now
occur more Frequently at all stations in the
tallwater except immediately below the dam.
Caddisflies, crayfish, and snails are also
beginning to influence the benthic Fauna commun-
ity structure as thelr percentage compesition

increases relative to other taxa (Table 1). The
overall numerical abundance of bottom fauna
organisms in samples taken has not changed

significantly since aeratlon and flow enhance-
ment, even though these deslireable forms are
more abundant.

The delayed, and as yet ilncomplete recovery
of the Norris tallwater benthic fauna community
may be because DO is still too low to allow
survival and reproduction of some sensitive
benthic species, a shortage of colonizers, or
because full recovery simply takes longer than

Table 1. Percent composition of 10 taxa of
bottom fauna organisms in Norris
Tailwater from 1971-1985.
Taxonomic Community Percent Compesition
Group 1971-197% 19680-1984 1985
Caddisflies .27 1.07 3.43
Mayflies 0.01 G.01 0.01
Stoneflies 0.01 6.01 0.01
Black flies 9.11 3.98 6.54
Nidges 99.98 70.74 99.99
Crayfish 0.00 0.03 0.04
8nails 0.05 0.12 0.43
Amphipods 5.76 6.13 11.13
Isopods 17.60 9.26 12.60
Others 7.21 8.65 5.72
expected. A tranplant of additicnal inverte-

brates was made into the tallwater in 1985 in an
effort to lncrease the speed of recovery. The
results of this transplant are belng monitored.

Response of the Fishery

Prior to 1971, the Norris tallwater trout
fishery was not lintensively managed, and fishing
pressure was relatively 1light (estimated at
10,000 hours per year). Along with increased
stocking of both Fingerling and catchable rain-
bow and brown trout {(Table 2), angling pressure
has increased significantly during recent years
(Figure 5). Effort during 1980-83, when DO
improvements were made and public awareness of
the Fishery at Norris lncreased, was 17 percent

greater tham the 1970s (average of 54,394
hours/year for 1980-83 vs average of 46,520
hours/year for the 1970s), an increase of

approximately 17 percent.

During 1984-85% following establishment of a

5.7Tm/sec (200 Ft3/sec) minimum flow, angling
pressure again showed a 79 percent increase
{average of 83,388 hours/year) over the 1970s
and was also significantly greater than the

Hill, et al.
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Figure 5. MNorris tailwater fishing effort (fish-
erman hours per year}, 1973-1977 and
1980-1985.

1980-83 period. Expansion of angling pressure
is probably attributable to a number of Ffactors,
including: public interest and awareness of
ef'forts to enhance the Fishery at Norris (l.e.,
DO improvements; ihcrease in stocking of ralnbow
trout; and successful establishment of a trophy
brown trout fishery}; provision of more stable,
esthetically pleasing, and more "fishable”
waters by maintenance of a minimum [low; and
additional access created by the flow reregu-
lation weilr.

puring the 1ll-year creel period {1973-77,
1980-89) an estimated 254,120 trout of all
species welghing 37,323 kg were harvested from
the tailwater. Total annual harvest of trout
increased significantly (Table 3). Average
harvest was 15,656 fish (2,404 kg) per year in
the 1970s and 27,640 fish (4,217 kg) per year in
the 1980s., Increased teotal annual harvest was
related primarily to twoe Factors, 1increased
total FPishing effort and increased stocking of
catchable-sized fish whiech both occurred under
improved DG and/or flow conditlons during the
1980s.

Hill, et al.
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Table 2. Trout stocking record, Norris tailwater
1973-77 and 1980-85. Numbers include
both reinbow and brown trout,

Total Number of

Year Catchables Fingerlings
1973 48,290 1]
15974 14,842 244,285
1975 0 209,359
1974 +] 159,939
1977 10,001 180,256
1980 37,743 160,000
1981 10,000 145,723
1982 30,433 134,400
1983 36,733 159,926
1984 29,084 180,000
1585 37,759 15%,572

The number or welght of fish harvested in a
unit of time {(catch rate) is probably the best
measure of changes in a fishery. Figure 6 shows
yearly catch rates in Norris tallwater. Average
annual catch rates improved from 0.34 Fish/hour
in 1973-77 to 0,43 Pish/hour for 1980-85. Aera-
tion of the releases and establishment of a
minimum flow had 1little direct effect on catch
rate. These Improved catch rates were however
highly correlated with increased annual stocking
of catehable sized trout, demonstrating that the
fishery was improved by =altered stocking strat-
egles which took place concurrently with, and
are impossible to separate from, improved DO and
flow conditions.
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Figure 6. Norris tailwater angler success

{number of fish caught per hour of
effort) during 1973-1977 and 1950-1985.

Table 3. Estimated annual harvest for the Norris
Tatlwater Trout fishery, 1973-77 and

1980-85.
Total Harvest
Year {Number)} Kilograms
1973 19,591 3,424
1974 11,538 1,761
1975 15,661 2,307
1976 16,871 2,251
1977 14,617 2,300
1980 20,416 3,395
1981 15,540 1,562
1982 18,389 3,602
1983 33,436 3,124
1984 44,085 8,098
1985 33,976 5,518
Total 254,120 37,316
X 23,102 3,392

Aversge drop in LeCren condition of trout
between summer and autumn is shown in Figure 7.
There 1s an apparent trend toward improving
trout condition following aeration, although
there are no statistically signiPicant differ-
ences between pre- and post-aeration years. The
best year on record occurred during 1985. Flow

is apparently a major Ffactor affecting this
condition, since high turbine discharges expose
Fish to low DO for long pericds, even with tur-
bine aeration, Record low flows occurred 1n
summer &nd autumn 1985, while 1984 had extremely
high flows.,
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Figure 7. Percent change in LeCren condition of
trout in Norris tailwater population
samples between July and October.

All actlons im concert have dramatically
improved the Fishery in Norris tallwater,
Recovery of invertebrates is still not complete,
and growth of individual trout has been only
mintmally affected, indicating & need for addi-
tional 1increases in dissolved oxXygen in the
releases and possibly increased minimum flow.
Additional access would also allow increases 1in
fishing use in the tailwater.

Hill, et al.
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Because no dramatic improvements in Fish
condition have taken place after aderation, we
conclude that DC has not improved sufficiently
to produce measurable changes in [ish growth.
Recent experiments 1in large channels at TVAs
Aguatic Research Lab (TVA, unpublished) indicate
that under Fluctuating conditicns, mean DO
concentrations of around 6 mg/% are required
to bring about significant lmprovements in raln-
bow trout growth. Until such concentrations are
achieved in Norris taliwater, measurable
improvements in fish conditlon are not likely to
occur. This finding is further substantiated by
the fact that condition of trout in Norris taill-
water starts to decline when DO itn the releases
falls below about & mg/%.

SUMMARY AND CONCLUSIONS

Seasonal aeration of the releases from
Norris Reserveir ©bpeginning in 1981 and an
increased minimum flow of 5.7 m3/sec (200
ft3/sec) dramatically lmproved dissolved
oxygen and Flow conditions in the 22.5% km (14
mi) reach of the tallwater. With these improve-
ments some beneficial changes 1n the tailwater
biota have also occurred. Invertebrates which
are more sensltive to environmental pertur-
bations and desireable as fish Ffood (caddis-
flies, mayflies, stoneflies, crayfish and
snalls) began to occur more frequently through-
out the tallwater beginning in 1985. The
delayed and incomplete recovery may be a resultl
of DO levels which are s5till below threshold
levels for survival and reproductlon of some
sensitive Dbenthic specles, the scarcity of
available colonizers, or a longer than expected
time required for full recovery.

Fishing pressure, catch rate, and total
annual harvests, Aincreased slgnificantly during
aeration and following increased minimum flow in
the tabtlwater. These increases are belleved to
be due to an increased public awareness of
efforts toc improve the fishery; improved DO
during critical periods of the year: more
stable, esthetically pleasing flow conditions;
increased trout stocking; and improved access
around the weir.
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PREDICTING EFFECTS OF REREGULATION
DOWNSTREAM OF BUFORD DAM, GEORGIA

John M. Nestler

Research Ecologist, USAE Waterways Experiment Station, Vicksburg, Miss

ABSTRACT

This presentation describes a case-history
application of the Physical Habitat Simulation
(PHABSIM) system, developed by the US Fish and
Wildlife Service. The application resolved poten-
tial instream flow conflicts between mneeds for
water supply and trout habitat that would result
from operation of a reregulation dam downstream of
Buford Dam, Chattahoochee River, Georgia. This
study documents how potential downstream conflicts
between project cperation and fishery concerns can
be approached, formalized and resolved from both
an institutional and technical standpoint. The
study results indicate that multiple downstream
uses of the releases from the reregulation dam can
be accommedated with relatively minor changes in
project aperation.

INTRODUCTION

As part of water resources development and
management, reservoir projects are operated for
flood control, water supply, navigation, irriga-
tion, power generation, and other beneficial uses.
However, operation of reservoir projects, partic-
ularly peaking projects, can cause considerable
modification from preimpoundment conditiens in the
downstream reaches. Peaking hydropewer operation
can have potentially severe effects on the tail-
water ecesystem because of extreme short-term flow
and water quality alterations and long-term
changes in channel morphology. These effects are
restricted more to peaking operation than other
types of project operation because of the rapid
changes in flow associated with meeting peak
demand for power and because most peaking projects
are deep release. Qeep releases usuatly depart
rmore from equilibrium conditions than surface
releases, particutarly in the summer.

One alternative often identified to decrease
the detrimental effects of peaking operation is to
canstruct a smaller dam downstream of the peaking
hydropower project to revegulate the releases.
The smaller reregulation dam attenuates or elimi-
nates the peaking releases and instead releases a
more constant fiew into the river. However, the
benefits and trade-offs associated with reregula-
tion have not been well quantified.

This case-history study presents results from
a cooperative study performed by the USAE Water-
ways Experiment Station and the US Fish and
Wildlife Service to predict the effects of reregu-
lation of the Chattahoochee River below Buford
Dam, Georgia on downstream trout habitat (Mestler

et al. 1985) using the PHABSIM system. This
study was limited to trout (juvenile and adult
brown trout - Salmo trutta, adult rainbow

~ flow required for water quality nearly
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trout - S. gairdmeri, adult brook trout -
Salvelinus “fontinalis] although many other spe-
cies of fish also occur in the Chattahoochee

River (Hess 1980) because of the value of the
trout fishery.

Study Background

In 1974 county governments in the Atlanta
vicinity determined that demands on the Chatta-
hoochee River for water supply plus the stream-
equaled
the minimum Jow flow release from Buford Dam
(Atlanta Regional Commission 1981). Projected
increases in water supply demand in the following
years could not be supplied under the existing
release schedule in the river. In response to
the anticipated shortage of water, regional plan-
ners suggested a number of alternatives to
increase the base flow in the Chattahoochee
River. The preferred alternative for providing
future water supply was construction of a reregu-
lation (rereg) dam about 6.3 river miles down-
stream Buford Dam. The proposed rereg dam would
release a much more constant flow than the peak-
ing flows presently released from Buford Dam
(generally, a maximum release of approximately
8000 cubic feet per second {cfs} or minimum
release of about 550 cfs) by storing the genera-
tion releases from Buford Dam for gradual release
during non-generation periods. The anticipated
minimum release from the rereq dam would be
approximately 1050 cfs. Considerable concern was
expressed that flow modifications caused by oper-
ation of the rereg dam {and resultant water qual-
ity changes) to meet increased demands for water
supply within this reach of the Chattahoochee
River could have a negative effect on the valu-
able trout fishery downstream of Buford Dam.

Site Description

The reaches of river investigated in this
study (Figure 1) are bounded upstream by Buford
Dam {River Mile 348.3) and downstream by the con-
fluence with Peachtree Creek {RM 300.5). Three
study reaches were identified based on the pres-
ence of actual or potential hydraulic control
structures. The results of this study are pre-
sented separately for each of the major reaches
of the Chattahoochee River: {a) from Buford Dam
to the site of the potential rereg dam, (b} from
the site of the potential rereg dam to the Head-
waters of Bull Sluice Lake and (¢} from Morgan
Falls Dam (a small Georgia Power dam that creates
Bull Sluice Lake) to the confluence of Peachtree
Creek (river mile 300.5). The storage capacity
of Morgan Falls Dam has been substantially
reduced by siltation to the extent that daily



Figure 1.

operation is largely determined
entering Bull Sluice Lake.

by the flows

Operation of Buford Dam for peaking hydro-
power has considerably altered the preimpoundment
flow regime. Buford Dam is peaked for a minimum
of 11 hours per week with peak releases of about
8000 cfs occurring during the afternoon and eve-
nings of weekdays. Minimum releases near 550 cfs
are discharged during &1l other time periods. On
autumn weekends, increased flows may be released
from the dam to improve water quality conditions
at the trout hatchery located near Buford Dam.

The year-round availability of cool water has
allowed the development of & valuable "“put-and-
take" trout fishery in this formerly warm water
river, Harvestable-size rainbow, brook, and brown
trout are stocked at numerous points din the
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Map showing major features of study area.

Chattahoochee River by the Georgia Game and Fish
Division. Juvenile brown trout are stocked down-
stream of Morgan Falls Dam by the Georgia Game
and Fish Division with the assistance of Trout
Unlimited. Over 100,000 catchable-size trout are
stocked in most years. Long-term survival of
stocked brown trout has produced trophy-sized
fish, particularly downstream from Morgan Falls
Dam.

MATERIALS AND METHODS
General Approach

An examination and evaluation of the issues
related to the proposed reregulation of Buford
Dam releases indicated that, with some modifica-

tien, the PHABSIM system could be used as a tool
to predict and wmanage fish habitat in the

Nestler
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Chattahcochee River. PHABSIM was selected
for the following reasons:

it is generally accepted by many agencies
as a defensible method to assess the
downstream effects of reservoir operation
on fish habitat;

the results of an instream flow study
using PHABSIM are particularly amenable to
resolving  potential water  resources
conflicts;

3) it is incremental, that is, it relates
small changes in operation to changes in
habitat for target )ife stages;

it is well-documented and supported;

1

~—

2

—

4

£} it is flexible; the organization of the
system is such that changes can be made
easily as the state-of-the-art of fish
habitat simutation increases and addi-
tional studies provide more information
to the analysis.

—

PHABSIM Description
Background

The PHABSIM system is based on the observa-
tion that most species of fish prefer certain
combinations of depth, velocity, and cover and
tend to avoid other combimations of these param-
eters, If the relative values of different depths
and velocities for each species are known and the
hydraulic conditions within the channel can be
described for different discharges, then it

becomes possible to determine both the quality and
quantity of habitat for each species of fish at
Thus, an instream

these different discharges.

flow study consists of three essential steps,
The first part involves a description of the
depth, velocity, and cover available in the river
at discrete discharges. The second part is the
development of criteria for each species of fish.
The last part of an finstream flow study is to
combine parts one and two for each discharge of
interest to derive an estimate of the value or
worth of the river for each fish species at each
discharge. Figure 2 depicts a conceptualization
of the major steps involved in performing an
instream flow study. The discussicn above pro-
vides only a summary of the conceptual basis of
the PHABSIM system. Depending upon the problem
at hand, the user may choose any of a number of
d¢ifferent options and approaches to complete an
analysis. The next sections will detail how these
general steps were applied to the Chattahoochee
River,

Suitability Curves

Criteria (or suitability) curves for each
variable (depth, velocity, and cover) must be
identified or generated to relate cell-by-cell
flow conditions in the study river reach to use-
ability by a target life stage. That is, the
value of conditions in cell(i) for a particular
target species or life stage can be assessed if
the criteria (the value of different velocities,
depths, and substrates) are either kmown ini-
tially er identifiable with further study.
Figure 3 presents the criteria curves used in
this analysis. Note that the range of potential
values vary from zero {no value} to one (ideal
conditions) for each variable. For most applica-
tions of PHABSIM, depth, velocity, and cover are
assumed to be independent variables, even though

~
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Figure 2.

given discharge.
single habitat value for each celi.

obtain a single habitat value for the given dischar

Conceptualization of how PHABSIM makes habitat predictions.
A, depth D(i) and velocity V(i} and cover conditions,

First, as depicted in subfigure

C(i), in cel1{i) are measured or simulated for a
These conditions are then evaluated relative to criteria in subfigure B to generate a
The habitat values for all cells in the study reach are summed to
ge, depicted as a single point in subfigure €, This

procedure is repeated for different discharges to obtain the graph in subfigure €.
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Figure 3.
the Chattahoochee River Instream Flow Study.
(optimal value).

these variables are known to be correlated. If
necessary, bivariate representations of depth and
velocity can be used; however, field data must
then be collected to develop bivariate cri-
teria since almost all published criteria curves
present depth and velocity as independent vari-
ables., Additignal information on interpreting,
evaluating, and generating criteria curves can be
found in Bovee (1986).

Estimating Habitat

In a typical application of PHABSIM, the val-
ues for depth, velocity, and substrate in cell(i)
are each evaiuated relative to the criteria for
the target life stage to generate a weighting fac-
tor for the surface area of river represented by
cell(i)

W(i) = suit{d) = suit(v} = suit{c) (1}
where
W(i) - weighting factor for cell{i),
suit{d) - suitability of the depth in

cell{i} for a given discharge for
target life stage,

5

VELOCITY, FPS
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10 o 4 8 12
CHANNEL INDEX

Plots of suitability functions for velocity, depth, and cover for target species analyzed in
Note that suitability values range from 0 {nc value} to 1.0

suit(v} - suitability of the veloeity in
celi(i) for a given discharge for
target life stage,

suit(c) - suitability of the cover in
cell(i} for target life stage.

The amount of river area (WUA) available for a
target life stage in cell{i) can be represented
as -

WUA(1) = area(i} x W(i) (2)
where
WUA(i) - total weighted useable area of
the river surface area repre-
sented by cell(i),
area(i) - area of river represented by
cell(i),
W(i} - weighting factor for ceil{i).
The total Weighted Useable Area (WUA) in the

study reach available for use by the target life
stage for a given discharge can then be repre-
se?%ed 2s the sum of the weighted areas of each
cell or

Nestler



(3}

i

=1
WUA = £ WUA(3)
n

where

WUA - total WUA for a given life stage,
WUA(E) ~ WUA in cell{i),
n - number of cells in the river
reach of interest,
L - summation symbol,

1

This formulation allows estimation of a single
habitat value for a river reach that is a func-
tion of discharge for the target life stage. The
habitat available at other discharges can then be
calculated in a similar fashion to generate a
habitat versus discharge relationship. Additional
information on different ways of combining indi-
vidual criteria curves to generate a composite
criteria or weighting value can be obtained in
Milhous et al. (1984),

This discussion presents only the most fun-
dameatal underpinnings of PHABSIM. Many other
techniques, options, and programs are available
that provide for complete analyses of water
development projects including comparisons of
different operaticnal or structural alternatives,
time series analysis, and other types of habitat
analyses. The reader should consult Instream
Flow Information Paper No. 11 (Milhous et al.
1984) and No. 12 (Bovee 1985) for more details on
the use and applicatign of PHABSIM.

Flow and Channel Geometry Description

Collection of detailed field data was
restricted primarily to shoal areas, particularly
downstream of Morgan Falls Dam, because of their
value for recreation and trout habitat. Reaches
that were considered to provide less trout habitat
were described using historical information previ-
ously coliected either by the US Gealagical Survey
(Faye and Cherry 1980) or by the Corps of Engi-
neers {1974). Field data were callected by the US
Geological Survey using standard methods of stream
gaging.

A range of techniques are available in the
PHABSIM system to simulate cell velocities and
water surface elevation in a stream. The Water
Surface Profile (WSP) Program (see Milhous et ai.
1984 for more detailed information} was used where
only cross section geometry data were availabie
and cell water velocity information was unmavail-
able. For the reaches investigated as part of the
field effort for this study a stage-discharge
relationship, developed separately for each cross
section, was used to determine the water surface
elevations at different discharges of interest
(see Trihey and Wegner 1981 for more details).
The IFG4 program was then used to determine the
velocities within the stream channel given the
stage-discharge relationship (see Milhous et al.
1984 for more information on the IFG4 program).
Sensitivity analyses indicated that selection of
an atternative hydraulic approach would not have
had a significant impact on the final results.

Trout Suitability Criteria Curves

The criteria for the trout were based ini-
tially on infermation available in Bovee {1978).
However, the curves of Bovee (1978) were based on
trout behavior in trout streams in western states
and their use, without modification, on a highly
managed, upper piedmont, put-and-take trout fish-
ery downstream from & peaking hydropower project

in the southeast would be problematic, at best.
The criteria were modified (Figure 1) through con-
sultation with two experts designated by the
Georgia Game and Fish Division to make them more
applicable to the Chattahoochee River. The suit-
ability criteria for substrate, developed specif-
ically for this study, are shown in Table 1.

Table 1. The Channel Index Used for the
Chattahoochee River Trout Fishery

Channel Suit-
Index ability Description

0.10 211 sand, ng cover

0.15 gravel, no cover

0.25 sand, some cover

0.30 sand, extensive cover

0.40 gravel, extensive cover

0.50 cobble (75-254 mm), some cover
0,60 boulder (> 254 mm), some cover
0.70  bedrock, some cover

0.80 cobble, extensive cover

0.90 bedrock, extensive cover

1.00  boulder, extensive cover

0.50 upland vegetation
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Time series analyses of habitat and flow, ordi-
narily part of an instream flow study, were not
performed in this analysis because: a) natural
reproduction was not a source of trout recruit-
ment; b} comparisons between peaking flows
(existing conditions) and steady Tlows (project
condition) were not possible, and c) because
little opportunity was available to modify
releases from Buford Dam on a seasonal basis.

RESULTS

For the sake of brevity, the results of this
study are presented in weighted useable areas
{WUA) for total reach summaries (Figure 4). The
summary figures present the mean weighted useable
area for a length of river 1000 feet long for
each of the three major reaches. This form of
presentation allows for comparison of reaches of
unequal iength. Total habitat for each reach can
be calculated as WUA per 1000 feet times a reach
multiplier.

Trout Habitat

The general results for trout of all 71ife-
stages for the major reaches were remarkably
similar (Figure 4). In all cases, habitat for
each species peaked at a discharge under
2,000 cfs and then declined to a minimum at the
highest simulated discharge of 12,000 cfs.

The four species 1ife-stages investigated in
this report could be placed into two groups. The
WUA-discharge relationships for adult rainbow
trout and adult brown trout were -generally simi-
lar. The WUA-discharge curve of Dboth peaked at
approximately 1,500 cfs and then declined to a
minimum at 12,000 cfs, For the second group,
brook trout and juvenile brown trout, the WUA-
discharge relationships peaked at oar under
1,000 cfs and declined to a minimum at
12,000 cfs. 1In general, the amount of habitat
availtable for adult brook trout was less than
that avaitable for either adult brown trout or
adult rainbow trout.

Nestler
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Figure 4.

Relationship between WUA (presented as the average weighted useable area for 1000 feet of
stream channel) and discharge for trout iife stages for - A?

Morgan Falls to Peachtree Creek B} site of

proposed rereg dam to headwaters of Bull Sluice Lake C} Buford Dam to the site of the proposed rereg

dam.

The habitat value of the different major
reaches differed significantly. The largest area
of habitat for all trout species and life-stages
was found below Morgan Falls Dam, primarily
because of the steep stream gradient, increased
river width, and numerous shoals that occur in
this reach. Rocks, boulders, and fractured bed-
rock in the shoal areas provide abundant cover
for trout. Two additional areas of prime habi-
tat, shoals at river mile 328.6 and 319.5, occur
within the major reach between the site of the
proposed reregulation dam and the headwaters of
Bull Sluice Lake.

Adult Brook Trout Habitat

Habitat for adult brook trout in the three
major reaches peaked at a discharge near or under
1000 c¢fs (Figure 4). For the rereg pool reach
and below Morgan Falls Dam, habitat dropped sub-
stantially below the optimal discharge. Habitat
availability as a function of discharge dropped
more gradually in the reach of river between the
site of the proposed rereg dam and the headwaters
of Bull Sluice Lake, Aithough the habitat for
adult brook trout for each major reach peaked at
low discharges, there were several noticeable
exceptions.  Habitat 1in shoal areas usually
peaked at discharges near 1500 cfs.

Adult Rainbow Trout Habitat

Habitat for adult rainbow trout in the three
major vreaches peaked at a discharge between
1,500 and 2,000 cfs and declined to a minimum at
12,000 cfs (Figure 4), The habitat available in
all of the subreaches also follows the same
trend. There did not appear to be major differ-
ences in the habitat-discharge relationship for
this species between shoal and non-shoal areas.
The habitat value of the major reach below Morgan
Falls Dam was greater than that of the two
upstream reaches, primarily because of increased

cover and width of the extensive shoals found in
this reach.

Adult Brawn Trout Habitat

Habitat for adult brown trout followed the
same general pattern observed for adult rainbow
trout, except that it peaked at a slightly jower
discharge, usually around 1000 cfs (Figure 4).
Again, the habitat-discharge relationship
declined from the peak at 1000 cfs to a minimum
at 12,000 cfs. The habitat value of the major
reach below Morgan Falls Dam was greater than
that of the two upstream reaches, primarily
because of the increased cover associated with
the extensive shoals found in this reach. There
did not appear to be a major difference in the
habitat-discharge relationship among the sub-
reaches that comprised the wmajor reaches,
although the shoal areas tended to have a more
flattened peak.

Juvenile Brown Trout Habitat

The habitat-discharge relationship observed
for juvenile brown trout was similar to that
observed for brook trout. In general, habitat
for each major reach peaked at or near a dis-
charge of 500 cfs. The habitat value (Figure 4)
of the major reach below Morgan Falls Dam was
greater than that of the other reaches, again,
primarily because of increased cover provided by
the shoals and increased width of river. Habitat
in the shoal areas either peaked at a discharge
above 500 cfs but below 1500 cfs or the rate of
decline in habitat with increasing discharge was
less pronounced than in the total reach
summaries.

DISCUSSIGN

The potential effects of flow alterations in
the Chattahoochee River can be broadiy classified

Nestler
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as fish habitat modifications vresulting from
changes in depths and velocities; water quality
changes caused by construction of the proposed
rereg dam (operation of a rereg dam will slow the
travel time of water through the system thereby
resulting in more warming of the water and
increased water temperatures over current condi-

tions); changes in cover in the channel; and
changes 1in the channel itself (i.e. bank
sloughing).

Under current operating conditions, trout

habitat at any point within the entire study
length of the Chattahoochee River varies between
optimum and near-optimum at the lower flows {650
to 1050 cfs, depending upon 1location in the
river) to & minimum at the higher discharges
{near 10,000 cfs depending upon discharge from
Buford Dam and tocal inflows). Additionally,
habitat can vary from a maximum to & minimum
several times in a 24 hour period. Thus, fish
habitat may be optimal for much of the day and
minimal for several hours. Under the proposed
revised operating schedule, the minimum in habitat
that occurs on a daily basis will be eliminated
and the overall flow regime will more nearly
approximate the optimum flow required by the four
trout life-stages. The benefit to the fishery
obtained by this change could not be assessed at
the time this study was completed because relative
differences in habitat value between a steady flow
and a fluctuating flow could not be defensibly
quantified; although, from a qualitative stand-
point considerable information exists suggesting
that daily fluctuating flows are more detrimental
to fishes than steady flows. In addition, steady
flows in the river will be more conducive to
increased primary {algae and aquatic macrophytes)
and secondary (aquatic macroinvertebrates) produc-
tion than the fluctuating flows, Neither aguatic
vegetation nor aguatic macroinvertebrates will be
subjected to altermate scour and stranding by
fluctuating water levels under the revised opera-
tion to meet water supply needs. From a fish hab-
itat standpoint, the revised flow in the river
obtained by eliminating the peak flows associated
with demand for power will be beneficial for the
reaches downstream of the site of the proposed
rereq dam, assuming that detrimental water quality
conditions do mot occur.

The fish habitat benefits derived from flow
alterations vary somewhat by lifestage. The habi-
tat available for juvenile brown trout and adult
brook trout is negligible at discharges above
4,000 cfs. Thus the elimination of the daily
peaking flows would be of considerable benefit to
the habitat available to these two species. This
is particularly true if the success of these two
lifestages is limited by the lack of habitat at
the high daily discharges.
the case based on discussions with representatives
of the Georgia Game and Fish Division. Brook
trout are not stocked in appreciable numbers since
this species has not provided the return rate
(harvest) of rainbow and brown trout. Juvenile
brown trout are stocked in the Chattahoochee River
below Morgan Falls Dam. Based on the PHABSIM
analysis presented in this repert, habitat at a
higher flow {1600-150C ¢fs) is available at the
shoal areas. An upward shift in the current mini-
mum low flow to a more constant release may cause
an overall moderate decline in habitat available
at the tower discharges since both of these tife-
stages have optimum habitat at a discharge lower
than 1000 cfs in all of the major reaches. How-
ever, since the optimum is somewhat higher in some

This may, in fact, be

of the subreaches, particularly in the widest
shoal areas, some areas of good habitat will be
available at discharges above the current minimum
flow.

Firm conclusions concerning the effect of
flow modification cannot be reached for sections
downstream of Morgan Falls, since it is operated
independently by Georgia Power Company. If
Morgan Falls Dam is operated as a run-of-the-
river project, in which discharges equal inflows,
then the trout fishery downstream from Morgan
Falls Dam will be enhanced in much the same man-
ner as the reach between Bull Sluice Lake and the
site of the proposed rereg dam. However, if
Morgan Falls Dam is operated in pond-and-generate
or in peaking mode, the effects of flow modifica-
tions could be considerably different.

If no rereg dam is constructed and flows
necessary to meet water requirements are obtained
by modifying Buford Dam, then the effects on the
trout fishery will be similar to the effects
downstream from the site of the proposed rereg
dam. However, if a rereg dam is constructed,
firm conclusions cannot be made for the reach
between Buford Dam and the site of the proposed
rereg dam since neither the size, storage-
capacity/elevation relationship, nor operation of
the reregq dam is currently known.

The general effects of operating a rereg dam
on this reach will be determined by how low the
water level drops within the pool of the rereg
dam. If the pool of the rereg dam falls enough
to dewater the shoals in this reach and mimimum
flows from Buford Dam are stopped, then much of
the prime trout habitat in this major reach may
be lost. The effects further downstream but
within the pool of the rereg dam cannot be esti-
mated since the details of operation are unknown.

Water quality, particularly temperature, is
a major concern downstream of Morgan Falis Dam
and, in fact, in the summer may be of greater
concern than the depths and velocities available
for trout habitat, since lethal temperatures can
occur at very low flows. Water quality modifica-
tions in the Chattahgochee River caused by opera-
tion of a rereg dam were addressed in a separate
study (Zimmerman and Dortch 1986).
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HEC-5Q: A HANDY TOOL
OR MONKEY WRENCH?

Richard E. Punnett, PhD

Hydraulic Engineer, Corps of Engineers, Huntington District, WV

ABSTRACT

A HEC-5Q model was developed and tested for the Kanawha
River, West Virginia. The model included three upstream reservoirs.
The system was regulated for dissolved oxygen at a point near the
mouth of the river, Historically, the regulation method was based
upon a temperature/flow relationship. The HEC-5Q model was tested
during the 1986 summer season as a real-time, operational guide,
Data inputs included real-time flow conditions (received via
satetlite) and the future flow conditions (from HEC-1 forecasting). A
comparison of the augmentation requirements as predieted by the
two methods was made.

AUTHOR’S NOTE

The written paper was not available at the time of publication.
Therefore, the following synopsis was provided in lieu of the full
report. However, a detailed report on the model development,
calibration, and verification was given in Special Projects Report
No. 86-5 by the Hydrologic Engineering Center, Davis, California.

SYNOPSIS

The Kanawha River system has a watershed of 12,300 square
miles; the Corps of Engineers, Huntington District, regulates three

lakes and three navigation pools within the system for multi-
purposes (including low-flow augmentation for dilution).
Temperature, dissolved oxygen, and flow were the three most
imporiant regulation parameters for determining the flow
augmentation requirements of the river. The HEC-5Q model was
tested as a real-time tool for predicting the flow augmentation
requirements. The inputs for the model included initial conditions
and predictions of natural flows (which were available from HEC-1
model outputs) and weather conditions. Because of the bulk of
required initial conditions, the uncertainties associated with the
forecasted inputs, and the complexity of the system, there was an
initial concern that the model usage would be too cumbersome and
inaccurate — hence, a “monkey wrench.” However, most of the
required inputs were already available in compatible data files and
the forecasted values were sufficiently accurate.

. Five-day forecasts were generated by the HEC-5Q model. For
the 1986 summer period, the model accurately predicted the
regulation parameters. Additionally, the model provided a lot of
insight into the effects of travel time, weather patterns, changes in
flowrates, and changes in oxygen demands. The prefiminary
evaluation (hased on one seasen) was that the HEC-5Q mode] was a
“handy teol.”

Punnett
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LAKE GREESON AND LITTLE MISSOURI
RIVER MODELING STUDIES

D. R. Johnson, Supervigory Environmental Emgineer, USAE, Vicksburg District, Vicksubrg, Miss.

ABSTRACT

Lake Greeson, Arkansas, was modeled with the
numerical model CE-QUAL-RL. The modeling study
evaluated the merit of attaching steel plates to
the trash racks in order to creste a skimmer
welr. The plan was considered as part of the
Arkensas Lekes Interim Study 28 & means %o
increase the temperature and dissolved cxygen In
the releases from Narrows Dam. The numerical
model, CE-QUAL-RIV1 was thenr used tc evaluate the
effects of warmer releases upon the weter quality
of the Little Missouri River. The results of the
modeling studies were favorable, indicating likely
success of the plating proposal to improve water
quality in the Little Missouri River.

INTRODUCTION
Since 1971, the Vicksburg Distriet has
received considerable communication from the

Department of the Interior, U.S. Fish and Wildiife
Bervice (USFWS), the Federal Power Commission (now
Federal Energy Regulatory Commission [FERC]), the

Arkensas Game and Fish Cormission (AGFC), and
other agencies c¢oncerning the effect of cold
hypolimnetic releases wupon downstream water

quality and fisheries iIn the Quachita River Basin
in Arkamsas. The releases are from three District
hydroelectric dams: {1) Farrows Dam on the
Little Missouril River; {2) Blakely Mountain Dam cn
the Ouachite River; and (3) DeGray Dam on the
Caddo River. In 1977, Congress authorized the
Arkansas Leakes Interim Study (ALIS)——a S-year
basin-wide comprehensive study. The study was to
ldentify what problems existed and to recommend
solutions or mitigations to these problems.

Vicksburg District initisted a b-year in situ
water quality monitoring study which utilized 18
recording monltors located upstream and downstream
of each reservolr. Analysis of the in situ dsta
confirmed +that low temperature and low dissolved

oXygen levels were found downstream of the
reservoirs, The monthas of September and Cectober
showed the greatest temperature and dissolved

oxygen deflecits. These problems were most severe
downgtream of Narrows Dam on the Little Missouri
River, where the temperature was as much es 16 C
less than above the reservolr and disaclved oxygen
levels stayed below the Arkansas state criteria of
5 mg/l for 3 months of the year.

In additicn to the in situ monitoring, a
fisheries study was conducted. The study
concluded thet fisherlies downstresm of all three
reservoirs had less species @iversity than
upstream and that both numbers ard percent of geme
fish were reduced from above the reservoirs. As
with the water quality monitoring, the problem was
most severe downstream of Narrows Dam.

As
were
discharges

part of the ALIS, a variety of techniques
considered to alleviate the cold-low DO
from Narrows Dsm. Among the techniques
considered were: (1) selective withdrawal; {2)
submerged weirsy {3) destratification; and, (b)
aeration. The proposal with the greatest merit
was to plate the lower portion of the trash racks
to elevation 520 NGVD. The plating would form a
skimmer welir, withdrawing lake water from a zone
30 feet above the existing withdrawal zone. The
WES selective withdrawal model, SELECT, was used
te determine if the elevated withdrawal zone would
be sufficient +oc  iIncreasse the temperature o the
target temperatufes provided by the USFWS.
Although the SELECT study showed the USFWS target
temperatures could not be met, it was determined
that the temperatures would be close enough to
warrant a more detailed modeling study.

Reservolr Modeling Study

The Water Quality Section determined that a
one-dimensional, vertically segmented, reservolr
model would be approprlate for the study.

CE-QUAL-R1 and the thermal sub-mcdel CE-THERM-R1
were selected. A one-dimensional mcdel was chosen
because conditions in the ouvtflow were of major
interest and these are best approximated from
conditions near the dam.

Four years were used for the thermsl
calibration and verification of Therm. Those
years were 19Tk, 1975, 1976, and 1983. These
years Included 2 "average" years {1974, 1975) and

1 hot, dry year {1976) and a wet year {1983). The
three earlier years had been modeled previously
with ECOTHERM, and the dates decks were modified to
the format needed for THERM. The lest year, 1983,
was the best year in that the mcost date were
avallable for verification. In 1983, weekly
temperature profiles had hbeen taken immedlately
up-lake of the dam and 1n situ moritors were
located on the inflew and outflow, THERM was
calibrated using the 1976 date and verified with
the other years. Figure 1 I1s a plot of the
predicted temperature versus depth and the
measured temperature wversus depth for 1983, In
general, THERM predicted temperatures well for all
years; however, & Jlarge storm on 2 July 1983,
created a bulge in the metalilmmion during the
1683 simulations. The storm inundated the
monltoring station and no temperature data were
avallable for & period of T days. During that
period, the model had scme difficulty placing the
water in the appropriate layers. The difficulty
is likely due to incorrect water temperature
estimates for the missing period.

Statistical analysis
cbserved temperatures

of the predicted versus
was done  with  the
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Figure 1
Temperature
Simulated versus Observed
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Table 1
Results of CE-Therm-Lake Greeson
Year 1974 1975 1976 1983 Average
Elevation
Withdrawal 493 Ft 520 Ft 493 F£ 520 Ft 493 Ft 520 Fr 493 Ft 520 Ft 493 Ft 520 Ft
NGWVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD NGVD
USFWS
Target
Temps cC C C C C C c C cC C
Jan 15 7.2 7.2 9.5 9.5 6.9 6.9
Feb 1 8.0 8.7 8.3 8.9 6.3 6.4 7.5 8.0
Mar 1 12 8.3 8.2 8.0 8.0 9.5 10.7 8.6 9.0
Apr 1 18 12.0 13.4 10.6 10.9 12.5 15.0 11.7  13.7
May 1 22 15.3 19.5 12,2 18.4 13.1 17.9 13.5 18.6
Jun 1 26 16.4 23.7 12.7 23.6 14.0 21.5 13,7 18.0 14.2  21.7
15 28 i8.6 24.5 19.1 24.6 14.0 32,1 15.2 19.2
Jul 1 30 24.1 26.0 19.2 27.9 15.5 24.8 15.8 22.8 20.2 25.3
g 1 25.9 30.5 15.8 30.0 21.3 29.3 21.8 26.7 21,1 29
Sep 1 26.3 29.2 20.4 28,6 23.7 28.5 23.4 30.2 23.4 29.1
Oct 1 21.6 2l.8 21.4 21.8 23.5 24.1 24.1 25.9 22.7 23.4
Naov 1 18.9 18.6 19.1 17.6 14.9 13.5 22.2 20.7 18.9 17.6
Dec 1 12.6 12.2 11.5 10.6 8.7 8.3 13.7 12.4 1.63 10.9

relisbility index (Leggett and Williams, 1661). A
perfect match would give a reliasbility index {RI1}
of 1.0. The RI's for the four yesrs simulation
were 19Th - 1.13; 1975 - 1.12; 1676 - 1.12; 1963 -
1.13. The inflow temperatures for 1983 were from
average dally +values. Only cccasional measured
values were availlable for other years; therefore,
inflow temperatures were estimated based on air
temperature and observed water temperature.

After  the calibration of the medel was
completed, the withdrawal port elevation was
increased 10 meters for the four model years.
Tghle 1 1ists the release temperature predicted

for +the npormal versus elevated withdawal zones.
The temperature values listed indicated that even
with plating, the USFWS target temperatures would
not be met. However, afiter plating, the
temperature would be met after a l-month delay.
It is also important to note that release
temperatures from November through March are
relatively unchanged. Thug, little impact on the
winter put and take trout fishery is anticipated.

The second parameter of interest in the
modeling study was dissolved oxygen. Although
in~-lake profiles for temperature and dlssolved
oxygen (DO) are available for 10 years, sufficient
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Dissolved Oxygen
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chemistry data were only available for 1983,
Weekly DO profiles were available for that entire
year, while monthly profiles were available for
many other parameters. CE-QUAL-R] was calibrated
and verified on DeGray Lake, a Corps reservoir 40
miles east of Lake Greeson. As the reservoirs are
similar, the coefficients for the DeGray
similations were used for the Lake Greeson study.
Thus the 1983 model runs on Lake Greeson should be

considered verification runs instead of
calibration runs.
Modeling the DO in Lake Greeson was more

complex than modeling the temperature, because
more factors were involved. Using the available
data plus making estimates for such factors as
sediment oxygen demand and percent liable organic
carben from the DeGray study, reasonable
predictions of DO levels were made. The RI for DO
for 1983 was 1.79, Plots of the simulated versus
the observed DO are on Figure 2. The plots
indicate that Lake Greeson has a  severe
metalimnetic oxygen mindmum, The metalimnetic
zone of oxygen depletion coincided with the
elevation of the hydropower pehstocks and was the
reason for the low DO levels in the releases from
the reserveir.

Raising the elevation of the withdrawal zone
not only increased the release temperatures, but
also improved the DO levels within the reservoir
and downstream of the reservoir. The plots of DO
versus depth in the reservoir with an elevated
withdrawal zone are shown on Figure 3. When the
plots in Fiqures 2 and 3 are compared, it is
apparent that the zone of metalimmetic oxygen
depletion has bheen reduced with the elevated
withdrawal zone. In addition, the overall rate of
hypolimmetic oxygen depletion was reduced with
plated withdrawals.

The reservoir modeling study showed that the

propesal to plate the trash rakes %o elevetion 520
NGVD would effectively improve downstream water

quality. The impacts t©o the lake would be a
deeper hypolimnion, but one with more DO. A FWS
study of fish in DeGrey Lake under similar

conditions found no negative impacts to fisheries
as a result of increased withdrawal elevations.

Riverine Medeling Study
After complerion of the Lake Greeson Modeling

Missouri River {IMR) was initiated. A 12-mile
reach of the IMR immediately downstream of Lake
Greeson was studied, The objectives of the study
were to evaluate the temperature and dissolved
oxygen oconditions downstream of Lake Greeson urnder
a variety of release conditions and to consider
the use of control structures to augment low
flows. Because Narrows Dam is a peaking
hydropower facility, a dynamic riverine model was
necessary to simulate hydraulic conditions in the
IMR. CE-QUAL-RIV], a one-dimensicnal ,
longitudinally segmented model, was selected.

Two weeks in 1983 were selected for imput in
the modeling study. The first, in late July, was
characterized by long periods of hydropower
generation with low temperatures, and moderately
low DO. The second week selected was in early
September and was characterized by short
generation periods, warmer temperatures and very
low DO. The second week represented a worst-case
situation with regard to DO levels.

CE-QUAL-RIVI is composed of two separate
codes—hydraulic  and water guality. Althcugh
CE-QUAL-RIV-I is a dynamic model, the hdyraulic
code was not able to handle the peaking hyéropower
flows well. The instantaneous jump in flow from
15 ofs te 2000 cfs was too much for the code.
Most runs were made using 100 cfs as the low flow
and stepping the discharge up to the peak flow
over ten, 5 minute time periods. The effect of
this adjustment on the downstream hydrograph was
small.

The biological code handled ten
constituents: temperature, carbonaceous
biochemical oxygen demand, organic nitrogen,

ammoniacal nitrogen, nitrate nitregen, phosphate,
dissolved oxygen, iron, manganese and coliform
bacteria. As with the reservoir modeling,
temperature and dissolved oxygen were of primary
interest. Comparisons of the simulated versus the
cobserved temperature at node 15, river mile 98.6,
are plotted in Fiqure 4. In the July simlation,
the model predicted a greater response to the
water during periods of no generation, but durirg

generation, predicted a smaller increase in
temperature than was observed. In the September
simulation (Figure 4) the model again predicted a

greater response to the weather during periods of
no generation than was observed; however, model

Study, a riverine modeling study of the Little response during generation was good.
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The calibration of CE-QUAL-RIVI for dissolved
oxygen was not as streight forward as for
temperature. RIV-I had 1wo stream reaeration
equations which could be selected. The first was
& generalized equation suggested by Rathbun and
Bennett. The second was the equation developed by
Tsivoglou-Wallace. Both equations were tried.
Rathbun-Bennett provided too 1little reseration
during generation ang too much  during
not-generation {(Figure 5). Tsiveglou's formula
provided too much reseration all the time, but
when the constant was reduced from .0537 to .016,
the reaeration was acceptable (Figure 6).

likely the result of higher
of the

apparent ancmaly was
saturation values In +the colder waters
existing condition releases.

CONCLUSIONS

Corps of Engineers-developed numerical water
quelity models CE-QUAL-RI and CE-QUAL-RI were
found to give good results and were reasonably
easy to use. The major difficulty in using both
models wes obtaining all the necessary data to
accurately run the models. Both studies were
conducted usineg existing data., which were at times

Figure 5
Bennett=-Rathbun Reaeration

o versus Observed Data RM 48.6
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Once the meodel wms calibrated, riverine outdated or Incomplete, These are constraints

that most Districts must oceasionally hapdle. The
favorable results of the studies indicate no mejor
impacts to the reserveir as a result of plating
the trash racks end that the water guality in the

conditiona between normal and plated relesses were
compared. Release water quality with plated
releases was derived from the CE-QUAL-RI output
from the appropriate week of the 1983 model run.

Comparison of the temperature and dissolved oxygen Little . Missouri River would be measurably
of the two conditicns are plotted orn Figures T and improved.
8. RIV-I predicted the temperstures would range ACKNOWLEDGEMENTS

frem 20° ¢ to 31° C. As with the calibration

simelations, daily water temperature variations The Water Quality Modeling Group, ﬁaterways
:ere likely exaggerated. Observeg water Experiment Station, provided assistance in model

erperatures displayed 8 maximm of 5° € daily selection and technicel subjects in support of
range and sveraged a 3°C daily range. Dissolved these modeling studies. Dr. J. Wolsinski and D.
oxygen  levels  from plated releases were  goo1ip previded assistance with CE-QUAL-R1 and M.

substantially incressed during generation but were
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somewhat less during non-generation. This P d assistance with
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Figure 7
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ABSTRACT

The US Army Engineer Distriect, Seattle (NPS),
is presently evaluating proposed additlional water
storage at  Howard A. Hanson  Reservoir in
Washington State. This proposed project will
invoclve raising the existing pool approximately
12 m (40 re). This investigation examined the
impacts of raising the conservation pocl on the
reservolr fthermal profiles and release tempera~
tures for several study years. The mathematical
model used in fthis study examined impacts of
raising the pool with and without sfructural
modification to the existing outlet works.
Optimizaticn procedures were used with the
mathematical model to provide optimum number and
elevations for the additional ports, Results
indleate significant Improvement in release
temperatures could be achieved with a multilevel
outlet structure.

INTRODUCTION
Purpose and Seope of Study

The Howard A. Hanson project was authorized
by Congress on 17 May 1950 to provide standard
flood protection and minimum flow requirements for
fishery enhancement in the Green River. The US
Army Engineer Distriect, Seattle {NPS), is
presently evaluating a proposed additional water
sterage modification to the project invelving the
raising of the maximum conservation poeol by 12 m
(4 ft). This study was conducted to investigate
the thermal characteristica of the existing
reservoir and releases and to 2assess changes in
these characteristies resulting from the proposed
storage realloecation.

Project Description

Howard A. Hanson Dam is lececated 105 km
{65 miles) upstream from the mouth of the Green
River and 56 km (35 miles) east of the city of
Tacoma in western Washington, as shown in
Figure 1. The project drains 572 km
{221 square miles) of protected watershed in the
Cascade Mountains. The earth- and rock-fill dam
reaches a height of 71 m (235 rt} above the
streambed, The tainter gate controlled spillway
is located in the right abutment of the dam with a
maximum discharge capacity of 3,030 m“/sec
{107,000 ft3/sec) at  maximum project  pool
(el 377 m (1,220 NGVD)). Normal releases are
passed through a 6.8-m (19-ft) horseshoe-shaped
sluiceway controlled by regulating tainter gates
located at the tottom ¢of the pool. The sluiceway
releases about 634 m7/sec (22,000 f‘t3/secj at
maximum project pool, Low-flow releasea are made
through a 1.22-m (48-in.) bypass intake located
about 12 m (40 ft) above the bottom of the pool.
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Figure 1, Location of Howard A, Hanson Reservoir
This outlet has a ecapacity of about 14.2 m3/aee
(560 ft?/see) at maximum conservation pool
(el 388 m (1,141 NGVD)). The existing outlet
tower is shown in Figure 2.

stuim sty
R —
Figure 2. Howard A. Hanscn cutlet works
The reservoir operation rule curve is
designed fto prevent flooding downstream iIin the

winter months and to augment low flows during the
summer and fall for fishery enhancement. The
reservolir i3 mainftained at a depth of about 9 m
(30 ft} during the nonconservation period of the
vear from 1 October through 31 Mareh except during
unusually wet conditions, The average yearly
rainfall in the drainage basin is 2.3 m (89 in.,)
with 75 percent of the precipitation ocecurring
during this nonconservation season. Runoff



hydrographs are characterized by frequent short-
duration, sharply peaked events during the winter
months followed by longer duration, smaller peaked
hydrographs asscciated with snowmelf..

Beginning i April the reservoir begins
filling to a maxzimum conservation period depth of
'30.5 m (1141 NGVD), as shown in Figure 3, with
water of as low a turbidity as possible.
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Figure 3. Existing and proposed rule curve

Inflowing water impounded by Howard A. Hanson
Reservolir 1s of good quality with low concen-—
trations of disscolved mwminerals and nutrients,
Turbidity levels Iin the tailwaters are the only
parameter known to exceed water quality standards.

The reservoir impounds 9.8 km3
(25,650 acre-ft) at full conservation pool with a
surface area of 0.9 million m¢ <732 acres).
During the summer-fz2ll low-flow period, the pecol
is generally drawn down from minimum release
requirements conslsting of 3.1 m?/see
(110 ft3/sec) for fishery enhancement and
3.2 m3/sec {113 rt3/sec) For water supply for the
city of Tacoma. The city of Taccma operates a
conecrete water supply diveralon dam approximately
5.6 km {3.5 miles) downstream of the project., No
other treatment ex¢ept chlorination i3 required of
this water supply. However, during high-flow
events, water in the Green River is toc turbid for
usage by the elty without dilution. The impound-
ment also becomes thermally stratified in the late
spring and early Jummer once a pool is
eatablished. Low-level releases provide for
downstream temperatures slightly ccocler than those
which oecur naturally in the Green River. During
a portion of the year, thls is beneficial for most
of the dewnstream fisheries.

The Green River 1s one of Washington State's
primary producers of salmon and steelhead. The
completion of Howard A. Hanson Dam in 1961 pre-
cluded the migration of rish upstream of the
project, Dbut downatream passage s possible
through the exIsting sluiceway. There i3 a strong
commitment by both State and Federal rescurce
agenciea to opreaserve and enhance the anadromous
fishery resourc¢es in the Green River Basin. The
wafer resources demands in western Washington,
however, are changing. The <ity of Tacoma has
requested additional storage in Howard A. Hanson
Reservoir for the purpose of water supply while
the BState of Washington would like to further
augment Creen River flows durlng the summer and
late fall to enhance the fishery in the Ilower
Green and Duwamish Rivers. These additional
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water supply demands would involve raising the
maximum conservation pool 12.2 m (40 ft) and
impounding almost three times fhe existing con-
servation atorage. Over 2.02 km“ (500 acres)} of
land would additionally be inundzted regularly by
this proposed change. Speeific concerns about
raising the pool center on the impacts to the
reservolr thermal stratification, With a deeper
maximom conservation pool, a- stronger strati-
fieation 1s posaible. This stratificzation may
alter release temperatures significantly and
ultimately impact the asteelhead salmen habitat
downstream in the Green River. If thiz appears
likely, a selective wlthdrawal structure may be
needed to provide adequate control of release
temperatures along with an operational plan to
minimize depletion of desired thermal resources in
the reservoir and ceontrol release temperature
fluctuations. In~reservoir impacts may also be
aignificant sinee upstream fisheries are being
developed.

Approach

The approach taken In the investigation of
propoaed storage modifications to Howard A. Hanson
Reservoir involved the application of a mathe—
matical thermal reservolr model entitled WESTEX
{Holland 1982), The model was adjusted to
historiecal data from 1982 and verified through
data collected during 1979 and 1983. The impact
of changing the storage 2alloeation in the
reservoir subject Lo the existing outlet tower was
investigated by comparison of predicted release
temperatures to release temperature objectives.
Release  temperature objectives providing an
optimal environment for the varied downstrezam
fisheries were specified by NPS to equal 14.2° C
(58° F) throughout the year. Addition of
selectlve withdrawal capability to the existing
outlet was simulated to prediet impacts on in-
reservoir thermal profiles and release
temperatures. Although other water quality
charaocteristics may be affected by changes to the
operating schedule, the influence on temperature
was of primary concern in this study.

MATHEMATICAL METHODOLQGY

The downstream release and in=-lake
temperature characteristica for Howard A. Hanson
Reservoir were modeled using a one-dimensional
thermal simulation model. The mecdel WESTEX used
in this investigation was developed at the US Army
Engineer Waterways Experiment Station {WES) based
on results of Clay and Fruh {1970), Edinger and
Geyer {1965), Dake and Harleman {1966), and Bohan
and Grace (1973). The WESTEX mcdel can be used
for examining the DRalance of thermal energy
imposed on a reservoir. This one-dimensional
model includes computational metheds for pre-
dieting dynamic changes in thermal content of a
pody of water tirough simulatlion of heat transfer
at the air-water Interface, heat =zdvection due to
inflowa and outflows, and internal dispersion cof
thermal energy. The reserveir is conceptualized
ag consisting of a series of homogeneous layers
stacked vertically. The time history of thermal
energy In each layer is determined through solving
for conservation of mass and energy at each time
Inecrement subject to an equatlion of state regard-
ing density. The boundary cconditions at the water
surface, inflow, and cutflow regions are required
to econduct these sgimulationa. The computational
procedure for the withdrawal zone allows pre-
diction of release temperature. Mathematical
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optimization routines have been added to this
model ¢nabling fthe systematic evaluation of
optimal outlet configurations subject to gpecified
release water quality cbjectives. A more detailed
discussion of the WESTEX model may be found in
Holland (19B82).

Thermal Model Inputs

The WESTEX model required input data con-
cerning the physieal, meteorologieal, and
hydrologie characteristies of Howard A. Hanson
Reservoir. Hydrologic input included daily values
of reservolr inflow and ocutflow volume and inflow
temperature, The meteorological data (air temper-
ature, c¢loud cover, relative humidity, and wind
veloecity) were used to compute surface heat
exchange at the air-water interface. Physical
characteristies included the stage-storage
relationship of the reservoir and the rating
curves for the outlet structure.

Study Years

The years studled in this {nvestigatlon were
determined in consulfation with NPS and were based
on the inflow during the conservation period.
Historieal events of varying return perliods were
modeled to study reservolr thermal properties
under a wide range of hydrometeorological condi-
tions. The calendar year 1979 was chosen as
representative of a low-flow year, 1972 as a high
flow year, and 1982 as an average-flow year. The
years 1983 and 1985 were added as additional study
years bhecause of avallable field data. Simulz-
tions were run January through December, although
the primary period of concern was during the
conservative period after spring filling,

Meteorological and Hydrolcgical Data

Meteorolog{cal data required by the model are
daily average values for wet and dry bulb temper-
atures, wind spesd, and c¢loud ¢over. These data
were available from the US Air Force Environmental
Teehni~al Applicaticns Center at Scott Alr Force
Base (USAF-ETAC), Illinois, for the Tacoma,
Washington, Airport weather station, which is the
nearest meteorologieal station to the Howard A.
Hangon Dam. Meteorologlical data received from the
USAF-ETAC were averaged on a daily Dbasis.
Equilibrium temperatures, surface heat exchange
coefficients, =and daily average solar radlation
quantities rfor the years of study were computed
using the HEATEX program (Heat Exchange Program
722-F5-E1010),

Hydrologic data provided by NPS consisted of
daily discharge from the project and pool level
fluctuations. The average daily Inflow wasg
computed from these data, The existing operating
scnhedule for the project as well as the proposed
rule curve were also provided.

Temperature Data

Historice inflow temperatures on the Green
River were available for the years 1970, 1973, and
1985, =at Humphreys, Washington. Since inflow
temperatures for the years of study wWere not
avallable, a multiple regression teechnique was
used to develop a statistical medel for inflow
temperature. The dependent variable, water
temperature, was expressed as a functien of air
temperature and inflow rate.

Dally release temperature data from the dam
were monitored at the city of Tacoma's water
aupply intake located approximately 5.6 km
(3.5 miles) downstream from the project. These
data proved to be an unreliable measure aof release
temperatures from the project through a comparison
with tailrace Lemperatures collected in the aummer
of 1985, Therefore, with the exception of 1985,
release temperature data were not used In
measuring the performance of the numerical medel.

Phyaical Characteristica

The properties of the existing outlet at
Howard A, Hanson Reservoir were required data for
simulation of historical events., The port eleva-
tlons, dimenslons, and rating curves were obtalned
from project records. Operatling conditions for
glven historic events were also required during
model adjustment and verification. A third order
polynomial was fitted to the rating curve of the
existing water quality port to calculate the
capacity of a port at a given submergence. This
cileulation was required because of the signifi-
cant pool fluctuations which occur throughout the
year.

The area-ecapacity curve for Heward A, Hanson
Regervoir as furnished by NPS indicated the lake
storage curve Is typical of mountainous terrain.
Only T percent of the storage at maximum conserva-
tion pool oceurred at or below the elevation of
the low-flow outlet, indiecating little storage in
the lower levels of the reservoir.

MODEL ADJUSTMENT

The WESTEX model requires determination of
coefficients  characterizing certain reservoir
processes. The hydrodynamic procesases represent-
ing entrainment of inflows and Internal mixing
resulting from c¢ireulation within the reservoir
are approximated through the applieztion of mixing
coefficients, Other coefficlents influence the
distribution of thermal energy absorbed into the
pool, These model ccefficients were modified
until modeled eenditions approached fleld cbserva-
tiong for the year 1982, Temperature profiles
were predicted for days in which observed
prototype data were available.

The 1982 simulation was initiated on
1 January with an initial wuniform temperature of
4o € (39.2° F). Conditions during the non-
conservation period of the year were nearly
igothermal with an average depth of only %.1 n
(30 ft). 3storm events during this period resulted
in significant fluctuation in the pool level as
indieated in Figure U4, Storage was quieckly
released after these events to provide additional
flood control benefits. CGenerally, spring rilling
began on the receding side of the snowmelft hydro-
graph to minimize total lake turbidity. Once the
pool was established, thermal stratifieation
developed rapidly as Indicated by the nearly
vertical temperature contours during June and July
shown in Figure Xk, The maximum stratifiecation
oceurred during the early summer when cool inflows
were 5till available, A8 the summer progressed,
surface temperatures ranged up to 20° C (68° F).
Aelease water Lemperatures were significantly
c¢ooler than objective temperatures in the spring
and early summer. Release water temperatures
inereased linearly from 6° ¢ (42.8° F) at the
beginning of April to 14° ¢ (57.2° F) by the end
of June. Temperatures exceeding 14° C (57.2° F)
were released throughout moat of the summer and
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water-surface fluctuation for 1982

early fzll. At the beginning cof September, lake
overturn- began with the remaining stratificzation
quiekly dissipating. The low=flow outlet was
operated until the pool is drawn down near the end
of November,

The predicted versus measured GCemperature
profiles for the adjustment of the model for 1982
are shown in Figure 5. Modeled and observed
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Figure 5. Prototype versus calculated
temperature profiles for 1982

results were generally within 1° C (33.8° F)
throughout the simulation periocd. The modeled
results were slightly warmer than the observed
results on day 175 (24 June) because of the
syntheaized inflow temperatures, The mixed layer
depth was modeled a little deeper on day 277
{4 October). This could be a result of using wind
speeds from the Tacoma alrport that were noct
indieative of those at the project.

The temperature relezses from the project are
highly variable during the noncenservation portion
of the year and reflect the rapidly changing
weather condisiona., Spring filling initiates the
stabilization of release temperatures with a near-
linear increase in project release temperatures.
only large hydrologle events significantly
influence release ftemperature during this peried.
The releases are dominated primarily by the
meteorclogical warming of the reservoir, Since
the releases come from the hypolimnion, tailwater
temperatures are consistently cooler than the
naturally ccourring stream temperatures during the
spring and early summer. Later in the summer,
release temperature exceeda objectlve fTemperature
releases for a duration of several months.

Model Verifieation

The mathematical model was verified through
comparison of gpredicted and observed &thermal
conditions for the years 1983 and 1979 using model
coefficients determined during the adjustment
phase. The degree of agreement between observed
and simulated thermal properties was aimllar to
the results for 1982. Early in the year, prior to
atratification, measured and simulated temperature
profiles deviated as much as 8° C {46.4° F)
because {he reservelr processes were advectively
dominated and inflow temperatures were synthe—
sized. By day 175, which is well into the pooled
conservation period, fthe predicted and observed
temperature profiles deviated by no more than 1° C
(33.8° F). This degree of agreement between
modeled and observed btemperszature characteriatics
remained throughout the stratified pericd and Inte
the f211 oaverturn. Because observed release
temperature data were unreliable, verifiecation
could not be made to predicted releases.

RESULTS
Proposed 3torage Realleccation

The proposed cperational changes enabling
additional storage at Howard A. Hanson Reservoir
were lncorporated into the release schedule for
the study years sabject Lo the existing outlet
configuration. The preoposed rule curve specifies
spring storage to begin the first of March and %o
reach a maximum conservation pocl of abouft 12.2 m
(40 ft) nigher than existing conditions. The
minimom low-flow release from the project is
proposed Lo almost double to 1.7 w'/sec
{2z ft3/see: 212 ft3/seo for Tacoma water supply
and 200 ft?/sec for low-flow =zugmentation f{or
fisheries enhancement). The preoposed rule curve
is ghown in Figure 3.

The effeects of raising the pool are most
significant during the spring and early summer.
The day-to-day release temperature fluctuations
are not as prevalent under the proposed conditions
because of the insulation properties of the deeper
pool. Release temperatures during most of the
spring are several degrees ccoler than the
existing conditions and hence several degrees
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further removed f{rom the cbjective temperature.
The maximum release temperature during the summer
is also lower than exlsting conditions. In the
fall, the effects of raising the pool will
slightly warm (less than 1° C (1.8¢ F)) releases
froem Howard A. Hanson Reservoir because of the
larger heat content in the raised pool.

The comparison of raised pool predictions
with cobserved thermal profiles indicates that the
ralsed pool «conditien begins to retain more
thermal energy due to the Iinereased surface area.
The surface and bottom temperaturss are not
radically altered by the storage modification, but
the volume of the hypolimnion and epilimnion ls
greatly changed. The existing outlet maintains

hypolimnetic releases, thereby preventing the
conservation of cooler water resources. The
breakup of stratification in the fall is also

different from the existling conditiona in that the
deeper pool retains more thermal energy and hence
has a warmer profile. Isothermal conditiong are
also reached at a later date with the raised pool.

The comparison of objective release tempera-
tures with predicted release temperature for the
ralsed pool scenarioc indicated most late winter
and early spring releases were belcow the objeetive
by up toe 5.0° C (9.0° F). The maximum release
temperature will be reduced up to i° C (1.8° F)
during the summer, but fthe duration of tempera-
tures exceeding the objective will be extended
into the fall by several weeks.

Impacts of Selective Withdrawal

The existing project releases allow for
establishment of a certain quality environment
downstream from the dam. If the raised pool is
put intc effect, changes would be expected in the
downstream environment as 1t seeks a new equilib-

rium in response to the modified release
temperatures. The Green River downatream of
Howard A, Hanson Dam supports a riech anadromous

fishery resource. If the anftlcipated response of
the downstream environment €o modified release
temperatures is unacceptable to rescurce managers,
then several alternatives are available to
minimize these Iimpaeta. One alternative is the
incorporation of a multilevel selective withdrawal
system To allew release of water to meet specified
objectives, The chief advantage of 3 multilevel
selective withdrawal system Is rflexibility in
meeting release water quality objectives over a
wlde range of operating conditions.

The need For a multilevel outlet to compen-

sate for pool ralsing con Cowanesque Lake wasg
investigated by Holland (1982), Although his
study Invelved realleccation of flood storage,

additional intakes were needed to meet existing
release temperaztures. Similar conclusions were
reached by Dortch (1981} in his investigation of
Kinzua Dam in Pennsylvania and by Peters (1978} in
his report of modifications to Flaming Gorge Dam
in Utah. In the investigation of release water
quality from Sutton Dam (George, Dortch, and Tate
1980), =z riser was designed %o Improve water
quality releases.

The addition of a port or ports higher In the
peol at Howard A, Hanson Reservoir should allow

releases to Dbetter meet release temperature
objectives downstream. The existing outlet works
could be modified to allew releases from the

epilimnion and still allow the existing sluiceway
releases to operate independently. It was assumed

that the flow control for low Flow outlets would
remain the same. The capacity of this system is
then defined by the rating curve of the 1.22-m
(48=in.) bypass. Hypolimnetie releases could also
be maintained through the existing slulceway by
throttling the control gates or through the addi-
tion of an independent low-level outlet, This
design allows independent operation of two laevels
of release and does not consider the potential of
alngle system blending.

Optimization of Qutlet Structure Deaign

To arrive at an efficlent outlet structure
design for the raised pool, the number and
locatlon of additional intakes needed to meet
release Lemperature objectives must be determined,
The design of the outlet structure 13 greatly
slmplified through the coupling of mathematical
water quality medels like WESTEX to mathematical
optimization techniques. This combination enables
the consideration of numerous hydrologic,
hydraulie, meteorological, biologleal, chemical,
and operation conditions in the formulation of
tower design. Prior to the Implementation of such
cptimization technlques, selective withdrawal
intake configurations were based on judgment and
experience of the design engineer, Optimized
outlet configurations may involve fewer ports, as
compared to traditionally accepted designs, to
meet a given downstream temperature objective,
thereby reducing both operational complexity and
the costs assoeiated with design, construection,
and malntenance. Additionally, the use of optimi-
zation techniques should further enhance tower
design by allewing systematic evaluation of the
flexibility needed in the design for multiple or
anticipated quality objectives.

The purpose of the mathematical optimization
procedure is %o systematlically sereen numerous
cutlet tower designs in terms of performance in

meeting & specified release water quality
eriterion. The goal of releasing water with a
temperature of 14.4° C (57.9° F) was expressed
earlier. Thia objective was modified slightly to

represent the ¢yclical nature of available thermal
resources. The objective temperazture was defined
as the naturally occurring Green River stream
temperature as defined by a sine function up to a
maximum temperature of 14.4* ¢ (57.9° F).
Employing a eyelieal objective temperature avoids
temporal biasing of cptimization results
characteristic of ceonstant release temperature
objectivesn.

A satisfactory measure of system performance
must also be specified if optimum outlet con-
figurations are to be determined. The objective
function is a mathematical refleetion of how well
one poasible decision {i.e., number and loocation
of outlets) meeta 2 given set of objectives, The
cbjective function chosen in thlis study was the
sum of squares of deviations between predicted
release and target temperatures during the
conservation period. Minimization of the
objective function ylelds the optimal location of
additional ports for release {emperature control,
This form of objective function was chosen since
its minimization tends to produce outlet configu-
rations which reduce the magnitude of objective
deviations experienced. The formula chosen to
repregsent the objective funetion is projeeot
dependent and may include mathematical represen—
tations of such factors as state and Federal water
gquality regulations, temporal weighting of
deviations, or numerous water guality constituents

Sehneider, et ai.
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(Dorteh and Holland 37984}, Since the addition of
another intake to the system will generally result
in reducing the objective function value, the
incremental benefits of project releases must be
weighted 3against the additional eosts of this
port. 0ften, however, the incorporation of addi-
tional selective withdrawal ports 13 dictated by
the need to meet legislated quality standards
rather than the desire to improve on existing good
quality releases.

Results of Single Port Additlon

Stream temperaturea are generally warmer than
reservoir releases in the spring and cooler in the
fall. For releases from Howard A. Hanson
Reservoir to mateh more closely the naturally
cecurring stream temperatures, an outlet located
in the epilimnion is required. This outlet will
enable warmer releases earlier in the spring,
thereby saving cooler water for release lafter in
the fall. However, there are several drawbacks
associated with a single outlet located in the
upper epilimnetic region of the reservolr. Pool
level fluctuations dictated by the proposed rule
curve may render an upper level port Lnactive over
a large portion of ¢the year, The subsequent
transition from upper %o lower reléease may result
in significant day-to-day fluctuaticns in
temperature releases.

During the conservation period In the late
spring and early summer months, there is a rapid
warming of the surface waters at Howard A. Hanson
Reservolr resulting from the longer retention time
associated with reservoir inflows as well as
greater golar energy. To achieve warmer 3pring
releases, an outlet located in the epilimnien i3
required. Results from the outlet deaign simula-
tions for the normal and wet years indicate that
this port should be located at an elevation about
36.6 m (120 ft) above the reservoir bottom. This
elevation corresponded to the minimum objective
function value computed by the optimizer for the
host of intake elevations conaldered. The region
bounding the optimal port leocation exhibited
almost no change in the objective funetion values
or thermal release characteristiea., The signifi-
cant reduction of the objective function value for
each year compared to that computed based on the
existing system indicates the inadequacy of the
present outlet oconfiguration in meeting release
target temperatures subject to the proposed rule
curve.

As midsummer approaches, releases strietly
from the upper level are warmer than the target
release temperatures. Lower-level releases are
required at this point to withdraw water
gelectively at the objective temperature as shown
in Figure 6, This type of cperating condition is
econtinged throughout the summer with Inereasing
rates of hypolimnetlic releases ko meet release
temperature criteria, Daily gate <changes theo=
retically would result in meeting the daily
release temperature objective Ghroughout this
perioed. Lower Jlevel releases In turn deplete
colder water reserves, By the time the upper port
i3 no longer submerged in mid-August, the hypo-
limnion has reached a maximum temperature of about
12° ¢ (53.6° F). At this point, the bottom level
release becomes the sole outlef with the flexibil-
ity of selective withdrawal eliminated for the
remainder of the year. Temperature releases will
deviate from objective release temperatures during
this period.
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Design simglationsa rfor the dry year {1979)
vielded an optimal port elevation slightly lower
than &the other years modeled, The objeective
function values for this year were significantly
higher beczuse of the larger heat content in the
reservoir and the depletion of colder water

HONRRD HEHSON RESERYIOR 1982 PROPOSED) OWILET V)TH RA1SED POOL
SERGTHGL. TEPPERATLIE CONTOLRS
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Figure 6. Modeled femperature and water-gurface
flactuations for propesed outlet and rule curve

reserves earlier in the summer which resulted in
lzrge deviations of release from objective
temperatures in the fall. Locating the upper
level port lower in the pool caused the hypolim-
netic waters %to remain cooler, thereby reducing
deviation in the 1late sumter when lower level
releases are required. The objective Cfunction
values are relatively insensitive to port location
within a wide band of elevations.

Two Additicnal Ports

The incorporation of two additional levels of
ports to the outlet tower has the potential for
extending selective withdrawal capabilities for
longer periods in the fall. The upper level port
could be used to withdraw surface water in the
spring and early summer, and an intermedizte level
port could be employed when surface water is above
release temperature objectives and during the rall
when the upper port is cut of the pool.

Design simulations with two =additional ports
indicated ports located at elevatiens 30,5 =m
(100 ft) and 39.6 m (130 ft) above the bottom,
respectively, resulted in fthe optimal release
temperature c¢haracteristics. The improvement 1in
the objective funetion value with the existing
ports, one additional port, and two additional
ports i3 shown f{n Figure 7. A significant
{mprovement In meeting oblective release tempera-
tures resulted from adding one additional port,
but very 1little Improvement resulted from Ctwo
additional ports. The second port does nof
significantly improve releases because very little
stratification existas when the pool drops below
the upper port, thus minimizing any benefits
associated with retalning selective withdrawal
capabilities.

CONCLUSIONS AND RECOMMENDATIORS

Modifying the operating policy at Howard A.
Hangson Reserveir by initiating spring storage
earlier and increasing the maximum conservaticn
poel will impact the project releases and In-
reservolir thermal characteristlica. The increased

Schnelder, et al.
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volume and surface ares of the reservoir result in
a significant iIncrease in total heat content of
the reservolr. The deeper conservation poocl
provides for larger temperature gradients to
develop from top to bottom, resulting in stronger
stratifieation and increased water column
stability. Release temperaturea from the ralised
pool through the existing outlet works will be
cooler during the spring and summer months but
glightly warmer during the late summer and fall,
The maximum release temperature would bPe reduyced
if the proposed storage reallocation is imple-
mented. The existing outlet configuration has
little flexibility in altering the release water
quality characteristies from the projeet. During
low-floWw years, late summer and fall release
temperatures may significantly exceed downstrean
temperature objectives. The addition of selective
withdrawal capability threough epilimnetic releases
provides a means of effectively managing the
thermal resources In the reserveir. The location
of an additional port 1in the epilimnion allows
warmer surface water to be released earlier In the
spring while conserving cooler water resources.
This cooler water c¢an be blended with surface
water later in the summer to meet downstream
release target temperatures. For certain low-flow
years, Howard A. Hanson Reservoir «ill be rescurce
limited. For these events it is eritieal to
manage the available thermal resources to minimize
the damage to the downstream environment. Dynamic
optimization procedures when used in conjunection
with the numerical reservoir model can also
provide operational guidance for mitigating the
damage caused by release ULemperatures deviating
from project objectives.
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Water Quality Monitoring Using Satellite Data Transmission

Steven D. Highert

BioTogist, Y.S5. Bureau of Reclamation, Engineering and Research Center, Denver, Colorado

ABSTRACT

Instruments to monitor and transmit total
dissolved gas, dissolved oxygen, water temper-
ature, pH, conductivity, and oxidation-reduction

potential (QRP) data have been installed at

two sites below Yellowtail Afterbay dam on
the Bighorn River, Montana. Data collected
with these instruments are being used as part
of a Tong-term study of the effects of nitrogen
supersaturation on fish and aquatic
macroinvertebrates. Water quality measuring
instruments are dinterfaced with a satellite
transmittal system so that data gathered are
transmitted and readily available for review
and analysis using a receiving station computer.
Power supply and instrument circuit
modifications have been made to ensure the
compatability of the systems components.
These electronic modifications were the result
of field experimentation and recommendations

by instrument manufacturers. The correlation-

of continually monitored dissolved gases and
other water quality parameters with dam
operations will contribute information to
be used in considering modifications in
operations which would enhance conditions
for aquatic fauna downstream of the dam.

INTRODUCTION

The Bureau of Reclamation and the Fish
and Wildlife Service entered into an interagency
agreement to study niiroger supersaturation
problems a&ffecting trout below Yellowtail
Afterbay Dam on the Bighorn River in south
central Montana. The high concentrations
of nitrogen gas in the river cause gas bubble
disease in the rainbow and brown trout. Gas
bubbTe disease (GBD) in fish is a pathological
process due to excess gas ({usually nitrogen)
taken in through the gills and forcing its
way out through the tissues when reaching
equilibrium with atmospheric pressure. The
nearest corresponding process in humans s
known as decompression sickness or the bends.

‘ Releases from the afterbay dam have been
documented since 1973 as the source of the
supersaturation in the Bighorn River (Bureau
of Reclamation, 1973). The afterbay dam is
approximately 3.5 km {2.2 miles) downstream
of the 160 m (525 ft) high Yellowtail Dam
and Powerplant. The afterbay dam is a c¢oncrete
diversion structure 415 m (1360 ft) in length
and 22 m (75 ft) in height and functions to
provide wuniform daily flow in the Bighorn
River by buffering the peaking power generation
ftows from the VYellowtail Powerplant. The
afterbay dam includes structures such as
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spillways, a sluiceway, and & canal diversion
headworks (figure 1). The spiliway has an ogee
crest controlied by radial gates. The sluiceway
consists of three bays and is controlled by
three 3.1 by 2.4 m (10 by 8 ft) slide gates
(Young, 1982). Supersaturation conditions result
when entrained air in water released from the
sluiceway gates plunges to depths in the stilling
basin pool. Usuvally supersaturated dissolved
gases contained in water can be dissipated in
a short period of time through natural turbulence
in the river; however, the river stretch below
Yellowtail Afterbay Dam is tranquil, which
interferes with this dissipation process and
the flow remains supersaturated for several
kilometers downstream.

To meet the objectives of the nitrogen
supersaturation study, ambient water condition
data including flow, hydrolegy, and water quality
needed to be monitored in order to correlate
this information with gas supersaturation and
the subsequent effects on the fish and
invertebrates. Gas tensionometers that measure
total gas pressure, water temperature, and
dissclved oxygen pressure plus multiparameter
water guality instruments that measure
dissolved oxygen concentrations, pH, water
temperature, conductivity, and ORP were selected
to monitor in situ water quaiity at each river
site.

Sateliite telemetry was identified as the
best method to monitor and record the data from
the water quality instruments. Data transmitted
at regular intervals in real time to a computer
data base eliminated the delays and costs
associated with strip chart and internai
instrument memory data recording and storage.
The satellite-telemetered data is stored directly
to a computer with no delays caused by retrieval
of a strip chart or instrument memory, and
monitoring of events and analysis can be performed
in the office. This paper presents information
and recommendations on satellite telemetry of
water quality data from instruments wused as
part of the gas supersaturation study conducted
by various Federal agencies on the Bighorn River,
Montana.

DATA TRANSMISSION SYSTEM

The satellite data collection system used
for this study was one in use by the Bureau
of Reclamation for transmission of stream stageand
reservoir elevations within the Missouri Basin
Region. The Bighorn River river stage site
and two water quality sites were added to the
existing system for this study. One water quality
site is located 0.2 km below the afterbay along



Figure 1. - Yellowtail Afterbay Dam

the sluiceway shore and the other site is located
4.8 km (3.0 miles) downstream from the afterbay.

At each site on the river, a data collection
platform (DCP} was set up along with control
units for the water quality instruments enclosed
in a weather proof box. The DCP module consists
of a continuously running 1ow-powered
microprocessor with a precision clock, a sensor
interface capable of handling digital, analog
and switch closure dinputs, an uninterruptable
power supply for random access memory (RAM),
and a function that performs precision analeg
to digital conversion. The microprocessor
is able to operate within a -40 to 40 °C
temperature vrange and 1is sealed in a cast
aluminum housing (specifications from the Sutron
Corporation technical sales publication).
The DCP module also has a satellite transmitter
with a selectable output frequency and channel
with wvariable transmission power from 4 to
18 watts. A Yagi antenna with a 47° half power
beam width is used to transmit data to the
Geostationary Operational Environmental Satellite
{GOES).

The DCP microprocessor transmitter module
can monitor from 1 to 18 analog and/or digital
sensors and can be programmed to store data
and transmit on a regular basis, on an adaptive
random reporting basis, or in a combination
of both scheduled and adaptive reporting basis.

The water quality instrumentation was
connected to the DCP via output cables from
the instrument control units attached to external
screw terminals on the DCP. Each water qualilty
parameter occupies one terminal on the DCP
with a common grounding on the DCP case.

The tensiongmeter interfaced to the DCP
at each site consists of a surface control unit
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with a cable-attached underwater probe. The
underwater portion of the tensionometer consists
of 3 sensers: an electronic pressure transducer
connected to a wound 4-meter length of gas
permeable tubing that measures the total gas
pressure, a 3 electrode simultaneous oxygen
reduction-generation sensor that measures the
partial pressure of the dissolved oxygen in
the water and a thermister that measures the
water temperature.

The multiparameter probe, connected to
the DCP at each site, consists of a surface
centrol unit with an underwater probe consisting
of 5 sensors: a thermister, for measuring water
temperature; a polarographic, electrochemical,
two-electrode-type probe for measuring dissolved
oxygen concentration; a glass electrode with
silver/silver chloride reference electrode pair
pH sensor, to measure the acidity-alkalinity
of the water; a four-electrode, temperature
compensated conductivity cell, for measuring
conductance of the water; and a platinum electrode
with a silver/silver chloride reference cell
used to measure the waters oxidation-reduction
potential (QRP). Bargmetric pressure, taken
from an analog output barometer, along with
Bighorn River and canal stage height data, taken
from a shaft enceder and float, were also
interfaced to the DCP at the upstream site.

Accuracy and calibration are assessed
by comparing water quality equipment measurements
with  water  temperatures from a  mercury
thermometer, dissolved oxygen calfbration from
saturated air {D'Aoust, 1982 and Garner, 1978)
and measurements from carefully performed Winkler
titrations, pH and conductivity calibration
from known standards, and total gas pressure
from one or two Bouck gasometers (Bouck, 1982).

The periods between calibration of instru-

Hiebert
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Figure 2. - Diagram of Satellite Data Transmission System

ments varied between instruments and
between parameters. Initially calibration
was performed weekly for most parameters.

Currently up to 3 weeks is sufficient between
calibrations for many parameters. As discussed
later in the report, the ability to monitor
the parameters in real-time helps establish
a redlistic calibration and maintenance schedule.

The DCP was initially programmed in the
field by a portable computer to collect water
guality data every 30 minutes after a 2.5 minute
minute warmup time. This data is stored in
the DCP for 4 hours before being transmitted
to the GOES. A1l DCP stored data is sent in
about a 20-second transmission and returned to

the earth station in
seconds later {(Figure 2). The earth station
computer stores the data which can be accessed
over a phone line from a field terminal. Once
the DCP has been programmed with parameter codes
and scales and tested to operate in the required
time slot, no further programming is normally
necessary.

Boise, Idaho, about 20

Modifications of water quality dinstrument
electronics and power supplies were necessary
following difficulties 1in interfacing to the
DCP. Solutions to the problems included diagnosis
with a voltmeter, menitering of satellite signal
information, and consultation with electronic
technicians. '

Hiebert
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[nitial difficulties with the system setup
were experienced in the power supply interface
with the multiparameter probe. All instruments
at each site were initially powered by one
110 ampere hour 12 ¥ battery with photovoltaic
panel recharge. Threugh the dissolved gas
pressure and multiparameter water quality
transmitters, a ground loop was created that
fed back voltage and damaged components 1in
one of the control units. This problem was
corrected by isolating the multiparameter probe
with a separate 33-ampere hour battery and
photoveltaic panel.

Problems with the interface of the
multiparameter water gquality probe and the
DCP were caused by the output signal matching
of the two systems. The DCP could accept
digital, analog, and switch closing inputs.
There was alse programmable scaling on the
analog inputs. The multiparameter water quality
units analog output scale were different on
each parameter measured, ngne of which was
based on the DCP default scale of 0 to 5 volts.
The DCP had errors in handling these scales
along with the fluctuating voltages from some
parameters. To correct these problems, the
water quality monitoring equipment manufacture
was asked to change the electronics to produce
a filtered output with a linear, analog scale
corresponding to the output readout.

Excessive power coasumption {above
specified), low 1ight intensity, and cold
diminished the battery and vrecharge system
over the winter. These problems were solved,
following 1load tests on the battery, by the
addition of a larger capacity battery.

Impedence differences between the DCP
and the multiparameter probe caused a small
voltage offset during collection which s
corrected with the earth station computer
programming. This voltage offset from the
field has been diagnosed from each parameter
and ther programmed te be added to the- incoming
data by the receiving computer. This problem
is still being worked on with the intent being
no voltage offset and consequent computer
correction.

A1l of the previously discussed problems
were discovered in the field and most were
primarily caused by non standard (nom DCP
manufacturer product) instruments being installed
to the DCP. The manufacturers of all the
electronic equipment were helpful and informative
in solving these interfacing problems. The
mest efficient way to solve these preblems
would have been for the  manufacturers
representatives to get together at the sites
or to be able to connect and bench test this
equipment before field installation.

MONITORING AND PRELIMINARY RESULTS

A1l data transmitted is stored at the
central receiving site and is available for
analysis at any time. Data can be obtained
from the field seconds after a transmission.
With each transmission, a system status fs
sent that includes battery voltage., signal
strengths, and transmission errors, This
information s heipful in diagnosing field
equipment or satellite problems.

The data can be retrieved from the computer
in two basic formats, short term and Tlong term.
The short term format provides every parameter
value at every coliection. These data can
be retrieved by site, by day in any time frame.
Short term format is kept on hard disc resident
pemory for 6 months and then archived to tape.
The long term format provides a daily average
read out of each parameter. This information
can be retrieved in 15-day increments. Long
term data 1is stored on resident wmemory for
immediate access at any time.

An  initial vaiue of the satellite
transmission and recording of data has been
te monitor instrument performance over time
and detect malfunctions and calibration drifts.
Data from this has indicated that the
multiparameter probe should be serviced about
every 10 days to clear algae and accumulated
aquatic macrophytes from the probes. The gas
tensionameter needed a less intensive maintenance
schedule; however, on few gccasions was observed
measuring hydrostatic pressure rather than
dissolved gas pressure after several weeks
when moisture accumulated behind the gas
permeable membrane {silastic tubing). Continuous
monitoring and comparison of the two different
type dissolved oxygen probes tentatively indicate
that the three electrode, oxygen
producing-reducing probe {is more accurate for
long-term monitoring in that it requires less
maintenance and fewer and smaller calibration
adjustments as opposed to the two electrode
polarographic dissolved oxygen sensor on the
multiparameter probe. The wvalue of knowing
immediate instrument malfunctions s obvious
in the course of gathering reliable, accurate
data for extended periods of time.

In preliminary analysis of several
parameters and dam operations some trends are
shown 1in dissolved gas pressure in the river.
As found in previous investigations, and
confirmed with the <continuous monitoring
instrumentation, the regulation of the sluiceway
gates on the afterbay dam positively correlates
with total gas measurements taken immediately
below the afterbay at the 0.2 xm site. A
negative correlation of total gas pressure
was observed with the operation of the radial
gates (White et al., 1986). Consequently,
a2 mixed flow or release consisting of a portien
of the water passing through the sluiceway
and a portion passing across the spillway
produces less supersaturation than the same
total voTume through the sluiceway.
Unfortunately, this operation to reduce
supersaturation constrains fluctuation of the
afterbay and therefore potential peaking power
generation by Yellowtail Dam. In preliminary
tests, where flows through the afterbay sluiceway
were reduced and then incrementally increased,
as mentioned, there was a strong relationship
of increasing total gas with flows and then
a leveling off of supersaturation at flows
above approximately 53.8 m3/s (1900 f£3/s) with
no apparent increase in disselved gas as flows
continued to 1increase, This threshold could
be a function of stilling basin depth or other
variables to be further investigated.

By parameters monitored in 1986 through
mid-July, the Thighest dissolved total gas
pressures have been between May and July with
the peak in the early weeks of May, prior to run-
off. The discharge through the afterbay increased
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with the spring runoff starting in mid-June.
The conductivity in the river increased to
the highest level 1in early May. The pH has
remained relatively constant. Dissclved oxygen
has remained constant at the upstream site
pbeTow the afterbay and varied at the 4.5 km
site in daily fluctuations due to photosynthetic
production, The dissolved oxygen makes up
a greater portion of the total gas in moving
downstream. At The 4.5 ki site, the oxygen
saturation exceeded 138 percent during sunny
afterncons whereas at the site 0.2 km below
the afterbay oxygen did not exceed 114 percent
saturation.

CONCLUSIONS

The technology of satellite telemetery
is a valuable tool in monitoring water quality
among other parameters. The collection of
data in real time and direct computer storage
along with time and monetary savings in not
having to retrieve field tape or instrument
memgry has proven to be useful in data aquisition
for this study. The set up of a satellite
data collection system requires some preliminary
identification of necessary electronic equipment
with specifications of accuracy, service and
compatability with the satellite system. The
electronic equipment manufacturers should be
informed of exact application of their equipment
so changes can be made before field trials.

Continuous monitoring of water quality
is vital to this study as collection of field
data during diel periods as well as annual
cycles 1is necessary to accurately determine
effects of changes in the environment. In
addition, because of power dispatch office
and schedule changes with several generator
units 1in the Yeliowtail Dam being off line
for portions of the year, afterbay levels and
discharge may not have been typical thus far.
In monitoring and being able to identify
non-typical years, much more dinformation on
a long term basis is necessary.

Previous studies have been performed and
models have been used to identify problems in

an attempt to eliminate or reduce the air
entrained and consequent supersaturation by
the afterbay sluiceway. These studies elucidated
other problems arising with installation, costs,
and operation of structures or ineffective
reductions of supersaturation (Denson and Loomis,
1985). This research with monitoring equipment
wiil provide valuable information to be used
in further modification or operation of the
dam. In  addition, the investigations have
been structured so that the resuTts will have
maximum application to other locations where
gas supersaturation problems exist but the
various habitat parameters cannot be easily
sampled. .
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DISSOLVED OXYGEN STUDIES BELOW WALTER F. GENRGE DAM
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ABSTRACT

A special study of conditions within and
downstream from Walter F. George Lake {AL-GA) was
conducted from 13-19 August 1986, in response to
numerous fish kill incidents that have occurred in
the tailrace. The study focused on the suspected
cause of the preblem, low dissolved axygen, and on
an evaluation of possible corrective measures,
suwch as spillway 9gate releases and generation
startup oprocedures. Results indicated that
extremely low dissolved oxygen water apparently
Teaked into the tailrace and moved up through the
water column and subsequently downstream, A com-
pressed turbine startup sequence proved to be the
most beneficial startup method. Releases through
the spillway gates during nongeneration periods
offered the most feasible results in preventing or
alleviating downstream depressed disselved oxygen
conditions.

" INTRODIC TION
Project Location and Description

The Walter F. George (WFG) Lake is forned
along the Chattahoochee River by the WFG Lock and
Dam (L&) which is located near Fort Baines,
Georgia. The impounding structure consists of a
concrete dam, a fourteen-gate spillway, and single
1ift Tock. The WFG Lock is the second highest
1ift east of the Mississippi River. The WFG
Powerhouse with four generating units is located
on the opposite bank from the lock. The lake is
121 km (75 mi) from the mouth of the river, has a
surface area of 18 292 ha (45 181 ac), and is
23.3 m (93.0 ft) deep at the deepest point. Nor-
mal pool elevation is 57.9 m (190.0 ft) National
Geodetic Vertical Datum (NGVD). Authorized pri-
marily for nmavigation and hydroelectric power
generation, associated purposes inctude flood con-
trol, streamflow regulation to provide a nine-foot
navigation channel, outdoor recreation, and fish
and wildlife conservation. The WFG Pawerhouse is
gperated as a peaking facility. Characteris-
tically, hydroelectric power i{s generated 3 to 6
hours daily, Monday through Friday.

Approximately 47 river kmn (29 river mi)
downstream of WFG L&D is the George W. Andrews
(GWAY L&D. This structure consists of a concrete
dam with a fixed spillway and a single lift lock.
The GWA L&D is a single purpose navigation project
intended only to provide sufficient depth for
authorized navigation. The Take created by GWA
L&D has a surface area of 623 ha (1 540 ac).

History Of The Problem

Construction of both the WFG and the GWA
projects was essentially complete in 1963. Prob-
lems with fish kills in the WFG tailrace area dur-
ing pericds of stratification soon followed. A
number of iaterim measures have been implemeated
to combat the problems. The first of these meas-
ures, Standard Operating Procedures (SOP), was
developed in 1970. Basic provisions of this ini-
tial effort were to provide for water releases
through spillway gates when fish were observed
distressed or dying, to menitor conditions Ffor
indications of causal effects, and to verify that
corrective actions were effective.

In 1972, an automatic water quality monitor
was installed downstream of WFG Lock and Dam.
This monitor, which is presently located about 457

‘m (1 500 ft)} below the dam on the west bank of the
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river, monitors dissolved aygen (DO}, pH, temper-
ature, and conductivity.

The same basic provisions of the 1970 S0P
were incorporated into a subsequent SOP revision
which was implemented in 1982. On 30 July 1985, a
major fish ki1l occurred affecting approximately
100,000 fish as estimated by State of Georgia
fisheries personnel., [t was this incident which
resulted in increased monitering of tailrace con-
ditions and culminated in this study. Through
this increased monitoring, several trends were
ohserved in the tailrace area. When water levels
dropped following generation, fish were trapped in
a drainage channel which paralleled the lock wall.
The fish would subsequently die and be swept down-
stream during the next Qeneration period. A simi-
lar situation occurred in the stilling basin which
parallels the face of the WFG spillway. This
shallow area has & short vertical wall aloag the
downstream edge which serves to trap fish as water
levels drop. Another situation noted was fish
entrainment during the startup of generation. On
several occasions small numbers of dead fish were
observed below the WFG Dam shortly after the
initiation of generation. Laboratory examination
of specimens revealed that the fish had ruptured
gas bladders and gas bubbles trapped in the fins
and gills which indicated a rapid movement from
depths to the surface.

Observations during the spring revealed that
fish, primarily shad, which are anadromous in
rature, tended to enter the lock in large numbers
through the dowastream valves, When these fish
remained inside the chamber for extended perioads,



the DO was depleted and the fish died. By far the
most common situation which also produces the
highest incidence of mortality, is the occurrence
of extremely low DO throughout the tailrace area.
This situation occurs frequently during the spring
and summer, generally in the early morning hours
between 2400 hours and 2700 hours, and over the
weekend.

As a result of the 1935 fish kill, another
SOP was implemented later that year which con-
tained the basic provision of releasing water from
the spillway gates once conditions deterigrated.
There were, however, some provisians of note in
this procedure. The SOP was prepared recognizing
that although the problem had existed for several
years, little was actually known about the cause.
In an attempt to better understand the problem,
the 1985 SOP required significantly increased
monitoring requirements. Notable among these was
the direct transmittal of the menitor's B0 infor-
mation to a digital display in the WFfi Powerhouse
and the inclusion of measures to provide for
spillway releases prior to visible fish distress
or fish kill.

Some of the provisions for increased moni-
toring contained in the 1985 SOP were revised as
more was learned about the situation and teo accom-
modate the need to reduce the overwhelming burden
it placed on field perscnnet. The last revision,
dated June 1986, will remain in =ffect with some
modifications until early 1987. At that time, the
S0P will be modified to reflect recommendations
developed from this study.

METHANS

This concentrated investigation was con-
ducted from 13-19 August 1986, to better describe
the effects of operaticnal procedures such as
generation startup sequences, spillway releases
and lock discharges on D0 and temperature in the
immediate tailrace and at locations farther down-
stream. It was anticipatad that data from the
study would identify operational regimes which
when combined with the naturally occurring pro-
cesses would achieve the highest possible 00
levels.

A temperature and D0 profile was measured at
midstream and at the right and left quarter points
of the channel, except as indicated below, at each
of the following statiens. The depth intervals
for each profile ranged from 0.2 m (0.5 ft) to
1.0m (3.0 ft) at all stations, except Station 1.
At Station 1 in WFG Lake, the data were collected
at 1.5m (5.0 ft} or 3.0m (10.0 ft) intervals
through the 28.3 m (93.0 ft) depth of the lake.
Pool elevation during the study averaged 56.2 m
{184.5 ft) NGVD.

Station 1 - 244 m {800 ft) upstream of WFG
L4D {single point vertical profile)

Station 1A - 8 m (25 ft)} downstream of WFG
L& at powerhouse draft tube exit area (single
point vertical profile)

Station 1B - 122 m {400 ft) downstream of
WFG L&D (single paint vertical profile)

Station 2 - 244 m (800 ft) downstream of WFG
L&D

Station 3 - 457 m (1 500 ft)} downstrzam of
WFG L&D at water quality monitor

Station 3A - 579 m {1 900 ft) downstream of
WFG L&D (single point vertical profile)

Station 4 - 2.4 km (1.5 mi) downstream of
WFG L&D

Station 5 - 26.6 km (16,5 mi) downstream of
WFG L&D

Station 6 - 42.3 km (26.3 mi) downstream of
WEG LAD

Stations 1, 2, 3, 4, 5, and 6 were sampled until
1400 hours 19 August. With the understanding
acquired from these initial tests, Stations 4, 5,
and 6 were relocated closer to the dam (Stations
1A, 1B, and 3A) for the remainder of the study.

Measurements were taken using Yelilow Springs
Instruments {YSI) DO meters. Air calibration of
the meters was verified with the azide-modified
Winkler titration technique. Temperature readings
were verified with mercury thermometers. In addi-
tion to the YS! meters, a Hydrolab water quality
monitor was used at selected locations to measure
temperature, DO, pH, conductivity, and oxidatione
reduction potential. Generally, data at each
station were c¢ollected for at least onme hour
prior to operational changes, such as generation
startup, and continued until the transient
hydraulic effects of the event had dissipated.
Data were collected at 20-minute intervals for all
the tests, except the 24-hour test period on
15-16 August when the frequency for collection
varied depending on project operations but pro-
vided as a minimum one profile per hour. Station
1 profiles were collected generally once per hour
throughout the study.

DISCUSSION OF RESULTS

Data from Station 1 were typical for large
stratified bodies of water {Wetzel, 1975). During
the study, surface readings varied from 6.0 to 8.0
mg/1, middepth readings ranged from 3.0 to 4.0
mg/1 and to betow 1.0 mg/1 at 15.2 m (50,0 ft) and
continued to drop until readings were virtually 0
mg/1 from 21.3 m {70.0 ft) to 28.3 m (93.0 ft),
the lake bottom. Figure 1 illustrates the effects
at middepth at Station 1, and surface changes at
Stations 2 and 3, when each of the three func~
tional turbines were brought on-line in one-hour
intervals. (Turbine 4 was nonfunctional due to
servicing.) The DO level at middepth of Station
1, a point approximately 6.7 m (22.0 ft) above
the turbine intake area, showed an appreciable
decrease after the second turbine was brought
on-line. D9 Tevels continued to fall until the
units were turned off at 1700 hours. DO scon
recovered to pregengration concentrations at
Station 1.

Releases from spillway gqate 12, which orig-
inate from a depth of 9.1 m (30.0 ft) in the lake,
had no effect on the middepth DO concentration at
Station 1. However, as shown in Figure 1, the
surface 00 readings at Stations 2 and 3 displayed
immediate increases that continued even after the
gate was closed. It should bde noted that the
initial increases in tailwater D0 from extremely
Tow concentrations achieved with a gate opening of
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0.2 m (0.5 ft} were much more dramatic than the
increases achieved from a 0.3 m (1.0 ft)} gate
opening after the DO Yevel had reached 3.0 mg/l.

Stations 2 and 3 displayed a sharp drop in
00 Tevels when the first turbine was brought on-
line followed by a gradual iacrease as the two
remaining units were brought on-line. However,
the D0 never completely recoverad to' the pre-
generation concentrations observed after releases
were made from gate 12.

Figure 2 3$l1lustrates the D0 concentrations
at Stations 4, 5, and & far the same time frame as
depicted on Figure 1, &Generally, variations in D)
concentrations observed at the upper tailrace
© stations were also observabie at Station 4. 10
changes noted at Station 4, however, were not as
dramatic, and were shifted with respect to time
and rate of discharge. Fluctuaticns in DO read-
ings at Stations 5 and & could not be specifically
attributed to operational discharges as they were
at stations in the immediate tailrace area. It
was noted that DO at Station 6 was higher than
upstream stations by as much as 2.0 mg/1 during
the mid-day hours and extremely low readings (<2.0
mg/1} were not observed during the study. This
correlates with Strain (1980).

Approximately two hours after generation
ceased on 14 August, DO and temperature readings
were measured in the draft tube exit area immedi-
ately below the powerhouse. These measurements
revealed that 00 ranged from 3.0 mg/1 at the sur-
face to 2.0 mg/1 or less from 3 m (10.0 ft) below

the surface to 11 m (36.0 ft), the bottom. Based
on the previous experience of the technical
°T A B C D
5 4
4L
Mid-depth

4 Station 1

DISSOLVED OXYGEN (mg/1)
(78]

24 \v/'*— Surface Station

3 {Midstream)

advisor from the MWaterways Experiment Station,
Mr. Steven C. Wilhelms, at Mark Twain Llake,
Missouri, it was hypothesized that the cause of
the Tow DO water in the tailrace was due to leak-
age through the turbines during nongeneration
periods. This poor quality water would gradually
displace the water from generation in the tailrace
and would move downstream. Therefore, testing and
data coilection were oriented toward testing this
hypothesis beginning 15 August at 1700 hours
through the remainder of the study. A test of an
interim procedure as a means of preveating the
buildup of extremely Tow DO water was conducted.
This pracedure provided spillway releases over-
night from 1500 to 0700 hours and indicated good
effectiveness. At Station 2 following an over-
night release of C¢.1 m (0.25 ft) from gate 12, 00
readings were between 3.0 to 4.0 mg/l at all
depths compared to readings of 1.0 mg/1 or less
when the releases were not provided. Lower read-
ings of 1.0 mg/1 or less, however, were measured
directly in front of the turbine discharge bays.

Figure 3 depicts DO changes in the three upper
stations resulting from spillway releases from
gate 14 which was opened to a height of 0.2 m (0.5
ft) and 0.3 m (1.0 ft). For the purpose of the
study gate 14 had been modified by inserting stop-
togs on the upstream side of the gate to a depth
of 1.8 m (6.0 ft} from the surface. These stop-
Togs created a weir a=ffect and allowed gate 14 to
discharge surface water rather than water from the
depth of the gate opening, 9.1 m (30.0 ft)., The
effects of discharges from gate 14 on DO paral-
leled data collected during discharges from the
unmodified gate 12 (Figure 1).

g ‘ gate %2 Open 0.2m (6 in)

. . ate 1

11 4 N+— Surface Station 2 (Midstream) C Gate 14 gpgieg.&n (12 in)
D Gate 14 Closed
E Units 1, 2, and 3 On
F A1l Units OFf

Q ' M 1 1

0600 0800 1000 1200 1400 1600 1800 2000 2200 2400
TIME
Figure 3. Dissolved oxygen concentrations at stations 1, 2, and 3 on 15 August 1986
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Figure 3 also depicts generation startup
with all three functional turbine units started
sequentially within minutes of one another. This
startup began at approximateiy 1400 hours and
shows that NO at the middepth of Station 1 regis-
tered a corresponding rise over the duration of
the generation period. This rise seemingly is due
to an expanded withdrawal zone which encompasses
mora highly oxygenated water closer to the lake
surface. Over the same period the surface 00 at
Stations 2 and 3 showed an immediate but shart-
~ lived sag of about 1.0 mg/1 followed by an equally
sudden rise of about 2.0 mg/1. Stations 2 and 3
also registered a general improvement in 00 over
the 3-hour generation period (to approximately 6.0
mg/1) followed by a drop of about 2.0 mg/l after
generation ceased. Continued monitoring at these
stations through 0300 hours on 16 August revealed
a progression of Tow D0 readings (<1.0 mg/1) from
near the bottom at Station 1A, both up through the
water column and downstream. By the end of the
monitoring period this slug of low DO water had
reached the surface at Stations 1A and 2, and to
middepth at Station 3.

On 17 August the procedures outlined in the
June 1986 S0P were tested for effectiveness. In
sunmary, these provisions require spillway re-
leases from gate 12, opened at 0.1 m (3.5 ft), to
relieve fish distress situations or to increase N0
concentrations in the immediate tailrace following
a 3-hour period of below 2.0 mg/1 readings or a
single reading of 1.5 mg/1 at the water quality
monitor. If the initial one-hour release from
gate 12 does not relieve the situation, the SOP
further specifies that gate 10 be opened the same

height and both gates provide releases for one

hour.

Responses to low DO levels summarized above
were based on initial data recorded by the auto-
matic water quality monitor and verified by titra-
tion tests performed by WFG persoanel. Therefore,
discussions of results regarding S0P procedures
are focused on data collected at Station 3. How-
ever, it was noted throughout the study that DO
concentrations near the water quality monitor
intake were highly variable compared to readings
taken at other points across the river at this
location. Alsoc, comparisons of monitor and YSI
resuits revealed that the DO monitor generally
indicated higher readings than those obtained with
the YSI meter.

The test of the S0P began following a period
of about 16 hours when the D0 from Station 3
upstream was less that 1.0 mg/l. At Station 3
midstream D0 Tevels throughout the water column
remained below 1.0 mg/1 during the one-hour period
when gate 12 was opened singularly. In accordance
with the 1986 S0P, after one hour gate 10 wes
opened. At the two-hour mark in the operation the
surface D0 had recovered to above 4.0 mg/1, the
middepth value had improved to slightly above 1.0
mg/1, and the bottom DO had remained below 0.5
mg/l. Releases from both gates continued for an
additional 30 minutes at which time surface DO was
up to 6.0 mg/l; however, middepth and bottom DO
readings remained unchanged from concentrations
measured at the two-hour mark. Within a few
minutes of gate closure middepth concentration
reached over 4.0 mg/l amd the bottom reading
increased to about 2.0 mg/1. Approximately 1 hour
following the gate closures described above, there
was & lock discharge which resulted in a sharp,

short-lived depression in DO concentrations at all
depths of the midstream sampling point at Station
3.

CONCLUSTONS

bservations at the middepth of Station 1
upstream and the surface at Stations 2, 3, and
4 in the tailtrace, during the startup of genera-
tien indicated that irrespective of the startup
sequence, there is an initial drop in 20 levels
in the immediate tailrace associated with the
start of hydropower production. The severity and
duration of this D0 drop is influenced by the
startup procedure. 7ata indicate that compressed
starting of the generators, i.e., all units
sequentially put on line within minutes of one
another, minimizes both the acuteness and the
duratiaen of the 00 drop. This seems to be due to
the increased expansion of the zone of withdrawal
within the lake, thus capturing more of the
epilimnetic waters.

Data collected during spillway gate openings
indicated that comparatively there is no differ-
ence between releases from gate 14 modified with
stoplogs and other gates. Additionally, the data
indicated that when DO levels were severely
depressed, the spillway releases resulted in more
dramatic improvements compared to releases when
tailwater D0 was 3.0 mg/l or better. Manipula-
tions with spillway gJate heights indicate that
releases result in improvements in D0 without
respect to gate height; however, these improve-
ments occur more rapidly with increased discharges
either through increased gate heights or by open-
ing additional nates. Data collected during
spillway discharges indicate that the slug of low
DO water that accumulates in the immediate tail-
race is apparently pushed downstream by releases
ard DO is not significantly improved. Further,
overnight releases through the spillway gates seem
to prevent significant accunulations of low 0C
water and instead both mixes and transports this
water downstream except in a very localized area
in the vicinity of the turbine discharge bays.

Intensive monitoring in the tailrace area
substantiated the hypothesis that extremely low DO
water moved into the downstream area from the tur-
bine discharge bays. Using conductivity as a con-
servative tracer, data callected with the Hydrolab
in the lTake clearly showed that the low DO water
being observed in the tailrace during nongenera-
tion pericds was available at the elevation of the
powerhouse intakes. Conductivity and pH were
measurad at the draft tube exits and were found to
be identical to those values measured in the lake
at the intakes. Further, data collected during
the study indicated that the extremely low 00
water accunufates in the tailrace at varying
rates. During an overnight menitoring period the
slug of low DO water had moved downstream only to
the middepth at Station 3. 0On other occasions
when monitoring began in the early morning,
results indicated that the low DO water was
uniformly distributed throughout the water column
at Station 3 and had moved farther downstream. It
is  hypothesized, therefore, that the leakage
varies in rate of discharge and is most likely
attributed to improper or incomplete closure of
wicket gates. Additionally, groundwater dis-
charges in the tailrace area may also provide a
source of extremely Tow DD water.
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Comparisons between data collected in the
river at the Tlocation of the monitor intake
{Station 3), titrations using the azide-modified
Winkler technique, and data obtained from the
automatic water quality monitor at the same time
indicated that the monitor frequently recorded
erroneous N% data. In consideration of the hypo-
thesis regarding leakage, a monitor would best
provide data on which to base actions described in
the S0P if it were located closer to the power-
house.

REC OMMENDAT TONS

{1) Provide for the maximum use of com-
pressed starting procedures for hydropower pro-
duction during the months when the lake is
stratifiad.

{2) Adjust the automatic monitor positicon
to a site closer to the powerhouse where the low
N0 problems originate and resolve the discrep-
ancies noted between the monitor readings and
readings obtained by cther methods.

(3) Revise the S0P to provide for immediate
action {spiliway releases) when low DO conditions
(3.0 mg/1 aor less) are detected which are not the
result of an operatiomal release producing a
short-term drop in concentraticns. Or, as an
alternative, provide for continuous Tow volume
(0.1 m {0.25 ft) gate opening) spiliway discharges
during nongeneration for the months the lake is
stratified to prevent the extremely low D0 condi-
tions from developing.

(4) Conduct further investigations to
determine the scurce and circulation patterns of

the low OC water in the tailrace., Evaluate struc-
tural solutions to stop the leakage and/or other
alternatives. If any altarnative is implemented,
further study to determine the necessity for an
SOP as described above should be conducted.
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ABSTRACT

Many hydropower faciiities are operated only
during a portion of the day to meet peak system
power demands. Sometimes, during portions of the
year when system power demands are low, 1o
releases are made for several days -at a time.
Such periods without flow can seriously damage
aquatic Tife in the tailwater.

This paper discusses two projects where
continuous minimum fiows are provided vyear
around. The first 1is the Norris project where a
minimum flow of 5.7 m3/s (200 cfs) 15 provided
by a reregulating dam located approximately 2.4 km
(1.5 mi) below the matn dam. The other 1is the
Tims Ford project where a mintmum flow of 2.3
m?/s {80 cfs) will be provided through a small
hydroturbine operating during periods when the
main turbine 1s shut down. The paper will address
the alternatives evaluated at each project and the
design, construction, and operation of the minimum
fiow systems.

NORRIS MINIMUM FLOWS
General

TVA's Norris project 15 Tocated on the Clinch
River at river mile 79.8 in Campbell and Anderson
Counties, Tennessee, about 32 km (20 m}} northwest
of Knoxville. The dam 1s a concrete gravity
structure approximately 580 m (1,900 fit) wide and
81 m (265 ft) high. The powerhouse centains two
generating units rated at 50.4 MW each. The
hydraulic turbines are the vertical Francis type
and have a discharge capacity of about 120 m3/s
(4,200 cfs) each at a rated head of 50 m (165 ft).

Flow conditions for several miles downstream
from the dam are essentially determined by
controlled releases from Norris Dam. An
insignificant amount is contributed from

uncontrolled runoff. Leakage through Norris Dam

produces minimum flows of 0.5 to 1.8 m?/s (17 to
65 cfs) when the turbines are off.

With a turbine discharge capacity
approximately twice the average annual inflow, 12
hours of peaking per day are needed on the average
to pass infiow 1n a normal year of aperation.
Actual daily schedules wvary depending on system
Toad requirements and reservoir levels.
Summertime peaking releases normally begin about
midmorning and continue for the remainder of the
daylight hours. Wintertime 1load peaks tend to
occur in the morning and again in the evening.
Unless the Norris pool is well above its normal
operating Yevel, the turbines are normaliy not

operated during offpeak hours. Extended periods
of zero discharge covering several days to several
weeks can occur in the spring and fall periods to
conserve water in Norris Reservoir when power
demands and reservoir levels are Jow, or during
flood control operations.

These dafily flow fluctuations and the
prolonged shutoffs combined with the Jow dissolved
oxygen concentration in the discharge (late June
through early November} are considered to have
deleterious effects on aguatic Tife, river
recreation, water quality and aesthetic values of
the downstream river reaches. B8y venting turbine
releases when needed and providing a minimum
release of at least 5.7 m3/sec (200 c¢fs), it was
felt that these adverse effects could be mitigated
or eliminated altogether,

Alternatives Considered

V¥arious schemes were investigated for
providing the desired minimum flow. These
included releasing through the existing sluices,
adding a small hydraplant, and constructing a
reregulating structure downstream of the dam.
Venting of turbine releases when necessary would
be a part of each alternative.

Sluice releases to provide continuous minimum
flows when the fturbines were not operating were
evaluated for several minimum flow values. For
the period October through March, 5.7 m3/s (200
cfs) was acceptable with higher values desived
during daylight  heurs in the warm months.
Estimated annual costs ranged from $1.13 to $1.70
mi¥lion (319680 dollars) and were due to power
Tosses. from releases bypassing the generating
units.

A new small hydro unit to be constructed on
the left bank was also considered. The powerhouse
woeuld contatn a single vertical Francis furbine
connected to a geénerator rated at 8,000 kW. The
unit's rated discharge would he 17.0 m3/s
(600 cfs) and could discharge as Tittle as 5.7
mé/s (200 cfs). Costs for this option would
include an initial investment of $14.1 million and
an annual cost of $0.47 million., The annual cost
was primarily due to a shift of some peak
generation to offpeak hours.

Twe schemes for constructing reregulating
structures below Norris Dam were serfously
considered. The first was a collapsible dam which
would regulate the release of stared water by
maiantaining a constant depth of Flow over one or
more gates. When the turbines were operating, the
gates would be lowered to prevent a tailwater
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increase at the dam. The 1inittal cost of a
collapsible barrier dam was estimated to be $5.8

miilion. Annual costs would range from $0.67 to
$0.94 million, depending on the minimum flow
assumed.

The second scheme was a Tow welr which would
have a series of slulces installed at 1ts base to
retard emptying of the channel following turbine
shutdown. Short turbine pulses every few hours
would be required to recharge the channel until
generation resumed. However, the weir would cause
a permanent tatlwater rise at Norris Dam,
resulting in a loss of capacity and energy
generation from the hydroplant. Estimated costs
for the weir were $0.5 million initially, and
annual expenditures of 3$0.04 millton.

Construction of & rock-filled gabion weir
approximately 2.4 km (1.5 mi} downstream of Norris
Dam was determined to be the most attractive
alternative. Total costs for this scheme were
lower than any other alternative considered by
far. Also, since the project was considered to be
experimental, a rock weir could easily be removed
if major probiems were encountered during testing.

Design

The preliminary design process ‘involved
examining several different weir Tlocatiomns, sizes,
and shapes to determine a solution that best met
the project design objectives. The most important
objectives considered were maintaining a minimum
flow of 5.7 m*/sec (200 cfs), avolding
significant impacts on the Norris Dam hydroplant,
providing safe floating and fishing conditions,
and minimizing project costs. Improvement with
respect to one objective often meant a reduction
with respect to one or more of the other
objectives. Numerous tradeoffs between objectives
were evaluated using mathematical and physical
modeling to find the best overall solution. For
example, it was important to Tlocate the weir as
ciose to the dam as possible to minimize the
amount of uncontroiled local inflow that could
deposit sediment or debris in the weir pool and
at the same £ime provide 1improved hydraulic
conditions over the entire tailwater. However, if
the weir was located too cliose to the dam, then

headlosses would occur due to the higher tailwater

elevation caused by the weir backwater.

of the weir were
mathematical

The hydraulic effects
examined through the wuse of a
computer mode% and a physical model. The computer
model was used to determine headlosses (due to
tatlwater rise) at Norris Dam and to determine how
long a minimum discharge of 5.7 m?/s (200 cfs)
could be sustaitned without storage replenishment
from  Norris turbine releases. Data collected
during operation of the physical model was used teo
calcutate computer model discharge coefficlients
for flow over the weilr and to evaluate beating
risks.

A mathematical model for a section of the
Ctinch River from the dam to about 6.4 km (4 mi)
downstream was developed. Simulation results
showed that a flow of about 5.7 m?/s {200 cfs}
could bte maintained below the weir for about 12
hours without turbine releases. Also, tallwater
elevation below Norris Dam would increase by about
0.09 m (0.3 ft).

A physical model was constructed at the TVA
Engineering Laboratory. The primary concern

releases.

addressed by the model study was navigation over
the weir by small boats or canoces. Several weir
geametries were fested, with most performing
satisfactorily at one or two of the expected
flowrates, but being unacceptable at other flows.
Recommendattons were to construct and observe a
6.4-m (21-ft) wide weir in the field, and if the
performance was not satisfactory, then the
structure could be modified into a 9.1-m (30-ft)
configuration. Discharge coefficients were alsa
computed and provided for the mathematical medel.

Regulation of welr releases would be by
butterfly valves controlled by floats iastalled in
some of the discharge pipes. After turbine
operation ended, flow would pass over the weir and
through the wuncontrolled pipes. As the water
level dropped below the top of the welir, the
valves would begin to open to maintain desired
releases. Without controls, 5.7 m3/s (200 cfs)
could not be maintained without either increasing
the weir height or ‘increasing pulsing frequency.
Either option would cause a significant increase
in annual power losses at Norris.

Physical Features

The weir was constructed of galvanized steel
gabion baskets filled with 10 to 20 c¢m (4 to 8
in.) washed limestone rock. It is 1.5 m (5 ft)
high, 6.4 m (21 ft} 1n width, and contains 54
30-cm (12-9n.} diameter steel pipes for discharge

control. The 122-m (400-ft) long weir 1s divided
by Hibbs Istand into a 46-m (150-ft) 1long west
channel section and a 76-m (250-ft) long east

channel section. To reduce construction costs, a
loose rock core was used. Twenty of the
fifty-four steel pipes were fitted with fleat
actuated butterfly valves to control weir
Trashracks were placed upstream of all
controlied pipes te reduce potential damages to
the flotation device from debris. An impermeable
membrane was placed within the upstream portion of
the weir to minimize leakage. Figure 1 1is a
photograph of the completed weir structure.

Norris wWeir

Figure 1.

Construction

The weir was constructed in three stages from
fall 1983 untii spring 1984. Total construction
time, excluding delays, was approximately three
months. The west channel section of the weir was
buitt in the first stage. Flows (mostly leakage}
were diverted to the east channel through pipes
contained 1n a small dam bulit for this purpose.
The dam was also used as an access road to the
west channel construction site. After the weir
section in the west channel was completed, flows
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were diverted through discharge pipes 1in the
fintshed section while work proceeded in the east
channel. An 11-m (36-ft}) long section was left
uncompleted until the remaining weir was
constructed to 1ts full height. This enabled the
pool Tlevel to drop sufficiently for construction
personnel to enter the river three hours after
unit operation ended. The last stage of
construction was closing the open section over a
two day weekend pertod with no turbine releases.
A1l work was accomplished during periods the
turbines were not operating. Ouring the fall,
power demands required that construction take
place at nfight on the 11 p.m. to 7 a.m. shift.
A1l other work was performed during daylight hours.

Operation

The weir fis designed to sustain a minimum
discharge of approximately 5.7 m3/s (200 cfs)
for 12 hours after turbine releases end. Based on
historical records, adequate streamflow below the
weir can be maintained on a typical day of
operation. However, during extended periods of
zero release, a one-turbine pulse of 30 minute
duration is required twice daily to replenish
storage behind the weir.

The weir as constructed did not provide
sattsfactory requlation. Field tests revealed
that there was too much Jeakage and the flow
decreased too rapidly following turbine shutoff.
Seventeen of the uncontrolied pipes were plugged,
and Teakage was reduced by sealing the tep 15 cm
(6 1n.) of the weir. Field tests to evaluate the
weir's  hydraulic characteristics were again
conducted, and overall flow patterns were
determined to be satisfactory. The water surface
profile over the weir appeared smooth, and no
large recirculating eddies were observed. The
measured increase In tallwater elevation wvaried
between 0.05 and §.11 m (0.18 and 0.35 ft).

Three hours after the turbine releases stop,
the pool elevation drops to the top of the weir.
From hours 3 through 7, a flow of 4.5 m*/s (160
cfs) 1s maintained through the weir, primarily by
the uncontrolled pipes. The valved pipes begin to
contribute more and more as the pool level drops,
steadily fincreasing total discharge to about 6.1
m3/s (215 cfs) at hour 0. The flow gradually
returns to 4.5 m3/s (160 ¢fs) by the end of the
12 hour peritod., Leakage through the abutments
supplements pipe discharge to effectively maintain
a constant release.

Resuits

Conditions in the tallwater have improved due
to weir construction and aeration of turbine
releases. Fish food organisms, such as mayflies,
caddisfiies, stoneflies, snalls, and crayfish
preferred by trout have grown in number. Also
increasing in abundance have been minnow species,
a part of the diet of the ‘large brown trout.
Trout condition, a measure of the plumpness of an
individual fish and an indicator of growth rate,
has also fimproved. From 1980-83, conditions of
rainbow trout dropped an average of 12 percent
between summer and fall. In 7985, the condition
did not drop at all.

An increase in trout stocking in addition to
improvements in tallwater conditions has resulted
in substantial growth 1in fishing pressure and
recreation. Plans are to increase stocking even

further, raising expectattons for greater use in
the future.

TIMS FORD MINIMUM FLOWS

Alternatives for supplying instantaneous
minimum flows in the E£1k River below TVA's Tims
Ford Dam were evaluated. bue to thermal
stratification in Tims Ford Reservoir, turbine and
sluice releases at the dam previde cold water
ranging from 5°C in the winter to 16°C in the
fall. These temperatures offer the opportunity to
establish and maintain a 64-km (40-mi} ‘long cold
water fishery in the tallwater. Suppliying minimum
flows in the river channel at all times would help
maintain an adequate food base and sultabie flow
and depth conditions for trout. Costs and
benefits for four alternatives were estimated, and
implementation of the most faverable alternmative
is nearing completion.

Project Bescription

Tims Ford Dam 45 Tlocated at EIk River
Mile 133.8, in southcentral Tennessee. This
Yocation, within twe hours driving time of the
iarge population areas of Huntsville, Alabama;
Chattanocga, Tennessee; and MNashvilie, Tennessee,
offers an opportunity to maintain and enhance a
cold water fishery unigue to this region.

$4te description

Tims Ford Dam was c¢losed 1n December 1970 and
a single diagonal-flow, fixed blade generating
unit went 1into commercial operatiorn in  March
1972, The unit 15 rated at 45 MW at a net head of
36.2 m (120 ft). The dam 1s also equipped with a
0.41-m {3-ft) diameter Tow-level supplementary
water release sluice with rated discharge capacity
of 7.1 m*/s (250 c¢fs). Below the dam, the Elk
River flows through Fayetteville, Tennessee,
approximately at river mile 90. The Fayetteville
Water Treatment Plant pump intake 1s located at
river mile 93.9. To maintaln proper submergence
of the pump intake, a river stage corresponding to
one foot at a nearby USG3 gage 1s required.
Currently, this corresponds to a flow of about 4.1
m*/s (145 cfs). The unregulated drainage area
between Tims Ford Dam and the gage 1s 773 km?
(298 mi2), and the estimated 20-.year recurrence
interval, 3-day minimem Jocal inflow from this
area is 1,25 m3/s (44 cfs).

Current operations

Tims Ford 1s a multipurpose project, and as
such, 1s operated for authorized purposes of flood
control, recreation, power production, and water
supply. The single generating unit is generally
Timited to a discharge rate of 110 m3/s
(3,300 cfs) due to downstream considerations. The
average annual adjusted flow at Tims Ford s 27
m3/s (955 cfs), which means that the unit aon
average can be expected to operate about 25
percent of the time. Based on historical records,
the average number of “zero release hours per day"
vartes from 12.3 in December to 19.6 in October.

The supplementary water sluice 1is used from
Memorial Day weekend through September to provide
for water supply at Fayetteville. These flows are
provided on weekends, since 1imited reservoir
inflows during this period are genperally passed
through the generating unit on higher lead
weekdays only. During the summer and early fall
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menths, when two hours of turbine use per day 1s
common, the unit s often operated for an hour tn
midmorning and agatn for an hour in late afternoon
to provide for a more even distribution of flow at
Fayetteville to ensure that the stage requirement
1s met.

The generating unit at Tims Ford is operated
locally from within  the  powerhouse. The
powerhouse 1s normally staffed from & a.m, until
10 p.m. on weekdays only. Turbine use on weekends
requires personnel to he called in. The slulce
can be operated either locally ar by remote
control from a neighboring project. E£valuation of
various aiternatives described later in this paper
4s based on not having remote operation capability
for the turbine. An air compresser was installed
at the plant in 1984 and used during the fall of
1984 and 1985 when the natural dissolved oxygen
concentration 1in  the turbine releases dropped
below 4 mg/L. Use of the compresser 1is planned
for the future during similar low DO periods.

From examination of avallable records,
leakage from the reservoir rim and through the
unit was estimated to be 0.6 m?/s (20 «c¢fs).
This water enters the river channel 1in the
proximity of the dam. Leakage will vary with
headwater elevation, being somewhat Jlower 1in
winter and higher in summer.

Current visitation to the Elk River from Tims
ford Dam to Fayetteville was estimated to be about
9,000 annual trips. Two thousand are canoeing
trips and 7,000 are fishing trips. Recreational
access to the river is provided at seven different
locations owned by TvA, and with one exception,
they are maintained by the Elk River Development
Authority. Currently, the State stocks about
70,000 trout annually in the Elk River below the
dam. .

Evajuation Criteria

The impact of the various minimum flow
alternatives on power production at Tims Ford was
based on the comparison of projected plant output
for each alternative vs. simulated output for the
base case, or historical conditions. Historical
flow and reservoir elevation data for the period
1973 through 1983 were used to simulate daily peak
and offpeak generation. These values were used to
compute monthly averages for the period for
comparative purposes. Historical reservoir
elevations were used as much as possible, althaugh
for some alternatives the reservoir was
necessarily lowered during dry condittons in order
to meet the minimum flow requirements. In those
cases, computed elevations were forced to converge
to historical elevations as soon as possible by
reducing releases in succeeding periods, thereby
incurring either a power loss or seasonal shift of
power. Maximum drawdowns befow historical levels
were noted in the results for each alternative.

The economic analysis fer each alternative
was based on the U.5. Water Resources Council
recommended discount rate of 8-3/8 percent and a
project 11fe of 25 years. All costs and benefits
were expressed in 1985 dollars.

The fishing benefit evaluation was based on
converting projected wisitation increases to
doilar values, based on the uUnit Day Value Method
established by the U.S. water Resources Council,
This procedure utilizes a number of subjective

factors to consider in assigning points. These
factors include: (1} recreation experience,
(2) availabi¥ity of opportunity, (3} carrying
capacity, (4) accessibility, and (5) environmental
quality. Out of a possible 100 points, the Elk
River was Jjudged to merit a range of 65-69
potnts. In 1985 price levels, this converted to a
range in the value of visits from $16.50 to $17.50
per unit day. For the purpose of this analysts,
about 75 percent of the increase in benefits was
attributable to enhanced minteum flows, and about
25 percent to enhanced dissclved oxygen levels.

Current fishing use estimates were supplied
by personnel from the Tennessee Wildlife Resources
Agency who are most familiar with fishing in the
tatlwater. Their estimates represented the best
available information but have yet to be confirmed
by actual pressure estimates based on field data.

In response to these improvements 1in the
tatlwater, stocking would be ‘increased in each of
the alternatives in proportion to the expected
biological Improvements and increase in angler use
expected. Potential for 1increased fisherman use
was calculated based on the following factors
provided by the wvaricus altermatives: improved
food hase, increased production, tnereased
carrying capacity, and 4mproved conditions for
bank and boat fishing.

For evaluation of the alternatives, the
minimum flow was targeted to be 2.3 m3/s
(80 cfs). This selection was based on field
visits to the tailwater sites by various personnel
during periods of operation of the sluice at that
rate. It was felt that this rate would provide
acceptable flow conditions for the fishery as well
as majntain suitable conditions for floating.
This retease, plus the estimated Tleakage and
minimum local 1inflow as described previously,
would also be adequate to provide the required
flow at Fayettevillie 1in most cases. It was
apparent at the beginning of the study that
minimum flows much Tlarger than these would
severely impact power production, and would 1imit
flexibility 1n selecting alternatives.

Alternatives For Maintaining Minimum Flows

Four alternatives are described in this
sectton, Each was evaluated based on the above
criteria.

Slulcing alternative

This alternative used the existing sluice to
provide a discharge at Tims Ford eof 2.3 m3/s
(80 cfs) any time the generating unit was not
coperating. This alternative required no capital
expenditure since no physical medifications to the
sluice or other piant structures was required.

The impact on power generatton included a net
Toss of both peak and offpeak generation, due to
the diversion of water which could otherwise have
been passed through the turbine. Annual average
Tosses totaled 2,960 MWh peak and 850 MWh offpeak
and were estimated to have a present worth
replacement cost of $1,555,000.

Canoeing would probably net be affected by
this alternative. The flow provided was viewed as
a minimum and would not attract addttional
visits. This alternative, as well as the others,
was projected to cause heavy increases in fishing
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pressure on the river immediately below the dam,
at a highway bridge access. Due to rapid water
rise when the furbine 15 started, additional
warning signs at the site would have been
warranted.

The 1impacts on water quality would be
positive. The sluice releases would maintain
lower overall temperature 1in the river between
turbine pulses. The releases would be well
aerated due to aspiration through the sluice vent
system. Recent tests showed dissolved oxygen
increases from 1 mg/L at the siuice intake to 10
mg/L Just downstream from the stuice outlet in the
tailrace.

For the period of record analyzed, the impact
on reservoir elevations was minor, The
simulations indicated, even in the drier years, a
projected drawdown of only one foot below levels
observed historically.

Fishery benefits were calculated as described
previously. Benefits accrued from provisions of
desirable DO concentrations and flow condittons in
the upper tallwater. Those 1improvements would
increase the food base, fimprove the ability of

trout to feed during the late summer and early’

autumn, and improve the minimum water depths and
velocities. These benefits accrued primarily in
the upper reaches of the tailwater where the
change from existing flow conditions would be most
dramatic. Tt was estimated that this alternative
wolld increase total annual visitation to 24,000
within five years. On a present worth basis, this
corresponded to an  increase in  benefit of
$1,820,008 to $1,924,000 over the T1ife of the
project.

Small generating unit alternative

This alternative would include the addition
of a small generating untt to the existing
powerhouse (see Figure 2)., The unit would use the
existing sluice pipe for water supply. A surplus
coolting tower makeup pump/motor would be installed
and operated in reverse as a turbine/generator,
This equipment was available from a canceiled TVA
nuclear  project. Preliminary estimates of
performance for this unit, operating as a turbine,
indicated full gate releases of 2.2 to 2.5 m3/s
(78 - 90 cfs), with generator outputs ranging
between 470 and 830 kW, depending on the reservoir
pool elevation.

As in the case of the slulcing alternative,
this unit would be operated any time the existing
unit was not, thereby providing an instantaneous
minimum flow at the praject. Both units would be
operated concurrently only during flood contrel
operations to evacuate water from the reservoir.

This alternative would result in a small gain
of total genmeration but a shift of peak energy to
of fpeak energy. This was due to the new unit
releasing water during offpeak thours which
otherwise would be passed through the farger unit
only  during peak hours. The expected annual
generation gain was 600 MWh, with 1,930 MWh being
shifted from peak to offpeak use. The net effect
of these impacts was a present worth power cost of
$315,000. Nevertheless, this alternative had the
least 1mpact on power production of any of the
alternatives studied.

Most other impacts were the same as described
for the sluice alternative. The main exception

DLniz “_,zm’_’-l:-;--i;
ISOMETRIC OF
TIMS FORD
FOWERHOUSE

- e INCLUDIG MROPOSED SMALL
- GENERATING UHIT

Figure 2. Tims Fard Powerhouse

was the dissolved oxygen concentration expected in
the tailrace during the operation of this unit.
It 1s expected that some natural aeration could be
induced 1in the draft tube of the unit, however
provisions would be made for forced air injection
by & small compressor. In either case, DO uptake
would not be as great as that occurring with the
slulce releases although it was anticipated that
adequate amounts would be provided when the
natural DO content dropped below 4 mg/L.

Fishery benefit increases for this
alternative were projected to be the same as for
the sluicing alternative.

The project tapital cost was estimated to be
$860,000, with a projected present worth 0&M cost
of $103,000. An additional $40,000 was estimated
for outage costs during the construction pericd,
since use of the existing unit would not be
possible during early stages of construction.

Reregulating weir alternative

This alternative  would involve the
construction of a low welr some distance
downstream from Tims Ford Dam. This weir was
similar in purpose and scope to the Norris (Clinch
River) weir described previously 1in this paper.
Two alternate welr stzes were studted: one which
could provide flows of 2.8 m3/s (100 cfs) for
twelve hours duration; and one which could provide
the same flow for twenty-four hours duration. Due
to Timited access to the river in the first
several miles below the dam, the proposed welr
site was located 4 ¥%m (2.5 mi) below the dam.
This location is owned by TWA and allows public
access to the river.

The option to provide for 24 hours storage
required a weir size that was deemed unacceptable
due to safety concerns. The final welr selection
was based on providing only 12-hours storage. The
cost estimate for this option was based on a
similar design as the weir below Norris Dam, and
included 15 valved and 10 unregulated pipes. To
replenish the water behind the weir would require
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a pulse of water from the generating unit at the
dam of 25 minutes 1in duration once every 12
hours. Because the powerhouse 1is not manned on
weekends, 1t was more cost effective to sluice the
water rather than call 4in operators to make the
two pulses 12 hours apart.

The impact on power production was a net loss
of total generation, mostly from peak periods,
resulting from the sluice discharge required on
weekends. This Toss was estimated to be 640 Mwh.
It was estimated that the weir would raise the
tatlwater elevation about .06 m (.2 ft) during
normal operation of the generating wunit. The
estimated net present worth replacement cost of
these impacts was $431,000.

Most other impacts were the same as described
for the other alternatives. However, 1t was
predicted that increased bioiogical benefits would
not occur between the weir and the dam. Thus the
increase in annual visitation was projected to be
Jower, resulting in a total present worth benefit
increase ranging from $1,169,000 to $1,241,000.

The weir was alsc evaluated as to possible
backwater impacts upstream from the weir to the
dam. It was calculated that the ‘impoundment effect
of the welir would result in water surface profiles
which exceeded the flowage easement boundaries
originally acquired between the weir site and the
dam, for normal release rates of 110 m?/s
(3,900 cfs). Therefore the cost estimate included
the purchase of additional flowage easements where
appropriate.

The estimated capital cost was $673,000, with
an additional $40,000 required for outage cost and
a projected present worth 0&4M cost of $52,000.

Pulsing alternative

This alternative required that the generating
unit at Tims Ford be operated in a pulsing mode to
provide minimum flows in the reaches below the
dam. This option did not provide for
instantaneous minimum flows at the dam, but due to
natural wave attenuation and depending on the time
interval and pulse duration selected, would
provide minimum flows of varying magnitudes in the
channel downstream. For sites nearest the dam,
resuliant hydrographs would be sharply spiked,
with high flows during the pulse and rapidly
diminishing to zero shortly after the pulse
ceases. At intermediate locatlons downstream a
noticeable rise in flowrate would occur sometime
after the pulse, but appreciable minimum flows
would be maintained. At locations further
downstream, the resulting flows would he
essentially steady.

The pulse duration, 15 minutes, and interval
between pulses, 3 hours, selected for evaluation
were based on maintaining an instantaneous flow of
about 2.8 m*®/s (100 cfs) at the proposed welr
site. Minimum flows upstream from this site would
be less (only 0.6 m?/s (20 cfs} at the immediate
tatlwater}, while the 1instantaneous minimum flows
downstream would be larger, ranging to 9.8 m*/s
{345 cfs) at Fayettevilie.

Impacts on power production would include a
net gain 1in total generation and significant
shifts of peak to offpeak generation. The gain
(430 MWh) 15 because no water would be released
through the sluice. The shift to offpeak power

results from the unit being operated for pulses in
the offpeak pertod. Annually, this shiff weuld
total 9,490 MWh. The present worth of the net
reptacement cost due to these impacts is
$2,111,080.

No benefits were claimed for the higher net
flows 1n the Tower reaches of the tailwater. This
i1 because the river was not considered as a prime
recreational floatway. There could be a negative
impact on safety for those persons using the river
in the upper reaches, particularly near the dam.
Water surface elevations would rise rapidly during
the puise, up to 2 m (6.2 ft). This would happen
elght times per day, in contrast to curreat
operations with only one or two pulses.

Constant raising and lowering of the water
surface in the channel reaches immediately below
the dam could 1increase the rate of bank erosion
there. However, the reaches further downstream
which have historically been eroding at a faster
rate woulid not be affected as much because of
channel attenuation.

For the period of record analyzed, upstream
reservoir elevations could be reduced
significantly. In the drier years, projected
reservoir drawdowns up to 2.9 m (9.5 ft) below
Jevels observed historically were computed. This
could sertousiy impact recreation on the reservoir
depending on the timing of the drawdown, with
August and September being the most critical times.

There were no capital costs associated with
this option. No attempt was made to estimate
increased 0&M costs due to much more freguent
starting and stopping of the unit. However,
operation costs would increase substantially.
Because the powerhouse 1is currently manned from
6 a.m. te 10 p.m. during the weekdays, addttional
operators would be vrequired to provide for
operations 24 hours per day, 7 days per week. The
present worth cost of this increased staff was
estimated to be $1,240,000.

fishery benefits were reduced due to the
variabitity of flow in the reaches immediately
below the dam, which would not provide biological
benefits or good conditions for bank or float
fishing. Benefits were increased further
downstream because the higher minimum flowrates
would provide increased water depths, wetfer
substrate, and more stable water temperatures.
The estimated present worth benefits were $962,000
to $1,024,000.

Comparison of Alternatives

A quantitative and qualitative comparison of
alternatives 1is shown in Table 1. The economic
analtyses show B/C ratios of approximately the same
magnitude for alternatives one, two, and three.
The lower B/C for the welr alternative is due to
the reduction 1in benefits because minimum flows
are not provided in the reach between the dam and
welr site. Based on the study, the small unit
alternative had the least adverse impact on power
production and the most attractive B/C ratio.
Although the plarn indicates a relatively high
inittal cost, 1t provides an example of an
innovative small hydro installation. It will
allow a chance for the evaluation of the
effectiveness of this type of installation in
maintaining and enhanting a designated cold water
fishery.
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TABLE 2

Comparison of A

Tternatives

Alternattve
Sluice Smalil Unit Weir Pulsing
COSTS
Construction 0 860 673 0
Unit Outage 0 40 49 0
Operation and Maintenance 0 103 52 1,240
Power Losses 1,550 315 43 2,111
Stocking 155 155 103 103
Total 1,705 1,473 1,299 3,454
BENEFITS
Coldwater Fishery Y,820-1,924 1,820-1,924 1.169-1,24 962-1,024
NET BENEFITS 115 - 219 347 - 451 (130)-{58) {2,492)-(2,430)
BENEFIT/COST RATIO 1.0 - 1.13 1.24 - 1.3 .90 - .96 .28 - .30
Note: A1l amounts are present worth values expressed in thousands of 1985 doltars.
Amounts in parentheses are negative values,
OTHER CONSIDERATIONS
Sluice Small Unit Welr Pulsing
Potential neqgative impact on bank erosion No N No Yes
Maintain minimum fiow in upper 3 miles Yes Yes No No
Includes improved access for public No No Yes No
Additional safety concerns Yes Yes Yes Yes
Requires land easements or land purchase No No Yes No
flexibility in changing minimum fJlows Yes No Yes Yes
Minimum flows are aerated Yes Yes? Yes? Yes2
Recreational fleating enhanced Na No No Yes
Pussible adverse impact on reservoir levels No No No Yes

*heration provided by natural induction or small compresser when D0<4.0 mg/L
2peration provided by large compressor when D0<4.0 mg/L

Three primary factors 1impacted greatly the
selection of this alternative: (1} the relatively
Targe amount of time the unit would be run
{average of 18 hours/day), (2) the physical
availabtlity of a wusable water supply for the
unit, thereby minimizing civil costs, and (3) the
avallability of the unit as a surplus item at a
greatly reduced cost.

Implementation

Implementation of the small unit alternative
began 1in the summer of 1985. An earth and rock
cofferdam was placed 1in the tallrace for the
purpose of dewatering the existing draft tube.
The top of the draft tube was used to support the
operating platform for the new unit. After a
period of several weeks, the cofferdam was
removed, allowing normal operations with the
existing unit. The penstock for the new unit was
tied into the concrete-encased sluice pipe, which
runs laterally along the tailrace. Butterfiy
valves were 1nstalled between the new unit and the
sluice pipe, and downstream of the penstock on the
sluice pipe for directional control of water,
enabling the sTuice to be used for providing flows
during maintenance on the new unit,

The platform and penstock work had been

compieted by late fall of 1985,
1986, consisting of installation of
tie-in to the switchyard,
instrumentation,
and bearings on the unit.
is befing

of the

to begin

in October 1986,

and modifications

Work resumed
electrical
wiring of controls and
to the
A small air compressor
installed to enhance oxygenation,
air being injected into the penstock just upstream
unit. Preoperational testing 1s expected
with online operation

anticipated to follow soon thereafter.
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ABSTRACT

Reservoir personnel operating multilevel
selective withdrawal ocutlet structures often have
difficulty determining the daily outlet operations
required to yield a desired release temperature.
Therefore, we have compared four techniques
designed to determine day-to-day outlet structure
cperations that will yield a particular reservoir
release temperature given a specific cutlet works
configuration and various reservoir conditions.
Data from a stratification season of approximately
B months were used in the comparison. Given the
prescribed optimal operating scheme of each tech-
nigque, a mathematical description of selective
withdrawal was used to prediet the resulting
project release temperatures. The release temper-
atures produced by each scheme's prescribed
operaticns were compared to the target release
temperature, and the moat accurate technigue was
identified. The US Army Corps of Engineers (CE)
program SELECT wWwith a port-selection capability
was congidered the best of the [our techniques.
SELECT is a one-dimensional, user-oriented numeri-
cal model of withdrawal and daily operations that
is executable on a microcomputer, as well as on a
mainframe computer. The program [s capable of
being an integral part of an automated reservoir
data collection and structure cperaticn system.

INTRCDUCTION
Background

As a result of increased public awareness of
our environment and the formulation of state and
Federal legislation, {E reserveir projects are
being operated with an emphasis on specific water
quality cbjectives. Our emphasis in this paper is
on reservoir releases and ways to meet specified
release temperatures. While temperature is not
the only water quality parameter of interest in
reservoir releases, it 1is certainly an important
one. For example, the viability of a fishery
downstream of a reservoir may depend on the
release of water with a certain maximum or minimum
temperature. Further, there could be limits on
the rate of change of the water'temperature during
operational changes. Attempting to accurately
meet requests accurately for particular release
temperatures places a heavy burden cn project
operators.

At  most projects where releases can be
controlled, the ocutlet works are multilevel
selective withdrawal structures. Cperators often
find it 4difficult te determine how to operate the
structure to achieve a target cr objective release
temperature. Experience may tell them that under
given temperature c¢eonditions in the reservoir,
certain outlet operations will approximate the
objective release temperature; but when the
release requirements are stringent, experience
&lone may not be sufficlent.

The major questions that must be answered for
accurately operating an outlet structure to
achieve an objective release temperature with a
certain flew rate are (1) which outlets shculd be
cpened, and (2} if multiple levels are used, how
should the total flow rate be distributed between
them? To anawer these questions, one must know
the temperature of the water being withdrawn
through each outlet, With this information, the
flew rate for each cutlet could be determined so
that, when the releases mix, the teotal release has
a temperature equal to the objective release
temperature.

As a result of density stratification in a
reserveoir, upper and lower limits are formed by
the process commenly called selective withdrawal
(Wilhelms 1986} because a selective region of
water {the withdrawal zone) is withdrawn from the
reservoir for release. Only the water between the
limits is withdrawn (Figure 1}. If the withdrawal
zone limits can be determined, and if the tempera-
ture and wWithdrawal distributions are known
throughout the withdrawal =zone, the resulting
release temperature from the reservoir can be
predicted. The selective withdrawal processes
have been described mathematically {Smith et al.
1986) and incorporated into the computer program
SELECT (Davis et al. 1986), making the program
capable of accurately caleculating the temperature
of water withdrawn through an outlet given the
release rate and reserveir temperature or density
stratification.

lj|<

UPPER LIMIT

PORT G - _ _ WITHDRAWAL ZONE

LOWER LIMIT

Figure 1. Selective withdrawal zone,
Cbjective and Scope

A port selection capability has  been
incorporated into the one-dimensional numerical
model of withdrawal, SELECT, making the computer
code a predictive f{ool for operaticnal guidance
(Holland and Wilhelms 1985), This paper compares
the effectiveness of four techniques (including
SELECT) at chooslng cutlet operations required to
meel rélease temperature objectives. In addition
to BELECT, the techniques include the simplest

technique, called the Closest~Port Method (CPM),

the Proportional Distance Methoed (PDM}, and the
Proportlional Temperature Method {PTM). The PDM
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and the CPM are completely independent of water
temperature at the outlet elevation and are
functions of the proximity of the outlets to the
elevaticn of the objective release temperature in
the reservolr. The PTM estimates the release
temperature from an outlet as the temperature at
that outlet's center-line elevation. These
methods may not be the only techniques used to
determine cutlet operations, but they are methiods
which wmay commonly be used at some reservoir
projects.

DESCRIPTION OF METHCDS AND DATA
Clpsest~Port Method

For the CPM, one determines the elevation of
the target or objective release temperature in the
reservoir and then selects the submerged outlet
closeat to that elevation for operation. All of
the release {up to the hydrauliec maximum} is
passed through that outlet. For examnple, from
Figure 2, Port 1 is closest to the target tempera-
ture; therefore, the total release would pass
through that outlet If the CPM is used for
operational guidance.

20°C
PCRT 20°
TEMPERATURE
TEMPERATURE
PROFILE
PORT 2

Figure 2. Qutlet elevations relative
to temperature profile.

Proportional Distance Method

For the PDM, one must determine the elevatlon
of the target release temperature in the reservoir
and then select the outlets that lie Immediately
above and below that elevation for operation. The
portion of the total'releaze for each outlet is a
function of how close the outlet is to the eleva-
tion of the target release temperature. For
example, Figure 2 indicates that Ports 1 and 2 are
the ports immediately above and below the eleva-
tion of the target temperature. Port 1 is S5 ft
away from the target temperature; Port 2 is 13 ft
away. A simple distance ratio is used to divide
the totzl release between the ports. The flow
rate for the upper cutlet would be

D
U
9 ='(1 D_T Qr (1)
-and the flow rate for the lower outlet is
D
QL =(1 -5 QT (2)

where

QU = flow rate through the upper outlet

Dy = distance between the upper outlet and the
elevation of the objective release

temperature

distance between outlets

o
)
n

QT = total flow rate through the cutlet works
Q[ = flow rate through the lower cutlet

D, = distance between the lower outlet and the
elevation of the objective release
temperature

Equations 1 and 2 indicate that Port 1 should
release 75 percent of the total discharge while
Port 2 should releage 25 percent. Note that the
outlet release temperature does not influence the
computation of the flow rates, In fact, the only
influence exerted by temperature for both the CPM
and PDM is the selection of the ports to be
operated and then only as a function of proximity
t¢c the objective temperature,

Proﬁortional Temperature Methed

With the PTM, one must determine the outlets
immediately above and below the elevation of the
cbjeetive release temperature In the reservoir.
The temperature at the center-line elevation of
@ach of the outlets must then be determined. The
portion of the total release to be released
through each outlet for maintenance of the release
objective iz based on a ratio of the temperature
differences between the cutlets and the objectlive
temperature, Mathematically described, the flow
rate through the upper ocutlet would be

. AT

Y PR
QU = 11 ATT QT {3)
and the flow rate through the lower ocutlet would
be
AT
L
9, =(1 F)QT (%)
T
where
ATU = temperature difference between water at the

upper outlet elevation and the objective
release temperature

AT = temperature difference between water at the
upper and lower outlet elevations

AT = temperature difference between wWwater at the
lower outlet elevation and the objective
release temperature

For example, using the PTM Figure 2 indicates that
Ports 1 and 2 should each release 50 percent of
the total release,. Note, in this case, that the
approximation of the outlet release temperatures
with oublet center-line temperatures signiricantly
influenced the computation of the flow rates
compared to the CPM and PDM methods.

SELECT

As previously discussed, SELECT uses a more
sophisticated approach tec determine port opera-
ticn, Initially the PTM is used as the estimate
for outlet operation and flow rate proporticning.
Tne PTM operational scheme is then modified to
account for effects of stratified flow. The
following steps are involved in SELECT's solution
algorithm (all performed by the computer}:

a. SELECT determines the outlets to ocpen and
computes an initial estimate of the outlet flow
rates using the PTM,

b. The estimated flow rates are then used to

determine the outlet release temperatures using
the description of selective withdrawal.

Davis, et al.
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c¢. These release temperatures are then used
to redistribute the flow between the ports using
the same ratio equations as in the PTM.

In almost every case that has been evaluated, this
single Lteration has been sufficient to accurately
determine outlet operations.

Data Used for Comparizon

The above methods were used to determine
outlet operaticn over an B8-month period for an

cbserved aget of reservoir conditions. The
reservoir data were typical of stratification
patterns from meteorolegically dominated

reservoirs., Figure 3 shows an isothermal plot of
30 -

HEIGHT ABOVE BOTTOM, M

1 t 1 1 1 | }
0 9 8 12 i6 20 24 28 32 36
WEEK

Figure 3. Iscotherms in test case reserveir.

the reserveir temperature profiles for  the
8 months in the comparison. Structure operatiocn
(outlet medifications) was changed weekly, and was
based on a monthly temperature profile and speci-
fied weekly release tGLemperature objective and
discharge. The target temperatures for the 8-
month stratification season are shown in Figure 4,
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Figure Y. Objective temperature for release.

The example ocutlet structure consisted of two
separate wet wells containing two ports per wet
wall at staggered elevations (Figure 3). The
outlet structure allowed two outlets to be used
{one in each wet well) simultaneously for the
blending of differing reservoir water temperatures
needed to meet the temperature objectives,

WATER
SURFACE

WET WELL 2

WET WELL 1

Figure 5. Withdrawal structure configuration.
RESULTS AND CONCLUSIONS

The results of these four methods were
compared to evaluate their capabilities for
selecting the outlet operation to achieve a
particular releasé temperature under a given set
of reserveir and operating conditions. These
declgion-making techniques were compared by using
a numerical deseription of the withdrawal
processes to determine release characteristics (as
opposed to a physical model or prototype measure-
ments). For the CPM, PDM, and PTM techniques of
decision-making, the port{s) for operation was
selected and port discharge was determined by hand
computations. This information and reserveir
conditions wWere used in the numerical description
of withdrawal to determine the release character-
isties. The decision-making algorithm in SELECT
essentially reproduced the PTM and then adjusted
the withdrawal rate through each port to meet the
release objective more closely.

Each of the port selection techniques was
used in a simulation of 8 months of operation of
the outlet structure previously described. The
release temperatures resulting from these simula~
tions were compared with the release target
temperatures in Flgure &, With the CPM, the
standard error* between the simulated and
objective release temperatures for the entire
8 month period was 1.1° C with a maximum error of

2
\fA(TO -T)

% standard error =
where

T0 = objective temperature

= release temperature

N = number of dayas in the period of operation

pavis, et al.
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3.5% C. The PDM showed & standard error cof G.4° C
and a maximum error of 1.3° C. The PTM had a
standard error of 0.1° C and a maximum error of
0.5% C. Simulation of structure operation with
the decision-making algorithm in SELECT resulted
in a standard error of 0¢ C with a single nonzero
error of -0.1° C.

CLOSEST-PORT

B METHOD

2

;_ i rA AAI L VA
VY 7
a2t

-3 =
PROPORTIONAL-DISTANCE
METHOD

PROPORTIONAL-TEMPERATURE
METHOD

DEVIATION OF RELEASE TEMP FROM OBJ TEMP °C
|

1~ SELECT

{ ] 1 i | | 1 1 | !
@ 4 8 12 6 20 24 28 32 36
WEEK NO.

Figure 6. Comparison of deviation of release
temperatures from target for each port
selection technique.

The results indicated that, as the techniques
incorporated more comprehensive cancepts that more
closely  acceunt for the dominant physical
processes, the results Improved greatly. The CFM,
which selected only one outlet, yielded the worst
results. The PTM, which Incorporated outlet
release temperatures, was more accurate. SELECT,
whieh inccrporated ocutlef release temperature plus
the known effects of stratified flow, yielded even
more accurate operation than the PTM. Based on
the needs of individual projects and downstream
intereats, SELECT, which is convenient and

accurate, should be considered for use, particu-
larly when specific release temperatures are
critical.

It should be noted that we would not expect
an operational error of 0.0° C if 3ELECT were in
use at a reservoir, but we would expect the error
to be smaller than if one of the other techniques
Wwere used. To qualify these results, one must
recognize how they were derjived. A mathematical
descriptien of selective withdrawal was used to
determine the withdrawal characteristiecs for the
CPM, PDM, and PTM operations. SELECT also used
that description. Thus, the results of 0.0° C
average error for SELECT indicated that the port
selection algorithm is able to determine the port
operaticn and flow proportions to meet objective
temperature exactly when the mathematical desecrip-
tion of withdrawal accurately defines the actual
outflow characteristics cf the structure.
Significant differences between the actual release
temperature and objective temperature would occur
only if the actual withdrawal characteristics of
the project differed greatly from the mathematical
description of outflow. In this case, however,
all methods mentioned would probably have
substantial error, with SELECT generally having
the least error of the four.
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ABSTRACT

The author discusses application of the
SELCIDE model developed at the Waterways Experi-
ment Station to Corps of Engineers projects in the
Nashville District. The need to accurately route
water quality through a system of ten impoundments
on the Cumberland River system is emphasized. The
ability to predict the physical and chemical prop-
erties of water released from both tributary and
main-stem projects using SELCIDE is presented with
a series of four case studies. Included in the
examples of the application of SELCIDE are a navi-
gation project, a tributary hydropower project, a
mainstem hydropower project, and & tributary proj-
ect with selective withdrawal capability.

INTRODUCTION

The CE has Tong recogrized the need to be
able to accurately predict the physical and chemi-

cal properties of water released from their proj-

ects. This is particularly true in the Nashyille
District where a system of ten tributary and main-
stem projects are operated in the Cumberland River
Basin. The ability to route water quality through
the system depends in a large part in being able
to accurately assess the quality of spillway and
turbine releases from both tributary and main-stem
projects. The Nashville District has for a number
of years accomplished this with one or another
version of what is now titied SELCIDE. SELCIDE
allows the user to make predictions of release
water quality for both planned and existing proj-
ects and is thus both a useful planning tool as
well as an operational tool.

SELCIDE as it exists today has its roots in
the earlier SELECT model developed at WES by Bohan
and Grace (1973). Initial physical model investi-
gations were begun in 18966, These studies were
carried out by injecting red dye in a stratified
water column and filming the effect of varying the
quantity of discharge and the location of the
discharge port on the zone of withdrawal. From
this work it was determined that the variables of
primary concern in describing the upper and lower
limits of withdrawal were the orifice size, the
velocity through the orifice, the density profile,
and the location of the orifice with respect to
the density profile. These relationships were then
described mathematically for the case where boun-
daries are not encountered in terms of the den-
simetric Froude number. It was also determined
that the upper and Tower withdrawal zone limits
are independent of each other and one or poth can
extend to the boundary without affecting the
other. A similar approach for flow over submerged
weirs identified the velocity over the weir, the
density profile, and the location of the weir with

respect to the density profile as the important
variables, The data were correlated to {he den-
simetric Froude number as in the case of flow
through an orifice.

The SELECT model underwent several modifica-
tions through its development. However, most of
these - changes involved the format of required
input data and the presentation of model results,
and the basic theory behind the model remained
intact, In 198% the DECIDE option was added to
the SELECT code, thus the name SELCIDE was derived
from the SELECT code with the DECIDE option added.
With SELECT it was possible to determine the
-quality of release water given the location of
cutlet ports and the headwater profile. The
DECIDE option allows the user to specify an objec-
tive value and the model will determine which
ports to open and the relative flow distribution
between them. The SELCIDE model can still be used
in the SELECT mode by cmitting from the input file
the specific Tines which initiate the DECIDE
option.

PROJECT APPLICATIONS

An effort is made herein to present examples
of the application of SELCIDE to projects in the
Nashville District. These examples represent a
wide range of preojects in terms of their size and
complexity. Individual applications were selected
te demonstrate the flexibility of the SELCIDE
model. As will be noted Tater only one of the
examples involves the DECIDE option. This is due
to the fact that only one Nashyille District proj-
act has selective withdrawal capability.

Bay Springs Lock And Dam

Bay Springs Lake is the northernamost im=-
poundment on the Tennessee-Tombigbee Waterway.
Bay Springs Lock and Dam was designed and built by
the Nashville District and is operated by the
Mobile District. Water released from the Take can
originate from one of two sources: a low flow
diversion channel used during prolonged periods of
zero or Tlimited Jockages to augment deownstream
flows and release from the 25.6 m (84 ft) Tift
tock. Bay Springs Lock and Dam has no facility to
make spillway releases. Lake elevations are con-
trolled by Pickwick Lock and Dam on the Tennessee
River whose pecol is connected to Bay Springs Lake
theough the 43,5 km {27 mi) Divide Cut channel.

It was recognized during the design phase of
the project that owing to the Tong retenticon time
in Bay Springs Lake strong thermal stratification
patterns would develop. The intake for the Tock is
located near the bottom and release of water from
the Tower tayers of the lake would not meet down-
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stream water quality objectives. [t was deter-
mined that a submerged weir Jocated in the lock
approach would effectively skim the higher quality
water from the upper layers of the lake.

Wilhelms (1976) used SELECT to evaluate the
effects of different weir crest elevations and a
range of lockage rates on the temperature and
dissolved oxygen of lock releases. Results from
the model were compared with an cbjective tem-
perature band developed for Mackeys Creek under
pre-project conditicns. The investigation found
that the objective temperature band could not be
met all times of the year owing to a shortage of
cool oxygenated water during the summer. This
shortcoming was most evident for model runs simu-
lating Tow Tlockage rates. The project was
designed with the weir crest 6.1 m (20 ft) bHelow
summer pool. This location resulted in Tlock
release temperatures warmer than the objective
during certain times of the year; however, accep-
table dissolved oxygen conditions were maintained
during the entire simulation period.

Wolf Creek Dam

Wolf Creek Dam is located on the Cumberland
River in Russell County, Kentucky, 742 km (460.9
mi} above its confluence with the Ohio River.
t.ake Cumberland which is the impoundment formed by
Wolf Creek Dam provides flood control for nearly
one-third of the Cumberland River Basin. Lake
Cumberland is characterized by a2 rocky shoreline
and a steep-sided channel where water depths
exceed 30 m (100 ft) some 97 km {60 mi} upstream
of the dam. Wolf Creek Dam was compTeted in 1950,

Lake Cumbertand experiences an annual cycle
of thermal stratification which begins in Tate
March or April and usually persists until
fJecember. At this point the lake is mixed and
remains mixed until stratification patterns again
develop in the spring. ReTeases from Lake
Cumberland are through six hydropower units whose
penstocks are Tocated in the Tower Tayers of the
take. OQutflow temperatures normally range from a
Yow of 6°C {43°F) in the winter to & high of 15°C
{59°F) in the early fall. Dissclved oxygen con-
centrations in project releases vary between a
maximum of 12 mg/1 in March to a minimum of 5 mg/1
in October. The assured release of cold water
with an acceptable oxygen content during the
warmer months has led to the development of a put-
and-take trout fishery in the Wolf Creek
tailwater.

The Nashville District (1985) is currently
evaluating the possibility of increasing the
hydropower capability of Wolf Creek Dam by either
uprating the six existing hydropower units or
adding an additional four units or a combination
of both. Water quality studies were performed to
ensure that the proposed project will have the
capability to meet water quality objectives.,
These objectives 1include maintaining existing
water quality conditions 1in Lake Cumberland,
meeting state water quality criteria in releases
from Welf Creek Dam, and maintaining the Woif
Creek tailwater as coldwater habitat suitable for
a put-and-take treout fishery. I[f either the
seasonal operation or withdrawal zone at Wolf
Creek were significantly altered, both lake and
outflow water quality could be affected. Since
gne of the fundamental assumptions of the overall
study was that the seasonal operation of the proj-
ect would not change, then the remaining concern
was any impact on the withdrawal zone.

Potential impacts of the uprate and the new
powerhouse on the withdrawal pattern were evalu-
ated with SELCIDE. Although SELCIDE is not struc-
tured to handle the inclined penstocks found at
Wolf Creek, a reasonable approximation of the
withdrawal zone was computed hy raisimg the cen-
terline elevation of the penstocks a few feet in
the input data. At Wolf Creek the centerline ele-
vation of the existing penstocks is 189.1 m {620
ft). The effective centerline elevation, 190.9 m
(626 ft), was determined through a trial and error
process which invelved entering observed tempera-
ture profiles and manipulating centerline eleva-
tions unti} computed outflow temperatures agreed
with observed outflow temperatures. Since the
size, elevation, end inglination of the penstocks
in the proposed powerhouse alternatives will be
the same as the existing penstocks, the effective
centerline elevation will alse be the same.

Once the outlet port characteristics were
established, SELCIDE was executed for typical tem-
perature and dissolved oxygen profiles for each
month under different flow conditions. Selected
flows which were modeled correspend to minimum and
maximum flows for the existing powerhouse, the
existing powerhouse with uprated units, and for
the maximum proposed power plant expansion. Owing
to the proximity of the proposed powerhouse to the
left bank, which is perpendicutar to the dam,
there was corncern that the withdrawal zone would
be sigrificantly altered due to the restricted
angle of withdrawal. This was accounted for by
specifying an angle of withdrawal of 90 in the
input data for the new powerhouse.

Discharge distribution curves were generated
with SELCIDE for each combination of hydropower
capability and flew for the months of April,
August, and October, which were considered typical
spring, summer, and fall withdrawal patterns.
Since minimum flows under existing and proposed
conditions are virtually equal!, computed with-
drawal zosmes for these conditions were similar.
The greatest difference was for the proposed new
pewerhouse, where the restricted angle of with-
drawal tended to expand the withdrawal zone some-
what. Under maximum flows the withdrawal zone
always extends from surface to bottom and the
shapes for the three hydropower configurations
were very similar. Changes in the withdrawal zone
of the magnitude found in this study wouid have
cnly minor effects on water quality. Since the
proposed project will not significantly change
either the seasonal operation or withdrawa! pat-
tern, there will be no significant changes to
water quality conditions in Lake Cumberland or the
outflows from Wolf Creek Dam.

01d Hickory Lock And Dam

01d Hickory Lock and Dam is a main-stem
project located on the Cumberland River just
upstream of Nashville. The 01d Hickory project
provides a limited amount of flood control in
addition to its hydroelectric and navigation bene-
fits. The 0Td Hickory pool extends upstream
nearly 160 km (100 mi) to the point where it backs
up to Cordell Hull Leck and Dam. Stratification
normally persists in 01d Hickory during the pericd
June through December; however, it is generally
limited to the lower third of the lake. The 01d
Hickory tailwater has been reccgnized as the cri-
tical point on the Cumbertand River main-stem in
terms of maintaining acceptable dissolved oxygen
conditions.

Sheed
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Experience has shown that as long as the
dissclved oxygen concentration in 01d Hickory
releases is above the state standard of 5.0 mg/l
the downstream reaches of the river will maintain
or increase this level. The dissolved coxygen of
0td Hickory outflows is dependent on the residence
time in the Jake which in turn is dependent on how
the upstream storage projects are operated. In
order to model the effects of project operations
on Old Hickory releases it was necessary to be
able to predict release water quality for given
lake conditions. A withdrawal zone study was per-
formed using SELCIDE. The cobjectives of the study
were to define the withdrawal zone of the lake for
instantaneous flows, simulate outflow conditions
from both power and spiliway releases, and estab-
Tish the effective withdrawal zone for predicted
average daily flows.

The ability of SELCIDE to accurately predict
outflow conditions for a relatively shallow main-
stem project had not previously been tested in the
Nashville District. Hydraulically, SELCIDE treats
ports as point sinks; therefore, port dimensions
are not used in the model's computations. The
port dimensions are used tc perform an internal
check on the validity of the point sink assump-
tion. This check is based on a ratio of the
thickness of the theoretical withdrawal zone to
the vertical dimension of the port. For the case
of 0ld Hickory, while the vertical dimension is
approximately 10 m (33 ft) and the lzke is only
about 23 m (75 ft) deep at the dam the point sink
assumption was not violated. A minor program
medification was required to compute the theoreti-
cal withdrawal zone limits.

SELCIDE was able to closely reproduce
cbserved outflow temperature and dissolved oxygen
values. Under all conditions, including when the
Take was destratified, the upper and Tower with-
drawal zone limits extended from the surface to
the Take bottom. when 01d Hickory goes from one
to two units power generation significantly more
water is withdrawn from the upper layers of the
lake and consequently a lesser percentage is
withdrawn from the Tower layers. The withdrawal
zone flattens out when power generation goes from
two to three units and is reflected in a more uni-
form withdrawal zone throughout the water column.
There are only minor differences in the withdrawal
zone when Q1d Hickory goes from three to the maxi-
mum of foeur units power generation. Spillway
releases were modeled by treating the spillway
gates which at 01d Hickory are tainter gates and
have a crest elevation some 11.9 m {39 ft) below
normal pool as a second port vertically separated
from those used for power generation.

Martins Fork Dam

Martins Fork Dam is located on Martins Fork
approximately 16 km (10 mi) south of the City of
Harlam, Kentucky. Martins Fork, Clover Fork, and
Poor Fork come together near Harlan and form the
headwaters of the Cumberland River. The Martins
Fork project is unique to the Nashville District
in many ways. In addition to being the only
Nashville District project with selective with-
drawal capability it is the smallest project, the
only project without hydropower, and the only
project with authorized water quality benefits.
The Martins Fork project is operated to meet down-
stream water quality objectives. A guaranteed
instantanecus minimum release of 0,14 cms (5 cfs)
is made from the project. During certain times of
the year the project may operate at the minimum

release for periods of several weeks.

An objective temperature band was developed
from data collected prior tc construction of
Martins Fork Dam. The project is now operated to
reproduce this objective temperature band as long
as acceptable dissolved oxygen conditions are
maintained. The selective withdrawal system at
Martins Fork consists of three gated conduits
located at discrete elevations on the face of the
dam. There are bypass lines associated with each
gate for passing Tow flows.

The operation of the selective withdrawal
system at Martins Fork is monitored on a daily
basis with SELCIDE. A Water quality monitoring
system was incorporated into the design of the
project. The monitoring system consists of four
monitor intakes Tocated at discrete elevations on
the face of the dam. Information collected from
these monitors is transmitted through the GOES
satellite system to the Harris 1000 computer in
the Nashville Reservoir Control Center. A program
is then activated that pulls the objective tem-
perature from a file, integrates the monitor data,
and executes SELCIDE. The output from SELCIDE
gives the flow distribution from the three ports
needed to meet the cbjective temperature. This
entire process is accomplished without input from
the user. There is a GOES water quality monitor
located & short distance downstream of the dam
that is used to check the effectiveness of gate
settings.

CONCLUSIONS

SELCIDE and its predecessor SELECT have been
successfully applied to a wide range of projects in
the Nashville District. These projects include
tributary storage projects, main-stem navigation
projects, a navigation lock, and a project with
selective withdrawal. SELCIDE has been used to
define the withdrawal zone inr lakes, assess the
impact of changes 1in project operation on the
withdrawal zone, and tc predict the quality of
releases for both existing and future conditions.
Qutflow conditions predicted by SELCIDE compare
well with field data. Typically, predicted tem-
peratures are within 0.3°C {0.5°F} of observed
values, although differences exceeding 1.0°C
(1.8°F) have been observed. Differences between
predicted and observed dissolved oxygen values
tend to be somewhat greater. This can be ex-
plained in part by the differing turbine reaera-
tion characteristics found among Corps of
Engineers projects. These differences range up to
about 1.5 mg/1, however differences of 0.5 mg/l
are more the norm.
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SYSTEM SPILL ALLCCATION FOR THE CONTROL OF DISSOLVED GAS
SATURATION ON THE COLUMBIA RIVER

Bolyvong Tanovan, PhD, P.E.1

1Ch1ef, Water Quality Section, North Pacific Division
Portland, Oregon

ABSTRACT

Spill schedules for the Columbia/Snake River
dams are developed and dispatched from the Corps
North Pacific Division's Reservoir Control  Center
in Portland. During the spring and summer, spill
is usually regquired not only because of high
runoff in excess of project hydraulic capacity and
reduced power demands but also to provide a safer
passage route for fish past mainstem dams. This
has often resulted in high dissolved gas satura-
tion levels that are detrimental to fish. A system
optimization procedure has been developed for use
with an existing N, simulation model to determine
where and how much™to spill to minimize high 1lo-
calized gas probiems and ensure the system power
output is met. The combined analytical tool con-
sists of three major compenents to simulate N
saturation in  spillway-stilling basins, in
reservoirs, and to control the procedure for
developing optimal spill allocation. The wmodel,
code-named GASSPIL, is directly linked to a real-
time data base system and can be used for planning
as well as actual operational spill management.

INTRODUCTION
Spill at hydro-electric dams 1is routinely
required when the river discharge exceeds what can

be passed through the turbines in the dam power-
houses. In the Pacific Northwest, this usuaily oc-
curs in the spring and early summer when snow in
the mountainous areas melts and produces runoff
far in excess of the hydraulic capacity of the
powerhouses, at a2 time when juvenile fish start to
migrate  toward the ocean. It can also,
occasionally, occur during periods of lesser
runoff when power load is insufficient to require
the full turbine generating capacity.

In recent years, with the adoption of the
Pacific Northwest Electric Power Planning and Con-
servation Act of 1980, spill has been increased to
improve the odds of fish migration survival,.
Through the spill-fer-fish. passage concept, the
fiskery agencies and Indian Tribes may request
that a given percentage of the river flows be
spilied at pre-specified projects during set days
and hours of the juvenile fish migration season.
The agencies and Tribes may alsc influence the way
surpius spill is allocated to the varicus projects
by providing a recommended spill priority list.
These new considerations are part of the addi-
tional constraints Corps reservoir regulators have
to take into account in scheduling spring and sum-
mer spilt. They are expected to prevail for some
time, pending dnstallation of fish bypass and
screening systems to divert fish from the tur-
bines.

Spill 1is not an efficient use of water be-
cause of the power loss it entails. For maximum
benefit to fisheries, 1its timing has to coincide
with the movement of the ocean-bound juvenile fish
and the upriver-bound adylt fish., Night-time spill
mostly benefits the juvenile fish and day-time
spill, the adult fish. Furthermore, 1il1l-conceived
spill could be detrimental to those fish it was
designed to benefit in the first place because of
the dissolved gas supersaturation it creates.
Water released over the spillway plunges deep into
the stilling basin below the dam and causes
entrapped air to dissolve into the water at levels
righer than saturation. As a result, super-
saturated N, gas will enter the juveniie fish,
creating a condition similar to the diver's
"bends®. In severe cases, an embolism will even-
tually kill the fish,

not localized at or around
any given dam per se, although some dams are more
critical than others because of their heights,
spiil amount and stilling basin design. As most of
the Columbia River and some of the Snake is now a
series of stair-step impoundments (See Figure 1),
the water moving downstream does not circulate
sufficiently to rid itself of the gas entrained at
the stilling basin of the upstream dam. When the
entire system is spilling, a general incresse in

This problem is

dissolved gas saturation Jevel will occur as the
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o, 3 water mass pi_cks up more gas at ea;h succassive
BONNEVILLE DAM P2 CHINOOK _MBE spilling project. The entire river will become and
& 600 Adults FaS) STEELHEAD &t remain highly gas satl_zrated during a period that
@ i) SOCKEYE 130 2 usually also ceincides with the major upstream and
w 500 &2 coHo 1 5 downstream fish migration season {See Figure 2).
© Nz E skao a
w 400 11205 Of the 15 dams located along the river main
2 % stem migratory path of the Pacific MNorthwest
- 300f qton anadromous fish, nine are Corps of Engineers
2 = projects, namely Bonneville BDam (built in 1938},
Z 200 % 100w McNary (1953}, The Dalles ({1957), Ice Harbor
/ e (1961}, Chief Joseph (1961), John Day (1967},
oo} é s Lower Monumental (1969), Little Goose (1970) and
NG e Z Lower Granite (1975). Being the Targest single
0 ovner-gperator of reservoir projects in  the
HINGOK Pacific Northwest, The Corps has to assume very
zg]. Juventles EH,NQOK broad responsibilities in coordinating and im-
z BGE] STEELHEAD plementing  structural as well as operational
T 25 BT coHo measures to restore and/or enhance the fishery
w SHAD resources of the region.
a 20f fZz] SOCKEYE . . ) .
. In addition to maintaining a moenitoring net-
3 wark consisting of 17 stations (of which 13 are
3 fully automated, See Figure 3) that collect and
< transmit critical information to the Reservoir
= Control Center, the Corps have explored several
possible solutions to directly and indirectly
solve the dissolved gas supersaturation probiem. A
few of those have been implemented, some of them

at great expense. These included (a) using more
headwater storage, installing new fish bypass sys-
tems and additional power wunits, to reduce the
need for spill; (b) incorporating "flip-lip"

Figure 2, Monthly Distribution of
the Columbia River Migratory Salmon
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deflectors in the spillway-stilling basin, trans-
fering power loads to high-dissolved gas producing
dams, and altering spill patterns at individual
projects, to minimize N, mass entrainment; and (d)
collecting and transporting juvenile salmonids
around the supersaturated river reaches, to avoid
exposure to dissolved gas.

The general area of spill (and load) transfer
is attractive because it involves no costly struc-
tural medifications and can be based on a rela-
ively simple monitoring network. The  GASSPIL
model has been developed within this framework as
a management tool to predict the power and dis-
solved gas impacts of the spill-for-fish passage
and spill priority lists and, if necessary, to
suggest other acceptable alternate spill sched-
ules.

SPILLWAY-STILLING BASIN AND RESERVOIR SUBMODELS

The  conceptual representation of the
spillway-stilling basin combination and the reser-
voir wused in GASSPIL is the same as that origin-
ally used by MWater Resources Engineers, Inc.
(1971) in the N, Gas Model for the Columbia River
they developed fgr the Corps {See Figure 4 and
5). The spill dis assumed to be uniform over the
entire width of the spillway, and the reservoir is
treated as slow moving stream fully mixed in its
vertical and transverse dimensions -- a condition
that fits the low-head, run-of-river type dams and
reserveirs found in the lower Snake and Columbia
system. Simulation of the complete system is ac-
complished through successive appltication of the
spillway-stilling basin and reservoir submodeis,
as each dam and reservoir set is considered to be-
have as if it were functionally independent of all
other dam and reservoir sets of the system.

Mathematically, the stilling basin concentra-
tion is expressed as a function of saturation
concentration, forebay concentration, discharge
per foot along the spillway crest, length of the
stilling basin and entrainment coefficient. In the
reservoir submodel, N, concentraticn 1in a given
segment of the reservo%r depends on time interval
and rate of concentration change due to internal
and external advection, air-water interface and
instream eddy diffusion processes. Data require-
ments including the following:

Spitlway-5tilling Basin

Time independent data

length of stilling basin

elevation of the stilling basin floor
average spillway gate width

specific gravity of air-water mixture,
and

two empirical coefficients describing N2
exchange in the stilling basin.

o ) PN e

% Figure 4, Model
Representation of
Spillway-Stilling Basin

Time dependent data
1.  total hydraulic discharge at the project
2. spillway discharge
3. forebay water surface elevation
4 tailwater water elevation in the still-
ing basin
5. number of spillway gates open
6. forebay N, concentration, and
7 forebay wgter temperature

STILLING BASIN

UPSTREAM
PROJECT

DOWNSTREAM
PROJECT

CONCEPTUAL REPRESENTATION
TYPICAL RESERVOIR SEGMENT

J*1*75

Figure 5. Mcdel Representation of
the Reserveir System
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Reservoir Simulation

Time independent data

1. total reservoir length

2. volume-stage relationship for the
eryoir

3. reservoir's effective bottom elevation
at its upstream and downstream bound-
aries

4. ratioc of top to bottom width for the

res-

assumed reservoir trapezoidal cross-
section

5. system parameter relating effective
water surface area to the planar pro-
jection of the reservoir's surface
area, and

6. initial longitudinal N2 profile in the
reservoir

Time dependent data

1. total reservoir inflow

2. total reservoir outflow

3. water surface elevation at the upstream
and downstream boundaries of the reser-
voir

4. average water temperature in the
reservoir, and

5. concertration of P entering the reser-
voir by upstream ifflow.

The two submodels were modified by OTT Water
Engineers, wunder contract to the Corps of
Engineers, to allow for simulation/optimization
starting with any dams and/or reserveirs in the
system, in case the mode? user is only interested
in a given reach of the stream. They can now
operate in both historical and forecast modes
using, as the case may be, either known input ex-
tracted directly from a real-time data base or ar-

tificial data corresponding to an  expected
hydraulic condition and a tentative spill
schedule. In this manner, simulation runs are made

possible to answer a wide range of "what if" ques-
tions of interest.

GENERAL APPRQOACH TO SYSTEM SPILL OPTIMIZATICN

Given a fixed total discharge past each pro-
ject in each time interval, the goal of the optim-
ization is to distribute spill ameng the dams so
as to minimize dissolved gas saturation while
meeting & pre-specified total system power produc-
tion for the same t{ime interval.

A typical relationship between spill and the

mass of N, entrained at each dam 1is shown in
Figure 6, in which the gquantity of spill is varied
while all other variables (forebay and tailwater

surface elevations, water temperature, and forebay
N, concentration) are held comstant. This
ra1ationship varies from one project to another,
depending on the design of the dam's stilling
basin and the way the spillway gates are brought
into operation. It may scmetimes have a saw tooth
appearance when the resulting - changes in hydraulic
conditions are rather abrupt.

uy
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Figure 6. NZ Entrainment versus Spill

Discontinuity in the functional relatiosaship
between spill and mass of N2 entrained at some
projects precludes the wuse®of standard optimiza-
tion methods such as linear programming. Further-
more, simulation is performed one project at a
time and all time steps must be completed at that
praject before proceeding to the next downstream

project, This is tantamount to assuming that N
concentrations in  each  time  interval ar
independent. Therefore, since adjustment or

redistribution of spill in any time interval at
one project can produce adverse changes in N, con-
centration in later time intervals at downgtream
projects, the optimization amounts to the mini-
mization of the maximum of the dissolved N
saturation levels at the head of each reservoi
pool in each time interval. There is no direct ac-
count for time delay and decay function between
the upper and the lower ends of the pool.

The system power demand used to drive the op-
timization can be specified in one of two ways.
Power demand can be inferred from the hydraulic
data input, assuming that the flow available for
power production is the total flow Tess spill and
Tess diversion, and wusing data relating discharge
and head to power generation stored for each
project in the model. Power demand can also be
specified directly to the model as a separate
input. For time steps shorter than a day, Toad
curves giving hourly and daily power demand pat-
terns are used to convert daily pewer demands into
the required hourly values. Spill amount is ad-
justed so that system-wide power production
matches demand. If power production does not match

demand, then power production is increased or
decreased at the varicus projects on a priority
basis, the priority being another pre-specified

input.
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The first step of the optimization is to
identify a single target project at which N
entrainment (and, hence, concentration) caused b
the spill determined earlier is to be reduced. The
project choosen is either (1) that with the
highest level of saturation at which N, is being
entrained, or {2) as specified in a spi1? priority
1ist. The mass entrainment versus spill relaticn-
ship for the selected project is used to estimate
the change in spill required to reduce N, satura-
tion to the target Tevel, at the targe% project.
In all cases, the change in spill is constrained
to a maximum of 50 percent of the flow to avoid
unduly Targe spill variations.

Reduction {increase) of spill at any project
must be compensated by corresponding increase
(decrease) in power generation flows since the to-
tal flow past each project in each computational
interval is fixed. The ingcrease in power produc-
tion brought about by a decrease in spill at the
target project is thus computed. To maintain con-
stant system-wide power production for that time
step, there must be a decrease in power production
{increase in spill) at other projects in the
system.

Redistribution of excess power capability is
carried out by assigning additional spill (red-
uction in power production) at projects with N
saturation below target. Spill is increased unti?
the excess power productien is eliminated. If the
increase in spill resuits in N, saturation above
the target saturation, then the“redistribution of
spill is considered to be unsuccessful. In this
case, the process of reducing N, saturation at a
selected target and redistribating spill among
other projects is repeated but with a smaller
reduction in the N2 levels at the target project.

When a redistribution of spill has been
successful, the original spills stored in a tem-
porary work array are updated for use in future
iterations of an optimization run. This also
vrovides the user with protection against inadver-
tent computer failure during Tlong optimization
runs and the option of further refining the system
operation based on information from a previous
run.

A sample summary output illustrating an op-
timization run with four iterations for 9 one-day
time dntervals and a 1limited six-dam system is
provided in Table 1. It can be seen that even with
four iterations, significant reductions in dis-
solved gas saturation levels have been achieved,
particularly at John Day and The Dalles Dams. The
lack of change at Priest Rapdis Dam and Ice Harber
is largely the result of the high N, concentration
originally specified for the upgtream boundary
conditions.

Table 1. Summary Results of GASSPIL Run:
N2 % Concentration Below The Projects

Projects Time Steps

1 2 3 4

Priest Rapids 118.8 124.5 121.5 118.2
118.8 124.5 121.3 118.2

[ce Harbor 115.4 112.8 114.5 125.4
115.4 114.5 114.6 124.3

McNary 116.9 117.0 113.8 111.6
116.9 117.0 i16.1 113.%

John Day 125.0 126.1 126.7 125.%
117.2  118.2 1l6.8 121.4

The Ralles 113.5 122.4 120.6 121.8
112.4 115.7 113.1 113.¢%

Bonneville 118.7 118.9 117.5 120.8
116.0 116.8 116.4 116.1

day)

5 6 7 8 g
118.1 118.7 122.6 119.7 120.1
118.1 118.7 122.6 119.7 120.1
130.2 129.9 128.9 128.8 128.8
128.9 128.6 128.1 128.3 128.2
112.2  113.2 118.1 118.6 120.6
112.6¢ 113.3 117.8 118.3 120.2
124.2  124.3 123.5 121.5 121.5
124.2  120.4 121.5 120.1 122.5
122.1 120.4 123.4 119.3 119.8
118.5 120.2 123.4 117.7 118.5
120.5 123.3 124.1 122.1 123.5
115.8 118.0 121.3 120.3 121.3

NOTE: The first 1ine numbers are N2 caoncentrations (as a percentage of the saturation
concentration) below the speCified project at the start of the optimization. The
second 1ine numbers are the corresponding numbers at the end of the 4th optimi-

zation.
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APPLICATICN OF GASSPIL MODEL

The following sequence of events that oc-
curred in 1986 is given to illustrate the various
steps involved in actual spill scheduling and
GASSPIL model application. Assume today is Monday
April 14, 1986.

(1) Inflow forecasts have been issued for the

following week of April 15 - April 21 for Grand

Coulee on the Columbia River and Lower Granite on
the Snake River, as well as for the tributaries
downstream from those two dams. As a result, in-
flows to all reservoirs in the system were assumed
known for the next seven days.

(2) Based on their best forecast of power
loads, the staff of the Bonneville Power Ad-
ministration {BPA)} planned the schedule of hydro-
system generation operations for the week of April
15-21, 1986. They loocked at the inflow forecasts
and computed the potential power output for the
system. They realized they were not going to be

able to use all that power for every hour of the
day, every day of the week, especially during the
night hours of the week-days and for the most hours
during the week-end. The resulting surplus power,
SMW, was computed based on the difference between
the power generation potential, PMW, and the
forecasted load,PLOAD.

(3) Enter the anadromous fish. As prescribed
by the Power Planning Council, the Corps has
agreed to spill at several dams to achieve a 90
percent fish survival at all but one of its logwer
eight Columbia/Snake River dams. Specific spill
requirements to meet the Council's objective had
been worked out in the winter of 1986 in col-
laboration with all agencies concerned. Details of
the Corps' 1986 Juvenile Fish Passage Plan are
summarized in Table 2.

Table 2. Summary of the 1986 Corps Spill Plan

1. Bonneville: Optional spill only.

No sconer than date of 10%

fish passage and for as long as spill is requ-
ired at The Dalles. Limit operations of the
second powerhouse as specified below.

8pm-6am:  Shut down the second powerhouse. Un-
Timited spill when flows exceed 120 kcfs.

bam-8pm:  Second powerhouse may be activated if
needed to limit spill to 75 kcfs or for fishery

research.
Flow 1st pwh 2nd pwh  spiliway
0<Qer20 Q - -
120¢0<195 - 0-120
1§5¢Q<325 Q-195 75
32540 130 Q-250

2. The Dalles: 3.6 to 4 kefs through sluiceway, 16hr/daytime

during juvenile

fish passage season. In add-

ition, between 30% fish passage date (typically

between Apr 15

- Jun 11 for spring run, and Jun

15 - Aug 2% for summer run} and Aug 15: as soon

as 30,000 yearling

(or subyearling} have passed

John Day, spili 10% of instantaneous Q between
6pm-6am. This will protect 80% of the fish run.

3. John Day: Between dates of 80% of summer run juvenile
fish passage (typically between Jun 7 - Aug 21}
and Aug 15 {or when less than 30,000 fish for
three consecutive days, or when 90% fish have

passed the project):
between &pm and Gam.

spill 36% instantanegus G

4. McNary: No requirement (optional spill only).

5. [Ice Harbor: Use 2.7 kcfs through stuiceway 24 hours/day
during fish migration season.
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(4) The fishery agencies and Tribes had been
requesting spill-for-fish passage 1list almost
every week to sepcify their recommended levels of
spill at the projects. For the forthcoming week,
their spill-for-fish passage was as summarized in
Table 3, based on fish movement in the area.

Table 3. Requested Spill-For-Fish Passage
April 14, 1986

Lower Monumental: Starting April 15, spill 31% of
daily average flow between 6&pm-

Gam.

Ice Harbor: Starting April 18, spill 31% of
daily average flow between 6pm-
Gam.

The agencies and Tribes recognized that the
spill levels 1in Table 3 exceed those assumed
necessary to obtain the 90 percent survival objec-
tive established by the Northwest Power Planning
Council. However, whenever there is a surplus of
federal firm power, or when federal non-firm
exists, they routinely request that the Corps make
every effort {o provide more generous spill.

A few days earlier, on April 10, the agencies
and Tribes have already submitted a spill priority
list for distribution of surplus spill. That list
(See Table 4), also based on natural and hatchery
fish movement, was still in effect at this time.
It was to be implemented only after spill-for-fish
passage levels have been satisfied.

Table 4. Spill Priority List
April 10, 1986

Priority Dams Spill Limits

1 Lower Monumental 50% Q

2 [ce Harbor 50% Q

3 John Day 50% Q

4 The Dalles 50% Q

5 Bonneville 75 kefs (daytime}

no timit (night-time)

[ The Dalles no limit

7 Lower Monumental no limit

g Ice Harbor ne limit

9 McNary 50% Q
10 Lower Granite 50% Q
11 Little Goose 50% Q

{5) The Reservoir Control Center's staff, in
the North Pacific Division's Water Management
Branch, reviewed the agencies' recommended spill
levels and priorities in the light of other opera-
tional constraints. Ffinal decisions had to account
for these recommendations, the Corps committed
spitl percent, dissoived gas saturation, flood
control requirements, size of migrating fish runs,
etc.

A few potential problems surfaced because the
agencies' recommended spill for fish passage Tevels
exceeded the Corps' commitment; these spill
ievels could also generate inadmissible dissofved
gas saturation levels. Likewise, the spill
priority Tist needed to be checked as to its prac-
ticability and system dmpacts on power and dis-
solved gas.

The basis for decision-making included best
predictions oa the impacts of the proposed spill
schedules, wusing analytical tools such as the
GASSPIL Model and other means to determine how
much the spill should be at the dams desired to
heip fish migration.

The needed input for GASSPIL runs to pravide
these predictions included:

a. Initial TDG percent at the forebays of
all dams (at time T=1).

b. Inflows at each dam for every time step
of the week long study period.

c. Predicted forebay and tailwater eleva-
tions at all projects. These were as-
sumed approximately constant during the
study period since run-of-the-river dams
basically pass all inflow and, there-
fore, sustain no storage change.

d. Daily load projections in MW for T=1 to
T=7. Hourly loads for each hour and each
day of the week will be computed by the
mode] using the built-in load shapes.
They will be used as load requirement in
the optimization.

e. Minimum spill percent at each dam.

f. Spili prigrity list, for use in controi-
ling the sequence of the model optimiza-
tion and specifying the maximum spill
levels.

The model output first included a summary
condition reflecting the 1input, especially the
flows, 1loads, surplus spill amounts, spill-for-
fish passage and spill priority lists, and the
power generation potential. At the end of each op-
timization iteration, a Tlist of maximum dissolved
gas saturation levels reached in each pogl with
date and time of their occurrence, and the spill
at each dam was given. When the run was completed,
the series of standard outputs developed by the
original medel for the dams and the reservoirs
followed. Also, the spill amount {in percent of
the project total discharge) for each dam was
provided, along with the maximum disselved gas
saturation Tevels.

(6) Based on all the infgrmation developed
above and following consultation with BPA and the
Corps staff biologists, appropriate spiltl sched-
ules were finalized. As it turned cut, the Reser-
voir Control Center decided in this case not to
implement the agencies' recommended spill-for-
fish-passage levels, Tleaving them at the Corps-
committed spill Tevels. It also modified the spill
pricrity list to put spill at Chief Joseph and
Grand Coulee prior to spilling at McNary and Lower
Granite, which have fish transpertation facil-
ities. The agencies and Tribes were informed of
these decisions, and necessary instructions sub-
sequently teietyped to the projects for
implementatian.
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CONCLUSION

The North Pacific Division of the Corps of
Engineers has direct responsibility for effi-
ciently managing the water resources of the Cotum-
bia River basin, dncluding the task of ensuring
that spill at its dams does not generate dissaived
saturation Tevels in excess of existing state and
federal standards. The muliti-purpose, often
conflicting, nature of the water uses in this
region makes water resources allocation a real,
day-to~day challenge. A modei such as GASSPIL that
can quickly predict the dissolved gas saturation
and system power impacts of the fishery agencies
and Indian Tribes' spill-for-fish passage requests
and spill priority lists {or cther alternate spill

schedules) is & very useful management tool. It
provides a better understanding of how the <Colum-
bia System works and furnishes the basic jus-
tifications needed to support a Corps spill
schedule that may be different from that requested
by the agencies. Efforts will continue to be made
to refine the model to make it am even better tool
for operational use.
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SIMULTANEOUS MULTIPLE~LEVEL WITHDRAWAL THROUGH
SINGLE WET WELL STRUCTURES FOR DOWNSTREAM WATER QUALITY MAINTENANCE
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ABSTRACT

The concept of selectively withdrawing from
multiple levels simultaneously in & stratified
reservoir is presented and its usefulness dis-
cussed. The problem of predicring the flow
distribution between the withdrawal levels under
various operating conditions is outlined. A brief
theory from previous work is expanded to increase
the applicability of the technology. The applica-
tion of the expanded theory Is shown and the
results are compared to observed data.

BACKGROUND

Thermal stratification is a common occurrence
in many lakes and reservoirs, especially during
the warmer months when inflows and outflows are
generally low, heat influx is high, and other
climatic components such as wind are favorable for
atratification development and maintenanece.
Density stratification accompanies the thermal
stratification due to the physical properties of
water, &n Increase in temperature results in a
decrease in density for water above 4° C.
Therefore, the surface waters in a reservoir
accepting heat from solar radiaticn and the
atmosphere become lighter and %tend to remain at
the surface. Conversely, the bottom waters do not
receive aa much heat and therefore remain more
densa. Density stratification limits the vertical
movement of water within the vreserveir since
additional energy is required to overcome buoyant
forces, This limiting of vertical motion may =21so
cause chemical stravification as the mixing
pbetween layers i3 reduced and the hypolimnetic
water no longer exchanges with the surface.

The effects of denslty stratification, the
limited vertical movement of the water, may be
used in a positive manner. A specific quality of
water might be selected from the vertical variety
of qualities and released, while not withdrawing
from the entire vertical range in the pool. This
teehnique, which is very common in release water
quality maintenance, is known asa selective
withdrawal.

Sometimes, cne vertical level of withdrawal
from a stratified pool is adequate, but often two
or more levels are needed. This situation may
arise when single-level operation cannot withdraw
the desired quality and quantity of water. Tradi-
tionally, simultaneous multiple~level wlthdrawal
has been accomplished through the use of dual wet
well outlet structures, In these cases, one level
of withdrawal is selected in each wet well, and
the two qualities are mixed in the release conduit
and stilling basin downstream of the Individual
wet well service gates.

Dual wet well type operations, however, are
net always possible, In recent years, the addi-
tion of hydropower to existing outlet structures
has become an attractive source of energy. In
many c¢ases, this process involves the transfer of
flow control from the service gates to the turbine
dewnstream., To continue multiple-level operations
as before would require the mixing of water from
multiple withdrawal levels upstream of a single
point of flow control. For the purpose of this
publication, this process will be referred to as
blending. The difficulty associated with blending
is that the amount of flow withdrawn from each
level {3 not strictly controlled and can be
influenced by the density stratification iIn the
pool. The selective withdrawsgl characteristics of
the structure will not be altered, only the amount
of flow which is withdrawn through each port,

Ancther situation in which blending can occur
is multiple-level withdrawal in a single wet well
structure. Single wet well structures have been
employed in some cases for economlc reasons or in
situations where individual flew control on each
potential simultaneous level of withdrawal is not
feasible. These situations include selective
withdrawal addition to existing hydropower facgili-
ties and the use of greater than two levels of
simultaneous withdrawal in a single wet well,

Blending operations may even be desired at
dual wet well projects with separate flow controls
on each wWell to gain additional flexibility.
Potentially, more flow could be passed through the
water quality system (avolding use of the flood-
control outlet for some discharges) if more than
two ports were used. Alsc, additional capability
might be gained in meeting downstream quality
objectives by wusing more than one 1level of
withdrawal in each of the individual wet wells.

THEORY

Single wet well blending can be approached
from an analytical standpoint as seen in Howington
(1986). Consider the simple case In Figure 1la.
This is a single wet well structure with two ports
open. The density stratification is perfectly two
layer represented by p and p+ap . One cpen port
resides in each of the twe homogenecus layers.
The same pattern of density stratification exists
in the wet well aa in the pool. The outlet from
the wet well 1is located at the bottom of the
structure. Figure 1la. represents the "no=-flaw"
condition.

When a =mall discharge is {nitiated from the
structure, the system will respond by withdrawing
The total discharge through the lower port as
shewn in Figure 1bh. This is due to the buoyaney
effecta of the pool density stratification. The
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Figure ta. No diseharge

A

o+ Ap

Figure 1b. Small discharge

p + Ap

Figure lo. Critical discharge

AH

D p + 4p

Flgure 1.

Flgure 1d. Blending

A single wet well system responding

theoretically to increaaing discharge

lighter surface water 1s buoyed up by the more
dense bottom water, More work would be required
to pull the lighter water down than to withdraw
the entire amount through the lower port. The
thermoeline {which is also the pyecnocline) will be
depressed in the wet well until an equilibrium has
been reached. The drop of the thermocline {n the
wet well i3 a reflection of the energy loss as
flow enters the lower port. This small discharge
will induce only encugh flow through the upper
port to fill the veoid created by the receding
thermoeline. At this equilibrium conditien, no
flow from the upper port will be released from the
system. The wakter-surface elevation in the wet
well will be the same as the reservoir pool eleva-
tion, This situation I8 referred to as density
vlockage since the density effects prevent flow
through the upper port. This phenomenon has been
obgserved in a laboratory environment using an
approximately two-layer stratifieation with the
upper layer dyed.

A3 the total discharge is increased, so is
the energy loss across the lower port, and the
thermocline in the wet well s further lowered,
This trend obvicusly cannot continue beyond the
polnt where the thermocline reaches the elevation
of the lower port without inducing flow from the
upper port. This critical equilibrium point, seen
in Figure 1¢, 13 termed Incipient blending and the
agsociated discharge 1is termed critical dis-
charge. At this equillibrium point, the potential
energy assoclated with the atratification 1is
exactly offset by the energy lost by the flow
entering the lower port,

As the discharge i3 further increased,
blending occurs with some amount of flow coming
through each of the two port elevations (Figure
1d), However, density stratification still plays
an important role in downstream qualify
maintenance since it affects the flow distribution
between the port elevations.

To describe the processes involved in blend-
ing, the Bernoulll equation, as seen in Brater and
King (1976), is employed. For flows less than or
equal to oritical discharge, the Bernoulll equa-
tion can be written from a point in the pool
(point B in Figure 1c) to a polnt in the wet well
at the elevation of the lower port (point C). For
flows less than critiecal discharge, the equilib-
rium elevation of the thermocline in the wet well
can be determined from this formulation. If the
thermoeline is established at the elevation of the
lower port, the critical discharge c¢an be deter-
mined from the following application of the
Bernoulli equation:

2 2
PB , VB PC . VC
Btz "ty e D
= *
Hlg_o ~ 80 * D (2)
2
*A*
2gr A FHL,
Q = (3
c kl

where

ZB, ZC = elevation of points B and C
referenced to datum, m

PB, PC = pressure at B and C, N/m®

WB, WC = specific weight at B and C, N/m3

VB, V€ = walocity at B and C, m/sec
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gravitational acceleration, m/aec2

®
u

HLB_c = head lost between points B and €, n

Ap = denslty difference between the
layers, kg/m

D = diastance between the thnermocline
and point B, m

Qc = the dlacharge at inciplent blending,

m-/gsec

Al = lower port area, m2

kz = head less coefficient across lower
port

For flows greater than oritieal discharge,
Berneull{'s equation can be written through each
port. Referring to Figure 1d, Bernoulli's
equation can be written from point A, which is at
the elevation of the upper port, to pelnt C and
from point B to point €, Given this, and using
Equation 1, the ratio of flows between the ports
can be determined from the following:

2 2
PA . VA PC . VC
RS A R RS- R R S}
HLy o = all (5)
aprp . Fha-ct P
HL - 22 (6)

8=C ~ p+ip prap
where
HLA-C = head loss between points A and C, mw

AH = water-surface drop in the wet well,
m

P denaity of the upper layer, kg/m3

Equation 6 Indicates that the hnead loss
across the lower port must always be greater than
the head loss zeross  the upper port by
approximately the censtant amount of potential
energy associated with fthe particular density
stratification.

To determine fthe flow distribution between
the ports, an iterative technique must be
employed. First, an estimate of the water-surface
drep in the wet well is made. This equals the
head loss =zeross the upper port. Equation § is
used tc deftermine the head loas across the lower
port, The known relationship between head loss
and discharge for each port can then be used %o
defermine the individual port flows, The two
flows are computed and summed, as seen in Equaticn
T, and compared to the known total discharge. The
estimate of upper port head loss is adjusted until
the summed discharges agree with the known total
discharge.

A% * *
NET +\/23 Ay ¥l
g - k - (1

u L
where
Q = total discharge, m3/sec
u = upper port area, mé

= head loas coefficient across upper
port

A very sgimilar procedure can be followed for
the analysis of blending in a linearly or an
arbitrarily stratified environment: as seen 1in
Figure 2. The only difference arises In the

Figure 2. A nonlinear, non~iwo-layer
density stratification.

development of the density potential energy
term. Once again, Bernoulli's equation can be
written ac¢ross the lower port for flows less than
or equal %o eritical discharge. At lncipient
blending, Equation 8 results, For flows greater
than the critical discharge, the resulting lormu-
lation 13 given in Equation 9. The discharges
through the individual ports ~an be determined
using the same general procedure as used before in
Equations 6 and 7.

HLg o = %:; * 2 otzy gz (8)
where 2z = elevation referenced to datum, m.
*
Hug o = S5 %[5 o(z) az « HL"‘—;p‘i (9)
where
Py = density at peint B, kg/m3
p(z) = density as a function of elevation,
kg/m
Py = density at point 4, kg/m3

A more meaningful representation of the
densaity potential energy term can be seen in
Figure 3. The potential energy is computed by
vertically Integrating the density of the water in
the pool Dbetween the twe port elevations. The
area between the reservoir density and the upper
pert density and between the two port elevations
(shaded in the figure) constitutes the density
potentlal energy term for this situation. Figure
3 represents the density effect for a two-port
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Flgure 3. Graphical representation of the
density potential energy term,
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configuration with one port at elevat{on 30 m and
the other at elevation 70 m.

A more complex situation can develop with the
almultaneous operation of mere than two levels of
ports in a single wet well under a stratified
condition, This problem can alao be approached
using Bernoulli's equation, In this situwation, a
stratification pattern exists within the wet well
under blending conditiona. This patfern is caused
by the wWwithdrawal of a potentially different
density through each of the open ports which can
influence the flow distribution significantly.

The water-surface drop in the wet well is
approximately equal to the head loss across the
upper port. It 1s also an unknown component in
the head loss terms for every other port within
the single wet well. Only one water-surface drop
exists which will provide a flow distribution
conaistent with both the theory and continuity.

The sclution method to defermine the flow
distribution is iterative and very similar to that
used in the two-level analysis shown earllier. The
head loss across the highest open port (call this
poert level 1), which approximately equals the
water-surface drep in the wet well, is eatimated.
Then, the head loss acrcss the next lower open
port {(port level 2} is ccmputed. From the theory,
the head loss across the lower port is known to be
approximately equal to the port level 1 head loss
plus the energy associated with the stratificatiecn
difference Dbetween the wet well and the pool
petween port levels 1 and 2, The port level 3
{the next lower open port) head loss i3 equal %o
the port level 2 head loss plus the density
potential energy between port levels 2 and 3.
This preocess conftinues until all the losses are
known. The individual flows are computed, summed
and compared to the knewn discharge, The water-
surface drcp estimate 1s adjusted and the process
repeated. The equation which is solved follows.
The head loss iterm in Equation 10 includes the
density potential energy associated with the
stratifieation difference between the wet well and
the pool between withdrawal levels n and n-1.

2

NP 2g*An*HLn
Q=3 [ Q10
n=1 n
where
NP = number of simultaneous withdrawal
levels
A_ = area of port n opening, e

HLn = head loss across port n, m

k.. = head loss coeffleient across port n

Qnce the total discharge has been matched in
this iteration, the individual port flows are then
determined, as follows, knowing the port head

loss.
/ 23*A§*HLH
=V — (1)

kn

where Qn is the discharge through port level n,
n-/sec.

The procesa described in Equaticona 10 znd 11
is theoretically applicable for any number of
simultaneous withdrawal levels (including two}
within a single wet well with any stratification
pattern in the pool.

ASSUMPTIONS AND LIMITATIONS

In developing the preceding theory, several
aasumptions were necessary,

a, Bernoulli's equation is applicable.
b. HNo hydraulic blookage exists.

¢. Losses other than entrance losses
are negligible.

d, The density of the water in the pool at
the center-line elevation of the port is
the density that will be withdrawn
through that port.

e. Lower port velocity jet mixing is
unimportant.

The Bernoulli equation has some assumptions
which are inherent In its formulation. When the
equation ls applied aleng streamlines, as it was
is this applieation, the fluid¢ flow must be
incompressible and steady, These assumptlions are
valid for this application.

The existence of hydraulic blockage was
proposed as a potential problem in blending. It
was proposed that hydraulic blockage might theo-
retically occur under stratified or unstratified
conditions when the velccity jet through the lower
port could create a turbulent zone in the wet well
which would be impassable by flow from the upper
port. Hydraulic blockage, to our knowledge, has
not been observed in outlet structure operations.

Energy lcases cother than entrance losses are
assumed to be negligible. Entrance losses include
contraction and expansion losses assoclated with
flow from the pool, through the port, intc the wet
well, and with velecity jet impingement turbulence
in the wet well. The only losses which are being
neglected are those frictional losses encountered
by the flow as it passea from the upper port
elevations downward through the wet well. In most
cases these 1losses are minor, making thiz an
appropriate assumption.

Ancther assumption 13 that the density of the
water at the elevaticn of the port is the density
of the water which will be withdrawn through that
intake. From seleetive withdrawal, it is known
that this is genepally, but not always, a good
assumption. This potential problem will be
accounted for once the blending technelogy is
incorporated with selective withdrawal technology.

The last assumpticn is that &the turbulence
associafted with the velocity entering the lower
port does not affect blending. This 1s true in
most situationa, but the theoretically computed
eritiezl discharge will be affected. The effeets
of this assumption can be seen in Figure 4. The
theory assumes that the thermocline in the wet
well will drop to the elevation of the lower port
undisturbed. However, the turbulent mixing caused
by the lower port velocity Jet will break up the
Lhermocline at some discharge which is lower than
the theoretical critical discharge, and therefore
induce a small amount of flow through the upper
port. The theoretical coritical discharge i3 a
conservative estimate of &the amount of flow
necessary to overcome density blockage since the
actual critical discharge ia always lower,
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Figure 4. Turbulent mixing assceciated with
the lower port veloclfy jet Impinging
on the walls of the wet well

RESULTS

The effects of density ean be illustrated by
Figure 5. This figure szhows the flow through the
lower port of a two-port, single wet well
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Figure 5. The effects of density for
cne stratification pattern zand port
configuration with varying discharge

structure in relation to the toftal discharge from
the structore for a single stratificatlion
condition. This figure was developed using two
ports of equal areas and constant, equal loss
coefficients. The horizontal line labeled "no
stratification" indicates equal flow (50 percent
flow) between the two ports for the homogeneous
density condition at all flow rates, The solid
curve represents operation in a density-stratified
envirconment.. The density effects at any discharge
can be seen as the distance between the solid
curve and the equal-flow 1line since the curve
represents density stratification and the egual-
flow line represents homogeneity, At low flows,
tne density impaet is largée with density blockage
oeceurring. In the figure, density blockage Iis
represented by the horizontal portion of the solld
cyurve which begins at zero discharge and extends
to the theoretical coritical discharge, QCT‘ When
the flow surpasses Qqp, flow through the upper
port begina and the flow through the lower port
quickly dreps below 100 percent.

As the total discharge 1Is inereased, the
impacts of density deecrease and the percentage of
the total flow passing through the lower pert
drops. This continues until the constant effects

of density are masked by the Flow-dependent head
losa terms. In the figure this i{s seen at the
higher discharges where the equal-flow line and
the sollid curve converge at approximately 50
percent flow through each port. The actual flow
under atratified conditions, as observed in the
laboratory and In the field, is roughly indicated
by the dashed line which separates from the solild
curve at the actual critical discharge, QCA’ and
rejoins it at a flow rate slightly higher than
QCT' The aectual oritical discharge differs
slightly from Che theoretical erltical discharge,
but the theory applies very well over the
remaining range of discharges. The theoretical
eritieal discharge will always be a conservative
approximation in that the aectual discharge
necessary to overceme density blockage is always
3lightly less,

Head loss ia obviously Important in
deseribing the blending process. Therefore, the
prospect of wusing partial port closure [(port
throttling) to control head loss, =and thereby
blending, was investigated, Figure 6 shows
example results. The solid ¢urve represents the
same condition seen in the previous figure. The
daghed curve represents the same condition as the
50lid curve, c¢nly with the lower port throttled by
50 percent. The head loss term was assumed not %o
vary with gate closure fto demonstrate more
ef'fectively the effects of Ghrottling. The
horizontal 1lines, as ©before, represent the
unstratified conditions.
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Figure 6. Total discharge versus lower popt
discharge for the full open and
the throttled conditions

Port throttling resulfts in a dramatic
decrease in the critical discharge. This can be
seen In the figure by the dashed curve, which
drops below 100 percent flow through the lower
port at a much lower total discharge than that
required by the sclid curve. Another result is an
overall decrease in the effects of density in the
intermediate discharges. Intermediate discharges
are those ©between eoritical discharge and the
discharge at which density influences become
negligible. This is evidenced in the fligure by
the distance between stratified and unstratified
conditions. For the szame Iintermediate discharge,
this distance 1is smaller for the throttled
condition than for the full open condition. The
reduction in the critical discharge could be
anticipated. The head lcss for the throttled
condition 1is much greater than that of the
unthrottled condition for the same total
dlacharge. Therefore, the density potential
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energy of the stratification can be overcome at a
lower discharge.

Gate throttling also provides the opportunity
for enhanced release quality coatrol, Given a
total project discharge, stratification pattern,
and the port flow ratio needed to meet 2 release
quality objective, the gate setting can be pre-
dieted to provide the desired flow distribution
and, therefore, the desired release quallity. it
follows that an unlimited contrcl over gate
gettings would result in wnlimited control over
flow ratioc, resulting in the capability to release
any temperature water between the two port with-

drawal temperatures. However, unlimited port
throttling is not reascnable. Hydraulie and
structural constraints will dictate the amount of
throttling possible. Further, the amount of

control needed to discharge a specific guality of
water may not exist due to the hydrodynamics of
withdrawal., This 13 particularly true when the
discharge is high and the stratification is weak,
resulting In a large zone of withdrawal in the
reservoir.

APPLICATION OF THEORY

Data have been collected from several diverse
sources, both laboratery and prototype. These
data either have been or socon will be compared
agajnst the theory. Among these data sources Is
the 1:20-scale physical model of the Elk Creek Dam
intake atructure. The structure, as seen in
Figure 7T, is a single wet well facllity under
construction on a tributary of the Rogue River,
Oregon. This structure has large ports (1.52 m
(5 ft) wide and 3.05 m (10 ft} tall) with two
ports at each of the four withdrawal levels and a
large wet well (2,13 m (7 rt) deep and 6.4 m (21
£t} wide) while the ezpacity of the water quality
system ia relatively small (14,2 m3/sec
{500.0 ft3/gec)). The resulting low veloeitles
produce low head losses., Therefore, under strong
stratification conditicns, density blockage was
otserved over a large portion of the range of
water quality discharges. However, this structure
was designed
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Figure 7, Proposed Elk Creek Dam single
wet well Intake structure,

with throttling eapability on all ports. This
throttling capability allows density blockage to
be overcome easzily and providea great flexibility
in meeting the desired flow ratios between the
port elevations.

An example of the predicted versus the
observed discharges in the Elk Creek model 13
shown in Figure 8. The theory was used to develop
the predicted flow ratio between the port
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Figure 8. Predicted versus observed
discharge through the lower ports in the
Elk Creek physical mcdel

elevationa and, as the figure indicates, the
predictions are accurate.

A vastly different situation from that at Elk
Creek was encountered at Warm Springs Dam in
California (Figure 9). Prototype tests were
conducted in July 19856, The structure is located
in a hillside. The three water quallty intake
conduits, whieh are approximately 1.52 m (5 ft) in
diameter, extend a considerable distance from the
reservoir to the wet well.
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Figure 9. Warm Springs Dam single
wet well intake atructure

The atructure has one 1.83-m- (6-ft-)
diameter wet well. Under moderately strong
stratification conditions, &the flow was eatab-
1lshed at 0,792 m3/sec (2B ft3/sec) with the upper
and. lower water quality intakes open. Although
this discharge is below the minimum discharge for
normal operations, density ©blockage was not
cbaerved, No blockage occcurred bpecause, even at
such a low discharge, the anergy lost by the flow
as 1t entered the lower intake, passed through the
conduit and the valve, and entered the wet well
was sufficient to overcome the potential energy of
this stratification. Quantitative results from
the tests are not presently available, but a
qualitative analysis Indicated general agreement
with the theoretically established trends. As
flow rate was lncreased for a particular test, the
percentage of flow through the lower porg
decreased, This was evidenced by the increase in
the release temperature. Port throttling had the
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expected impact as well. The temperature of the
releases increased ag the lower port was throttled
for constant discharge.

CONCLUSIONS

The theory for single wet well blending has
now been expanded to acgount for arbitrary
stratification patterns and for multiple (greater
than two) simultaneous levels of ports cperating.
The 1llmitations of the theory appear to be
miner. Turbulence in the wet well does not
appreciably affeect blending except in a very
limited range of discharges near eritieal
discharge. The implications of this discrepancy
appear minor as well,

The theory =applies well In all cases tested
thus far. These cases include a variety of sgizes
and types of Intake structures. For those
situations in which quantitative compariscns are
possible, the theory is accurately predicting flow
distributicns DbDetween the port elevations. In
those cases where only qualitative analyses are
posalble, the trends of the observed data and the
theory compare favorably. Further testing of the
theory 1s planned under an ongeoing research
effort. Situationas are being sought in which the
theory does a less than adequate job of prediction
30 that these can be accounted for {n the
formulation,

Head losa Is  the driving mechanism for
blending. The generation of head loss by port
gate throttling adds a great deal of flexibility
to blending operations. However, c¢reation of
increased head losses Is contrary to hydropower
purposes and, under extreme conditions of port
throttling, head 1loss ¢an potentially become
aignificant, The result could be =z situation
which requires compromise between water quallty
and hydropower Interests, This would be most
likely to oceur when the flow distribution desired
is predominantly through the upper port and the
stratifieation is strong. Port throttling should
be considered In the design of new intake
structures or in the modification of oid
structures If  blending capabllity is needsd.
Throttling of the gates 18 not mandatory in
blending operations but is highly desirable from a
water quality management persapective,
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ABSTRACT

In 1983, the Portland District performed
experimental reservoir releases using one half of
the dual wet well selective withdrawal system at
Applegate Lake to evaluate the potential for
blending water in a 1.5 m (5 ft) diameter single
wet well., The reservoir water Jocated in the
epilimnion was approximately 18°C (65°F) and the
hypolimnion water, 27 m (90 ft) deeper in the
reservoir, was pear 9°C (49°F). Successful water
temperature blending was achieved for two days with
a wide variety of gate opening cnmbina%inns, at the
test release flow of 14.2 m™/s (500 ft”/s).

In 1986, an operational study was performed to
tegt single wet well mixing at 4.8 m”/s (170
ft™/s). A constant water tempera&ure near the
target release temperature of 12.8°C (55°F) was
maintained for eight days. The reservoir water
te%perat%;es at Jhe operating ports were 16° 1o
18°¢ (60° to 65°F) near the surface and 7° to 8°C
(44" to 46°F) near the bottom.

INTRODUCTION

Selective withdrawai systems provide the
capacity to remove water from one of a number of
different levels in a reservoir, or from a
combination of two ltevels, to utilize the best
quality water in a reservoir for discharge
downstream.

Conceptually, the intent of a selective
withdrawal system is to provide the flexibility to
choose better quality water for release compared to
a traditional fixed, low-level withdrawal system.
For instance, the temperature of water released
from a reservoir can be more closely controlled to
resemble natural temperatures using a selective
withdrawal system. Control of the temperature of
water being released, therefore, can have a
significant long-term effect on the biota of that
regulated stream.

The use of the dual wet well selective
withdrawal structure at the Portiand District’s
Applegate Lake has provided good control of release
water temperature. However, a few operating
conditions have occurred where water temperature
requests were greater than the dual wet well system
could provide. The Reservoir Regulation and Water
Quality Section has tested the capability of
blending water from two levels in one of the
Applegate Lake selective withdrawal wet wells for

two different operating conditions.
WATERSHED DESCRIPTION

The Appiegate River Basin is a subbasin of the
Rogue River, & coastal stream in southern Oregon
(Figure 1). The confiuence of the two rivers is
approximately 8 kilometers {5 miles) west of Grants
Pass, at the upstream terminus of the 135 km (84
mi) portion of the Rogue River that is designated a
national "wild and scemnic" river.

Applegate Lake is located on the Applegate
River, 74.5 km (46 mi) upstream of the Rogue River,
negr §he California-Oregon border. It is a 1.01 x
107 m° (82,200 ac-ft) multiple-purpose project
authorized for floed contrel, irrigation, fish and
wildlife, recreation, and water gquality enhancement
in the Appiegate Valiey.

" Wild and Scamic River”

.....

------
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Figure . Project Location, Rogue River Basin,

Oregon

The project has a butterfly-shaped watershed
and controls the raEnFa]1 andzsnowme1t ruroff from
approximately 580 km~ (225 mi®) of the Applegate
River Basin. The headwaters of the Applegate Lake
watershed are at the heavily 1timbered crestline
along the Siskiyou Range of California and Oregon,
usually above 1,525 m (5,000 ft), National Geodetic
Vertical Datum (NGVD). Streams have steep
gradients varying from 4.2 to 6.3 m/km and flow
through narrow channels cut deeply into intrusive -
rock.

The Applegate River Basin experiences mild,
wet winters and warm, dry summers. A predominately
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westerly flow of moist air from the Pacific Ocean
during the winter produces a large proportion of
snow at higher elevations and rain at lower
elevations (U. S. Army Engineers, 1983). Rare
summer rainstorms of short duration and small areal
coverage occur because of local convective activity
that develop as thunderstorms. The normal annual
precipitation is approximately 114.3 centimeters
{cm) or 45 inches, ranging from 76.2 cm (30 in) at
the project to nearly 152.4 ¢m (60 in) in the
headwaters where significant orographic 1ifting
occurs.  Usually about 75 percent of the annual
precipitation occurs from November to March, and
less than 2 percent occurs during July and August.

Fall chinook and coho salmon, along with
steelhead trout, are the major anadromous fish that
utilize the Applegate River system. Resident
rainbow and cutthroat trout are other sport fish
present in the watershed. Before the construction
of Applegate Project, approximately 15,000 fall
chinook spawned annually in the mainstem Applegate
River. Also, approximately 5,000 coho salmon
spawned annualtly in tributary streams.
Additionally, about 10,000 steelhead trout utilized
beth the mainstem and tributaries of the Applegate
River for spawning before the dam was built (Fish
and Wildlife Service, 1961). Rainbow trout are
stocked annually in the watershed.

In the recent past, the aguatic habitat of the
drainage basin was affected by significant water
diversions for irrigation. Low fiow and
concomitant increases in water temperature were
censidered harmful to the fish. Consequently, the
Applegate Dam was designed with a multiple Tevel
withdrawal structure to provide better quality
outfiow.

DESCRIPTION OF THE SELECTIVE WITHDRAWAL STRUCTURE

Applegate Dam was constructed with a dual wet
well selective withdrawal structure capahle of
removing water from six different levels in the
reservoir. The withdrawal structure consists of a
72.2 m (237 ft) high, freestanding concrete tower
and a 144.5 m (474§ ft) long, 3.6 m (12 ft) wide
service deck providing access to the intake tower
(Figure 2}.

The base of the tower contains two regulating
outlets for control of high flows, a regulating
gate chamber, and a trash rack structure. The
tower consists of two vertical wet walls for water
temperature control and a single dry well
connecting the equipment room with the regulating
gate cliamber. The two water temperature control
wet wells are served by five intake ports, twe
serving one wet well and three serving the other.
The low level regulating outlets-serve as the sixth
Jevel of withdrawal.

The dellmouth intakes for the regulating
outlets are on the face of the base, behind the
trash structure of vertical and horizontal
trashbars. Each outlet is controlled by twe 1.4 x
1.8 m {4.6 x 6.0 ft) slide gates used for
regulating discharges and emergency closures.
Water passes through the regulaiing outlef gates
into twin 1.4 x 1.8 m (4.6 x 6.0 ft) rectangular
conduits that transition in 7.7 m {25 ft) to a 4.4
x 2.7 m (14.5 x 9 ft) oblong concrete cut and cover
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Applegate Lake Selective Withdrawal
Structure Schematic

Figure 2.

conduit approximately 243 m (800 ft) long,
connecting the withdrawal structure to the
downstream stilling basin thrfugh the gam
embankment. Flows of up to 161 m /s (528 ft°/s)
will pass through the regulating outlets.
Downstream of the cut and cover conduit, an open
channel flares into a 9.1 x 85.3 m (30 x 280 ft)
rectangular primary and secondary stilling basin.

Reservoir water used for temperature controi
can be drawn into the temperature control wet wells
from any one of up to five levels, or mixed from
different levels. The top two intake ports 1.5 x
3.0m SS x 10 ft) high and are rated at 14.1 m“/s
(46 ft"/s). The other three intake ports arg 1.5 x
1.8 m (5 x & ft} and are designed for 8.5 m”/s (28
ft“/s}. They are operated in either a fully open
or closed position. Water passes through the ports
into either or both of the 2.1 x 1.4 m (6.9 x 4.6
ft) wet wells. The wet wells transitien into a
gate chamber area regulated by 0.6 x 0.8 m (2 x 2.6
ft) high tandem sliding wet well control gates.
The wet wells then merge into the reguiating outlet
conduit for downstream release.

Also, 2 0.77 m (2.5 ft} diameter fish facility
water supply pipeline takes water from the right
wet well (B) and delivers it to the fish collection
facility by the stﬂ]:];ng basin. 3The pipeline, with
a capacity of 5.7 m™ /s (107 ft“/s), is controlled
by tandem 0.6 m (2 ft) diameter ball valves fully
open or closed.

METHODOLOGY
Two separate studies, a test study and an
operational study, of water temperature mixiag in a

small, single wet well using intake ports at
different levels, were conducted. The test study

Hanson, et al.
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was conducted for a two-day period on 5-6 October
1983, and the operational study covered an eight-
day period between 5 and 12 September 1986. In
both instances, the downstream gaging station,
Applegate River near Copper, located 1 km (0.6 mi)
downstream of Applegate Dam, was the control point.

A profile of reservoir water temperatures were
taken near the selected withdrawal structure prior
to each test study.

OCTOBER 1983 TEST STUBY

This test study was the first time since the
project began operating in December 1981 that lake
elevations, drawdown rate, lake stratificatien, and
downstream fish spawning, were suitable for
conducting a single wet well mixing study.

Because of the possible impact on the
anadromous fishery downstream of the project, the
Oregon Department of Fish and Wildlife (ODFW) was
informed of a the test and the p%Fsibiligy of 3
temperature fluctuation between 9°C and 19°C (48
and 66 F) over the two day period. Approval was
given with the stipulation that the peried of
maximum temperature outflow be minimized.

The plan was to use intake ports (IP) 3 & 5 on
wet well (WW) B for temperature mixing (Figure 2).
Initially, only IP 3 was to be open. WW A was to
be completely closed, altheugh IP 4 would be left
open in case WW A was needed in an emergency. All
gate settings were to be held for a 2-hour period
to insure temperature and flow stablization
downstream. Various port combinations would be
tested by keeping IP 3 fully open and opening IP &
in 0.3 m {1 ft) increments.

During the test, the wet well control gate
{WTC) B would remain open at 0.8 m (2.5 ft)
releasing near maximum flows for wet wei& B. The
f13w during the test was held near 14.2 m”/s (500
ft /s).

The downstream gaging station, Applegate River
near Copper, was used as the control point. The
GOES satellite data collection platform (DCP) at
that gage was reprogrammed o transmit in 10 minute
increments. The two gaging stations farther
downstream at Applegate and Wilderville were
similariy reprogrammed to give downstream effects
of the study for future use. A water temperature
initial profile taken by project personnel on 4
October 1983, before the test began, is shown on
Figure 3.

Operational Procedures During Test Study

Tables 1 & 2 give chronoloegical tabulations of
events, gate settings, flows, and temperatures for
each step of the test. These tables are enhanced
by Figures 4 & 5 which show the effects downstream
at the Applegate River near Copper gaging station.

Since the intake ports were designed to
operate in fully-open or fully-closed positions,
and the test operation would be at partial gate
cpenings, the ports were observed for gate hanger
cable slacking, increased gate vibrations, abnormal
wet well water surface level changes, excessive
noise, etc. At no time during the study were any

of the above peculiarities noted.

Elevation in teet Elevation in meters
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Figure 3. Applegate Lake Temperature Profile
4 October 1983
Day 1 Test

IP 3 was operated fully open at a 1.8 m (6.0
ft) setting, while the IP 5 opening varied from 0.9
mto 0.9 m {0.0 ft to 3.0 ft) in 0.3 m {1 ft)
increments. Each setting was held for
approximately 2 hours to stabilize downstream
temperature and flow at the Copper gage. During
the first day’s test, outflow from the project was
maintained by setting the get well control gate
(WTC) B at 2.56 feet (495 fL7/s).

As shown on Figure 4, definite mixing occurs
when more than one intake port is used in a small
wet well. At each incremental change in IP § (the
lower port) the outflow temperature indicated a
noticeable temperature drop. The incremental
changes aisc had a constant effect downstream,
showing up at the Cepper gage 15 minutes later and
stabilizing 50 to 60 minutes after the change.

A minor increase in flow was noted with the
successive IP 5 openings while WTC B remained fixed
at 0.8 m (2.56 ft). This could be attributed to a
higher pressure head resulting from using the lower
gate.

At Bhe end gf the day, the outflow temperature
was 14.3°C {57.8°F), near ODFW’'s desired target
temperature and the temperature expected using the
4 Qctober lake temperature prafile shown on Figure
3. IP 3 was left fuily open overnight at 1.8 m
(6.0 ft) and I[P 5 at 0.9 m (3.0 ft) using only WW
B, to observe if any mixing change caused by
density or temperature differences in the well
would occur overnight.

Kanson, et al.
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5 October 1983
Figure 4. 1983 Test Study - Effect of Gate Changes on Temperature and Flow - Day 1
Day 2 Test static condition in WW B. This operation resulted

Althcugh WTC B gate had settled from 0.78 m to
0.77 m {(2.56 ft to 2.53 ft) nvern%ght, the f}ow had
s]ight%y increaseg from 4.0 m™/s (495 ft7/s) to
14.4 m~/s (510 ft“/s). The temperaturenat the
Copper g3ge only varied from 14.35 to 14.20°C (57.8
to 57.6 F), indicating an extremely stable
condition downstream. This was attributed to
overnight cooling downstream rather than a change
in the temperature of water from the wet well.

On the second day, an attempt was made 1o
shift the major portion of the flow to the lower
gate and close the upper gate, followed by
partially opening the upper gate. Shifting from
one wet well to the other was necessary to
completely close IP 3. At the end of the study it
was also necessary to shift wet wells to meet
operaticnal conditions desired by ODFW. As
explained later, we found shifting of wet wells was
not necessary for structural integrity due to the
absence of possible intake gate problems.

IP 5 was incrementally opened from 0.9 to 1.8
m (3.0 to 6.0 ft). Temperature was noticeably
affected, because the increased gate opening
provided additional ccoler water from the lower
Tevel intake port (Figure 5).

The final step of the test was to close 1P 3
and run the total flow through I? 5. In clesing IP
3, what was thought to be a velocity problem,
prevented c1osur§ beyond 0.3 m (0.8 ft) while
discharging 14.3 m"/s (505 ft"/s) through WW B.
Attempting to close IP 3 resulted in a decrease in
temperature at the Copper gage.

To clase IP 3 entirely, the outflow was
shifted from WW B to WW A (iP 4) to provide a

in a temporary increase_ in water temperature at
Copper of approximately 1°C. Because of the short
timing of the gate adjustments, water temperatures
mest likely did not stabilize encugh at the gage to
give accurate effects of these changes. With WW B
static, IP 3 could still not be closed beyond 0.2 m
(0.8 ft). Most likely the gate was held open hy
debris. Since IP 3 could not be fully closed, it
was opened to 0.6 m (2.0 ft) and IP 5 remained
fully open. The outflow was then shified from WW A
to WW B.

A significant change in flow occurred with
this Tast operation. Prior to the change, WTC B
was set at30.?7 m (2.5§ ft) with a downstream flow
of 14.3 m /s (505 ft7/s). After the change, the
WTC B was at G.78 m3(2.55 Ft),3but the flow had
dropped to 13.0 m™/s (460 ft™/s). The change
occurred over a long enough time for downstream
conditions to stabilize. This could be considered
an indication of inaccuracies in gate settings or
downstream gage height readings. It illustrates
the inabitity to finely control outflows.

The next step was to set the project back to
normal cperational conditions. Beca%ﬁe UDF%’S
desired target temperature was for 14.0°C (57.2°F)
water, the pre-test outflow water temperature
conditions were not re-established. To reach
14.0°C, an increase of 3.5°C was required in the
final step of the test. The final gate settings
were based on a lake temperature profile taken 6
October. from that profile, shown on Figure 3, it
was decided that IP's 3 & 4 and WTC’s A & B should
be opened. The first cperation was to claose IP 5
with WTC B fully open. HNo problems, such as
vibration or cable slacking were encountered while
closing IP 5 with a maximum flow in the wet well,

Hanson, et al.
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Figure 5. 1983 Test Study - Effect of Gate Changes on Temperature and Flow - Day 2

To contrel for 14.0°C outflow temperature, WTC
B was set to 0.32 m (1.05 ft) and WTC A to 0.62 m
{2.05 ft}). After 30 minutes the downstream
temperature was found to be rising faster thap
expected or desired. WTC A was raised to 0.76 m
{2.48 ft) and WTC B lowered to 0.17 m (0.57 ft) to
slow the rate of increase in temperature. Two and
one-half hours later, WIC A was lowered to 0.6l m
(2.0 ft) and WIC B was raised to 0.37 m (1.2 ft) as
a final adjustment for 14.0°C (57.2%F) outflow.

Throughout the test, design flow criteria were
exceeded at the WTC's and IP’s. Design flow for
the wet wells, with }he head ag the gates during
the study, is 13.0 m~/s (460 ft™/s) with a WTC gate
setting of 0.8 m (2.67 ft). The most that the WTC
gates could be opened during the test was 0.79 m
(2.58 gt), which gave a flow siightly greater than
14.2 w /§ (500 ft /§). The design flow of the IP’s
is 8.5 m"/s {300 ft /s), but when IP 3 or IP 4 were
used %ﬂone duriqg the test, the release was near
14.2 m™/s (500 ft7/s). When operating WW A alone,
a very noisy situation, similar to being close to a
moving train occurred. Also, substantial vibration
was evident. This might be attributed to high

flows, but WW B did not have the same problem.
Conclusion of Test Results

From the data collected during the test,
noticeable temperature changes indicate that mixing
did indeed take place in the small, single wei well
at Applegate Lake using intake perts at different
Tevels. The amount of flow provided by each intake
port at the various openings was not determinable.
There appeared to be no immediate or short-term
structural or operating problems using the two
intake ports in a single wet well. In fact, well
noise and vibration was considerably Tess with two
intakes in use, than when a single intake port was
used. Although the test was conducted at a single
flow, any problems anticipated while making gate
changes, would most likely have occurred at this
near maximum fiow rather than at Tow flows when
velocities are less.

Results from this test show that it is
feasibile to operate multiple intake ports in a
small, single wet well for temperature mixing and
control.

TABLE 1

QCTOBER 1983 TEST STUDY OPERATING PROCEDURE - DAY 1

WET WELL  WET WELL INTAKE  INTAKE  INTAKE  COPPER
STEP OPERATION CONDUCTED TIME N;E A Nﬁg 8 ;tgﬁs P?ﬁT 3 <P$$T 4 PgsT 5 TBEP
1. Initiate Day 1 Test 0930 1.08 2.06 523 6.0 6.0 0.0 15.6
2. Set Initial Test Conditions 0933 CLOSED 2.56 477 6.0 N/A 0.0 17.25
3. Begin Using Ports 3 and 5 1137 CLOSED 2.56 491 6.0 N/A 1.1 16.05
4. QOpen Port 5 To Next Increment 1323 CLOSED 2.56 495 6.0 N/A 2.0 15.20
5. Open Port 5 To-Next Increment 1534 CLOSED 2.56 495 6.0 N/A 3.0 14.35
6. Ended Day 1 Test 1730 CLOSED 2.56 495 6.0 N/A 3.0 14.30
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TABLE 2

OCTOBER 1983 TEST STUDY O

PERATING PROCEDURE - DAY 2

WET WELL  WET WELL INTAKE  INTAKE  INTAKE  COPPER
STEP OPERATION COMDUCTED TIME WTC A WTC B FLQH PORT 3 PORT 4 PORT 5 TEMP
ft ft ft7/s ft ft ft C
1. Initiate Day 2 Test 0915 CLOSED 2.53 505 6.0 N/A 3.0 14.20
2. Open Port 5 To Next Increment 0929 CLOSED 2.53 510 6.0 N/A 4.0 13.85
3. Open Port 5 To Next Increment 1125 CLOSED 2.53 505 6.0 N/A 5.0 13.22
q. Open Port 5 To Full Opening 1313 CLOSED 2.52 505 6.0 N/A 6.0 12.10
5. Set Final Test Condition 1443 CLOSED 2.52 505 0.8 N/A 6.0 11.20
a. Changing Wet Wells 1445 OPENING CLOSING
7o Close Port 3 1452 2.55 CLOSED 0.8 6.0 N/A 12.00
b.  Adjust to Final Test 1455 CLOSING CPENING 2.0 N/A 6.0
c. Adjustment Completed 1503 CLOSED 2.55 460 2.0 N/A 6.0 10.55
6. Ended Day 2 Test S"d
Set Outflow to 14 1632 CLOSED 2.55 6.0 N/A CLOSING
a. Changing Wet Wells 1635 OPENING CLOSING 6.0 6.0 0.2
b. Set for Temperature Control 1638 2.17 0.85 6.0 6.0 0.2
¢. Closing Wet Well to Fully
Close Intake Port 5 1640 2.58 CLOSED N/A 6.0 N/A
d. Adjustment to 14°C 1650 CLOSING OPENING
e. Finish Adjustment 1652 2.05 1.05 6.0 6.0 Q.2
7. Fine Tune Adjustment 1720 2.48 0.57 520 6.0 6.0 0.2 13.15
a. Final Adjustment and
Finish Test 2100 2.00 1.20 540 6.0 6.0 0.2 14.05

SEPTEMBER 1986 OPERATIONAL STUDY

In September 1986, an opportunity to test a
single get well at the low release rate of 4.8 m™/s
(170 ft”/s} was available. The Oregon Department
of Fish and Wildlife (ODsz had Eequested 3 target
release temperature of 12.8°C {55°F) for September.
The target release temperature was being achieved
by blending water intake port (1P} 3 of wet well
{WW) B and IP 4 of WW A. The Portland District
decided to save as much of the water immediately
below the thermocline as possible to be used later
{Figure 6). The water near to, b%t beBow the
thermocline naturally approaches 12.8°C {55°F) from
thermal heating of the reservoir water during
September. By mixing warmer surface water with
cooler bottom water, the Reservoir Regulation and
Water Quality Section felt it could provide 12.g°c
water Forban ext%pded time period. IP 3 had 16 to
1§ C (Qp to 65 F) water available while IP 5 had
7°C (45 F) water available for mixing.

On 4 September 1986, the Reservoir Regulation
and Water Quality Section requested that the
project use oniy WW B to achieve the 12.8% target
water temperature. This was attempted by fully
opening of IP 3 to 1.8 m (6 ft) and a partial
opening ef IP 5 to 0.9 m (3 ft). Initially there
Was, some difficulty establishing a stable 13°C
(557F) outflow. When WW A was closed, and using
only IP 300f WNOB, the release temperature climbed
to over 16°C (60°F) in two hours (Figure 7). When
[P 5 was opened to 0.9 m {3 ft), Bhe release water
temperature dropped to 1% {52°F). After two
hours, it appeargd the refease temperature had
stabilized near 13°C {55 F), so project personnel
departed. Later, a project operator noticed the
re1%Fse temperature had increased to over 18°C
(65 F). Personnel returned to the selective
withdrawal structure and tried a variety of port
opening combinations to re-establish a release
temperature near 12.8°C. By opening IP 3 to 0.6 m
(2 ft} and IP5to 1.2 m (4 fE), thS release water
temperature stabilized near 14°C (57°F).
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A temperature of 13° to 18%C (55° to 57°F) was

Elevation in teet

Elevation in meters
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1986. At that time, the dual wet well mixing 1940+ 1 Sep 1986 I
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RECENT DEVELOPMENTS IN TURBINE AERATION

E. Dean Harshbarger

Supervisor, Research and Testing, TVA Engineering taboratery, Norris, TN

ABSTRACT

Since the early 1970's, the Tennessee Valley
Authority has been investigating methods for
aerating hydroturbine discharges. Techniques
which have been physically tested 1nclude small
pore diffusers, draft tube air aspiration, vacuum
breaker modifications, hub baffles, draft tube
forced air systems and epilimnetic pumps. These
tests are briefly described and the results
obtained are discussed. The conclusions are that
to a large extent, aeration methods are site
specific and no universal solution can be

appiied. Efforts toward the deveiopment of new
turbines specifically designed for aeratlon are
suggested.

INTRODUCTLON

The hydroturbine discharges from some 21 TVA
dams have been ‘ideniified as having undesirably
Tow dissolved oxygen (00} centent during the
summer and fall months. These dams finvolve a
total of 77 turbines of various types, sizes, and
designs. Since the early 1970's efferts have been
made to develop reliable, economically feasible
systems for increasing the DO in  turbine
discharges. Methods which have been investigated
tnclude: small pore diffusers to bubble oxygen
just upstream from the turbine intake; aspiration
of air into the turbine draft tube; modification
of the vacuum breaker system to aspirate more air;
forced air into the draft tube; epilimnetic pumps
ta force oxygenated reservoir surface water into
the intakes; and development of a self-aerating
turbine. Progress on aeration efforts in TVA hdve
been reported periodically (TVA, 1981, 1983, 1984;
Davis, et al., 1983; Bohac, et al., 1986; Ruane,
et al., 1986). This paper reviews TVA's past
efforts and updates the latest efforts to develep
these aeration methods.

AERATION TECHNIQUES INVESTIGATED
Small Pore Biffusers .

Smatl pore  diffusers were  extensively
investigated in the early 1970°s as a possible
salution for DO problems at Fort Patrick Henry Dam
{TVA, 1978} . Fifteen to twenty different
commercially available diffuser materials were
evaluated in the ‘laboratory and, based upon
information gained, two were selected for use in a
full-scale field test. Ten frames of about 150
diffusers each were placed near the bottom of the
70-foot deep reservoir Just upstream from one of
the two turbine intakes. Pure oxygen was bubbled
through these diffusers from a ligquid oxygen
storage and evaporating factlity located nearby.

The system worked. DO was increased from near
zero in the reservoir to about four ppm in the
tailrace. The main problems with this system were
the safety concerns over using oxygen and the
retatively high initial and operating costs. It
was estimated that an operating system to increase
the DO in the discharge from both hydroturbines at
Fort Patrick Henry to 5 ppm would have an initial
capital cost of about $400,000 and an annual
operating cost of about $110,000.

At present, a small pore diffuser system fis
heing studied for use on the four units at Douglas
Bam. The preliminary design calls for nearly
6,000, 17.5-cm {7-in.) diameter diffusers placed
in an area of about 2 acres in frent of the
turbine intakes. A Tiquid oxygen storage facility
capabte of supplying about 54 tons of oxygen per
day would be placed nearby to furnish enough
oxygen to raise the discharge 00 content up to
4 ppm. The storage tanks would have to be
refiiled every 3 days under extreme conditions of
zero incoming 00 and full plant discharge of
48 m*/s (16,000 c¢fs). Costs for the system are
estimated to be about $3.5M initially and $1.0H
annually.

Draft Tube Air Aspiration

Te induce air into the draft tube at Norris

and thus increase the DG in the ‘furbine
discharges, a flow obstruction in the form of a
metal pipe, triangular 4in cross section, was

welded to the draft tube wall about 1.5 m (5 ft)
downstream from the turbine of Unit 1
(Harshbarger, 1982a). The pipe {or baffle)
protruded 15 cm {6 in.) from the draft tube wall.
The upstream side of the Dpaffle served to
accelerate the flow. This caused a Tow pressure
on the downstream side to induce air. The
intertor of the pipe served as a passageway for
air which then entered the draft tube through some
40 equally spaced 3.75-¢m (1.5-1n.) diameter holes
in the downstream side of the baffle. Alir reached
the bhaffle via a 25-¢cm (10-in.) pipe through an
opening cut Jjust below the draft tube mandoor.
This system aspirated enough air to intrease the
tailrace DO 3-4 ppm, but caused unacceptable
energy josses. Imbedding the baffle into the wall
of the draft tube may have reduced energy losses

but was not attractive because of construction
difficutties.
Another draft tube baffle scheme was

installed and tested on & 35 MW Francis unit at
Douglas Dam (Harshbarger, 19B4d}). For these
tests, a 26.7-cm (10.75-in.) high, 11.9-cm
(4.75-1n.) deep manifold was cut irto the draft
tube wall about 3.6 m (12 ft) downstiream from the
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turbine. Alr was supplied te the manifold through
a l4-inch pipe entering the draft tube adjacent to
the mandoor. Twenty-four equally spaced 4.4-cm
(1.75-1n.) diameter tholes were cut into the
manifold for air vents into the draft tube. Over
each of these vents was bolted a conical shaped
-baffle which protruded 12.5 cm (5 in.} from the
draft tube wall. Tests indicated that these
baffles reduced lYocal pressure, but not enough to
induce stgnificant amounts of ajr into the draft
tube.

vacuum Breaker Modificattions

Most hydroturbines are equipped wWwith wacuum
breaker systems to vrelieve below atmospheric
pressures which may occur when flow through the
turbine 45 suddenly stopped. These systems
consist of openings in the turbine hub which Tlead
to passageways through the headcover and then to
the atmosphere via 15- to 20-cm (6- to B-1n.)
diameter pipe. A spring loaded valve is placed in
the air pipe to admit air if the pressure under
the headcover drops below some preset value.

Tests were conducted on 19 units to determine
if there was enough suction to induce air through
the vacuum breaker system 1f the vacuum breaker
valve was blocked open (Fox, 1980, 1981;
Harshbarger, 1981a, 1981c, 1981¢, 1319Ble, 1982b,
19682d, 1982e, 1983a)}. On a few of them, airfliow
was increased slightly at low wicket gate
openings, but not at the gate openings where the
units are usually run. Only on the 35 MW unit at
South Holston Dam was vacuum breaker suction
sufficient to aspirate significant amounts of air
(Harshbarger, 1985b). Onr this unit, an additional
opening was cut through the headcover to admit
about 0.9 m®/s (30 cfs) of air at the normal
operating wicket gate opening (near 100%}. This
was enough to increase 00 in the tailrace on the
order of 2 ppm.

Hub Baffies

To lower pressures and thus aspirate more air
through the wacuum breaker system, small baffles
were 1installed over the wvacuum breaker ports on
the hubs of five different turbines. Tests on two
francis type units at Cherokee Dam (Harshbarger,
1981b}, one at ODouglas Dam (Harshbarger, 1982c)
and one at Wilson Dam (Harshbarger, 19B2e)
indicated that the hub baffles increased induced
airflow only finsigntficant amounts at the wicket
gate openings of interest.

Part of the prebltems with hub baffles appears
to be attributable to changing flow patterns
around the turbine hub as flow through the unit is
changed. In order to design a hub baffle which
would work well at all flows, particularly the
flow obtained at the most efficient gate opening,
TVA contracted with an outside firm to apply a
mathematical model they had developed to determine
the flow around the hub of the ODouglas
hydroturbine. This  1information, along with
information obtained from a baffle test apparatus
at the TVA Engineering laboratory was subsequently
used to design a hub baffle system for aerating
the Douglas hydroturbines. This system involved
relocating the vacuum breaker ports and installing
12.5-cm (5-in.} high c¢ylindrical baffles which
protruded 12.5 c¢cm (5 in.) out from the turbine hub
over each port. These baffles did induce air but
not 1in great enough amounts to significantly
increase BD in the discharge. Hub baffles were

consequently discarded as a method for aeration at
Douglas Dam.

Oon the 35 MW unit at South Holston, the
vacuum breaker ports were relocated farther down
the hub and then baffles were placed over the new
ports. This particular unit needs air to dampen
severe vibrations <caused by flow through the
penstock and draft tube. The baffles were
designed to aspirate at gate openings of about 75
to 80 percent. At low gate openings, no air was
induced and the unit vibrated severely. The
baffles were subsequently removed and no
additional tests were conducted since 1t was
discovered that aeratton could be accomplished by
relatively simple modifications to the vacuum
breaker system.

Successful
accomplished on

aeration wusing hub baffles was
the two 50 MW units at Norris
Dam. After several iterations (Harshbarger,
1983a, 1982d, 1984c) and a series of Laboratory
tests, bolt-on type baffles were designed and have
been in use for the past three years. These
baffles are in the form of a cylindrical wedge cut
from a section of 25-cm {10-in.) pipe and protrude
out from the hub 13.75 cm (5.5 in.). With these
pbafftes, enocugh air i1s induced to add about 4 ppm
to the turbine discharges. The baffles and
induced air reduce unit efficiency Tless than
one-half of one percent, To aveld this small
power loss when aeration 1is not needed, the
bafflies are bolted on in late summer and removed
as soon as the incoming DD reaches 4 ppm.

The two units at Norris on which the baffles
have been used have experienced an accelerated
rate of cavitation damage, an expanded cavitation
damaged area and cavitatton damage in areas which
are difficuit to repair. Consideration is being
given to the development of new stainless steel
runners which would be less susceptible - to
cavitation damage and which could possibly be
designed to be self-aerating.

Oraft Tube Forced Air System

The feasibi¥ity of using blowers to aerate by
forcing air under the turbine headcover was tested
on a total of 8 units (Harshbarger, 1983b, 1984a,
1984b, 1985a)., for most of these tests, access
holes were cut through the turbine headcover and
air from pertable, diesel powered compressers was
supplied through temporary pipes and hoses. This
method worked with varying degrees of success on
nearly all turbines where it was tried. The major
probtem was that to 1install a permanent system
large enough to meet desired 00 <conditions
required large biowers and major plant
modifications to instail necessary piping and
controls,

At Douglas Dam, biowers were also used to
force air through the manifold cut into the draft
tube of Unit 4 and previously used for the draft
tube baffle tests (Marshbarger, 1984d). The
baffles were removed for the blower tests leaving
only the holes cut inte the manifold. The blower
system worked satisfactorily for aerating the
turbine releases, but there was no room to install
the required alr ducts and compressor equipment on
a permanent basis.

At present, a forced air system s being

successfully applied at the 45 MW Tims Ford Dam
(Harshbarger, 1985c)}. At this site, a 1.5 m3/s

Harshbarger
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(50 c¢fs)} blower has heen installed in a small
shelter outside the plant and the necessary piping
is routed outside the plant building to a Tocation
near the unit where a tie-in to the vacuum breaker
system 15 made. Flow from this blower is
controlled by a damper and is adjusted to maintain
a D0 concentration in the tallirace of 4 ppm.

Epitimnetic Pumps

Turbine tntakes are usually located near the
bottom of reservoirs and draw cooler, low oxygen
content water when the reservoir  becomes
temperature stratified. At Douglas Dam, an
aeratton methed using pumps to force highly
oxygenated reservoir surface water into the
turbine 4intakes 1s being tested (Mebley, 7986).
Each pump consists of a 6-bladed, 4.6-m (15-ft)
diameter propeller connected by a shaft and gear
box te a 30-hp electric moter. The motor, gear
box and controls are supported from a raft on the
water surface while the pump propeller 1is
suspended beneath the raft at a depth of 3 m (10
ft}. The propeller turns at about 21 rpm and 1s
expected to move about 1.4 m?/s (500 cfs) of
water down some 25 m (B0 ft) to the turbine
intake. Two pumps have been installed so far with
a third expected to be 1in place before the
reservoir stratifies next summer. Tests to
evaluate the system are pianned for July 1987.

CONCLUSIONS

Several techiniques for aeration of turbine
discharges have been investigated by TVA over the
past several years. These include small pore
diffusers, draft tube air aspiration, wvacuum
hreaker system modifications, hub baffles, blowers
and epilimnetic pumps. At present, a small pore
diffuser system ts under study for use at Douglas
pam, the vacuum breaker system has been modified
to admit more air at South Holston @am, hub
baffles are 4n use at Norris Dam, a bhiower is
being used to force air under the turbine
headcover at Tims Ford Dam and epilimnetic pumps
are under study at Douglas Bam. In addition, the
deveiopment of a self-aerating cavitation damage
resistant turbine 1s bDeing considered to replace

the present turbines at Norris Dam. The
conclusion 1s that there 1s no universal solution
for aeration of turbine discharges. Geometry
glone demands that each case be considered

individually to arrive at the most economical and
efficient system.
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ABSTRACT

During the early planning stages of the Russell
project, a major concern of the State and Federal
agencies was that the project comply with State
water quality standards. The Corps of Engineers
comitted itself to this objective and developed
a diffused oxygen injection system to oxygenate
the reservoir releases. &t Richard B. PFussell
Lake, oxygen is injected into the lake through
fine pore diffusers located on the bottom of the
lake both at the face of the dam and 1 mile upstream
from the dam. The paper documents the interagency
involvement in the oxygen injection system, summar-
izes the results of the fielé tests which led
to the development of the system, and describes
the installation and operation of the system install-
ed in Richard B. Russell Lake,

INTRODUCTION

The Savannah District, U.S. Army Corps of
Engineers, is currently cormpleting construction
and has begun cperation of the Richard B. Russell
Dam and Lake project on the Savannah River between
Georgia and South Carolina. The Richard B. Russell
Damsite is on the Savannah River 37 miles above
Clarks Hill Dam and 30 miles below Hartwell Dam,
Clarks Hill and Hartwell are both Corps of Engineers
projects.

The Richard B. Russell Dam and Lake is a
multi-purpose project designed to provide hydro-
power, some flood control, recreation, and has
a potential for water supply. The dam consists
of a 195-foot high, 1,900-foot long concrete gravity
structure flanked by twe earth embankments. The
project is designed as a peaking powerplant with
an installed capacity of 600 megawatts., The power-
house will contain four 75-megawatt conventional
units and four 75-megawatt pump units. This install-
ation will make the project one of the largest
Corps of Engineers' hydropower “facilities in the
nation. During pericds of maximum generation
the plant will release about 60,000 CFS. During
maximam pumpback operaticn, 30,000 CFS will be
pumped from Clarks Hill Lake back into Russell.
The average daily release from the project is
over 3,500 CFS. At maximum power pool the Russell
Lake covers 26,650 acres and inpounds 1,026,000
acre-feet of water.

The lake was impounded in 1984, Power—-cn-
line for the first of the four conventiocnal units
occurred in December 1984, and the last convertional
unit became operational in January 1986. Power—
on-line for the first of the four pup storage
units is scheduled for February 1990. The current
project cost estimate is 541 million dollars,

Like all desp lakes in the southeast, the
Richard B. Russell Lake thermally stratifies in
the warm swmer meonths, During this time, the
waters circulated by the wind are confined to
the top 30 feet of the lake. With no means to
replenish dissolved oxygen lost due to biological
and chemical activity, the dissclved oxygen concen-—
trations in the lower layer of the lake are gradual-
ly exhausted, Since the turbine intake are located
in the lower layer of the lake, it is this water
that is released from the project for power genera-
tion, and during the summer these waters have
progressively reduced dissolved oxygen levels.

“INTERAGENCY INVOLVEMENT

During the early planning stages of the Russell
project, a major concern of the State and Federal
agencies was that the project coply with State
water quatity standards. The State of Gecrgia
was particularly emphatic on this point, and as
a result, the cost sharing agreement between the
State of Georgia and the Federal Government for
development of the project's recreational areas
includes the stipulation that the operation of
the project will meet State water quality standards,
Besides this commitment to Georgia, a commitment
to provide 6 parts per million {ppm} dissclved
oxygen in the releases from the reservoir is also
explicitly stated in the Statement of Findings
for the project filed pursvant to Section 404
of the Federal Water Pollution Control Act Amendments
of 1972,

In July 1972, the Georgia Department of Natural
Basources requested the formation of a technical
cormittee to analyze the wafer quality matters
relating to the Russell project. The objective
of the committee was to evaluate the thermal and
dissolved oxygen characteristics of the Russell
project as an integral part of the Hartwell-Clarks
Hill reservoir system including the following
specificss

a, Maintenance of Federal and State water
quality standards.

b. Maintenance of a coldwater fishery in
a l0-mile reach downstream from Hartwell Dam.

c, Development of a warm and cold water
fishery within Russell Lake.

d. Maintenance of a warm and cold water
fishery within Clarks Hill Lake.

With these objectives established, physical
and mathematical modeling were conducted to determine
travel time, level and thickness of inflows, entrain-
ment and pumpback currents which were then input
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into a mathematical model which determined the dis-
soived oxygen and temperature regimes in the lakes
and in the hydropower releases.

In its final report, the committee observed
that the water aquality objectives could be met
with the artificial addition of oxygen. Several
methods of adding oxygen were then investigated
including surface aerators, diffused air injection,
spillway aeration, penstock air injection, multi-
level penstock intakes, submerged weirs, oxygen
injection into the penstocks, side stream oxygene-
tion, localized destratification, pulsed oxygen
injection through porous diffusers into the lake
at the face of the dam, and continuous oxygen
injection through porous diffusers into the lake
at a point several days travel time upstream
of the dam, With the high oxygen and low tempera-
ture constraints, continuous oxygen injection
with an on-site Government-owned cryogenic plant
was identified as the most feasible alternative.
Contimwus oxygen injection is favored over pulsed
oxygen injection because it avoids the high capital
and operating costs associated with liquifying
and storing gaseous oxygen.

FIELD TESTS

Between 1975 and 1980, the Savannah District,
through contracts with Dr. Richard Speece of
Drexaeliniversity, conducted field tests of an
oxygen injection system at Clarks Hill Lake.
As a first step, a sSmall scale system capable
of providing sufficient oxygen for the discharge
of o©ne turbine was installed adjacent to the
dam face at Clarks Hill and operated in a pulsed
mode by Speecs, et al,{l) in the sumer of 1975,
This made it possible to rapidly monitor the
oxygen level in the dicharge and determine the
oxygen absorption efficiency immediately.

It was concluded from these tests that it
was technically feasible to dissolve oxygen in
a pulsed mode that was matched to the water dis-
charge rate. However, as mentioned earlier,
the recomended method is continuous oxygen in-
jection at an upstrean point in the lake rather
than pulsed oxygen injection at the face of the
dam. Pulsed injection of oxygen to match the
water discharge rate involves mtching the peaking
discharge pattern which normally occurs less
than 12 hours each weekday and even less on week-
ends. With on-site cryogenic oxygen being pro-
duced in the gasecus state at a uniform rate,
conpressio and storage would need to be provided
to match the production with the usage rate.
This would increase the capital costs of the
oxygen production facility, Therefore, it was
decided that field tests shouid be conducted
to evaluvate the feasibility of continuous injec-
tion into a diffuser system located approximately
1 mile upstream of the dam..

The field tests of the continucus injection
system began the next sumer(?). The tests were
divided intc three phases. Phase I was an evalua-
tion of the oxygen absorption efficiency of varicus
diffusers. In this test, diffusers with a standard
permeability of 0.5 to 2.0 feet per minute (fpm)
were identified as the optimmm diffusers. Fhase
IT involved tests of racks of diffusers to deter-
mine the elevation in the water colum at which
the oxygenated water would come to equilibrium.

Phase III of the study involved installation
of nine diffuser racks at a location approximately
1 mile upstream of the dam in water approximately

130 feet deep. The highest dissolved oxygen concen—
tration recorded in the turbines was 4.1 ppm which
occurred about 6 days after oxygen injection started.
The background dissolved oxygen before oxygen
injection commenced was 0.5 to 0.8 ppm. Only
about 30 to 40 percent of the oxygen that was
injected appeared to eventually reach the turbines.
the low oxygen absorption efficiency was due to
two factors. First, the diffusers on the rack
vere not the most efficient as determined in Phase
I of the study. Second, the close semicircular
spacing of the diffuser racks and high injection
rates per diffuser caused localized destratifica-
tion in the wvicinity of the diffuser racks which
resulted in the dissclved oxygen-rich water coming
to egquilibrium in the upper lewvel of the lake
where it was unavailble for dissolved oxygen enrich-
ment of the turbine discharges. It was determined
that improvements in the performence of the oxygen
injection system could be realized by lowering
the injection rate per diffuser by quadrupling
the number of diffusers per rack, equipping the
racks with the cptimum 2 fpm diffusers, and spread-
ing the racks across the lake cross section.

These improvements were made to the system
and field tests were conducted in the summer of
1977{3), The nine racks were fitted with 40 square
feet of diffusers of 2 fpm standard permeability.
The racks were placed across the lake cross secticn
1 mile upstream from the dam and spaced approxi-
mately 300 feet apart with the first rack located
approximately 1,200 feet from shore. Oxygen was
injected continuously for 30 days at a rate of
100 tons/day, and dissolved oxygen and temperature
were monitored in the lake and the turbines.
During this pericd of oxygen injection, dissolved
oxygen concentrations of 4 to 5 ppm were maintained
with an absorption efficiency of 50 percent.
Mthough this represented an improvement over
the results from the previcus year, the goal of
6 ppm dissolved oxygen was still not achieved
and the absorption efficiency was still unaccept-
able. Although the lake did net destratify in
the wvicinity of the racks, pumping of the oxygen-
ated water ocourred causing it to reach the surface
where it warmed and returned teo an intermediate
layer generally above the turbine withdrawal zone.
It was determined that the punping was due to
the four-sided diffuser configuration of the racks
and that the pumping could be eliminated by employ-
ing a linear diffuser configuration.

RICHARD B. RUSSELL OXYGEN INJECTICN SYSTEM

The oxygen injection system at the Richard
B, Russell project is described in the Richard
B. Russell Dam and Lake Design Memorandum 35 and
Supplement No. 1 (4 and 5)_  The system at Russell
has a continuous injection system located 1 mile
upstream of the Russell damsite but aiso has supple-
mental injection capability at the face of the
dam to be used during periods of higher than normal
releases and unusually high dissolwved oxygen defi-
cits, Gaseous oxygen is supplied from a ligquid
oxygen storage facility on the lakeshore.

The ccontinuous system consists of a distri-
bution pipe from the oxygen facility to two parallel
diffuser pipes suspended 5 feet off the lake bottom.
The two diffuser pipes are over 1,600 feet long
and are spaced 100 feet apart. For the pulsed
system, a main distribution line extends from
the oxygen supply site to the top of the dam.
Additionally, eight feeder pipes extend from the
main distribution line down the face of the dam
and then connect to the diffuser 1lines between
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each intake perpendicular to the face of the
dam. Each feeder pipe for the pulsed system
is equipped with a motorized control wvalve which
allows operation of any combination of pulsed
diffuser lines. Power and telemetry for the
motorized control valves is provided from the
oxygen supply facility by means of underground
cables.

A typical secticn of diffuser piping is shown
on Figure 1. The diffuser piping consists of
an 8-inch center manifeld pipe made of fiberglass
reinforced plastic. Flotation is attached to
the manifold pipe to provide a constant positive
buoyancy to the system during shutdown. Vertical
and horizontal alignment of the system is secured
by guying the manifold pipe to concrete anchor
blocks on the lake bottow with stainless steel
cables. Flanged to the manifold pipe are 20-
feet sections of 4-inch schedule 80 PVWC diffuser
pipe. The diffusers are spaced 1 foot apart
along this pipe. A control crifice is installed
in each flanged connection between the manifold
pipe ard the diffuser pipe to ensure proper flow
distribution through this system. The diffusers
are 7 inches in diameter and are made of silica
glass bonded together with an organic binder.
The diffusers have a standard permeability of
2 fpm.

The cost of the oxygenation system was 3.9
million dollars: 1.0 million dollars for the
oxygen storage facility anxi 2.9 million deollars
for the distribution and diffusing system. The
price of liquid oxygen is ocurrently $65/ton.

Based on the best estimates currently available
on the expected dissolved oxygen content of the
reservoir releases, the expected daily discharge
from the project and the expected cxygen abscrption
efficiency, approximately 5,500 tons of oxygen
would have to be added annually at a maximum
rate of 150 tons/day to meet the downstream dis—
solved oxygen cbjective of 6 ppm in the hydropower
discharges that would occur 90 percent of the
time. For the first few years of operation,
oxygen will be purchased from commercial suppliers,
stored in liquid oxygen storage tanks on the
site, and then vaporized as needed. Although
ultimate plans are to instail an on-site oxygen
proeduction facility, purchased liquid oxygen
will be used initially to gain detailed data
on project performance and oxygen requirements.
After this pericd, we will be in a better positicn
to determine both the desirakility of an on-site
preduction facility and the type of facility
that will be most econcmical to operate,

In order to monitor the inpacts of Russell
Dam and Lake on the three lake system, the Savannah
District entered intc a cooperative agreement
with the Waterways Emperiment Station for a 3-
year water quality stody. This study included
3 major cbjectives:

{1} tc described post-impoundment water
quality conditions in Richard B. Russell Lake;

(2} to docurent the impacts of impourkiment
on water quality ccnditions in Clarks Hill Lake
and;
(3} to evaluate the effectiveness of the
oxygeninjection system in ameliorating potential
water quality problems in Richard B, Russeil
Lake and its tailwater.

Three annual reports summarizing the findings
of this study will be published (€),

The oxygen injection system began initial
cperation in April 1985 with the onset of lake
stratification and continued operating until the
lake destratified in early December. Figure 2
shows a dissolved oxygen profile just downstream
of the system along with a background dissclved
oxygen profile taken 1-1/2 miles upstream of the
system, As the figure shows, the oxygenated water
repains in the lower layer of the lake where it
is available for turbine discharge. The oxygen
injection system has consistently maintained at
least 6.0 mg/l of dissolved ocxygen in the releases
from Russell Dam. The total oxygen injected during
1985 was 13,300 tons which was higher than antici-
pated due to the large amount of oxygen demanding
material found in the new lake, and a later than
normal fall turnover,

The second season of oxygen injection began
in May 1986. As of September 30, 6650 tons of
oxygen have been injected. This is 2200 tons
less than was injected for the same period in
1985. This reduction in oxygen required is due
to the natural aging of the lake and to the reduced
total water released from Russell Dam caused by
the present drought conditions in the Southeast.

Gas analyses of the bubbles have shown
that bubble size greatly influence the oxygen
transfer efficiency of the system. Measured effi-
ciencies have ranged from 25 to 96 percent with
smaller bubbles averaging greater than 70 percent
and larger bubbles less than 50 percent. Small
bubbles result from diffusion through the diffusers
while large bubbles result from leaks in the system
or malfuncticning diffusers,

The oxygen injecticn system has been in
operating for two seasons and overall the system
has performed as designed, The dissolved oxygen
levels released from the dam have consistently
been greater than 6.0 mg/1 with the average oxygen
transfer efficiency around 75 percent. The largest
portion of oxygen is absorbed in the lower hypo-
limnion which comprises most of the withdrawal
from the lake, Oxygen injection has not caused
local destratification which would increase the
water temperature of the releases.
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IN-RESERVOIR AERATION SYSTEMS

C. E. Bohaec, Ph.D., P.E., Envirenmental Engineer,
Tennessee Valley Authority
Chattanooga, Tennessee

ABSTRACT

Two types of aeration systems are are being
demonstrated by the Tennessee Valley Authority.
The first is an aeration/destratification system
using diffused air. The system is installed at
Upper Bear Creek Reservoir, Alabama. The system
is designed to increase DO levels in the reser-
voir as well as reduce concentrations of iron,
manganese, and hydrogen sulfide in the with-
drawals from the resecrveir,

The second system is a hypolimnetic
geration system using high purity oxygen. The
system is designed to aerate only & small
submerged pool of cool water in an embayment
of a large reservoir. The embayment acts as a
refuge for fish during times when the main
reservoir body iz ancxic and fish are stressed.

INTRODUCTION

There are two classes of problems arising
from anoxic conditions in reserveirs. The first
is that depressed reservoir oxygen levels can
result in low oxygen concentrationgs in the
releases from reservoirs. The second is that
depressed reserveir oxygen levels c¢an directly
regult in adverse biological and bicchemical
conditions in the reservoir. In some cases
reservoir aeration can be used to improve the
dissolved oxygen (DO} levels in the releases
from the reservoir and used to modify the
chemical and bioclogical environment within
the reservoir.

This paper reports on two in-reservoir
aeration efforts., The first was to aerate and
possibly destratify a significant portien of
the Upper Bear Creek Reservoir near Haleyville,
Alabama. The second was to aerate a pertion of
the Thypolimnion of Cherokee Reservoir near
Morristown, Tennessee.

UPPER BEAR CREEK RESERVOIR

Upper Bear Creek Reserveir has a volume of
approximately 2.8x107m?® (23,000 acre-feet) with
a surface area of about 1.2 to 1.6x107m? (3000
to 4000} acres. Filling of the reservoir began
in 1974, The reservoir provides flood protec-
tion and gerves as & water supply for several
communities in west-central Alabama. In addi-
tion, the reservoir provides water for the
weekend operation of the Bear Creek Floatway, a
major recreational feature in the area. The
reservoir and outlet structure are shown in
figure 1.

Figure 1. Upper Bear Creek Reservoir

The water quality problems assocliated with
Upper Bear Creek Reservoir are low summer DO
which leads to the high concentrations of iren,
manganese, and sometimes hydrogen sulfide. The
anoxie reservoir provides a reducing environment
and the insoluble iren, manganese, and sulfide
in the reservoir sediments become dis-
golved. The source of these three constituents
is pelieved to be upstream coal mining.

Problems result in that the water treatment
plant using the reservoir as a water supply
often struggles with the removel of the iron and
manganesge. In addition, water released at
approximately 7.1 m3®/sec {250 c¢f3) Lhrough
an aerating wvalve for the floatway does not
provide sufficient oxidation time for the iron
and manganese. The oxidation rate for the iron
and manganese are on the order of hours for the
iron and days for the manganese. Therefore, the
iron and manganese oxidize and precipitate in
the creek, leaving it highly stained, with large
growths of iron bacteria, and with precipitates
coating much of the aquatic 1life below the
stream. An additional problem occurs when the
reservoir level drops below the spillway crest.
In order to maintain minimum streamflow of about
0.2 to 0.3 m3/sec (7 to 10 c¢fs), a smell,
unaerated valve is used to provide the minimum
releases because the [lows are too small to use
the aerating valve, This operation not only
results in iron and manganese problems as de-
seribed above, but concentrations of hydrogen
sulfide as high as 0.5 mg/L have been detected
in the ecreek. Hydrogen sulfide concentrations
greater than 0.002 mg/L can be toxic to aquatic
life.
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Iypical profiles of DO, iron, and manga-
nese are shown in figures 2, 3, and 4.

A diffused aerstion system was installed in
Upper Bear Creek Regervoir in the late apring of
1986. Four diffusers were used. The diffusers
were placed across the old river channel, spaced
about . 150 to 300 m (500 to 1000 feet) apart.
The locations are shown in figure 5. Each
diffuser was constructed of 7.6 em {(3-inch)} PVC
pipe mounted in an aluminum frame which holds
the pipe approximately 0.9 m {3 feet) above the
bottom of the reservoir. Each diffuser consists
of two 6.1 m (20-foot) sections of pipe joined
by a coupling. 1.0-mm (0.039 inches} holes were
drilled in each side of the pipes on 0.3 m Figure 6. Diffusers
{1-foot) spacings. One end of the 12.2 m
{40-foot) diffuser 1is capped and the othar
fitted with a quick-connect Fitting for a 2.5 cm Two 1.4 m®/min {50 cfm}, 8.8 kg/cm?

{1-ineh} air  hose, Figure 6 shows  the (125 psi) compressors, supply the air with
diffusers.
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one compressor for each two diffusers. The com-
pressors are toe run c¢ontinuously from about the
first of May through September.

System Operation

Operation of the aeration system was de-
layed due to a failure of the original coupling
connacting the two sections of each diffuser.
Additional delay was caused by two diving
accidents during installation. The delays
resulted in initieting operation after the
reservoir had stratified.

Soon after operation began, the water
treatment plant, which has its intake at the
dam, experienced a change in water quality which
significantly upset plant operation. The aera-
tion system was then shut down Ffor Llwo weeks.
The upper two diffusers which are approximately
1.2 to 1.6 kilometers (0.75% to 1.0 miles}
upstream from the dam were then operated for
approximately one week after which time Ethe
water treatment plant again experienced condi-
tions of fluctuating water guality which again
resulted in sgignificant upsets of the plant's
operation., The aeration system was again shut
down. After three weeks the two diffusers were
operated but this time for only a day and a
half. Several days later, the water treatment
plant again experienced an upset.

The difficulty experienced by the water
trestment plant was thought to be caused by the
slow coxidation and sedimentation of the
manganese in the water upwelled by the
aserators. Because the oxidetion rate of the
manganegse is on the order of days, it waa not
removed by the time it reached the water
treatment plant intake. It is hoped that under
normal operation of the aeration aystem 1n which
the system 1is started before the reservoir
stratifies, the deep portions of the reservoir
will stay aerobic and prevent the manganese from
becoming soluble.

CHERQKEE RESERVOIR

Buring late summer, the temperature in the
epilimnion of Cherokee Reservoir exceeds Cthe
optimum temperature of 22 to 24°C (72 to 75°'F)
for striped bass, a very important gamefish in
the reservoir. The striped basz seek cooler
parts of the reservoir during critical tempera-
ture periods. Unfortunately, the hypolimnion,
which is cooler, containg insufficient concen-
trations of DO. The bass, therefore, seek
refuge elsewhere to wait out the duration of the
streasful conditions. The more popular refuge
aresas are enbayments fed by cool spring water
high in DO. However, there have been fish kills
over the yearas because the refuges were not
large enough for all the fish, the refuges were
unable to maintain cool enough temperatures, the
PO was not sufficiently high, or all of these
factors.

Because of the need for additional and
improved refuges, an  artificial refuge was
created for the striped bass in the reservoir.
The refuge approach was gelected due to the high
cost of trying to aerate in the reservoir

itself. Even if the reservoir could be aerated,
it was not certain that the water would be suf-
ficiently cool to sustain the bass.

Description of the Dam and Aeration System

A& small embayment, shown in figure 7, at
Holston River mile (HRM) 55 was selected for the
refuge. The refuge was constructed by placing a
submerged dam across the mouth of a small embay-
mant to krap c¢old water in the spring of the
year and retain it throughout the summer. The
water trapped by the dam was aerated using
liquid oxygen and a diffuser system placed on
the bottom of the embayment.

Figure 7. Refuge Embayment

Submerged dam

The submerged dam is made from Hypolon
strips cemented together in 1.5 m (S5-foot
sections. Approximately 96 m {315 feet) of
the fabric is used to span the mouth of the
cove, The fabric is up to 21 m (70 feet) wide
in the middle where the embayment is deepest,
and tapers to approximately 12 m (40 feet) along
the ends. The dem is about 15 m (50 feet) high
et the deepest point. The fabric is folded at
the bottom to provide a tail which lies flat
along the bottom of the embayment. The bottom
is sealed by placing gabions filled with
sandbags on top of the tail. Because of the
steepness of the side slopes, the gabions are
held in place by cables connected to anchor pins
drilled and grouted into the reservoir aide.

The top of the fabric is suspended from a
9.5 mm (3/8-inch) cable which is bolted to two
pins on each side of the embayment. One pin
laterally restrains the cable and the other pin
vertically reatrains it.

When the reservoir is unstratified, there
are no loads on the dam and the fabric hangs
limp. When the reservoir becomes stratified and
the temperature on either side of the dam is
equal, the dam remains limp. However, as the
cold water is pulled from the hypolimnion for
power generation, the thermocline is lowered
resulting in higher temperatures at lower
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elevations in the reservoir.l Because the
water behind the submerged dam is isolated from
the effects of the turbine releases, the thermo-
cline remains at its original depth behind the
submerged weir. This, of course, causes &
temperature difference to occur between the
water behind the dam in the embayment and water
in the main body of the reservoir. The cocler
and more dense embayment water pushes ageainst
the fabric dam billowing it out much like a

sail. When the maximum temperature difference
iz achieved, there is as much as 6360 kg (14,000
pounds) of force acting vertically on the main
support cable. Thiz load is supported with 66
underwater buoys attached to Lthe main support
cable. When the dam is unloaded (no temperature
difference exists) the buoys are held down by
concrete anchors on the embayment floor. As the
temperature difference develops, the heavier
water inside the embayment begins to pull the
fabric down, relaxing the tension in the anchor
lines between the buoys and the buoy anchors and
allows the vertical load acting on the fabric te
now be borne by the buoys. Figures 8 and 9
schematically depict the fabric dam. IThe design
eriteria for the dam are presented in table 1.

Table 1

The oxygen system reguires approxrimately
one-fifth the gas flow rate of an air system and
thus much less water is upwelled. This reduces
the chance of losing the cold water over the top
of the barrier. The diffuser system is con-
structed of six 0.9 m {3-foot} by 7.6 cm (3-
inch), fine-pore ceramic diffusers {manufac-
tured by Marox Corporation) mounted end to
end on & galvanized pipe frame {see fipures 10
and 11}).  There are 13 pipe frames each approxi-
mately 6.1 m {20 feet) long arranged as shown in
figure 12, The oxygen is supplied to diffusers
at a rate of 45 to 90 Xg/day (100 to 200
lbs/day}.

Because no access roads could be provided
to an onshore oxygen storage sSite, oXygen is
barged to the refuge. A 6.4 m (21l-foot) pontoon
boat was fitted for storing four 341 kg
{750~pound) liquid oxygen tanks. The Lanks are
connected to a common manifeld, followed by a
metering system, before the oxygen is delivered
to the diffusers. The oxygen requirement is low
enough that vaporizing devices are not
required. The oxygen oerge and mooring
facilities are depicted in figures 13, 14,

Design Data

Length of dam on area

Distance between anchor pins

Bottom elevation

Top of dam elevation

Number of buoys and anchors

Number of gabions

Number of sandbags

Length of anchor rope

Fabric

Maximum temperature difference
Nermal rceservoir full pool elevation
Minimum reservoir full pool elevation
Diffuser length

Oxygen flow

Oxypen storage

Volume of refuge

Refuge surface area at elevation 1008.5
Average depth

Maximum depth of coldwater pool

96 m {315 ft.

88 m (290 ft.

293 m (960 ft.

207 m {1008 ft.}

66

29

1300

1520 m {5000 ft.)

4 mil Hypolon®

8°C (14°F)

328 m {1075 ft.)

811 m {1020 ft.)

79 m (260 ft.)

Up to 114 kg/day (250 lbs/day)
Four 341 kg {750 1b} dewars
1,4x10%m?{117 ac-ft.)
2.7x104m2{6.6 ac.}

5.5 m (18 ft.)

15 m (48 ft.)

Aeration system

One of the design objectives for the aera-
tion system was to lose as little of the cool
water behind the dem as possible. Therefore,
high purity oxygen was selected for the aeration
system in preference to a diffused air system.

1.. The intakes teo the hydropower turbines at
Cherokee Dam are located deep in the hypo-
limnion. Because Cherokee is one of the
main hydropower generation facilities on the
TVA aystem, it is used a3 much a3 possible
during summer months to meet high peak air
conditioning demands. The result is that
the hypolimnion is generally depleted
of cool water by late August.

and 15. Approximately every 7 to 21 days,
depending on the oxygen flow rate, the oxygen
barge is taken to a nearby beat launching
facility. where the empty oxygen tanks are
exchanged for full ones.

Table 1 1lists the more important design
features of the dam and the aeration system.

System Performance

Figure 16 shows the effect of the submecrged
dam and the aeration system on temperature and
DO, Ag figure 16 indicates, the temperature in
the embayment behind the dam during July was 4
te 6°C (6 to 11 *F) coeler than water at the
same elevation cutside the refuge. DO levels of
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up to 6 mg/L were maintained inside the refuge
while DO dropped to zero outside the refuge.

By comparison to a nearby control cove
of similar features, large numbers of Fforage
fish, primarily alewife, are attracted to the
artificial refuge. Although the high orygen
concentrations, cool water, and abundant food
are provided, striped bass have not appeared
in the cove in the same numbers that
frequentsome of the natural refuges. Part of
the problem might be ceused by the anoxic layer
that forms between the top of the dam and the
bottom of the epilimmion as seen in figure 16.

The artificial refuge has been in operation
for two summers. Efforts are continuing to make
the artificial refuge more attractive to
the striped bass.
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EPTLIMNMETIC PUMPS TO IMPROVE RESERVOIR RELEASES

M. H. Mobley! and E. D. Harshbarger2
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ABSTRACT

The Tennessee Valley Authority has installed
high volume, low speed, ax%tal pumps 1in Douglas
Reservoir Jjust upstream from the turbine intakes.
The purpose of these pumps ts to force highly
oxygenated epiiimnetic surface water into the
turbine intakes when the reservoir 1s thermally
stratified and the bottom water 15 low in
dissolved. oxygen, A description of the test
fnstaliation is given, the results of preliminary
tests are presented and plans for future tests are
discussed.

INTRCDUCTION

Low dissolved oxygen (D0} content is a common
water quality problem in the hydreturbine
discharges from many deep reservoirs. In

addition, cold water temperatures cam be a problem
if the discharge area is a warm water fishery.

Most of the low temperature and dissolved
oxygen problems in turbine discharges can be
attributed to thermal stratification of the

reservair from which the turbine flow 1is
obtained. Usually, the turbine intake 1s Tlocated
at a Yow level and withdraws only relatively cold,
poorly oxygenated hypolimnetic water. O0ften,
highly eoxygenated, warmer water 1is avallable in
the epilimnien, but cannot move downward through
the thermocline to reach the turbine 4ntake
because of density differences.

Professor J. E. Garton (retired), of Oklahoma
State University developed the concept of using a
high volume, low speed, axial pump to locally
destratify the reservoir and move surface water
into the turbine intake withdrawal zome. This
general technique has been applied by several
others (Quintero and Garton, 1973; Steichen, 1974;
Strecker, 1976; Garton and Rice, 1976; Garton and
Jarrell, 1976; Dortch and Wiltiams, 1978; Garten
and Peralta, 1978; Punneit, 1978; Garton and
Punnett, 1980;~Garton and Miller, 1982; Robinson,
1982), but has never been permanently installed in
deep water, high flow situattions,

The Tennessee Valley Authority 1s currently
Installing three of these "epilimmetic" pumps at
Douglas Dam to tnvestigate their use in a high
flow, relatively deep reserveir application.

BACKGROUND

Douglas Dam is located at mile 32.3 of the
French Broad River in east Tennessee. The city of
Knoxville is 1located some 30 miles downstream at
the confluence of the French Broad and Holston

Rivers. The dam ts equipped with four
hydroelectric generating units which discharge
about 120 m¥/s (4,000 c¢fs) each. Thermal

strattfication in Douglas reservoir 1s relatively
strong during Jate summer. Surface temperatures
are normally near 25°C (77°F) while temperatures
at turbine intake level are about 13°C (55°F).
The wusual depth from surface to the intake
centerline 14s about 25 m (80 ft) during the
stratified time period. 00 in the hypelimnion
aften drops to near zero, and therefore, low
dissolved oxygen 1in the discharges 1s an anpual
occurrence during the summer months. This low DO
contributes to waste assimulation problems 4n the
downstream area, and 3§ detrimental to fish and
other aquatic 1ife habitat.

Several methods of increasing the 00 in the
turbine discharges have been tested (Harshbarger,
982, 1983, 1984) none of which have praven
feasible from both & technical and economic
viewpoint. The current tests undertaken by TVA
are to provide a solution to the Douglas 0O
problem and at the same time to provide basic
information concerning the application of such
devices to other locations having large flowrates,
deep turbine intakes, and fairly strong thermal
stratification,

DESCRIPTION OF EQUIPMENT

Each of the three epilimnetic pumps being
tested by TvA consists of a 6-bladed, 4.6-m
(15-ft) diameter propetler connected by a shaft
and gear box te a "30 hp electric motor. The
motor, gear box and controls are supported on a
4.9 m by 4.9 m (16 ft by 16 ft} square floating
platform on the water surface, while the propeller
is suspended beneath the platform at a depth of
approximately 3 m (10 ft). The propeller 1is
turned at 21 rpm and is expected to move

approximately 1.4 m3/s (500 c¢fs) of water downh
some 25 m {80 ft) to the tevel of the turbine
intakes.

Much of the machinery required for
construction of the epitlimnetic  pumps was
purchased: from Unlon Electric Company. Rohert
Miller of Union Etectric and Professor Garton used
thls equipment in their tests at Bagnell Dam on
the lake of the Ozarks in 1981 (Gartom and Miller,
1982). The equipment purchased from Union
Electric Company included:

1. 80:1 right angle gear reducers

2. 30 hp electric motors

3. 4,575-mm (180-1n.) dia. cast altuminum
coaling tower fans
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4_ shafts, motor/gear reducer mounting frame,
gutde bearings

To complete the test apparatus, TVA designed
three flotation platforms consisting of square
steet tubing frames, aluminum clad polystyrene
flotation billets, and wooden decks and handratis.

To meet TVA safety requirements, a protective
cage made of fence wire attached to a steel
framework was designed to enclose the propellers
and keep swimmers out of danger. The ptatforms
were fitted with large signs on every side that
warned of "danger", "“high voltage", and “rotating
machinery®. Twoe Jighted buoys were placed out
from the platforms to warn away boaters both day
and night.

A system of telescoping “stiff-legs"
consisting of a 0.3-m (1-ft) dlameter pipe, steel
tubing and guy cabies was designed to connect the
group of three pumps %to the face of the dam and
allow flexibility in positioning the pumps for
varfous tests. 1In order to respond to the 18.3 m
(60 ft), fluctuations in the reserveir level, the
stiff-legs were connected to the face of the dam
with a s1iding connection. This connection
consisted of a short “1" beam section that was
boited onto the end of the stiff-legs and siid in
a "C" shaped channel that was bolted to the face
of the dam.

DESCRIPTION OF CONSTRUCTEON

At the TvA Engineering Laboratory, each
flotation platform was assembled as a umnit with
the gear reducer and electric moter mounted and
aligned., The protective cages were bullt in
sections to allow easy . tramsportation and
assembly. The telescoping stiff-legs  were
assembled complete with flotation and s1iding
connection to be bolted to the face of the dam.
A1l of these components were loaded on two "WIDE
LOAD" trucks for transportation to Douglas Dam.

Scaffelding was erected at a site on the
North abutment of Douglas Dam to support the
platforms for final assembly. When the partially
assembled pump units arrived at the dam, they were
14fted with a crane to support beams on top of the
scaffolding. Once the platforms were located om
the scaffolding, the final assembly of the
submerged part of the pumps began. This included,
installing the shaft, making the chain couplings
on the shaft, building the supports to the Tower
guide bearings, 1installing the propeller hub and
blades, setting the pitch of the propeller blades,
and assembling the protective cage.

Using a crane, each completed pump was
removed from the scaffoiding and carried out on
the deck of the dam, where 1t was Towered into the
reservoir., The first pump to be assembled was
damaged 1n a crane accident as 1t was being
removed from the scaffelding. It was salvaged and
reassembled using pieces of the third pump which
will not be completed until replacement parts are
procured. The succeeding crane 71ifts were done
with a larger crane and went smoothly.

Boats were used to maneuver the floating
pumps 1into position 1in front of the intakes of
Unit 4. The fwo compieted pumps were connacted
inte one rigid unit, with a .3-m (1-ft} space
between the floating platforms. The pumps were
held out from the dam with two floating

stiff-legs. The telescoping stiff-legs were
adjusted so that the closest edge of the platforms
was 7.62 m (25 ft) from the face of the dam. This
was chosen as the closest pump lecation so that
the downward moving water pushed by the pumps
would clear the top of the cylindrically shaped
intakes at Douglas that extend ocut & m (20 ft).
The telescoping stiff-legs were capable of
extending the pumps out an addittonal 4.6 m {15
fty, The torque of the operating pumps was
counteracted by the stiff-legs and guy cables that
were attached to the outside corners.

Electrical power was supplied by a 100 amp
Tine from the dam that fed into three motor
control boxes mounted on the handrails on the deck
of the dam. The power cables were suspended fram
the control boxes out to the piatforms. A system
of pulleys and weights was used to tension the
cables  and allow movement with reservoir
fluctuations.

TESTS PERFORMED AND RESULTS

pue to the time required te purchase and
assemble the apparatus, the epilimnetic pumps were
not installed before the reservoir destratified.
However, iwo dye studies have been performed to
check the performance of the pumps and verify test
procedures for future tests.

The first test was conducted on QOctober 3,
1986, The purpose of this test was to find out
what percentage of the output of the pump was
being withdrawn from the reservoir through the
turbine intake under the destratified conditions.
The temperdture difference from the surface to the
depth of the intakes had been measured to be less
than 2°C (3°F). The headwater elevation (HWEL)
was 951.5, 16.5 m {54 ft) above the centerline of
the intake.

Only the turbine equipped with the
eptlimnetic pumps {Unit 4) was run for the test.
The procedure was o inject a known flowrate and
concentration of rhodamine dye into the water
above the pump propellers and then monitor the
concentrations of dye in the scrollcase, at the
boil in the tatlrace and in the river downstream.
The concentrations at the monitoring points were
then multiplied by the known flowrate during the
test (from the Winter-Kennedy taps on Unit 4) to
get a total mass flowrate of dye to compare with

that originally injected (assuming uniform
mixing). Measurements  taken from a  boat
positioned in the river about 450 m (1,500 ft}

downstream from the dam reflected a mass flowrate
of dye equal to about 95 percent of the mass
fiowrate injected. The other two measurements at
the scrollcase, and in the boll in the tailrace
did not reflect nearly as much dye concentration,
but it was expected that these measurements were
in error because of less than adequate mixing.

During preparation for the first dye test,
the epilimnetic pumps were run for about 10
minutes while the turbines were all off. It was
noticed that under these conditions, a plume of
mud was stirred up between the pumps and the dam.
This mud plume was thought to be from the bottem,
some 23 to 30.5 m (75 to 100 ft) below the level
of the platforms. Since there was some question
about whether the pumps were actually pushing a
jet that deep, a second dye test was rum.
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The second dye test was run October 10, 1986,
while all units were off. The HWEL was 950. The
purpose of this test was to determine if the pump
jet was reaching to the bottom of the reservoir
under the destratified conditions. Three weighted
dye sampling 1ines were lowered to depths of about
21 to 27 m (70 to 90 ft). Two of the lines were
positioned between the pump platforms and the dam,
the third Tine was positioned between the two
platforms. Both epilimnetic pumps were started
along with the pump on the sampling %ines, and

- after allowing time for the pump jet to become
established, a small amount of dye was in}ected
near the water surface between the two units.
After a delay of approximately 3 minutes the water
samples showed a strong peak of dye concentration,
thus showing that the pump Jets were penetrating
to a depth of at least 27 m (90 ft}.

FUTURE TESTS

The third pump unit 135 anticipated to be
completed sometime 4in the spring of 1987. The
arrangement of the third pump in relation to the
existing two pumps and the arrangement of the
assembly with respect to the Iintakes will be
studied in a 1iterature search and possibly a
physical model study. The purpose of the model
study would be to determine the optimum
positioning for penetration and maximum flow from
the surface to the turbine intakes.

Once the lake has begun to stratify a series
of mass flow dye tests will be rumr to determine
the percentage of the pump Jjet to reach the
turbine intake wversus depth and stratification
strength.

Once the third pump unit 1s 1installed and
operating, a test will bde run during strongly
stratified conditions to determine the maximum
improvement in the quality of the turbine
discharge gained by operation of the pumps. For
this test the DO and temperature of the reservoir
and turbine discharge will be monitored.

CONCLUSTONS

At this time, TVA has epilimnetic pumps
instalied at Douglas Dam that show potential for
improving the releases from the Tow level turbine
intakes. Tests to date have been run only in Tow
HWEL, destratified conditions; therefore, the
effectiveness of the pumps under strongly
stratified conditions at summer levels 15 still
unknowrt. However, the pumps have performed well
thus far and show promise for success next spring.
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ABSTRACT

Releases during start-up of generation at
Mark Twain Lake (MTL) have been cold and low in
dissolved oxygen. During perliods of no genera-
tien, cold poor-guality water has gradually
accumulated in the turbine tailbay. The authors
present cobserved data and describe the processes
that resulted in these cbservations. The mini-
lake, which is the reglon in MIL between the main
dam =and the temperature contral weir (TCW),
restratifles when generation c¢eases if the lake
thermocline and oxycline are above the elevation
of the TCHW. The authors present soluticns and
recommend that a hydraulic destratification system
be installed teo destratify the minilake, The
deaign parameters and constraints are shown and
the system design is developed. A design for the
diffuger system is suggested,

INTRODUCTION

Mark Twain Lake (MTL), on the Salt River near
Hannibal, Missouri, exhibits summer stratification
that results In ancxic conditions in the hypolim-
nion. Hydreopower releases, which are generally
withdrawn from deep in the poecl, zre usually cold
and low in dissolved oxygen {D0) for these
lakes. Ordinarily this problem would be overcome

at MTL with the temperature contrcl weir {TCW},
which is an earthen dike approximately 122 m (L0Q
ft.) upstream of Clarence Canncn Dam (CCD) (Figure
1.

The TCW, with crest at el 177 m* (580 ft),

-4
v

el 177 (580)

HYDROPOWER
1 TEMPERATURE
INTAKES CONTROL
WEIR
Figure 1. Schematic of CCD with TCW.

would normally aet as a skimming weir to allow
withdrawal of warmer higher quality epilimnetic
water. However, during the last three stratifi-
cation seasons (1984-86), the thermocline formed
at an elevation well above the crest of the TCW,
which would impair the skimming capability of the
TCW. The high thermocline (relative to the TCW
crest) alsc caused hypelimnetic conditions to be
established in the area between the TCW and CCD.

* All elevations and stages cited herein are in

metres {feet) referred to the National Geodetic
Vertical Datum (NGVD}.

Thus, when hydropower or low-level releases were
made, they were c¢old and contained low DO.
However, data collected during the 1984 turbine
tests tended to confuse this scenario. The causes
of and recommended solution to this problem and
explanations of the apparent anomalies in the
cbserved data are discussed in this paper.

DATA AND PROCESSES

DO and temperature data were collected at
several loeations at the project: (1) main lake,
upstream of the TCW; (2) minilake, the region
between the main dam and TCW; and (3} downstream
of the powerhcuse, The DO and temperature
profiles shown in Figure 2 were taken on 19
August, 23 August, and 13 September 1984. Similar
profiles were observed in 19585 and 1986. 1In 1984
turbine operation tests were being ccnducted that
had a significant impact on the profiles observed
in the minilake, Examination of Figure 2 will
reveal that the minilake did nect have the same
temperature profile as the main lake. However,
the minilake profiles were taken after turbine
tests were conducted. The profiles imply that the
water In the minilake was withdrawn and replaced
with water from the stratum near the TCW crest
elevation. Consequently, the water was warmer in
the depths of the minilake than in the main lake,
but was still ancxic since the oxycline was above
the TCW crest.

Observations made during turbine tests
confused these conclusions. In the early part of
the Kaplan turbine test, the '"speed, no-load"
cenditlon was  established with a  very low
discharge rate. During this ftime the DO content
of release water was very high, nearly as high zs
the DO content of the epilimnion. As the test
progressed, and the discharge from the turbine
in¢reased, the DO decreased. However, after about
U0 minutes of operation the DO began to increase
accompanied by an increase in temperature.

buring the speed, ne-load portjon cof the
tegt, the low discharge {(zbout 28.3 m3/sec (1,000
ft2/sec)) through the Kaplan turbine would have
caused the vacuum-breaker system to function to
prevent cavitation, At this very low setting,
large veolumes of air would have been aspirated
inte the draft tube region just belew the turbine
wheel. Thus, the DO uptake as this air-water
mixture traveled to the tailrace area was quite
significant. As the turbine discharge inecreased,
theé amount of air aspiration decreased, resulting
in lewer DO uptakes and a decrease in the release
0o, However, because of the relatively small
volume of water between the TCW and main dam, this
was a shorti-lived phenocmenon. -Onge the volume of
the minllake had been withdrawn, the skimming
action of the TCW caused the release temperature
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Figure 2. Mark Twain Lake temperature
and DO profiles.

as well as the release DO to increase,

Thia conclusion was verified with data frem
the test of the seccond turbine unit at CCD: a
pump=-turbine, The pump-turbine unit does not have
a vacuum~breaker syatem, and during its start-up
tests,  low or zero DO was observed In the
releases. However, after approximately U40-50
minutes, the DO began to inecrease accompanied by a
temperature increase. This result illustrates the
impact of the minilake and the TCW.

It appeara from comparison of the 1984 in-
lake and minilake temperagfure and DO profiles and
evaluation of the release DO and temperature
values produced by operation of the CCD powerhouse
that the major cause of the initial cold low DO
releasé¢ is the physical restratification of the
minilake. With the thermocline and oxyciline above
the crest of the TCW, the minilake reatratifies.
This restratification results in the low DO

content and cold temperature of releases until the
TCW can Influence the quallty of the water being
withdrawn.

Main lake profile data from 1985 and 1986
also showed that the thermocline and cxycline were
above or pnear the crest ¢of the TCW during most of
the atratification period of June through
QOcteber. Mintilake profile data for this same
period also indicated that the wminilake was
restratifying after generation shutdown, The
temperature and DO prefiles in the minilake
approximated the main-lake profiles from the
surface to the crest of the TCW, Below the TCW,
the minilake was homogeneous with temperature and
PO content of water at the TCW crest elevaktion.

In May 1986 a Hydrolab Data Sonde II water
quality monitor was installed in the tallbay of
the hydropower facility. The moniltor was coupled
with a data collection platform that transmits the
measured values of the water quality parameters to
the GOES satellite system for retrieval. Thus, a
continuous record of water quality data In the
turbine bay tailrace was obtained. These data
showed the same trends as the 1954 data indiecating
that the same rprocesses that were at work in 1984
ware gtill affecting release quality,

An additional preblem was discovered when
measurements in the turbine tailbay indicated that
¢ool hypolimnetic water with a very low or zerc DO
content was graduzlly replacing the just-released
epilimnetic water after generation shutdewn.
After extended pericds of no generaktion, the
quality of the water in the turbine bay approxi-
mated the quality of the water in the hypolimnjon
of the minilake. Based on these cbservations, it
was c¢ongluded that the source of this cold poor-
quality water was leakage through the turbines and
that these conditions posed a potential concern
whenever the main lake thermocline and oxycline
were above the elevation of the TCW.

POTENTIAL SOLUTIONS

The CCD hydropower project 1s a peak power
generation facility. Power production is on
demand and has nc fixed schedule. Slight
modification to ordinary operations could, at
leagt partially, eliminate the problem of law 00
in the release water. For example, at power plant
start-up during the critical stratification
periods, the Kaplan unit could be operated at
speed, no load until the volume of the minilake
has been fiushed downstream. At this juncture,
however, it i3 unknown if this could be a workable
solution.

Future operating procedures at CCD are
extremely important, particularly given that the
project nas pumped storage capabilities, Pump-
back, if implemented on a regular basis, could
significantly impact the stratification in the
main 1lake and the minilake. Because of the
turbuient mixing and entrainment of the pumpback
Jet as it flowa over the TCW, some depressicn of
the thermocline In the lake to an elevation below
the TCW crest could be anticipated. This effect
would result in warmer higher quality water being
withdrawn Into the minilake for release at the
startup of generation. It is important %to note
that frequency of pumpback would determine the
extent of these effects and that other techniques
to improve release quality may have to be adopted.
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Ancther potential sclution is to raise the
elevation of the TCW crest. This would prevent
the restratification ¢f the minilake with c¢old,
low=-DO hypolimnetic water since that water would
be below the crest elevation and could not [low
into the minilake. Additionally, the higher crest
would ralise the withdrawal =2zone to the upper
levels of the lake, thereby impreving the skimming
action of the TCW. Operational considerations to
improve release DO during start-up time should be
unnecessary wWith this alternative, This alterna-
tive would, however, regquire study in a physieal
hydraulic model to assure that flow conditions
approaching the structure would be satisfactory
with the higher TCW.

Hypolimnetic aeration and ecxygenation are
petential solutiens to the low~DO  release
problem. For these alternatives, the hypelimnion
oxygen content would be improved by aerating or
oxygenating the hypolimnion. However, neither of
these alternatives would impact the ftransitory
effects of releasing cold water during turbine
start-up, nor address the petential problem of
cold water leakage through the turbines and
agcumulation in the taillbay. Further, these
alternatives would act on the hypolimnion, when in
fact, the causative agents appear to be in the TCW
and minilake and resulting hydrodynamiecs,

Total lake destratification would prevent the
cccurrence of cold hypolimnetic water and low DO
since temperature and chemical stratificatioen
would not exist., However, the system and energy
requirements tc implement this alternative could
be extensive, and total lake destratiflcation may
not be desirable for other project purposes.
Using the concept of destratification in a

localized area could potentially produge the-

results deaired at CCD. The TCW provides the
luxury of a minjlake that ¢ould possibly be
maintained In a destratified condition. This
gystem and its energy requirements could be much
more attractive than total lake destratification.

Turbine venting through aspiration or forced-
air injection into the flow in the power project
eould favorably impact the release DO although
this alternative would not affect release tempera-
tures, As described earlier, Kzplan turbines
aspirate air at certain cperating levels,
However, aspiration usually ocecurs only at lower
discharges. Thus, such additicnal measures as
deflector plates must be taken to induge aspira-
tion, or compressed-alr injection must be
employed. This alternative may not prove %0 be
the complete solution, but it should improve the
release DO.

RECOMMENDED ALTERNATIVE

The reccmmended approach for the solution of
the problem of transitory cold, low-D0O releases at
CCD is the use of a local destratification system
coupled with, {f necessary, the use of turbine
venting. Hydraulic destratification of the mlni-
lake would prevent temperature and oxygen strati-
fication without requiring the capital and energy
outlzy for a system to destratify the entire
lake. Regardless of the operating procedures
adopted for power production, or the level of the
lake (which {impacts the thermocline elevation),
the temperature and D0 content of thes minilake
could prebably be maintained at an acceptable

level, The use of local hydraulic destratifi-
cation would aveid the potential for nitrogen
supersaturation that might be encountered with a
pneumatic destratification system. An additional
benefit of the destratification system 1is the
eliminaticn of the cold poar-~quality water leaking
through the turbines. Since hypolimnetic water
would not be present in the minilake, the leakage
would not be celd or low in DO.

DESIGN PARAMETERS, CONSTRAINTS, AND GEOMETRY

To be effective in preventing the release of
cold low=DQ water, the destratification system
must be able to break up the stratificatf{on in the
minilake in the time period between generation
cycles. It was anticipated that generaticn would
start about 2:00 pm and continue until about 12:00
am; thus, there would be sbout 14 hours of down-—
time from generation shutdown until the next
generation c¢ycle. The destratification system
nuat therefore perform its task in this il4-hour
time period.

The following parameters were selected for the
design:

a. Length of diffuser: 122 m (400 ft)

b. Diffuser ports: 13-mm (1/2-in.)} diameter;
30.5 em (1 ft) on centers; UOD ports

¢. Time for deatratification tgg: 50,400 sec
(14 nours)

d., Volume of minilgke with normal el 184 (604)
vg: 1.491 x 10° m3 (368.5 acre-re)

e. Density difference between1 epilimnion and
hypolimn%on ap: 0.00329 go/cm” (0.00638
slugs/ft?)

f. Reference density p: 1,0000 g/cm3 (1.9403
slugs/ft3)

g. Depth of the diffuser dg: 25.6 m (84,0 rt)

h. Acceleration_due to gravity g: 9.51 m/sec2
{32.2 ft/secc}

Using these data and the design relationships
recommended by Dortch (1979), Dortch and Holland
(1980}, and Holland and Dortch (128&), dimension-
less time to "80 percent mixed®" tﬂO as 3 functien
of system discharge Q Iis
t,-Q
* 80
tBO = “V;" = 0,00314Q (1)
Helland and Dorteh (1984) developed a relationship
© between dimensionless time and the destratifi-
cation densimetric Froude number F

4
v ~0.57
t;o « 0.,204Fr 057 - g 200 [ —B— (2)
bp
2E 2 dR

1 Analysis of 1985 prototype stratification data
indicated that this density difference was maximum
and occurred over a pericd when lake stability was
maximized,

2 Tne B0 percent mixed" deaign point approximated
the fully mixed condition for the purpose of
system design.
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where

V¥, = average velogity through diffuser
port, m/seéc

Substituting Equaticn 1 inte Equation 2 zand using
the continuity relationship

Q= nApr (3}
where
n = number of perts In diffuser
Ap = area of individual port, m?

the discharge reguired to destratify the minilake
is

Q= 1.8 m3/sec (19.3 rt3/sec)

Using approximately 25 percent overdesign factor,
the system discharge should be 2.3 m?/sec (25
ft3/sec). This overdesign factor should account
for the most severe stratification passible as
well as potential pocl elevation fluctuations.

The - system should be divided 1into five
subsystems. This division should provide the most
effective syatem since It can be operated in
stages and should one system need repair, the
remainder can provide Lhe destratification
needed. For this desjgn, each subsystem would
carcy 0,46 m?/sec {5 ft-/sec) of epilimnetic water
to a 24, 4-m- (80-ft-) long hypolimnetic diffuser.
Dortch (1979) recommended that an upward jet of
epilimnetic water discharged in the hypelimnion
will provide the best destratification effi-
ciency. Therefore, the pumps, which should be
sutmersible, should be positioned zbout at el 180
(592} (Figure 3). This would provide adequate

k]
FUMP TCW el 177 (580}
30.5 om (12 in.) PIPE
i149

Figuare 3, Pump location in MTL

submergence at low pool elevaticons, yet allow
pumping of epilimnetic water for relatively high
pool elevations during the stratification
season. Complete submergence of the pumping
syatems would preclude the need for sucticn and
discharge lines to enter the 1lake's surface,
thereby relieving = pctential maintenance problem
because of icecover (only power and pump control
conduits would enter the lake).

The diffuser should be constructed from 30,5-
cm- (12-in.-) diameter pipe. There would be eighty
13~-mm~ (1/2=-in,=-)} diameter ports on each subsystem
diffuser. Based on head loss computaktions, the
pump for each subsystem should be able to deliver
0.46 m2ssec (5 ft”/sec) at a pressure head of a
minimum of 12.2 m (40 ft). To assure performance,
a 25 percent overdesign factor may be applied to

the pump head tc account Ffor additional losses in
connections, elbows, and valves that were not
included in the foregoing computations. Thus, the
recommended design for each subsyatem s for a
pump Lthat can produce a discharge of 0,46 m”/sec
(5 rt3/sec) with a delivery pressure of 15.2 m (50
ft) of head.

For system installation, polyvinyl c¢hloride
{PVC) schedule Y0 pipe which should provide the
needed strength and corrosion resistance, should
be flanged together rather than glued for sase of
congtruction., A suggested design for the diffuser
support system is presented in Figure 4. Thnia

30.5 om (12 in.) PIPE

RESTRAINING STRAPS
1.2 m (4 ft)

ALUMINUM ANGLES

&
yad
.
&—— 8m (6 ft)——]m

CONCRETE FILLED 20.3 cm (& in. ) pIPE
STUB
Neap

STIFFENING
RODS

Figure 4. Suggested diffuser system design

design could ©be prefabricated and assembled
onsite. It would pravide the separation between
the diffuser and lake bottom to prevent entrain-
ment of bettom sediments. The capped PVC stubs
would provide the ballast and buoyancy for sinking
or retrieving the diffuser. A flexible 30.5-cm—
{(12-in,-) diameter hose would be used to connect
the diffuser to the feedline from the pump.

The buoyancy to retrieve the diffuser system
should be ©provided by the 20.3-em- {&-in,~)
diameter schedule 40 pipe at the lower vertexes of
the triangular support brackets shown in Figure
iy, Compressed air would be supplied tc these
pipes to cause the diffuser to float. The pipes
would be flooded te 3llow the diffuser to sink.
The Dballast for the diffuser should be provided by
the T sections in the flotation pipes. A
capped, concrete-filled *leg" that is &1 em {2 ft)
long should be fitted intc each T to provide a
footing as well as added ballast,
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SUMMARY

Bagsed on analysis of temperature and DO data
taken during and after hydropower operation, the
transitory release of cold low-DU water is appar-
ently due to the thermal and chemical restratifi-
cation of the minilake when the thermocline and
oxycline are above the c¢rest of the TCW. - For
example, during generation since the TCW 1s
akimming epilimnetic water for release, the
minilake is homogenenus, the release temperature
is relatively warm, and the release DJ concen-
tration is relatively high. However, when
generation stops, the minilake restratifies.
Because the thermocline is above the elevation of
the TCW, the water at the orest (which is cooler
and thus more dense than the water in the mini-~
lake) flows down the backside of the TCW and
gradually fills the minilake to the crest
elevation. This also causes chemlical stratifi-
cation of the minilake, sgince the water flowing
inte the minilake at the crest elevation is low in
DO. During generation start-up, this water must
be withdrawn before the skimming action of the TCW
can impact the release temperature and DO,

The solution to this problem should eliminate
the cause of the ¢old low=DO releases during
generation start-up, €.g., it should prevent the
restratification of the minilake. Thus, the
recommended technique Is a local destratificaticon
system. A hydraulic destratification system to
mix the minilake would prevent or minimize the
effects of stratification in the minilake.

The recommended design for the destratifi-
gation system is for five subsystems. Ezch
subgystem would conaist of a pump capable of

delivering 0.u46 m3/sec (5 rt3/sec) at 15.2 m (50
ft) of pressure head feeding a 30.5-cm- {12-in.-)
diameter 24%,4-m- (80-ft-} long diffuser pipe with
13=mm- {(1/2«in.-) diameter ports bored 30.5 em (1-
ft} on centers. This design would provide the
neceasary volume and momentum to satisfy the
destratificatiocn requirements. PYC schedule 40
pipe sghould fulfill the strength and corrosicn

registance requirements eof the design. A
suggeated design of the diffuser support system is
shown in Flgures 3 and U, In addition to

providing the diffuser support, the piping and
framework serve as ballast and anchering weight
and flotatlon system.
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LAKE ALLATOONA - AN EARLY EXPERIENCE IN NESTRATIFICATION REVISITED

Nathaniel D, McClure IV, P.E.

Ghief, Enviromment and Resources Branch, Mobile District,
U.S. Army Corps of Engineers

ARSTRACT

In 1968, a rather bold experiment in lake
destratification was undertaken in hope of demon-
strating a wviable approcach for improving the
dissolved oxygen (D.0.) concentraticns in release
waters from hydropower dams. Lake Allatoona in
North Georgia was selected for a prototype instal-
lation to determine if the concept could be uti-
Tized for the then proposed West Point Project on
the Chattahoochee River downstream from Atlanta.
The approaches for design, fabrication, and
installation of the system are presented along
with a review of the State of the Art that existed
at that time. The operational and testing pro-
grams are discussed and the results produced are
presented. In general, the normal stratification
pattern of the lake was altered to the extent that
N.0. corcentrations were increased at depths from
9.1 to 24.4 meters (m) (30 to 80 feet}. The D.0.
concentrations in the release waters were also
increased. Because of the water quality improve-
ments, especially increased D.0. concentrations,
the originally envisioned temporary experimental
test was operated for the past 19 years. DNpera-
tiognal experiences and costs are discussed. A
sunmary analysis of the overall experience is
presented, including views on how the system could
be improved if it were installed today.

RACKGROUND

During the 1960's, greater {interest and
emphasis was beginning to be placed on water qual-
ity and other environmental amenities. Prior to
this time period, the design of water resource
projects included very Tittle, if any, considera-
tion of such issues as the quality of release
waters and effects of releases on downstream fish-
ery resources. This observation is not meant to
be critical, but rather reflects upon seasitivi-
ties and prigrities that generally existed at both
the National and local levels prior to 1970, On
1 January 1970, President Nixon signed Public Law
(PLY 91-190, the Natiomal Emvironmental Policy
Act (NEPA). This statute, which was umanimously
passed by the United States Senate, illustrated
that envirommental matters were a MNational pri-
ority (Anderson, 1973). Water quality can be a
vital component of the overall environmental
quality, especially in conjunction with the devel-
opment and operaticn of major water resource
projects. The significance of water quality was
emphasized in two Federal Statutes: PL 92-500,
The Federal Water Pollution Control Act (1972) and
PL 92-217, the Clean Water Act (1977). Thus ,
while the water quality that would be associated
with a proposed reservoir under today's circum-
stances would be closely scrutinized and evalu-
ated, this has not always been the case.

In 1968, evaluations were underway related
to the impending construction of West Point Lake
on the Chattahoochea River downstream of Atlanta,
Georgia. Even though the acute ermvironmental
sensitivity currently existing was not yet mani-
fested, at Teast not on a mandatory basis, there
wera concerns about the quality of release waters,
particularly in regard to dissolved oxygen (D.0.)
cancentrations in the release waters. In an
attempt to address these concerns, & rather bold
experimentation was undertaken in the form of a
demonstration project at Lake Allatoona to
ascertain the viability of a diffused air pump
destratification system to improve the 0.0. in
release waters. This paper revisits this early
experimental appreach and discusses the design and
installation of <the system, as well as its
operational characteristics over the past 19
years. It should be noted that the system was not
designed tc be a permanent operational feature,
but rather to operate for a limited time period,
three to four years, while its effectiveness as a
vater quality management tool was evaluated.
Therefore, it 1is remarkable that the original
installation remained operatiomal, albeit at
gradually reduced efficiency, through 1986.

PRIOR REPORTS

A comprehensive report (USCE, 1973} on the
destratification test was issued by the Savannah
District. This report contains extensive water
quality data collected from 1968 through 1970, as
well as other information related to the effec-
tiveness of the system. The system was operated
in 1963 and 1959, but not in 1970, so weter qual-
ity data could be coliected for comparative pur-
poses. As a matter of explamtion as to Savannah
District's imvolvement 1in projects within the
Civil Works boundaries of the Mobile District
(both Allatoona and West Peint are Mobile District
projects), the South Atlantic Division assigned
the design "and constructien of the West Point
project to Savannah Qistrict in order to balance
workloads. Savannah  District  subsequently
requested Mobile District to design, construct,
and install the prototype destratification system
at Allatooma lake and to conduct water quality
investigations on its effects. Savannah District
then prepared the abave referenced report with
tnput from the Mobile District. This cooperative
venture bears evidence to the adage “"The Corps
Family."

CHARRCTERISTICS OF LAKE ALLATOONA

Allatoona Lake was selected for the experi-
mental tast because of its geographical proximity
to West Point and the general similarity in phys-
ical and operational characteristics. While
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Allataona s on the Etowah River in the upper
Mobile River basin and West Point is on the
Chattahoochee River in the Apalachicola River
basin, hoth projects cperate as peaking hydropower
plants, and are located within 161 Kilometers (im)
(100 mites) of each cother. Since the prototype
system was not installed at West Point, no further
discussion of that project is presented and full
attention will be devoted to the Lake Allatocna
experience.

The Allatoona project operates for the pur-
poses of flood control, regulation of streamflow
for navigation, development of hydropower, and
recreation. Construction was completed in 1955.
There is a winter drawdcwn for flood control pur-
poses, but the operational plan calls for attempt-
ing to maintain a constant pool from 1 May through
1 Nctober, at elevation 840 MSL. Obviously the
water surface elevation fluctuates due to hydro-
logical variations but the 840 elevation serves as
a guide for reservoir operaticns.

Table 1 contains vital statistics of Lake
AlTatoona with emphasis on characteristics related
to reservoir stratification. The stratification
ratio {Huber and Harleman, 1968) represents a
"rule of thumb" dimensionless indicator of the
type stratification a reservoir can be expected to
exhibit. Lake Allatoona exhibits a relatively
strong classical three-layered stratification sys-
tem as generally described by Ford et al. (1986).

Table 1

Lake Allatoona Characteristics

Characteristic Amount Units
Drainage Area 2,849(1,110)  Sq.km(sq.mi)
Maximum nept{.l/ 45,7 £150) m {feet)
Surface Areal/ 4,800(11,860) hectares
(acres)
Storage Capacityl/ 453.3x108 (367,500 cu, m,
{acre-ft)
fiverage Annual Di scharge 46.84(1,654) cu.m/s (cfs)
Stratification Ratia?/ 3.3 Dimensioniess

l/Nnrma'l summer paol  elevation 286 m (B840
feet) above mean sea level (MSL)

Z/The stratification Ratio (Huber and Harle-
man, 1968) is computed by dividing the average
annuzl discharge, integrated over the entire year
and expressed in acre-feet by the storage volume
in the same units.

POWERHOUSE

The powerhouse contains two 36,000 kilowatt
main units and a 2,000 kilowatt service unit. The
main unit penstocks are 6.1 m {20 feet) in diame-
ter with the centeriine of. these intakes 27.4 m
(90 feet) below the normal summer pool, while the
service unit is 1.67 m (5.5 feet) in diameter with
its centerline 16.7 m (55 feet) below the normal
sunmer poel. A minimunm discharge of 5.66 cum/s
(200 cfs) via the service unit exists at all times
that the main units are not operated. The main
units, with a discharge of approximately 113.3
cun/s {4,000 cfs) each, discharge for generally
short durations from 2 to 8 hours to meet peaking
electric power demands within a power grid system,
As discussed in more detail later, the physical
characteristics of the reservoir, powerplant con-
figurations, and operational patterns all contrib-
ute to the water quality, especially the 1.0,
concentration of the release waters,

STATE OF THE ART

The concept of reservoir destratification or
mixing was not unique in the 1963 time frame; how-
ever, the utilization of a diffused air pump in a
large reservoir, such as Allatoona, was a new
venture. Or. James M. Symons of the National
Envirarmental Research Center served as a consyl-
tant providing gquidance on the overall size and
configuration of the system, Previous work by
Dr. Symons (Symons et al., 1967) illustrates the
"State'of the Art" at the time the design for Lake
Allatoona was initiated. Destratification efforts
on eight lakes are described. The largest Jake
had a storage volume of 41,617,953 cu.m. (33,740
acre-feet) or Jess than 10 percent of the volume
of Lake Allatocna. Therefore, the take Allatoona
experiment was an order of magnitude larger than
any kaown previcus efforts.

SYSTEM DESIGN

Several factors influenced the design of the
system, including cost, capability of performing
the installation without elaborate equipment,
availability of materials to meet time con-
straints, and uncertainties related to the manner
in which the compressed air system would perform
under various operating conditions. Five 60
horsepower, electrically powered, rotary type
compressors were selected. Fach compressor had a
minimum capacity of 250 cfm free air at 100 psig.
Once the determination was made on the number and
size of compressors to be ufilized, the design
focused on the method to distribute the campressed
air_into the lake in the most effective manner.
As a first step, diffusers were evaluated. The
selected diffuser was about 0.61 m (2 feet) in
length with an outside diameter of 7.62 centi-
meters {em) (3 inches). The diffusers basically
consisted of a corrugated metal core covered by
0.16 em (1/16-inch) diameter saran cord which was
wrapped around the metal core to assure the air
exited the diffuser in relatively small bubbles.
Because of the capacity of the individual dif-
fusers, a total of 200 was required. Five arrays
with 40 diffusers each were designed to spread the
air diffusion in a controlled fashion (Figure 1).

Figure Z shows the elevation and plan view
of the arrays. The arrays were configured to
suspend the diffusers 3.05 m (10 feet) above the
bottom in order to keep the diffusers cut of the
bottom sediments, yet keep them relatively close
to the bottom for greater pumping efficiency. A
system consisting of an anchor and a submerged
buoy was incorporated below and above the cross-
arms, respectively. A network of cables was
utilized to hold the diffusers Jevel. The cables
served the dual purpases of fixing the elevation
of the diffusers and in absorbing the stresses
associated with 1ifting the arrays for installa-
tion, so undue forces would not be exerted on the
diffuser crossarms. The combination bucy-anchor
system had to function with the diffuser armms full
of water and with the added buoyancy from the air
in the arms when the system was in operatiaon.
Another interesting aspect was the manner in which
styrofoam performed at weter depths of 42.7 m (140
feet). Comventional styrofoam compressed about 20
to 25 percent of its volume at atmospheric pres-
sure when lowered to this depth. Obviously this
greatly affected its buoyancy and a high density
styrofoam especially formulated for the Navy to De
utilized in submarines was salected because of itg
ability to maintain much of its original volume,
and thus buoyancy, even at significant depths.
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AIR SUPPLY

The bank of compressers to supply the air
was placed in a fenced area complietely exposed to
the ambient weather conditions. A house or shed
was not considered necessary since the system was
only to be operated for a couple of years. A
manifold was designed so any number of compressers
could be operated to serve the five arrays in an
individual or collective fashion. Pressure gauges
and flowmeters were incorporated to facilitate a
balanced distribution of air to the individual
arrays. The manifold played an important role
during periods when one or more compressors were
out of operation for maintenance or other purposes
by evenly distributing the available air to the
five arrays. Also, valves were included so any of
the arrays could be shut off if a malfunction
developed.

INSTALLATION

Installation of the arrays and the 5.1 cm
(two-inch} galvanized feeder pipes created a
special set of challenges to be overcome. The
furthermost array was about 0.54 km (one-third of
a mile) from the compressors and the feeder pipe
had to essentially conform to the contours of the
steep shoreline and the irregular lake bottom.
The supply lines were initially strung out- along
the lake surface with bucys attached to keep it on
the surface. The far end of the line (awvay from
the compressors) was secured to a somewhat flex-
ible plastic tube connected to the center of the
array, which had previously been lowered into
position on the lake bottom. (The arrays were
assembled on top of the dam; lowered over the up-
stream face and into the water. A motorized raft
with a power winch was connected to the cable
above the submerged buoy and transported the array
suspended below the water surface to a designated
Tocation in the lake. The winch then Jowered the
the array assembly to the bottom while the plas-
tic tubing was manually fed out as the array
descended, retaining the unconnected end to be
attached to the supply line.) An innovative
swivel joint was incorporated incrementally along
the supply Tine to facilitate the Towering process
and to ailow the supply line to better conform to
the irregularities of the bottom. The swivel
joint consisted of two 90 degree elbows turned to
face each other and connected by a short nipple.
Thus, the joint was somewhat rigid, but neverthe-
less provided enough flexibility to relieve exces-
sive stress from the pipe joints. A union joint
was incorporated to facilitate connmection of pipe
sections. An earlier attempt to install the
supply line with only standard couplings used fo
connect the 6.1 m (20-foot) sections of galvanized
pipe failed because the stresses encountered in
lowering the pipe to the bottom puited the pipe
out of the couplings.

The installatien crew {all Corps employees)
consisted of a fabrication team that preassembled
the arrays and pipe sections on the dam and a team
that accomplished the actual installation. The
installation team utilized two 5.5 m (18-foot)
work boats and a motorized vaft and included seven
or eight people. The installation process was
evolutionary based on trials and errors and
experimentation. Once the process was fully
developed, it went fairly smoothly. Some inter-
esting problems were encountered such as having
almost 0.54 km {one-third of a mile} of supply
line stretched out on the lake surface, suspended
by 200 Titer (55 gallon) drums serving as buoys,
and a strong wind coming up. The result was a

supply line that resembled a pretzel which had
several sheared joints. Another problem encoun-
tered was a kinked plastic tube leading to an
arrzy which required retrieval of the array and
replacement of the plastic pipe. Considering the
equi pment that was available, the inexperience of
the installation crew (no ane had ever been
involved in this type effort}, and the physical
setting that existed, it is amazing that the
system was successfuily installed. The Corps
motte "Essayons" was certainly apropos to this
effort. The cost of the system installed was
$83,833 (USCE, 1973).

SYSTEY OPERATION

The system has been in operatiaon since 1968
continuously with the exception of 1970 and 1974,
The two years that the system were not operated
serve very well as a base 50 the effectiveness of
the system can be measured. Table 2 presents a
summary of the operaticnal history. Since the
installation was to be temporary, commercial power
was utilized even though it wes more expensive,
Special arrangements needed at the powerhouse to
provide government power could not be accomplished
to meet the operation startup in 1968. In 1977,
the system was switched to govermment power. The
switch resulted in a reduction in cost of power
from $200.00 per day to $21.50 per day. An under-
sized circuit breaker would only accommodate four
compressors during 1968. A replacement prior to
the 1969 season permitted full operation of the
system. The compressors operated continuously, as
indicated in Table 2, except feor brief pericds
when single compressors were taken off line for
maintenance. Major repairs were generally accom-
plished during the off season. As noted, one
compressor had to be removed from operation during
1981; a second compresscor went out after 1985. A
third compressor became unserviceable in September
1986. It is not certain whether it is permanently
out of commission.

WATER QUALITY IMPROVEMENT

The initial evaluation of the system (USCE,
1973) led to the conclusion that the D.0. c¢oncen-
trations in the release water was definitely
improved by the operation eof the system. The D.O.
was increased in the reservoir at depths from 9.1
to 24.4 m (30 to 80 feet), with some increase
below 24.4 m (80 feet). The fall overturn was
also observed to occur a month to six weeks
earlier than normal. The increase in D.0. in the
reservoir manifested itself in higher D.O.
concentrations in the release waters. [In 1969,
with the system in full operation, the D.0.
content of peak flows exceeded 4 mg/1 for the
entire summer and fall periods. Low flow concen-
trations exceeded 4 mg/1, except for one week in
late August. While the report (USCE, 1973) pro-
vides this summary, observed values at the water
quality monitor in Appendix B of the report indi-
cates values below 4.0 mg/1 did exist for short
periods during the hours of darkness. There was a
temperature increase of 2 to 4 degrees centigrade
associated with increase in 0.0. for the months of
June through August.

A new continuous water quality monitor was
installed about 1 km (0.6 miles) downstream of the
dam in the early 1970's. Although the record is
not compiete due to various operational problems,
the monitor data dees allow a detailed analysis of
what happens te the B.0. regimen in the release
water throughout an emtire day, as well as pro-
viding data for statistical analysis for longer
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Table 2

fecord of fNperationl

Year Began Ended
1968 5/9 9/30
1969 37 9/30
1970

1971 1722 10/4
1972 a/6 9/27
1973 5/22 8/24
1974

1975 4/29 10/3
1976 4/5 9/3
1977 4/11 9/29
1978 473 9/29
1979 as2 10/1
1980 6/4 5/29
1981 477 9/30
1982 475 9/17
1983 a/4 8/5
1984 4/1 9/30
1985 471 9/30
1986 an /30

Isystem consisted of 5 sixty horsepower compressors.

cubic feet per second of 100 psig.

Remarks
Initial year of Operation. Power from commercial
source. Operated at 80 percent capacity.
693,760 KWHZ
Full operation 1,091,840 XWH2

Did no operation for comparison purposes.

Did not operate.

Switched to Govermment Power.

One compressor permanently removed from operation
9/15/81.

fne array out of operation. Three compressors
aoperating most of year. Two operational after
9/17/86.

Each compressor has a minimum capacity of 250

2¢ilowatt hours (KWH} electrical emergy presented for comparison of energy input. Other years of
operation are proportional to periods of operation and number of compressors operating.

periods, Since the destratification system did
not operate during 1974, a very corvenient base
for comparison exists. Recognizing there would be
natural variations from year to year due to
hydrological, climatological, and operational
differences, a comparison of 1973 to 1974 s
nevertheless illustrative of the general trend of
tmprovement in D.0. produced by the destratifica-
tion system. Table 3 presents summary data from
1973 and 1974. Both monthly minimum and average
monthly D.0. values are higher with the system in
operation. However, there are a number of times
that the D.0. is less than 4 mg/1 which was not
the case stated for 1969, as discussed above. It
is not clear whether this is due to actual quality
differences or better instrumentation.

Figures 3.6 demonstrate the D.0. regimens
for selected days in late August of 1973 and 1974
associated with typical operational scenarios.
The conditions depicted generally represent worst
case scenarios since it is late in the season and
the lake is fully stratified. Figure 3 shows how

Table 3

Comparison of Dissolved Oxygen {90) Values mg/1
In Release Waters

Average D. 0. Minimum D. 0.

Jul Aug Sep  Jul Aug  Sep
1973 1.9 4.2 3.4 2.3 2.2 1.4
1974 % 38 2.2 3.0 0.8 0.4 0.9

Y pata from water quality monitor - miles
downstream of Allatoona Dam.

2/ System did not operate in 1974,
the D.0. responds to the operation of the large
turbines (both operating) because the zone of
withdrawal is from lower in the lake where the

D.0. levels are depressed, The D.0. is increasing
from an overnight Tow of about 4 wmg/l and is
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approaching 5 mg/1, apparently due to photosyn-
thetic oxygenation, when the peaking plant comes
on Tine and the discharge increases dramatically
from 5.66 to 220.9 cun/s (200 to 7,800 cfs).
Correspondingly the D,0. level drops to about 3.4
mg/l. When the period of peaking generation ends
the D.0. increases then gradually decreases due to
respiration during the evening hours. This
operational pattern is contrasted to a weekend day
in Figure 4, where no peak discharge is made. The
D.0.'s associated with the 5.66 cum/s {200 cfs)
reYease in Figure 4 is somewhat Tower than in
Figure 3, but it appears that diurmal variation of
approximateiy 1 mg/1 is consistent.

Figures 5 and 6 depict simitar time frames
and situations in 1974, when the destratification
system was not operated. Mot only was the D.C.
associated with the 5.66 cum/S {200 cfs) discharge
lTower when compared to 1973, but the depression in
D.N. reached about 1.2 mg/1 contrasted to a
minimum of 3.4 mg/T in 1973. Figure & represents
a situation when only one of the large generators
is put on line for two separate two-hour periods.
Again, the response of the D.O. is graphicaily
displayed.

Another way to compare the impact of the
destratification is the pounds per day of 0.0. in
the release water, The computed values are
15,150; 2,025; 7,954, and 2,864 kilograms (33,330,
4,455; 17,500; and 6,300 pounds} per day for
Figures 3 through 6, respectively. On this basis
the pounds of D.0. available in Figure 5, for
waste assimilation and for use by aquatic organ-
isms, was only 52 percent of that in Figure 3.
The average discharge in Figure 3 was 46 cun/s
{1,626 c¢cfs), which was 1.25 times more than in
Figure 5, so while part of the difference can be
explained by the increased discharge, the
destratification system still made a significaat
contribution to the D.0. regimen.

PROPOSED REPLAC EMENT

In 1984, plans and specifications were
issued to replace and upgrade the Allatooma
destratification system. The design was essen-
tially the same as the origiral with a few
improvements such as:

2. A building to house the compressors.

b. Three 100 horsepowar compressors to
deliver 14.2 cun/minute (500 SCFM) each at 100
psig (an increase in total air of 250 SCFM).

¢. llpgraded diffuser tubes.
d. Revised submerged flcat.

e. lUpgrading all galvanized pipe in the
arrays and supply lines to stainless steel.

Rids were opened with a low bid of $418,378 and a
contract was awarded in 1984. In January 1985,
the successful contractor submitted a Value
Engineering proposal to substitute a "Continuous
Laminar Flow Inversion/Oxygen® system for the
designed concept. The Mobile District requested
the assistance of Waterways Experiment Station
(WES) in evaluating the proposal. This evaluation
produced twe significant conclusions. First,
(WES, 1985} the contractor proposal was found to
be questionable or Tlacking from a number of

perspectives and rejection was recommended.
Secondly, it was concluded that the destratifica-
tion design could be improved in several areas,
such as diffuser location, type diffuser, lowering
diffuser icading rates, and spacing, as well as
the confiquration of diffusers. Based on these
findings the replacement contract was terminated
and consideration was given to a redesign of the
destratification of the system.

CONC LUSTORS

The Allatoona destratification experiment is
considered to be a success even though it did not
destratify the lake and most likely its effective-
ness could be improved upon. A system designed to
perform for two to three years has cperated for 19
years. While the State of Georgia standards for
0.0, of 5§ ma/l are not always met, the D.0.
concentration in the release waters has been
increased substantially. As of this date,
although there have been discussions with WES on
how the system could be improved, redesign has not
been initiated due to higher priority efforts.
However, the existing system was operated through-
out 1986,

It is possible that the system design could
be improved with a resulting increase in D.0. in
the release waters. It is not known if the antic-
ipated increase would be sufficient to produce a
D.0. regimen that would meet State Standards at
all times. Other measures, such as turbine vent-
ing, could also be incorporated if determined to
be necessary, engineeringly feasible, and cost
effective.
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PNEUMATIC DIFFUSERS

P. L. Johnson, P.E.

Hydraulic Engineer, Bureau of Reclamation, Denver, Colorado

ABSTRACT

Pneumatic diffusers are devices which aerate
and destratify reservoirs through the use of
free air bubble plumes. They are widely used
to enhance the quality of reservoir water and
reservoir releases. Experience indicates that
pneumatic diffusers offer a proven and cost effec-
tive treatment technique. They function hy upwell-
ing oxygen depleted hypolimnion water toward
the surface where it mixes with oxygen rich meta-
Timnion and epilimnion water. Use of pneumatic
diffusers results in varying degrees of destrati-
fication depending on the design.

This paper is a limited overview of pneumatic
diffusers. The paper includes discussion of
basic theory, possible resulting reservoir impacts,
design, and documented field experience.

INTRODUCTION

Numerous devices and techniques are available
to either treat or rectify the problems associated
with lake stratification and hypolimnion oxygen
depletion. Options include operational approaches
such as use of deep level outlets to minimize
hypolimnion residence times; reaeration of releases
through use of draft tube aeration, turbulent
stilling basins, or use of release structures
that would actively aerate the flow; use of selec-
tive withdrawal to prevent the release of anaerobic
water; aeration of tailrace flows through use
of structures such as rock or baffled weirs;
or aeration of the reservoir. There are numerous
options available for in-reservoir aeration.
Options include hypolimnion aeration devices
and diffused molecular oxygen which are expensive
but which de not disturb the reservoir temperature
stratification and destratification dependent
devices including hydraulic guns, mechanical
pumping, and pneumatic diffusers.

The appropriate device or technigue for
use at any site is a functien of the specific
site with its biological, chemical, and physical
characteristics and of the objectives of the
reaeration treatment. The influence of the device
on both temperature and D.Q. (dissolved oxygen)
should be considered.

The pneumatic diffuser is the subject of
this report. Pneumatic or compressed air diffusers
release air bubbles at depth within a reservoir.
They mix and aerate the reservoir through the
influence of the rising bubbles. By means of
shear and entrainment interaction between the
bubble plume and the surrounding oxygen depleted
hypolimnion, the hypolimnion water is upwelled
toward the surface where it mixes with oxygen

rich metalimnion and epilimnion water. The
mixed water sinks toe an intermediate Tlevel
dictated by its temperature. Stratified
circulation cells that extend over large areas
of the reservoir result. Pneumatic diffusers
can effectively and economically aerate
hypolimnion water. In many cases the number
and extent of surface algal blooms are reduced.
Use of the device does yield at least partial
destratification with  surface cooling and
hypolimnion warming.

The impact of a diffuser on a reservoir
is a function of the specific reservoir and
the specific diffuser with its bubble plume.
A diffuser should be designed to fit the needs
of a reservoir with its specific temperature
and density structure and with its oxygen demand.
To evaiuate reaeration needs, reservoir parameters
including reservoir volume, reservair geometric
configuration, temperature and density stratifica-
tion, oxygen demand, inflows, and cutflows must
be considered. In addition, the performance
of a diffuser is a function of diffuser length,
diffuser configuration, diffuser position within
the reservoir, diffuser submergence, the size
and spacing between diffuser orifices, and the
air discharge per orifice.

RESERVOIR PARAMETERS

To define the initial reservoir conditions
from which modification would be made and to
define the extent of the desired modifications,
the physical and chemical characteristics of
the reservoir should be understood.

Reservoir Volume and Geometry

Reservoir wvolume and volume distribution
as a function of depth are parameters required
to define both the stability of the reservoir
and the total oxygen demand of the reservoir.
Stability is a measure of the density stratifica-
tion. It is the energy required, with 100 percent
efficient mixing, to fully mix the reservoir.
Stability is defined as the work required to
move the total reservoir mass from the elevation
of the center of gravity to the elevation of
the centroid of the reservoir. Destratification
impacts can be evaluated as & reduction of stabil-
ity. To find the elevations of both the center
of gravity and the centroid, the volume-depth
distribution must be known. In addition, to
find the elevation of the center of gravity,
the density distribution with depth and, thus,
the temperature distribution with depth, must
also be known.
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The reservoir volume to depth relationship
is also used along with observed or predicted
D.0. profiles to determine the total D.0. within
the reservoir. To do this, the product of the
D.0. concentrations and reservoir wvolume are
integrated over the reservoir depth. Comparison
of total D.0. values through the stratified season
yields evaluaticn of total oxygen demand within
the unmedified reservoir. If this demand is
then compared to a similar D.G. decline rate
for the medified or aerated reservoir (which
reflects minimum acceptable [.0. levels), than
a required diffuser aeration rate 1is found.
This aeration rate is used in conjunction with
diffuser reaeration efficiencies to size the
diffuser system.

Reservoir Density Stratification

Mixing action due to a pneumatic diffuser
results from shear and drag energy transfer from
the rising bubble curtain to the surrounding
water. This yields an upwelling of the deep,
dense, low oxygen water. This water rises into
warmer, Jless dense water where gravitational
effects tend to pull the upwelled water downward.
The upwelled water is therefore influenced by
momentum established by the bubble plume and
by the negative buoyancy which results due to
temperature differences. If the bubble plume
is concentrated containing 1large bubbles, or
if the temperature and density stratification
is weak, the bubble curtain may dominate over
the negative buoyancy and the deep water will
be wupwelled to the surface. However, with a
dispersed curtain made up of small bubbles with
reduced momentum, or with a strong density
stratification, velocities established in the
upwelled water may not be sufficient to completeiy
overcome the negative buoyancy. Under these
conditions, the upwelled water will detach from
the bubble curtain and sink back to depth without
reaching the surface. Reaeration is  thus
influenced in that strong upwelling to the surface
yields fairly Jlocalized but relatively intense
mixing between the wupwelled hypolimnion water
and the epilimnien and thermocline water (the
main source of hypolimnion reaeration). Also,
if the hypolimnion water is supersaturated with
any gases (nitrogem, hydrogen sulfide), the
upwelled water would be more readily stripped
of the gas under these conditions. Weaker
upwelling which may not reach the surface could
result in mixing with only the thermocline and
lower epilimnion water. This mixing would be
at a reduced intensity level and would result
in  reduced localized aeration and degasing.
Weaker upwelling, however, results from the use
of a more dispersed bubble plume which also results
in  the mixing occurring over a larger area.
The findings of a study by Johnson {1980) indicates
that the widespread plume yfelds substantially
mere oxygenation and destratification per unit
of energy consumed. Thus, although 1localized
destratification and aeration are reduced, total
destratification and aeration are increased.

In addition to differences in efficiencies,
differences in mixing patterns result due to
variations in bubble plume density and reservoir
stratification. This is shown on figure 1 where
typical midsummer temperature and D.0. profiles
are shown for a reservoir with no rezeration,
for the same reservoir with point source diffuser
operation (concentrated bubble plume), and for
the reservoir with line diffuser operation {dis-
persed bubble plume). The peint source diffuser
caused breakdown of the thermocline with warming

of the hypolimnion resulting in nearly linear
temperature and D.0. profiles from the diffuser
to the surface. This indicates that substantial
mixing is occurring throughout the water column,
although the mixing is not sufficient to create
a homogeneous water body. On the other hand,
the line diffuser, although still showing sub-
stantial mixing influence, did not break down
the thermocline as much. This pattern was
observed over a wide range of line diffuser
airflow rates. Note that the mixed hypolimnion
is fairly homogeneous and that a distinct
thermocline and epilimnion exist. This indicates
that the upwelled water detaches from the bubble
curtain in the thermocline and that the diffuser
is mixing the hypolimrion well. A second
thermocline and oxycline 1is developed at the
diffuser elevation. Below this is undisturbed
hypolimnion.
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Figure 1. - Reservoir profiles.
Reservoir Flowthrough

Flowthrough represents a source of mixing
which in some cases may be so substantial that
reservoir stratification will not form. A rule
of thumb indicates that 1if the total annual
flowthrough is less than 10 times the total
reservoir storage capacity, the reservoir will
stratify, and 1f the total annual flowthrough
is greater than 20 times the total storage
capacity, the reservoir will be mixed. Of course,
this is quite rough and does not define
intermediate conditions. However, it should
be noted that even if stratification does occur,
substantial flowthrough will weaken the
stratification and 1ikely increase hypolimnion
D.0. levels.

Stratified inflows or outflows may result
in either freshening of oxygen-depleted water
in the reservoir or removal of oxygen-depleted
water from the reservoir. Stratified inflows
will settle 1in the reservoir at the elevation
where the reservoir water has the same density.
If the inflow, which may be high in D.0., settles
in an oxygen-depleted zonme, then aeration or
freshening of that zone could result. Likewise,
through the use of selective withdrawal, hypelim-
nien water may be constantly removed from the
reservoir and released to the downstream channel.
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In some cases where flowthroughs are adequate,
this inflow-outflow mechanism wmay be used to
maintain satisfactory  hypolimnion D.0. Tlevels
with no additional reaeration.

The influence of stratified inflows and
outflows on reservoir temperature stratification
and thus reservoir stability can be evaluated
through the use of any of numercus mathematical
thermal and hydrodynamic simulation medels.
In recent years, efforts have been made to extend
these models to obtain prediction of D.0. profiles
within the reservoir. Both the temperature and
D.0. prediction models require  substantial
reservoir and inflow physical and chemical data
as well as atmospheric data. Their predictive
accuracy 1is limited, but certainly sufficient
to  describe Tikely temperature and D.0.
development patterns.

DIFFUSER AND BUBBLE PLUME PARAMETERS

The influence of a pneumatic diffuser on
a reservoir is strongly controlled by the size,
physical nature, and positioning of the bubble
plume. Numerous parameters influence the bubble
plume. These parameters should be understood
if an optimum design is to be obtained.

Submergence

The depth of diffuser submergence controls
the vertical height of the bubble plume and,
therefore, controls the path length of interaction
between the bubble plume and the water body.
Work done by Straub (1959), Kobus (1968}, and
Bulson {1961) disagrees on the exact relationship
but indicates that the quantity of water upwelled
is a function of unit air discharge rate (air
discharge per unit length of diffuser) and submer-
gence. These parameters influence both the
cross-sectional area of the plume and the upward
velocities within the plume. Cederwall and Ditmars
{1970), din their analysis of the Kobus data,
find the plume haif-width equal to:

Y2 Sl W (1)
AT (1 +a2) ug v

where gy is the unit airflow rate at atmospheric
pressure, Hy s the barometric head, i is the
plume spreading ratio (Kebus found this to be
practically a constant over the airflow range
he studied; a reasonable assumed value is 0.2?,
Up is the bubble slip velocity (which can be
considered equal to the terminal rise velocity
of a single bubble}, and We/V is a parameter
that is evaluated using figure 2. To use figure 2,
the parameters Z and G must be evaluated:

Ho + M = X
T (2)
and

g N2 lotH) = (1+42) ui
gd Ho

(3)

where H 1is the submergence, X is the vertical
distance from the diffuser to the station of
interest, and = is a coefficient of entrainmeat
that is a function of unit airflow rate as indi-
cated on figure 3.
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Figure 2. - W2/V evaluation.
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Figure 3. - Coefficient of entrainment.

Field observations indicate that the
Cederwall and Ditmars equations give a reasonable
prediction of plume half-width.

With a known plume cross-sectional area,
in particular at the top of the hypolimnion,
and with a known average velocity across the
plume section, upwelled discharges and, in
particular, upwelled discharges from the
hypolimnicn can be computed. The velocity
distribution in upwelled plumes is a fungtion
of bubble density and size. For smaller bubbles
less tham 15 mm in diameter it appears that

a Gaussian velocity distribution is
representative. Cederwall and Ditmars give
the centerline upwelled velocity (Up) to be:
172
Uy = (1 +22) Up & ()

where V/W is a parameter that is evaluated using
the parameters Z and G in conjunctien with
figure 4.
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Figure 4. - ¥/W evaluation.

They note that for a line diffuser in a
homogeneous fluid, the wvelocity distribution
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through the rising plume may be approximated
by:

¥2/p2
Us=yge /P (5)

where Y 1is the lateral coordinate of the Jlocal
plume velocity U. An integration of this velocity
distribution over the plume width yields the
upwelled unit discharge:

a= yn Ugp (6)

Depending on reservoir density stratification
strength, there may be small or significant
reductions from predicted upwelled discharge.
The presented analysis may, however, be used
to obtain an approximate evaluation of the effect
of submergence and guide design medifications.

To maximize diffuser impact, the diffuser
should be TJocated as deep within the reservoir
as possible. Therefore, depth of submergence
is largely a function of the reservoir depth.
At the same time, the diffuser must be kept a
sufficient distance above the bottom to prevent
mixing of bottom sediment. Experience indicates
that Tine diffusers have an influence to a depth
approximately 5 meters below the diffuser.
Five meters thus appears to be an adequate distance
to place the diffuser above the bottom.

Diffuser Configuration

Diffuser configuration controls the shape
of the resulting bubble plume. A straight-line
diffuser will yield a single-plane bubble plume
while a circular diffuser will yield a cylindrical
bubble plume, and a single point diffuser will
yield a single-column bubble plume. The shape
of the plume affects the area of the plume that
comes into effective shear and gas transfer
interaction with the main body of the reservoir.
A single-plane bubble plume, if centrally located
in the reservoir, will have effective gas transfer
and shear on both of its sides. This offers
an optimum potential for interaction with the
reservoir. The literature contains Timited
informatieon on the influence of bubble plume
shape. Cederwall and Ditmars (1970) analyzed
both Tine and point diffusers. Their analysis,
which is based on a homogeneous reservoir, when
applied over airflow discharge ranges used at
field sites indicates that for equal total airflow
rates, the line diffuser will yield between 2.5
and 3.5 times more upwelled hypolimnion water
at the thermocline than a point source. No
information was found that compared straight-Tine
diffusers to line diffusers of ather
configurations.

In addition, the diffuser should be located
such ‘that both sides of the bubble plume have
access to the main reservoir body. The diffuser
should not be placed where the bubble plume would
isolate a small portion (for example, & bay}
of the reservoir from the main body. In such
a location, one side of the bubble plume might
have reduced influence which could resuit in
a decrease of total diffuser efficiency.

Bubble Size and Distribution

As noted, bubble size and distribution
will substantially influence the dynamic
characteristics of the bubble plume. This 1in
turn will affect diffuser efficiency and resulting
reserveir impact. Bubble size and distribution

are & function of the size of the diffuser
orifices, the airflow rates through the orifices,
and the spacing between the orifices. Bubble
size and distribution affect the water-air
interfacial area, the bubble rise velocities
in the plume and, in general, the gas and energy
transfer from the plume to the reservoir. Smaller
bubbles have higher surface area to volume ratios
and develop proportionally more drag than larger
bubbles. Thus, they have better gas and energy
transfer characteristics. If these bubbles
are widely dispersed, they will have increased
potential for contact with the reservoir body
and their effectiveness will be further improved.
Concentrated bubble plumes develop higher velacity
center cores which have reduced interaction
with the reservoir bgdy. Thus, the relative
energy and gas transfer potential of the plume
are reduced.

Similar research studies have been conducted
by Neilson (1972), Holroyd and Parker (1949},
and Camp (1963) which have evaluated the aeration
potential of pneumatic aerators. These studies
were conducted in small volume laboratory test
facilities. The tests were run with homogeneous
oxygen-depleted water. A limited range of bubble
sizes were evaluated and very low density bubble
plumes were used. These tests evaluated as
separate factors the aeration across the reservoir
water surface, the aeration from the rising
bubbles, and the aeration that results due to
bubble bursting at the reservoir surface. These
studies indicate that for typical preumatic
aerator sites with 5 mm to 15 mm bubble diameters
that gas transfer across the reservoir water
surface comprises more than 95 percent of the
total aeration gas transfer. These studies
indicate that direct gas transfer from the rising
bubbles is small and that bubble diameters would
have to be substantially reduced to make this
a significant factor.

Upwelled Discharge

Bubble size and distribution also influence
the velocity distribution within the plume,
the rate of plume spread, the rate of surrounding
reservoir water entrainment, the resulting
upwelled water discharge, and thus aeration
and reservoir destratification. Bubble size
influences bubble shape, the drag interaction
between  the bubble  and the water, and
consequently, the rise velocity of the bubble.
Larger bubbles yield higher rise velocities
and reduced relative drag and energy transfer.
Bulsen {1961) and Wilkinson (1979) show that
for large airflow rates with unit discharges
greater than 15.8 std. (L/s)/m of diffuser,
velocity distributions vary markedly away from
Gaussian with increased centerline velocities,
white with smaller bubbles and reduced air
concentratfons the velocity distribution s
nearly Gaussian. Centerline wvelocities within
the plume are higher than the terminal rise
velocities of individual bubbles. As previously
observed, velocities within the plume are also
a function of submergence. Evaluation of these
velocities s discussed in the submergence
presentation earlier in this report. As theorized
by Taylor and as experimentally verified by
Straub, et al. (1959}, Baines and Hamilton (1959},
and Evans {1955}, the maximum veleocity in the
plume for reduced airflow rates varies with
the airflow rate to the 0.33 power. Both Neilson
(1972) and Wilkinson {1979) note that bubble
plumes with smaller bubbles and reduced airflow
rates yield higher wupwelled water discharge
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to airflow rate ratios. Thus, they conclude
that this type of plume has a more efficient
upwelling action and that wunit airflow rates
should be kept low. From Kobus's work, Wilkinson
(1979} concludes that unit airflow rates should
be held below 10.0 {L/s)/m of diffuser.

Minimum Diffuser Differential Pressure

To keep the diffuser purged of water and
to maintain relatively uniform airflow over the
diffuser lengths, a minimum differential pressure
of at Teast 10 kPa should be maintained across
the diffuser orifices. This has been confirmed
by field observations.

Bubble Size

A theoretical analysis by VYan Krevelen
and Hoftijzer (1950) may be used to analyze the
size of bubble produced by a diffuser. They
show that for small air flow rates, bubble size
at or immediately above the diffuser is solely
a function of crifice diameter, For larger air
discharges, bubble size is found to be a function
of the ajr discharge at the orifice to the
0.4 power. The findings of this analysis are
summarized on figure 5. For bubbles smaller
than 7 millimeters in diameter, this analysis
was verified by experimental work by Coppock
and  Meiklejohn (1951). Field observations
approximately confirm these findings. Differences
in orifice orientation and/or flow conditions
past the diffuser may cause variations.
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Figure 5. - Bubble diameter.
Bubble Rise Velocity

Haberman and Morton {1954) show that the
terminal rise velocity of individual bubbles
in unfiltered water is solely a function of bubble
volume, They find that bubble shape changes
with volume from spheres to ellipsoids to spherical
caps. A graphical relationship is developed
(fig. 6} that relates terminal wvelocity to
equivalent bubble radius. The equivalent radius
is found by converting the bubble volume, for
whatever shape the bubble might be, into a sphere
and determining the radius.
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Figure 6. - Terminal velocity.

In summary, a diffuser that creates a
bubble plume made up of small, well dispersed
bubbles will yield increased oxygen transfer
from the rising bubble, increased upwelled water
per unit volume of air and thus, increased
reservoir surface aeration and increased
destratification. All of this results in response
to the increased total bubble surface area,
increased relative drag, and increased plume
entrainment that occur due to the small, dispersed
bubbles. Good bubble dispersion is obtained
through the use of a fairly long diffuser which
allows for substantial spacing between orifices.
A 0.3-meter center-to-center spacing has been
used successfully at several sites. Small bubbles
are obtained through the use of small orifices
which operate with & minimum differential
pressure, One~-millimeter-diameter orifices
represent & minimum diameter that can be easily
field dritled. A differential pressure of 10 kPa
appears to be about the minimum that could be
used while keeping the diffuser flushed of water
and maintaining fairly uniform air dispersion.
The orifices can be drilled in the diffuser
sides and alternated from side to side. Limited
laboratory flume studies show this arrangement
to yield increased entrainment over that obtained
with the orifices placed in the top of the
diffuser pipe. Alternating the orifices from
side to side balances the forces exerted by
the air releases on the diffuser.

SAMPLE DESIGN

As an initial step, the size or extent
of the problem to be treated is defined. To
de this, the size of the impoundment to be treated
and thus the volume of water to be treated should
be determined. Likewise, the expected oxygen
demand in the untreated impoundment and desired
oxygen decltine rates in the treated reservoir
should be defined. Expected oxygen demand in
the untreated impoundment may be evailuated through
observation of historical data for that
impoundment, through observation of the oxygen
response in similar impoundments, or through
the use of D.0. prediction mathematical models.
It should be noted that oxygen demand observed
from historical data eor from similar reservoirs
will vary over the short term, for example,
because of the decay of algae blooms or flooding;
and over the long term, for example, because
of reserveir maturing or seasonal variations.
A decision must be made as to whether reaeration
system design should be based on typical oxygen
decline rates or on some extreme value. Sizing
a system based on an extreme decline rate will
yield a system that is oversized for most cases
and thus may have both excessive capital and
operating costs. However, sizing a system based
on a typical or mean decline rate will yield
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& system that is unable to meet all desired
demands. The design D.C. reaeration rate selected
generally depends on how critical the reaeration
is.

It appears that historical data for the
reservoir of interest may supply the best estimate
of initial untreated D.0. demand. Similar reser-
voirs can supply a good estimate of untreated
conditions. However, care should be taken to
ensure sufficient similarity. The comparison
impoundment should be in the same vicinity as
the impoundment of interest, should experience
fairly simiTar c¢limatic conditions, and should
be of similar depth or at least deep enough to
allow similar thermocline and hypolimnion
development. The comparison reservoir should
experience similar inflow and release discharges.
The relative influence of the flowthrough should
be similar and thus the relative magnitude of
the discharges versus reservoir volume and the
stratified flow response of the flows in the
reservoirs should be similar. This also implies
the need, where multiple release structures exist,
to have similar operating characteristics for
the two sites. Finally, for a good comparison
of D.0. response, the oxygen demand of the two
reservoir hypolimnion should be similar. This
generally implies that the impoundments have
similar nutrient  characteristics, biolegical
productivity, and that they are biclogically
managed in similar ways.

As previously noted math models may also
be used to predict initial or untreated reservoir
states. Use of the models requires substantial
data bases; the models are best applied where
sufficient data exist for verification. With
limited input data and with no historic profiles
to help fit the model, only approximate predictions
and guidance can be obtained.

After determining the untreated D.0. state
of the reservoir, minimum acceptable D.0. levels
should be selected. Desired uses of the water
should be considered in this selection. For
example, if the objective 1is to prevent the
development of anaerobic conditions, a level
of 2 mg/1 might be selected. However, 1if the
objective is to maintain a trout fishery, a minimum
acceptable hypolimnion D.0. Tlevel of 5 mg/1 might
be selected, Noting then that the epilimnion
water will tend te be saturated in D.0., and
considering the degree of destratification or
variation away from a traditional two-layer density
profile (discussed earlier in the paper) that
would result, estimated treated 0.0. profiles
can be cbtained. These profiles are an
epilimnion-hypolimnion composite with a trassition
between the two layers. Hypelimnion D.G. levels
will decline from saturation at the start of
the stratification season to minimum acceptable
values Jjust prior to fall turnover. By noting
the total D.0. mass decline for the treated
reservoir (as indicated by the developed profiles),
and dividing by the expected stratification season
length, an acceptable total 0.0. mass decline
rate is obtained. For example, if it is found
that an acceptable total D.0. mass decline of
5x 105 kg 0z could occur over the stratified
season and if the expected stratified season
Tength s 200 days, an acceptable total D.0.
decline rate of 2,500 kg 0/day could be tolerated.
It should be noted that if destratification
accompanies the reaeration then the stratified
season will be shorter than it would be in the
untreated reservoir.

A simiTar computational process can be
done for the untreated reserveir. The total
D.0, mass content of the reserveir at the start
of the stratified season can be computed.
Likewise, a total D.0. content at the end of
the stratified season or when the hypolimnion
goes anaerobic can also be computed. Note that
once the hypolimnion goes anaerobic, the total
oxygen decline rate changes hecause there s
no oxygen left to be depleted. Again, by taking
the difference between the total D.0. mass at
the start of the season and the depleted total
D.0. mass, the total D.0. mass decline that
occurs in  the untreated reservoir is found.
When this is divided by the time period, the
stratified season length, or the time Tlength
to an anaercbic hypolimnion, the total oxygen
decline rate in the untreated reservoir is found
(for example, 3 700 kg Op/day). The difference
between total D.0. decline rates (3700 to
2 500 kg Op/day} represents a reaeration rate
that must be supplied by the device.

It should be noted that the untreated
D.0. ‘tevels in the reservoirs which were obtained
either from historic data, a similar reservoir,
or mathematical models dnclude the influence
of inflows and releases on reservoir D.0. This
does noi however consider oxygen demand of the
oxygen-depleted flowthrough. In these cases,
it may be required to size the reaeration system
to treat both the reservoir and the flowthrough.
Noting flowthrough wvolumes and desired D.Q.
levels, estimates of  required additional
reaeration for the flowthrough can be obtained.

With & knowledge of the required total
oxygenation or reaeration rate (1 200 kg Op/day
for the example), the reaeration system may
then be sized. The  pneumatic  diffuser
efficiencies shown in figures 7 and 8 may be
referred to. The efficiencies were obtained
for a strafght-1ine diffuser submerged at a
depth of 46 m. Air was supplied to the diffusers
with rotary sLrew, electric  motor-driven,
single-stage compressors. Energy losses through
the distribution piping and diffuser system
were less than 4 percent of the available energy
in the air flow at the compressors. The
efficiencies shown in figures 7 and 8 reflect
this particular compressor and distribution
system design. Compressor selection and
distribution system design can significantly
influence efficiencies. Thus to directly apply
the efficiencies shown in figures 7 and 8 the
compressor and distribution system should be
similar to that mentioned above. Variations
from this design can be  computationally

compensated  for. In figures 7 and 8 the
efficiency bands labeled "Diffuser System" should
be  used. These efficiency bands reflect
uncertainty in efficiency evaluation and thus
uncertainty in actual efficiency values. By

referring to the efficiency data shown in
figure 7, and knowing the required reaeration
rate (1 200 kg Og/day) and a selected unit air
flow rate {for example 0.6 std.L/s/m of diffuser)
a reaeration efficiency <can be determined
(3.5 kg Op/kWh) and a required energy consumption
rate obtained (343 kWh per day). For the
oreviously described compressor and distribution
system this energy consumption rate corresponds
to a system supplied by a 19.5-horsepower,
37 std.L/s capacity compressor.
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Figure 8. - Destratification efficiency.

This sizing was based on an assumed unit
air flow vrate of 0.6 std.L/s/m of diffuser.
This is approximately the minimum unit air flow
rate that could be effectively supplied by the
diffuser as designed. As previously noted,
findings indicated that more widely dispersed
bubbles (smaller unit air flow rates) yield higher
reaeration efficiencies. The 37 std.L/s air
discharge with a unit air flow rate of 0.6
std.L/s/m yields a line diffuser that is 6l.7-m
long. As previously noted, it 1is recommended
that this diffuser be constructed with
1.0-mm-diameter orifices placed at 0.3-m centers.

This design assumes diffuser submergence
to be 46 m (the depth that the efficiency curves
were developed at). If reservoir geometry dictates
a diffuser submergence of for example 60 m, then
- diffuser length, unit air flow rate, and thus
total air flow rate can be adjusted io compensate.
To do this, equations 1, 2, 3, 4 and 6 and
figures 2, 3, 4, and 5 can be used. If the
upwelled discharge is computed at the approximate
bottom of the thermocline for the 60-m submergence
and compared to the corresponding upwelled
discharge with 46 m of submergence, a compensation
factor can be evaluated. If the bottom of the
thermocline is predicted to be at 9 m depth (Sl m
above the diffuser) a computed upwelled unit
discharge at that Tlocation in the plume would
be 1.44 m3/s. Using the same equations and figures
the upwelied discharge at the 9-m depth (37-m
above the diffuser) is 0.97 m/s/m with 46 m
of diffuser submergence. Thus the increased
submergence would yield a 48 percent increase

in upwelled hypolimnion discharge. ~ To obtain
the desired impact, the 0.6 std.L/s/m unit air
discharge could be maintained and the diffuser
length” reduced by 33 percent. This would yield
a 41.6-m Jong diffuser with a total required
air discharge of 24.9 std.L/s.

A similar computational process could
be undertaken if diffuser submergence was to
be Tess 'than 46 m. For this case analysis
indicates the need for either a Tlonger diffuser
or increased unit air discharges. Increased
unit discharges are used at the aexpense of reduced
reaeration and destratification efficiencies.

With the diffuser sized, numerous other
design problems can be addressed. included
is stzing of the distribution and diffuser piping;
selection of valves, instrumentation, compressors,
compressor shelters, and system security; and
design of anchors, floats, and retrieval gear.
It 1is strongly recommended that the designer
contact or visit existing installations. Much
fabrication, operation, and maintenance knowTedge
can be obtained through experience.

Two final factors should be considered
in  reaeration system design. First, since
destratification resulis from system operation,
satisfactory reservoir temperatures may or may
not be obtained. Typically, destratification
cools the epilimnion and warms the hypolimnion.
If the reservoir.is intended for a temperature
dependent use, such as for a cold water fishery,
then a conflict may result. Sufficient reaeration
to yield the desired D.0. levels may produce
unacceptabie temperatures. Figure 8 shows pneu-
matic diffuser destratification efficiencies
as a function of unit air discharge. The effi-
ciencies were obtained using the previously
described diffuser design. A technique similar
to the one presented in this paper for reaeration
may be followed to evaluate the destratification
influence. Initial untreated temperature profiles
can be determined, untreated reservoir stabilities
computed, destratification influence on stability
evaluated (using system size determined from
the reaeration computations and appropriate
destratification efficiencies), and the impact
on temperature profiles found. If the temperature
impact is unacceptable, a treatment device that
would yield Tess or no destratification could
be selected.

A final comsideration is potential nitrogen
supersaturation development within the reservoir.
Supersaturation may develop either from direct
gas transfer from air bubbles or from the warming
of the water that results with destratification.
Warming Towers the saturation concentration.
Thus warming can yield supersaturation even
with no additional gas transfer. Fast and
Hulquist (1982} show the degree of supersaturation
development to be a function of diffuser design
and mixing intensity. In many cases, nitrogen
supersaturation development does not pose a
problem. Because of submergence, dissolved
gas levels at depth within the reserveirs are
typically well below saturation levels. Likewise,
high turbulence releases or high turbulence
tailrace flows can strip the excess gas from
the release water and alleviate the problem.
Only where low turbulence submerged releases
{such as power releases) are made does the
supersaturation _pose a problem. Where
supersaturation is a problem, hypolimnien aeration
may be required.
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FIELD EXPERIENCE

Pneumatic diffusers are widely used,
sometimes successfully, sometimes not. Frequently
the cause of unsuccessful application dis lack
of understanding of basic reservoir hydrodynamics,
of bubble plume hydrodynamics, and of the inter-
action between the two. For example, diffusers
have been installed at relatively shallow reservoir
sites at which the hypolimnion thickness is small.
Bubble plume dnteraction with the hypolimnion
is very limited and consequently the quantity
of hypolimnion water upwelled is small. The
result is metalimnion and epilimnion mixing with
very 1ittle hypolimnion influence. At other
sites extremely concentrated bubble plumes have
been used which, because of the inefficient use
of the air, have been ineffective.

There are several sites for which well
documented reports on successful application
are available. These reports contain not only
detafls on the aeration system design but also
details on physical, chemical, and biclogical
reservoir impact. Some of the better references
are those by Barnett (1975); Bowles, Powling,
and Burns (1979}, and Fast (1968, 1971).

CONCLUSIONS

Pneumatic diffusers offer a proven technique
for reaeration of reservoir water. As with alil
reaeration options pneumatic diffusers have
specific traits that may or may not make the
device desirable for specific applications.
Depending on the site and the reaeration objective,
pneumatic diffusers can offer a cost effective,
dependable treatment option. Through & process
of definition of specific reaeration objectives
and consideration of various parameters that
influence diffuser performance, a diffuser system
can be designed to meet the needs of a specific
site. Prneumatic diffusers achieve efficient
reaeration through reserveir destratificationm.
This results in at least a partial vertical mixing
of the reservoir which results in epilimnion
cooling and hypolimnion warming. Destratification
may result im reduction of surface algal blooms
and development of nitrogen supersaturation in
the hypolimnion. Nitrogen supersaturation may
or may not pose a problem depending primarily
on the type of reservoir release.
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RETRO-FITTING FOR HIGH-LEVEL RELEASES
TO IMPROVE DOWNSTREAM QUALITY

Richard E. Punnett, PhD

Hydraulic Engineer, Corps of Engineers, Huntington District, WV

ABSTRACT

Historically, the downstream releases from Sutton Lake, West
Virginia, experienced turbidity and temperature problems because
of hypolimnetic releases. To provide for epilimnetic releases, a semi-
circular conduit was retro-fitted to the face of an existing dam,
Improvements in the quality of the releases have been noted.
Operational guidelines, which are a product of interagency
coordination, have been developed.

AUTHOR'S NOTE

The written paper was hot available at the time of publication.
Therefore, the following synopsis was provided in lieu of the full
report.

SYNOPSIS

After Sutton Dam, West Virginia, began operations in 1961, a
distinet turbidity problem was incurred which adversely affected
downstream recreation. The dam had five floed conduits located at
the bottom of the lake and did not have a high-level low-flow outlet.
Following a storm event, the initial release water had low turbidity
even though the downstream tributaries were turbid. After a few
days of flood releases, the outflow became turbid and remained turbid
for extended periods of time (long after the downstream tributaries
became clear). Turbid inflows inte Sutton Lake were passing through
but the time delay resulted in a few days of high-volume, clear

outflows which were followed by many days of low-voiume, turbid
outflows. Downstream recreation, especially sport fishing, was
degraded for several weeks following a single flood event.

To solve the downstream turbidity problem, a semi-circular
“riser” was fastened to the face of the dam in front of one of the
existing flood gates. The design process included a numerical lake
model (to predict temperature changes) and a physical model (to
ensure surface vortices did not oceur).

The riser met the primary objectives of providing control of the
downstream turbidity and providing a warmer outflow temperature.
Because of the change in withdrawal zones (from about ¥00 feet to
about 14 feet deep}, the thermocline zone became shallower and
narrower. The accompanying change in the thermal-density profile
caused inflows to enter the lake as an interflow nearer the surface.
Thus, a temporary increase in near-surface turbidity was evident
after flood events.

Coordination between the West Virginia Department of Natural
Resources and the Corps yielded a plan of operation that met the
desires of both agencies. During low-flow periods, the riser was used
exclusively. When outflows exceeded 1200 cfs, the riser was closed
and the bottorn pates were used. When outfllows exceeded 8000 cfs
(summer channel capacity), the riser and all gates were used evenly.
The plan allowed for hypolimnetic releases during flood events and
conserved the epilimnion for use during low-flow perieds without
hampering outflow rates or requiring excessive gate operations.

punnett

159



APPENDIX A - LIST OF ATTENDEES



Name
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USAED, Baltimore
ATTN: NABEN-RW/P.0. Box 1715
Baltimore, M} 21203-1715

Nebraska Public Power District
1414 15th Street
Columbus, NE 68601

USAED, Pittsburgh
ATTN: ORPED-HS/1000 Liberty Avenue
Pittsburgh, PA 15222-4186

USAED, South Atlantic
ATTN: SADPD-R

510 Title Builiding

30 Pryor Street, S. W.
Atlanta, GA 30335-6801

USAED, Louisville
ATTN: ORLED-H/P.0. Box 59
Louisville, KY 40201-0059

USAED, Rock Island

ATTN: NCRED-HQ

Clock Tower Building, P.0. Box 2004
Rock Island, IL 61204-2004

Tennessee Valiey Authority
270 Haneg Building
Chattancoga, TN 37401

Telephone

615-632-1961

FTS 264-7459
212-264-7459

FTS 684-3070
513-684-3070

FTS 922-4893

402-563-5335

FTS 722-6860
412-644-6860

FTS 242-4580

404-331-4580

FTS 352-5640

502-582-5640

FTS 386-6361
309-788-6361

615-751-7319

* U.S, Army Engineer Division/District
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David R, Brown

dJack Brown

Terry M. Brown
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John Crossman
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Kenneth Day

Mark S. Dortch

Frank J. Dragoun

Diane Findley
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Tennessee Valley Authority
140 Evans Building
Knoxville, TN 37902

USAED, Southwestern
ATTN: SWDED-WA/1114 Commerce Street
Dallas, TX 75242-0216

USAED, Nashville
ATTN: ORNED-E/P.0. Box 1070
Nashville, TN 37202-1070

USAED, Wilmington
ATTN: SAWEN-HA/P.0. Box 1890
Wilmington, NC 28402-1890

0ffice, Chief of Engineers
ATTN: DAEN-CWH-W

20 Massachusetts Avenue, N.W.
Washington, DC 20314-1000

USAE Waterways Experiment Station

Richard B, Russell Limnological Laboratory

P.0, Box 533
Calhoun Falls, SC 29628

Tennessee Valley Authority
217 Summer Place Building
Knoxville, TN 37902

Tennessee Valley Authority
252LB-K
Knoxville, TN 37902

USAED, Mobile
ATTN: SAMOP-R/P.0. Box 2288
Mobile, AL 36628-0001

USAE Walerways Experiment Stafion
ATTN: WESES-Q/P.0, Box 631
¥icksburg, MS 39180-0631

Central Nebraska Public Power
and Irrigation District

P.0, Box 356

Holdrege, NE 68949-0356

USAED, Mobile

ATTN: SAMPD-EL/P.0. Box 2288
Mobile, AL 366228-0001

Ad

Telephone

615-632~6770

FTS 729-2384
214-767-2384

FTS 852-5637
615-736-5637

FTS 671-4761
919-343-4761

FTS 272-8512

202-272-8512

803-447-8561

615-632-6657

615-632-7564

FTS 542-3517
601-634-3517

308~995-8601

FTS 537-3857
205-694-3857
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Thomas J. Furdek

Jim Gallagher

James Graham

John Hains
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E. Dean Harshbarger
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USAED, St. Louis

ATTN: LMSED-HQ

Foot of Arsenal Street
St. Louis, MO 63118

USAED, Savannah
ATTN: SASEN-HA/P.0. Box 889
Savannah, GA 31402-0889

USAED, Portland
ATTN: NPPER-HH-S/P,0, Box 2946
Portland, OR 97208-2946

USAE Waterways Experiment Station

Richard B, Russell Limnological Laboratory

P.0. Box 533
Calhoun Falls, SC 29628

USAED, Seattle
ATTN: NPSEN-HH-HC/P.0. Box (-3755
Seattle, WA 98124-2255

USAE Waterways Experiment Station
ATTN; WESES-Q/P,0, Box 631
Yicksburg, MS 39180-0631

USAED, Portland
ATTN: NPPEN-HH-RIP.O. Box 2946
Portland, OR 97208-2946

Tennessee Valley Authority
Engineering Laboratory
P.0. Drawer E

Norris, TN 37828

Tennessee Valley Authority
Engineering Laboratory
P.0. Drawer E

Norris, TN 37828

USAED, Seattle
ATTN: NPSEN-HH-WM/P.0. Box C-3755
Seattle, WA 98124-2255

U.S. Bureau of Reclamation

MC-1522

P.0, Box 25007/Denver Federal Center
Denver, CO 80225

A5

Telephone

FTS 273-4008

314-263-4008

FTS 248-5515
912-944-5515

FTS 422-6444
503-221-6444

803-447-8561

FTS 446-3597

206-764-3597

FTS 542-2676
601-634-2676

FTS 423-6468
503-221-6468

615-632-1947

615-632-1888

FTS 446-3544
206-764~-3544

FTS 776-6009
303-236-6009
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Bert Holler

Stacy Howington

Linda Jenks

David R. Johnson

Perry dJohnson

Robert Kennedy

Don Kraus

Lynn Lamar

Dale Leggett

Jerry Mahloch

LIST OF ATTENDEES (Continued)

Address

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
¥icksburg, MS 39180-0631

USAED, South Atlantic
ATTN: SADEN-TH

510 Title Building

30 Pryor Street, S.W.
Atlanta, GA 30303-6801

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 63}
Vicksburg, MS 39180-0631

USAED, Cmaha
ATTN: MROED-HC

6014 U.S. Post 0ffice and Courthouse

Omaha, NE 68102-4978

USAED, Vicksburg
ATTN: LMKED-HW/P.0. Box 60
Vicksburg, MS 39180-0060

U.S. Bureau of Reclamation
Mail Code D-1531

P.0. Box 25007

Denver, CO 80225

USAE Waterways Experiment Station
ATTN; WESES-A/P,0. Box 631
Vicksburg, MS 39180-0631

Central Nebraska Public Power and
Irrigation District

P.0. Box 356

Holdrege, NE 68949-0356

0ffice, Chief of Engineers
ATTN: DAEN-CWH-W

20 Massachusetts Avenue, N.W.
Washington, DC 20314-1000

USAED, Little Rock
ATTN: SWLPL-A/P.0. Box 867
Little Rock, AR 72203-0867

USAE Waterways Experiment Station

ATTN: WESEP-W/P.0. Box 631
Vicksburg, MS 39180-0631

AB

Telephone

FTS 542-2644

601-634-2644

FTS 242-4260

404-331-4260

FTS 542-2939

601-634-2939

FTS 864-4608
402-221-4608

FTS 542-7221
601-634-7221

FTS 776-6160

FTS 542-3659

601-634-3659

308-995-8601

FTS 272-8513
202-272-8513

FTS 740-5834
501-378-5834

FTS 542-3635
601-634-3635
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USAED, Little Rock
ATTN: SWLPL-A/P.0, Box 867
Little Rock, AR 72203-0867

USAED, Savannah
ATTN: SASEN-HA/P.0. Box 889
Savannah, GA 31402-0889

USAED, Mobile
ATTN: SAMPD-E/P.0, Box 2288
Mobile, AL 36628-0001

USAED, Savannah
ATTN: SASPD-EI/P.0. Box 889
Savannah, GA 31402-0889

Tennessee Valley Authority
Engineering Laboratory -
P.0. Drawer E

Norris, TN 37828

Environmental Protection Agency, Revion IV

Environmental Assessment Branch
345 Courtland Street
AtTlanta, GA 30365

USAED, Louisville
ATTN: ORLED-H/P,.0. Box 59
Louisville, KXY 40201-0059

USAE Waterways Experiment Station
ATTN: WESES-Q/P.0. Box 631
Vicksburg, MS 39180-0631

USAED, South Atlantic
ATTN: SADPD-R

510 Title Building

30 Pryor Street, S.W.
Atlanta, GA 30303-6801

USAED, Wilmington
ATTN: SAWPD-EM/P.0. Box 1890
Wilmington, NC 28402-1890

Federal Energy Regulatory Commission

RB308, 0ffice of Hydropower Licensing

825 N. Capitol Sireet, N.E.
Washington, DC 20002-4232

A7

Telephone

FTS 740-5033
501-378-5033

FTS 248-5512
912-944-5512

FTS 537-2666
205-690-2666

FTS 248-5389
912-944-5389

615-632-1939

FTS 257-7901
404-347-7901

FTS 352-6739
502~582~6739

FTS 542-3870
601-634-3870

FTS 242-461%
404-331-4619
FTS 671-4589

919-342-4589

FTS 376-9631
202~376-9631



Name

LIST OF ATTENDEES (Continued)

Address

Allen Piner

Richard E. Price

Richard E. Punnett

Jim Robinson

Richard Roline

Bill Rushing

Harold T. Sansing

George A, Sauls

John Schnagl

Mike Schneider

Steve Schreiner

Bill Seawell

Jack W, Simmons

USAED, Wilmington
ATTN: SAWEN-HA/P.0. Box 1890
Wilmington, NC 28402-1890

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0, Box 631
Vicksburg, MS 39180-0631

USAED, Huntington
502 8th Street
Runtington, WY 25701-2070

USAED, Norfelk
ATTN: NAOPL-H/803 Front Street
Norfolk, VA 23510-1096

U.S. Bureau of Reclamation
P.0, Box 25007 /Denver Federal Center
Denver, CO 80225

USAE Waterways Experiment Station
ATTN: WESEP-W/P.0, Box 631
Vicksburg, MS 39180-0631

USAED, Nashville
ATTN: ORNED-E/P.0. Box 1070
Nashvilie, TN 37202-1070

USAED, Philadelphia
ATTN: NAPEN-H/2nd & Chestnut Streets
Philadelphia, PA 19106-2991

Federal Energy Regulatory Commission
400 1st Street, N.M.
Washington, DC 20001-2027

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
Yicksburg, MS 39180-0631

USAE Waterways Experiment Station
Russell Limnotogical Laborataory
P.0. Box 533

Calhoun Falls, SC 29628

Tennessee Valley Authority, 132 SPB
Knoxville, TN 37902

Tennessee Yalley Authority

25184E Loockout Place
Chattanooga, TN 37401

A8

Telephone

FTS 671-4762

919-343-4762

FTS 542~2440
601-634-2440

FTS 924-5604
304-592-5604

FTS 827-3714
804-441-3774

FTS 776-6005
303-236-6009

FTS 542-3542
601-634-3542

FTS 852-5675
615-736~5675

215-597-6829

FTS 376-9791
202-376-9791

FTS 542-3424
601-634~3424

802~-447-8561

615-632-3243

615-751-6023



Name
Linda Stafford

John A, Swenson

Lloyd 0, Timblin, Jr.

Jim Yearil

Wayne Wagner

Tsong Wei

Paul M, White

Steve Wilhelms

L.aurin Yates

Tom Yourk

Marc Iimmerman

LIST OF ATTENDEES (Concluded)

Address

USAED, Pittsburgh
ATTN: ORPED-HW/1000 Liberty Avenue
Pittsburgh, PA 15222-4186

USAED, Philadelphia

ATTN: NAPEN-H/2nd & Chestnut Streets

Philadelphia, PA 19106-2991

U.5. Bureau of Reclamation
Mail Code D-1520/P.0. Box 25007
Denver, CO 80225

USAED, Jacksonville
ATTN: SAJEN-HW/P,0. Box 4970
Jacksonville, FL 32232-0019

USAED, Seattle
ATTN: NPSEN-HH-WM/P.0. Box C-3755
Seattle, WA 98124-2255

USAED, Missouri River

ATTN: MRDED-TH

P.0. Box 103, Downtown Station
Omaha, NE 68101-0103

USAED, Huntington
ATTN: ORHOP-R/502 8th Street
Huntington, WV 25705-2070

USAE Waterways Experiment Station
ATTN: WESHS-R/P.0. Box 631
Vicksburg, MS 39180-0631

USAE Waterways Experiment Station
ATTN: WESHS-S5/P.0. Box 631
Vicksburg, MS 39180-0631

USAED, Savannah
ATTN: SASPD-EI/P.0. Box 889
Savannah, GA 31402-0889

USAE Waterways Experiment Station

ATTN: WESES-Q/P.0. Box 631
Vickshurg, MS 39180-0631

9.

Telephone

FTS 722-4645
412-644-4645

215-597-6832

FTS 776-5991
303-236-5991

FTS 946-2116
904-791-2116

FTS 446-3542
206-764-3542

FTS 864-7325
402-221-7325

FTS 924-5488

FTS 542-2475
601-634-2475

FTS 542-2344
601-634-2344

FTS 248-5793
912-944-5793

FTS 542-3784
601-634-3784





