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I. INTRODUCTION

BACKGROUND AND NEED

Water temperature has assumed an important role in water
resources planning and management because of its wide-ranging ef-
fects on aquatic flora and fauna and its influence on the physical
and chemical characteristics of the water itself. Some of the
better known effects of water temperature include: effects on fish,
particularly on various parts of their life cycle; effects on the
temporal and spacial variation in the dissolved oxygen content of
the water; effects on the toxicity level of various pollutants; and
effects on the taste and odor of drinking water. Details of thermal
effects can be found elsewhere (1, 2, 3, 4, 5, 6, 7).

In addition to the above mentioned effects, the water
temperature, through its influence on density. affects the hydro-
dynamic characteristics of the watercourse, particularly in impound-
ments which are subject to thermal stratification. Through its
influence on the hydrodynamic characteristics, the temperature can
exert a profound influence on the temporal and spacial variation of

water quality characteristics.



Since the influence of temperature on the quality character-
istics of a watercourse is so broad, effective water quality planning
requires that there exist the capability to predict the temporal and
spacial variation of the water temperature under alternative develop-
ment plans in order to protect the needs of the water users within
the watercourse system. However, this is not a simple problem because
of the complexity of the mechanisms which govern heat transfer within
a waterbody and heat transfer between the waterbody and its surround-
ing environment. Before the time of World War I, it had been established
through the experiences of the industrial complexes in the eastern
and midwestern states that cooling water discharges could significantly
alter the thermal regime of a river (8); but it has also been recog-
nized, more recently, that a complex of reservoirs and the way in
which the water is discharged from them can have significant effects
on the thermal regime of the watercourse (9, 10).

In several areas of the country. the build-up of a complex
of dams within a watershed coupled with cooling water discharges from
industrial and thermal power plant cooling water discharges have
changed the thermal regime of the river to such an extent that the
native fish populations have either been eradicated, or their loss
is impending. The Columbia River Basin in the Pacific Northwest is
a typical case in which the existing complex of dams coupled with
the discharge of cooling water from the Hanford nuclear power plant
has altered the thermal regime of the Lower Columbia River to such
an extent that uncontrolled future development may very possibly
annihilate the existing anadromous fish run in the River.



The Columbia River Basin, shown in Figure 1, encompasses a
drainage area of some 259,000 square miles, 15 percent of which is
in Canada. Thus the water resources management problems of the Basin
are international in scope. In contrast to the Columbia River in
the United States, which is highly developed, the river in its upper
reaches in Canada is almost as wild and untamed as it was when the
first white explorers saw it. Within the United States the Colubmia
River below Grand Coulee, and the Lower Snake River, are used pri-
marily for hydropower and navigation. In addition, this portion
of the basin supports a sizable commercial and sports fishery. Other
dams in the system, including Grand Coulee Dam, are used primarily
for hydropower, irrigation, and flood control and storage.

The present power system in the Pacific Northwest is al-
most all hydro. Consequently. the complex of dams in the Columbia
Basin is operated in a manner such that the base power demand plus
the peaking power needs are met. This type of operation, however,
is nearing an end. Future load growth in the area is expected to
triple in the next 20 years and, while hydro peaking capacity can
be increased at existing and planned projects, there are only very
Tlimited opportunities to develop new projects that would provide
significant amounts of additional hydro-energy (11). Thus, future
plans call for the construction of thermal nuclear plants to meet
the base load demands with the hydro projects being used more and
more for peaking power only. According to a recent report (12),
practically all of the Columbia River mainstem above the Dalles Dam
is considered as preferred nuclear siting areas.
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As mentioned above, the present complex of dams in the
Columbia Basin, with its present scheme of operation plus the dis-
charge of cooling water from the Hanford nuclear power plant, has
already altered the temperature regime of the Lower Columbia suffi-
ciently to endanger the existing fisheries. By the construction
of additional dams in Canada and the United States under the Columbia
River Treaty (13). the possible addition of nuclear power plants
on the mainstem, and the alteration of the operation of the Columbia
system, there is a real possibility that the existing fisheries in
the Columbia will be lost unless temperature control is integrated
into the future planning and development of the Basin.

Recognizing the thermal problems attendant with the present
and future development of the Columbia River System, the Federal
Water Pollution Control Administration (FWPCA) has undertaken the
Columbia River Thermal Effects Project in order to determine the
-impact of hydroelectric projects and thermal loads on water tempera-
tures in the system from the Canadian border to the river mouth at
Astoria. Where appropriate, the Study will utilize established
methodology or proven tools to develop the facility for prediction
of temperature changes under various climatological, meteorological,
or operational conditions. In a number of instances, it will be
necessary to direct concurrent research efforts to provide the needed
capability.

It has been determined that a mathematical model or "simu-
lation package" for prediction of temperature changes in the river
system is an essential tool for the Study. This model or set of
models must have the capability to represent with reasonable
accuracy the thermal responses of each of the major types of hydraulic



regimes in the system from comparatively simple uniform flow in
river reaches to the more complex stratified flows in reservoirs.
Capability is also needed to cope with highly unsteady flows asso-
ciated with power load variations or with tidal influences in the
river's estuary.

As an initial step in its program,the Study Team has
undertaken the development of a "run-of-the-river" temperature model.
This model is expected to be suitable for prediction of temperature
changes in reaches of the river system unaffected hydraulically by
the backwater of deeper impoundments and in certain of the more
shallow reservoirs which may be considered to be well-mixed verti-
cally. However, in order to provide more flexibility for prediction,
including those cases where flows are partially or strongly strati-
fied, the Study Team wishes to incorporate into its model package
certain components of a deep reservoir model developed by Water
Resources Engineers, Inc. (WRE). Further, it wishes that the model
be refined and restructured as necessary, so that it can cope with
the full range of practical problems to be studied in the many compli
cated reservoirs identified with the Columbia River System. To
this end, FWPCA has contracted with WRE to perform a research and
development study whose scope is sufficient to meet the required
objectives as stated below.

OBJECTIVES

A general objective of the research reported herein was to
devise a generalized mathematical model which would represent, with-
in the practical and reasonable 1imits of accuracy, the thermal



changes which may be expected under alternative hydrologic, hydraulic
and climatologic conditions for operating reservoirs. It is in-
tended that this work support and complement that already completed

or underway by the Study Team in its investigation of the Columbia
River System.

Specific objectives of the work were to provide for the
Columbia River Thermal Effects Project the means for simulation of:

}. thermal energy changes which occur as a result
of internal mixing processes in deep, stratified
impoundments;

2. “temperature changes which may result from the in-
stallation and operation of multiple outlets or other
physical devices for control of the temperature
regime; and

3. thermal energy distributions which result in weakly—
stratified reservoirs where so-called "thermal
underflows" may occur, i.e., where longitudinal

temperature gradients are significant.

These required capabilities were to be supplied to FWPCA in the form
of a specific model, or models, compatible with the FWPCA river-
run model and to be available for use at the end of the contract
period. Further details can be found in the contract proposal (14).



ORGANIZATION OF THE RESEARCH EFFORT
GENERAL APPROACH

At the time that research work was initiated on this con-
tract, WRE had in hand a deep reservoir model which had been recently
developed under contract with the Department of Fish and Game of the
State of California (15). The model had been successfully verified
for deep water bodies having low and moderate discharge to volume
ratios by applications to Lake Washington in the State of Washington
(16) and to Fontana Reservoir in the TVA system, respectively. The
reader who is not familiar with this basic modeT is encouraged to
review reference 15 before proceeding, since the work reported herein
is specifically oriented toward the further development of this model.

A review of the initial applications of the model on Lake
Washington and Fontana Reservoir established that further refinement
of two features of the deep reservoir model would greatly enhance its
general applicability. These features were, specifically:

a. the description of the internal mixing process
within a reservoir; and
b. the methodology for introducing inflows and ex-

fracting outflows from the reservoir model.

The accomplishment of objectives 1 amd 2 required that
the above refinements of the deep reservoir model be made in order
to provide FWPCA with a model displaying the capabilities required for
its general application. Since the development. of these capabilities



can best be accomplished by working with real data, it was appro-
priate that a prototype test reservoir be selected which displayed
strong stratification characteristics and for which there existed

a data base adequate for the analyses contemplated. Hungry Horse
Reservoir in Montana was chosen as the prototype best suited to

the research needs. A set of test simulation runs was conducted on
this reservoir for the purpose of refining the description of the
internal mixing process and incorporating into the model the theory
of selective withdrawal from stratified jmpoundments. The base
simulations also provided opportunity for the identification and
correction of any weaknesses in the model. In addition, the reser-
voir itself served as a test case for verification of the model on
a deep reservoir typical of those found in the Pacific Northwest.

The accomplishment of objective 3 required that the gener-
alized model developed in meeting objectives 1 and 2 be restructured
to conform to the constraints imposed by a reservoir displaying the
characteristics of a weakly-stratified impoundment. This restructured
model was then tested on Lake Roosevelt which is a prototype of
the weakly-stratified reservoir class.

REPORT FORMAT

Since the successful accomplishment of objective 3 required
the meeting of objectives 1 and 2, it was expedient to break the work
under this contract into two phases or parts: Part I dealing with
the research and development pertaining to the base simulations of
the model on a deep reservoir; and Part II addressing itself to the



restructuring of the generalized model developed in Part I of the
research, and the results of applying the new model to a weakly-
stratified reservoir. Consequently, the report contained herein 1is
also broken into two parts which are titled: Part I--BASE SIMULATION
STUDIES; and Part II--SIMULATION OF WEAKLY STRATIFIED RESERVOIRS.

Chapters III through VII constitute Part I of the report.
The first four chapters describe, sequentially, the steps taken in
meeting objectives 1 and 2. These steps were as follows:

l. An initial set of base simulations were conducted
on Hungry Horse Reservoir in order to: a) identify
(and correct) any specific weaknesses which might
exist in the model; b) establish a better criteria
for introducing tributary inflows info the model;
and ¢) explore the effect of varying the functional

representation of the infernal mixing process.

2. On the basis of the knowledge gained from the base
simulations, efforts were concentrated on refining

the description of the internal mixing process.

3. The theory of selective withdrawal from stratified
impoundments was reviewed and incorporated into the

model .

4, Two test cases (one practical, the other hypothetical)

were simulated for downsfream temperature control.

The summary and recommendations for Part I are contained
in Chapter VII.

- 10 -



Part IT1 of the report, which constitutes Chapters VIII
through XII, is more application oriented than Part I since the
basic unit of the weakly-stratified reservoir model is the deep
reservoir model. Part Il contains, sequentially:

I. A conceptua! description of the weakly stratified

reservoir model.

2. The process of adapting the model to the geometric

and hydraulic characteristics of the reservoir.

3. The details of restructuring the deep reservoir
model .
4. Application of the weakly-stratified reservoir

mode! to Lake Roosevelft,

The summary and recommendations for Part II are contained in Chapter
XII.

In addition to the material contained herein, a Supplement
to this report has been prepared under separate cover. The Supple-
ment is devoted to a detailed explanation of the use, utility. and
details of the computer program employed for simulating the internal
temperature structure of thermally stratified impoundments.

AUTHORITY AND RESPONSIBILITY

The work reported herein was performed under Contract
No. 14-12-422, dated June 28, 1968, between the Federal Water Pol-
lution Control Administration and Water Resources Engineers, Inc.
A1l aspects of the technical work were conducted by the staff of
WRE under the direct supervision of Dr. Gerald T. Orlob, President.
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IT. CLASSIFICATION OF RESERVOIRS

In Chapter I, three different types of reservoirs were
mentioned and it was inferred that a different approach was required
to mathematically model the thermal regime of each type. It is
the purpose of the following discussion to define these reservoir
types or classes somewhat more precisely and to lay down some
general guidelines for reservoir classification.

The hydrodynamic and thermal behavior of a fluid system
is completely described by the simultaneous solution of three
differential equations, namely:

. the Navier-Stokes equations
(equations of motion);

2. the conservation of mass equation; and

3. the conservation of energy equation.

Unfortunately, however, these equations cannot be solved except for

a very limited number of steady-state cases. Consequently, real
world descriptions of the behavior of prototype systems require that
types or classes of solutions be formed which describe, in an approxi-
mate way, the actual hydrodynamic and thermal processes occurring
within the system. As applied to the specific objectives of the work
reported herein, these approximate solutions must be formulated in

- 13 -



a manner such that they account for the principal hydrodynamic and
thermodynamic processes affecting the internal temperature structure

of the reservoir.

Experience with prototype reservoirs indicates that there
are three distinct classes of reservoirs, each of which requires a
different type of solution for the determination of its internal energy
(temperature) distribution. These classes, which were alluded to in

the introduction, are:

. The deep reservoir which Is characterized by horizon-

tal isotherms;

2. the weakly-stratified reservoir, characterized by iso-
therms which are tilted along the longitudinal axis

of the reservoir; and

3. the completely mixed reservoir whose isotherms are

vertical..

By their very definition, it is apparent that the deep reser-
voir solution and the compietely mixed reservoir solution are one-
dimensional, because their thermal properties vary in one direction
only. The difference, of course, is that the solution is taken along
the vertical axis for the deep reservoir while the completely mixed
reservoir solution is taken along the longitudinal axis. In contrast,
the solution of the weakly-stratified reservoir requires that both

dimensions be considered.

- 14 -



The single most important parameter determining into which
class a reservoir will fall, and hence the type of solution required,
is the densimetric Froude number which can be written for the reservoir

1 P
F = o [gg (1)

= reservoir length;

as

where

volumetric discharge through the reservoir;
= mean reservoir depth;

< T O r
"

= reservoir volume;
p. = vreference density;

w o
fl

average density gradient in the reservoir; and
g = gravitational constant.

This number is the ratio of the inertial force of the horizontal flow
to the gravitational forces within the stratified impoundment; con-
sequently, it is a measure of the success with which the horizontal
flow can alter the internal density (thermal) structure of the reser-
voir from that of its gravitational static-equilibrium state.

In deep reservoirs, the fact that the isotherms are horizontal
indicates that the inertia of the longitudinal flow is insufficient
to disturb the overall gravitational static equilibrium state of the
reservoir except possibly for local disturbances in the vicinity of
the reservoir outlets and at points of tributary inflow. Thus, [F
would be expected to be small for such reservoirs. In completely mixed
reservoirs, on the other hand, the inertia of the flow and its attendant
turbulence is sufficient to completely upset the gravitational structure

- 15 -



and destratify the reservoir. For reservoirs of this class, [ would
be expected to be large. In between these two extreme classes lies

the weakly-stratified reservoir in which the longitudinal flow possesses
enough inertia to disrupt the reservoir isotherms from their gravita-
tional static-equilibrium state configuration, but not enough to com-

pletely mix the reservoir.

For the purpose of classifying reservoirs by their Frzude
number, B and f in equation 1 may be approximated as 107 kgm  and
1000 kg m'3, respectively. Substituting these values and g into
equation 1 leads to an expression for [F as

F o= 320% (2)

=

where L and D have units of meters, Q is in cms, and V has units of

m3. From this equation it is observed that the principal reservoir

parameters that determine a reservoir's classification are its length,

).

depth, and discharge to volume ratio (

<O

In developing some familiarity with the magnitude of [F for
each of the three reservoir classes, it is helpful to note that
theoretical and experimental work in stratified flow indicates that
flow separation occurs in a stratified fluid when the Froude number
is less than about %— , i.e. for F < %—, part of the fluid will be
in motion longitudinally while the remainder is essentially at rest.
Furthermore, as I becomes smaller and smaller, the flowing layer be-
comes more and more concentrated in the vertical direction. Thus,
in the deep reservoir it is to be expected that the longitudinal flow
is highly concentrated at values of [ << %—whi]e in the completely
mixed case IF must be at least greater than %— since the entire :
reservoir is in motion and it may be expected in general that F >>

- 16 -



Values of [F for the weakly-stratified case would fall between these
two limits and might be expected to be on the order of %-. As an
illustration, five reservoirs are listed below with their Froude
numbers. It is known that Hungry Horse Reservoir and Detroit Reser-
voir are of the deep reservoir class and can be effectively described
with a one-dimensional model along the vertical axis of the reservoir.
Lake Roosevelt, which has been observed to fall into the weakly
stratified class is seen to have a Froude number on the order of %
which is considerably larger than [ for either Hungry Horse or De-
troit Reservoirs. Finally, Priest Rapids and Wells Dams, which are
essentially completely mixed along their vertical axes, show Froude
numbers much larger than %-, as expected.

RESERVOIR FROUDE NUMBERS

AVERAGE  DISCHARGE TO
RESERVOIR LENGTH DEPTH VOLUME RATIO I3 CLASS

meters meters -
sec !

Hungry Horse 4.7x10% 70 1.2 x 1078 0.0026 Deep

Detroit 1.5x10% 56 3.5 x 1078 0.0030  Deep

Lake Roosevelt 2.0x10° 70 5.0 x 1077 0.46 Weakly-
Stratified

Priest Rapids* 2.9x104 18 4.6 x 10'6 2.4 Completely
Mixed

Wells* 4.6x10% 26 6.7 x 1070 3.8 Completely
Mixed

*River run dams on the Columbia River below Grand Coulee Dam
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The above illustrations tend to confirm the validity of
using the densimetric Froude number to classify reservoirs; however,
just what values should be used to distinguish the transition points,
between the individual reservoir classes, is not clear at this time.
The determination of these points requires further investigation.
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PART 1 -- BASE SIMULATION STUDIES



ITI. INITIAL MODEL APPLICATIONS

HUNGRY HORSE RESERVOIR

A1l base simulation studies in Part I were performed
using Hungry Horse Reservoir in Montana as the prototype. This
reservoir is located on the South Fork of the Flathead River in
west central Montana and is a major storage reservoir in the Colum-
bia River power system. It has a rated, useable storage capacity
of 2.98 million acre-feet and was constructed by the U.S. Bureau
of Reclamation during the period 1948-1953. A plan view of the
reservoir is illustrated in Figure 2 and information pertinent to
energy budget calculations is give in Table 1.

Time and money constraints required that the period of
prototype simulation be limited to a single year. Calendar year
1965 was recommended by the FWPCA Study Team as the period during
which the data base was most accurate. Although there was only suf-
ficient data to simulate the period from 11 May to 20 October, this
time period was of sufficient length to allow simulation of the
reservoir from the onset of stratification in the spring, through the
summer heating period, and well into the fall cooling portion of the
annual cycle. Since these periods are the most critical that the
deep reservoir model must be able to simulate, the data were regarded
as adequate for the required research and development. Average
centerline temperature profiles for the main body of the reservoir,
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TABLE 1

PHYSICAL AND METEOROLOGICAL INFORMATION
HUNGRY HORSE RESERVOIR

PHYSICAL DATA

Location: Latitude 48°20', Longitude 114°01"

Elevation: 1085 meters (normal high water surface
elevation)

Intake Elevations: Lower Discharge Tubes - 975 meters
Penstock Intakes - 1013 meters

Spillway: Type - Gloryhole, elevation 1082 meters

Mean Gaged Inflow: 73.2 CMS from 9 tributaries

Mean Ungaged Inflow: 39.3 CMS

Average Reservoir Discharge 1

to Volume Ratio: 0.82 yr~

SURFACE AREA,m%x10°8

» I|OOO 1.0 20

bt _l LA I LR L ' l: LI L) LRI S

E.. 1050} |/ ~ :

Z L -

O | A)LUME ]

1000 14 -

> - :

w [ :

d # i |- F . | 1.1 L B

950O 1.0 2.0 30 40 5.0
RESERVOIR VOLUME, m®x 107°
METEOROLOGICAL DATA

Solar Radiation: computed
Atmospheric Radiation: computed
Cloud Cover: data from Kalispell
Barometric Pressure: data from Kalispell
Wind Speed: data from Hungry Horse Reservoir
Air Temperature
(wet bulb and dry bulb): data from Hungry Horse Reservoir
Solar Radiation Extinction -1
Coefficient in Water: supplied by FWPCA, 0.345 m
Evaporation Coefficient: supplied by FWPCA, 2.1 x 10_9 mps/mb/mps
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observed at various times during the simulation period, are illus-
trated in Figure 3. The ability of the model to reproduce these
profiles was taken as the criteria for evaluating its performance.

OBJECTIVES

In the initial model applications a series of base simu-
lations was conducted. The purpose of these simulations was two-fold:
first, to identify any specific weaknesses in the model; and second,
to explore the effect of varying the functional representation of the
internal mixing process. Since the results of investigations on the
internal mixing process fall more logically into Chapter IV, this
chapter is devoted primarily to the identification and correction of
specific weaknesses found in the model.

MINOR MODEL REFINEMENTS

The initial applications of the deep reservoir model re-
vealed that the computer code contained deficiencies in the following
areas:

. Computational efficiency;

2. Adequate detail in the description of the move-

ment of the water surface; and

5. Flexibility in the specification of the simulation

time step.

- 22 -



ELEVATION, meters

HOO—r // MAY ~ 26 MAY - 9 JUNE - 23 JUNE
i | v
: ; LA =
4 = -

1050 — =

1000 —

950_:L_| _L_l__l | I N O A I Ly l
357 3579 3579111315 35 7T9IHRBISIT

TEMPERATURE ,°C

HHOO =7 JULY — 2/ JULY
i V v
- — =

1050 —

1000 —

950—1Llllilll, |1||||1||
3579 1HIBIBITIO 357911351792

TEMPERATURE,°C

FIGURE 3. Observed Temperature Profiles, Hungry Horse Reservoir, 1965
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Reservoir, 1965
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COMPUTATIONAL EFFICIENCY

At the time this work was initiated, WRE had only recently
completed the basic development and verification of the computer
code for deep reservoir simulation. As is often typical of develop-
mental work, computational efficiency was not strongly emphasized.
Consequently, a critical review of the computer code revealed that
many internal computational refinements could be made to shorten the
solution time. It is estimated that the reprogramming effort improved
computational efficiency approximately fifty percent which resulted

in an overall decrease in computer execution time of about 25 percent.

MOVEMENT OF THE WATER SURFACE

In the original version of the model, each reservoir slice,
or element,was of equal height. The reservoir surface was taken as
the top of the uppermost reservoir element which was completely filled
with water; partially filled elements were ignored. As a result of
this condition, changes in the water surface elevation were handled in
a stepwise fashion with complete elements being added or subtracted
from the reservoir as their upper surfaces became submerged or exposed,
respectively. With the height of an element typically taken as one
meter, changes in water surface elevation were accounted for in steps

of approximately three feet.

The step-wise approximation of the water surface elevation
has been eliminated by allowing the height of the surface element to
be variable (between one and two times the standard element thickness),
the upper boundary of the element coincides with the water surface
elevation. This refinement is believed to produce a better description
of the temperature structure near the reservoir's surface.
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VARTATION OF THE SIMULATION TIME STEP

Another refinement was made which allows the use of a simu-
lation time step that is different from the interval between successive
observations of the meteorologic and hydrologic input data. In the
original version of the model, the simulation interval was restricted
to the same duration as the interval between observations of meteorologic
input data. In the updated version of the computer code the simulation
time step may be either longer or shorter then the interval between
data observations; all necessary bookkeeping and time averaging
necessary for this feature are handled internally by code. This par-
ticular refinement was incorporated in order to facilitate reservoir
simulation in instances when advective heat transfer violates the basic
assumptions of the model. This problem occurs when, for a given time
step, the mass volume of flow through a reservoir element is greater

than the volume of the element.

Experience indicates that the most critical period with
regard to advection violations is in the spring of the year when the
tributary inflows to the reservoir are at their maximum; this situation
may also be expected to develop during periods when reservoir release
rates are high. One of the easiest ways to rectify this violation is
to shorten the simulation time step, a manipulation that is now trivial
since the required data conversions are handled internally.

TRIBUTARY INFLOWS
As stated in the introduction, the method of introducing

inflows to the reservoir was known to need refinement. The original
method was to place the entire flow of a tributary into that reservoir
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element whose density was nearest to that of the tributary flow. The
main objection to this criteria was that the inflow was artificially
constrained between the upper and lower planes bounding the element,
while in reality the vertical distribution of the flow varies with
both the degree of stratification and the quantity of flow.

In order to account for the effects of stratification and
the magnitude of inflow, the following scheme has been adopted.
First, the elevation, 2, is located where the density of the reser-
voir is equal to that of the inflow. Next, the vertical thickness
of the inflow, D, is computed from equation 27-B in Chapter X. The

inflow is then distributed between the elevations z0 + l-D and

2
z_ - %—D, assuming a uniform velocity distribution.

)

The base simulations did not reveal a need for additional
refinements. It was concluded from these studies that the successful
refinement of the description for the internal mixing process plus
the incorporation of selective withdrawal theory into the model would
produce a general deep reservoir model with the capabilities required
to satisfy objectives 1 and 2.
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IV. INTERNAL MIXING STUDIES

Of the total effort expended in Part I of the research,
the major portion of it was devoted to the study and refinement
of the description of the internal mixing process in deep reservoirs.
The expenditure of this amount of effort was anticipated at the out-
set of the work because internal mixing is a basic feature of the
deep reservoir model. Thus., its proper description is imperative to
the proper representation of the vertical distribution of heat within
a stratified impoundment.

In this chapter, a qualitative overview of the experience
and theory relating to internal mixing in reservoirs is presented
in the first section. The second section reports the results of
varying the functional representation of the mixing process, and
describes the form that was chosen as best suited to the description
of the process. The last section describes the verification of the
deep reservoir model on Hungry Horse Reservoir as simulated with
the newly developed functional representation of the internal mixing
process.
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MIXING PROPERTIES OF RESERVOIRS

The two major factors which govern mixing in reservoirs
are gravity and turbulence. Gravity may cause or enhance mixing or

it may suppress mixing depending upon whether the density strati-
fication in the reservoir is unstable or stable, respectively.
Turbulence, on the other hand, can only promote mixing. When gravity
alone is responsible for mixing, the mixing process is called
"natural convection,"” while mixing in the presence of turbulence,
with or without gravitational effects, is referred to as "forced

convection."

Ordinarily, forced convection is the phenomenon of primary
concern in the evaluation of the mixing properties of reservoirs,
although at certain times, when the surface of the reservoir is
cooling, natural convection plays a primary role in epilimnetic
mixing. Since experience with the deep reservoir model has revealed
no problems in the present method of describing natural convection,
this phenomenon will not be discussed here. Details of its role in
distributing heat along the vertical axis of the reservoir can be
found in reference 15.

Mixing implies the transfer of materials or properties
within a system from points of high concentration to points of low
concentration, and vice versa. For a system which is experiencing
forced convection, it is a rule of experience that the time rate of
transport, F, of a property. S, through the system is (other things
being equal) proportional to the rate of change of concentration of
this property with distance, z. 1In equation form this rule is
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expressed as
F = -A+ (3)

where A is the coefficient of proportionality. The mixing process
as defined by equation 3 is often called "effective diffusion,"
"eddy diffusion," or the "diffusion analogy" since it is identical
in form to the equation describing the process of molecular diffu-
sion. The difference between the two processes, however, is that
for molecular diffusion, A is constant, while for turbulent transfer,
A is a function -of the dynamic character, or the turbulence level,
of the system. In general, A is a temporal and spatial variable,
and thus will be referred to as A(z,t). Equation 3 rewritten for
heat flow along the reservoir vertical axis is

aT

H = -pcA(z,t) 55 (4)

where

2--1

= heat flux, HL T ';
= density of water, ML—3;

1,-1

D™
coefficient of eddy conductivity, LZT_

= heat capacity of water, HM™
A(z,t 1
= temperature, D;

= elevation in the reservoir, L; and

+ N — ~— 0o O I
n

= time, T.

The proper or correct choice of A(z,t) is a difficult task
because it represents the prototype response to many unknown and/or
poorly defined random inputs. However, experience with the coeffi-
cient (see Figure 4) has disclosed some of its general properties:
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I. Effective mixing in the epilimnion is usually
greatest near the surface but declines rapidly

with depth as the thermocline is approached.

2. The effective diffusion coefficient is minimal
at, or very near the posifion of the maximum

temperature gradient, the so-called "thermocline."

3. In the hypolimnion the effective diffusion coef-
ficient increases with depth in a more or less
erratic manner, reaching a maximum at about mid-
depth, thereafter decreasing as the bottom is

approached,

4. The value of A(z,T) is vastly greater than the
coefficient of thermal diffusivity for heat trans-

fer by molecular conduction (k = [.4 x 10—7 mz/sec).

While it is impossible to give a detailed theoretical de-
scription for the observed behavior of A(z,t), the following arguments
are proposed as a possible explanation. A horizontal current with
an average velocity, u, at elevation, z, has a kinetic energy per unit
mass of KE = u2/2. If it is assumed that the horizontal flow in a
reservoir is basically a boundary layer flow {except in the region
of the outlets and at points of tributary inflow), the vertical dis-
tribution of KE would then appear as shown in Figure 5-A. This amount
of energy is expended through turbulence; however, in a stratified
reservoir it is not all available for turbulent mixing as it is a

non-stratified impoundment, for the following reason: In a stably
stratified reservoir the vertical differences in density cause a
buoyant restoring force to be exerted on any parcel of fluid which is
displaced from its position of static equilibrium. Thus, of the
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total KE available, only that energy which is in excess of that
required to overcome the buoyancy forces is available for mixing.

For a reservoir with a temperature profile of the form
shown in Figure 5-B, the vertical distribution of the work per unit
volume that is required to overcome the density stratification is
given by the curve PE which is shown in the same Figure. Thus, the
net amount of turbulent energy NE which is available for mixing is
the difference, Kt - PE, with the restriction, NE > 0. A typical curve
of NE for the temperature profile given in Figure 5-B is shown in
Figure 5-C.

In addition to turbulence induced by the boundary layer
flow, mixing in the upper layers of the reservoir is contributed
to by the wind. Following arguments of Eckman as related by Hutchinson
(3), the energy input per unit volume, WE, should experience an expo-
nential decay with depth as shown in Figure 5-D. In the case of
a stratified reservoir, the same arguments apply for reduction of
the diffusion coefficient due to stratification as applied to the
boundary layer flow. As such, it is generally thought that the ef-
fects of wind mixing do not persist below the thermocline.

Figure 5-E, which is the vertical distribution of the
energy available for mixing, ME, follows from the linear combination
of NE for the boundary layer flow and WE resulting from wind mixing.
It is observed that the combined effect produces a form of ME which
is similar in its shape to the prototype forms of A(z,t) illustrated
in Figure 4. This is an expected result since the value of A(z,t),
at any elevation, z, is a direct measure of the turbulent energy
available for mixing at that elevation.
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While the preceding discussion has been devoted to a qualita-
tive description of the functional form of the eddy conductivity coef-
ficient, the pertinent energy processes can be expressed mathematically.
For the sake of completeness, these relationships are given below.

Details can be found in reference 17.

If the energies illustrated in Figure 5 are now thought of as
the rate of energy expenditure per unit time and per unit mass, then
KE becomes the equivalent rate per unit mass at which kinetic energy 1is
transferred from mean motion to turbulent motion and is expressed as

KE = A (242 (5)

where AT is the eddy viscosity coefficient and u is the mean horizontal
velocity at elevation, z. The subscript, 1, has been added to distinguish
this coefficient from the eddy conductivity coefficient, A(z,t). Simi-
larly, defining PE as the average work done by turbulent motion against
gravity, or buoyancy, per unit mass and unit time leads to

- - Y 3p
PE = gA(z,t)p == i (6)

where g is the gravitational acceleration. Combining equations 5 and 6
gives the value of NE, the energy available per unit mass and per unit
time for the vertical transport of heat, i.e. mixing;

NE o= [A D+ glzt) 2221, (7)

subject to NE > 0.
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If the effect of wind is neglected, the following observation
can be made. Since KE is the rate at which turbulent energy is supplied
to the system and PE is the rate at which turbulent energy is used to
overcome the gravitational stability of the system, then, in order to
maintain turbulence in the system, KE must be larger than PE. From
equations 5 and 6, it follows that

o Loe
g p 0Z < AT
9z

The dimensionless quantity on the left-hand side of equation 8 is called

the "gradient Richardson number," R, (18). The function, - %%g-
commonly referred to as the "gravitational stability," E, of a stratified

, is

water body. If this relationship is substituted into equation 8, there
results for the description of the Richardson number,

gE

R, = —eoe
1 (5u/32)2 (9)

The efficacy of using the Richardson number as a measure of the
energy available for vertical mixing has been the subject of much dis-
cussion. The problem revolves around the ratio, AT/A(z,t), which is, at

A
. . . T . . . .
best, difficult to define. If Ri < MZ.0) then mixing will occur;

A
conversely, if Ri > ﬁKE%% , turbulent mixing will not occur. Without
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going into further detail, suffice it to say that a small Richardson
number indicates maintenance or increase of turbulence, whereas a large
value indicates suppression or extinction of turbulence. In addition

A
C T
to the problem of defining the critical value of Ri (where Ri N YCR) ),

the lack of a theory describing the details of the reservoir's internal
flow structure precludes an accurate evaluation of the velocity gradient.
Hence, the evaluation of the Richardson number, itself, is a formidable

task.

Under the assumption that energy input by the wind is an
exponential function of the depth, WE is described simply as

~-ad

WE = WEO e s (10)
where WEO = energy input per unit volume per unit time at the
water surface;
a = decay constant; and
d = depth below the water surface.

The value of o is chosen so that WE is very small (say. 0.0] WEO) at
the depth of the thermocline. WEO is a function of the wind stress at
the water surface. Some direction in the assessment of its magnitude
can be found in Hutchinson (3).

Finally, through the combination of equation 7 and 10, it is
possible to write an expression for the amount of turbulent energy in
the reservoir that is available for mixing. This expression is
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3p 1 . (11)

_ -ad U2
ME = WE e + [A (5)° + gA(z,t) = <5

|-

The examination of equation 11 and the prototype behavior of A(z,t) as
illustrated in Figure 4 reveals that while the behavior of a thermally
stratified reservoir seems to follow certain laws, it is apparent that

the overall complexity of real impoundments precludes an explicit, detailed
representation in mathematical form. Thus, certain simplifications must

be made. The simplifications made in defining the temporal and spacial
variation of the eddy conductivity coefficient, A(z,t), are described

in the following section.

EFFECT OF VARYING THE FUNCTIONAL REPRESENTATION OF THE INTERNAL MIXING
PROCESS

The functional representation of the vertical transport of heat
as a result of the internal mixing process was defined in the last section
by equation 4. It is apparent from this equation that any variation in
its functional form can be accomplished only by varying the functional
description of the eddy conductivity coefficient, A(z,t). Consequently,
this section is devoted to describing the results of using different
functional representations for A(z,t).

The functional representation of A(z,t) must, of necessity, be
empirical in nature since the eddy conductivity coefficient describes
the prototype response to many unknown and/or poorly defined random
influences. However, on the basis of the theory and prototype experience
described above, it is observed that the choice of a functional form to
represent the eddy conductivity coefficient must be based on the ability
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of the function to display the following characteristics:

I. A(z,t) is large in the epilimnion;
2. A(z,t) is small at the thermocline, or preferably,
A(z,t) should decrease as the stability, E, increases
_-1 9p .
(recall E = 6-52-), and
3. A(z,t) is large in the hypolimnion, being of the same

order of magnitude as its value in the epilimnion.

At this point, it is worth mentioning that Hungry Horse
Reservoir was an ideal prototype for studying internal mixing. Because
of its small discharge-volume ratio, only a small portion of the vertical
heat transfer occurred by advection. Consequently, "eddy diffusion"
played a major role in the vertical distribution of heat. This fact
can be readily observed in Figure 6 where the solar, vertical advection,
and diffusion fluxes within the reservoir are graphed as a function of
elevation for a typical day.

EXPONENTIAL REPRESENTATION
The first functional representation of A(z,t) to be tested was

the original function proposed in the Fish and Game Report (reference 15)
Summarily, this representation was:

Alz,t) = A (t) e n(zg - 2)

0 s ZZET (12-A)
Alz,t) = A(zT,t) , 21> 2 , (12-B)
where Ao(t) = value of the eddy conductivity coefficient at the

water surface;
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decay coefficient;

3
il

elevation of the thermocline; and

N
—
"

zS elevation of the water surface.

Examination of equation 12 reveals that the function as
defined in equation 12-A displays characteristic 1 and characteristic 2
above the thermocline. Equation 12-B, however, tends to be in violation
of characteristic 2 below the thermocline and does, in fact, violate
characteristic 3. Although the weakness of equation 12-B was realized
in the original derivation of the function, it was not thought to be a
significant weakness for the following reasons. In the hypolimnion,
the thermal gradients are very small; thus, according to equation 4,
the vertical rate of turbulent heat transport will also be small.
Furthermore, this rate would be significantly small, in comparison to
the rate of heat transfer by other mechanisms, so that the error
resulting from the use of equation 12-B would not be a significant
percentage of the total rate of heat transport.

For testing the functional representation of A(z,t) as hypo-
thesized in equation 12, Hungry Horse Reservoir proved to be an ideal
prototype. Examination of the observed temperature profiles for the
reservoir, as illustrated in Figure 3, reveals that for most of the
simulation period the thermocline (defined as the elevation at which

E_Zl_o)- 3
5 = is either at, or very near, the water surface. Thus, the

9z
model was required to simulate a region.in which the functional repre-

sentation of A(z,t) was known to be weak, i.e., through most of the
simulation period, A(z,t) was described by equation 12-B.
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As originally proposed, the determination of Ao(t) in
equation 12-A would be made on the basis of experience and/or by de-
ducing its value from the prototype data. In addition, the value of
the eddy conductivity coefficient at the thermocline. A(zT,t), had to
be obtained in the same manner. Once these two values were established,
n could be determined by the ratio,A(zT,t)/Ao(t), and the elevation
27, of the thermocline. In the initial simulations, however, Ao and
A(zT) were assumed constant, i.e., time invariant, and various values
and combinations of values were evaluated for their ability to repro-
duce the prototype behavior.

The results of the test simulations demonstrated that the weak-
ness involved in using equation 12-B was a drawback to its general use
in reservoir simulation.  In particular, it was found that an accurate
representation of the temperature profile in the clinolimnion (the
region of the reservoir between the thermocline and the "knee" of the
temperature curve in the hypolimnion) was not possible with this
function. Without going into details concerning the individual test runs,
the problems involved with such a functional representation for A(z,t)
below the thermocline can be described as follows. First, if A(zT) is
chosen as the prototype value of A(z,t) at the thermocline, its value
is very small. The use of such a small value for the entire reservoir
below the thermocline over-suppresses the turbulent rate of heat
transport down through the reservoir; i.e. it "traps" the heat in the
surface layers. This results in very high computed surface tempera-
tures and temperatures that are too cold in the reservoir depths. A
typical case is illustrated in Figure 7 where the value of A(zT,t)
was taken as 5.0 x 10"5 m2 sec']. Increasing the value A(zT) to a
value such that the computed surface temperatures were about the same
as the observed values allowed too much heat to pass through the
region of steep gradients but still did not allow enough heat to pass
through to the lower reservoir depths. A typical profile computed
by using this approach is shown in Figure 8.
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Hungry Horse Reservoir
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The conclusions drawn from these test simulations were:
1) the amount of heat transferred by deep reservoir turbulence can
be a significant portion of the total heat transfer; and 2) in the
region of steep thermal gradients below the thermocline, i.e. the
clinolimnion, A{z,t) must have a value substantially less than that
value used for the hypolimnion.

In reflecting upon the functional form of A(z,t) as proposed
by equation 12, it is observed that the function is primarily oriented
to the description of turbulence induced by wind action. This conclusion
becomes obvious when equation 12-A is compared with equation 10 and
Figure 5-D. A review of the circumstances under which equation 12 was
formulated confirms that such a formulation was not accidental. The
prototype reservoir upon which the original function was developed was
Fontana Reservoir in the TVA System. In this reservoir, a primary
factor in the development and persistence of the epilimnetic region is
wind mixing. Moreover, the reservoir itself has a moderate discharge
to volume ratio (2.3 yr—]). Thus, while wind mixing is one of the
primary movers of heat in the epilimnion, the high discharge to volume
ratio for the reservoir indicates that the prime mover of heat in the
hypolimnion is vertical advection. For such a case, the reasoning which
underlies the formulation of equation 12-B is sound.

In contrast to Fontana, Hungry Horse Reservoir is almost com-
pletely opposite in its characteristics. First of all, wind mixing (at
least during the simulation period in 1965) is insignificant. Examination
of the meteorological inputs for the simulation period reveals that the
development of the epilimnetic region resulted from convective mixing as
a result of surface cooling, not from wind mixing. With regard to
hydrologic and geometric characteristics, Hungry Horse is of the low
discharge-volume type having an average ratio of about 0.8 yr"1. With
such a small ratio it is not surprising that turbulent heat transfer in
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the hypolimnion should represent a significant portion of the total

heat transport.

In summary, the initial test simulations revealed that
equation 12-B was inadequate for defining the eddy conductivity coe-
efficient below the thermocline. The adequacy of equation 12-A 1in
describing A(z,t) above the thermocline could not be evaluated since
the epilimnion was formed by natural convective mixing rather than by

wind action.

STEP FUNCTION

On the basis of the experience derived from testing the
exponential representation of A(z,t), it was decided to investigate
the use of a step function for its adequacy in describing the vertical
variation of the eddy conductivity coefficient. The advantage of such
an approach was that the capability would exist to assign one value of
A(z,t) to the epilimnetic region, another value to the region of the
thermocline, i.e. the region of steep thermal gradients, and a third
value to the hypolimnetic region. Such a function would display all
the characteristics required of the eddy conductivity function. The
generalized mathematical formulation for this type of functional

representation was proposed as follows:

A(z,t) = AE(t) z > 7 (13-1)
Alz,t) = AT(t) 2p > 2>z (13-B)
A(z,t) = AH(t) zy > 2 (13-¢C)

Schematic diagrams of this functional form are given in Figure 9 for the
case of the thermocline at the surface and for the case of the thermo-
cline below the surface.
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FIGURE 9.  Representation of A(z,t) with a Step Function

The functional form of the eddy conductivity function as
proposed in equation 13 essentially divides the reservoir along its
vertical axis into three zones with A(z,t) exhibiting certain distinct
characteristics in each zone. Re-examination of the above section on
MIXING PROPERTIES OF RESERVOIRS reveals these characteristics to be as

follows:
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ZONE DEFINITION OF CHARACTERISTIC FEATURES OF A(z,t)

ZONE

(1) z <z AH(t) is primarily a function of the
intensity of the deep reservoir turbu-
lence; it is only slightly dependent
upon the gravitational stability of the
reservoir.

(2) zp <z <z AT(t) is primarily a function of the
gravitational stability.

(3) zp <z AE(t) is primarily dependent upon the

amount of wind mixing.

Although in general, AE’ A and A, are all time variant functions, they

were fixed at constant va]les in Ehis set of test simulations since the
interest was more in how this type of functional representation would
shape the temperature profiles (or the vertical heat distribution) rather
than how precisely individual observed thermal profiles could be

matched.

One of the questions that arose in connection with the func-
tional representation as given by equation 13 was how to choose the
value of Z and z,. Since A(z,t) is functionally dependent upon the
stability of the system, especially in Zone 2, it was decided that 2y
and zp should also be based on stability criteria. Through a series
of trial simulations, it was found that the best results were obtained
when these elevations were taken to be the elevations in the reservoir

wheve the stability was 4 x 107° meters —].
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The functional representation of A(z,t) as a step function
was found to substantially improve the modeling capability over that
which was possible through the use of equation 12. However, since
there was an order of magnitude difference between the value of AT
and those of AH and AE‘ a problem developed at the switching elevations,
zy and 2. The problem was specifically this: for any given
temperature gradient at the elevation g or z,, the substitution of
equation 13 into equation 4 indicates that the rate of heat transfer
on either side of these two elevations will differ by an order of
magnitude, since AT is an order of magnitude smaller than AH or AE'
Consequently, immediately above Ze there will be a "stacking" of
heat which creates large thermal gradients at that point; at the ele-

vation Zy, on the other hand, the large value of A, causes a "draining"

of the heat at that elevation, thus creating very ?ow temperature
gradients. The result of this situation is to cause a series of
"bumps" in the computed temperature profile. While this is not
necessarily harmful to the performance of the model, it is undesirable
from an operational point of view. An example of the type of profile
obtained under this type of functional representation for the eddy
conductivity coefficient is illustrated in Figure 10. The diffusion
coefficients for this case were 1 x 10'4 mz/sec for AE and AH and

5 X 10'6 mz/sec for A

T
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Described by Equation 13; Simulation Day is
1 September 1965

REPRESENTATION OF A(z,t) BY A CONTINUOUS FUNCTION

The results of using the step function to represent the
spatial variation of the eddy conductivity coefficient were encouraging.
It appeared that, if the abrupt step changes could be smoothed out of
the describing function, a good representation of the spatial behavior
of A(z,t) would be obtained.

Reviewing the mechanics of turbulent heat transfer in a
stratified water body reveals that a precise definition of the spatial
variation of A(z,t) is most important in Zone 2 because the temperature
gradients are steepest and the spatial variation of the eddy conductivity
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coefficient is greatest in this region. Thus, it was desirable to
represent A(z,t) in Zone 2 with a continuous function, AT(z,t),
that would have a minimum value at the thermocline and would be
equal to AE(t) and AH(t) at the elevations zc and Zyys respectively.
Since AT(z,t) is primarily a function of the stability, it follows
that such a relationship should be sought in the prototype data.

The first step in looking for a continuous function of
AT(z,t) was to use the observed prototype temperature profiles and
simulate the reservoir "backwards" to obtain the eddy conductivity
coefficients required to produce these profiles. The details of
this method of solution can be found in reference 15. Through the
employment of this methodology, the average spatial variation of A(z,t)
was found for the following time periods:

May 11 - May 26
May 26 - June 9
June 9 - June 23
June 23 - July 7
July 7 - July 21
July 21 - August 4
August 4 - August 18
August 18 - September 1

September 1 - September 16
September 16 - October 5

Linear plots of the average spatial variation of A(z,t) during these

time periods are shown in Figure 11. Note the scale change in the
A(z,t) axis at 10.
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It is observed that while these forms are similar to those shown in
Figure 4 below the thermocline, there is no significant increase in
A(z,t) above the thermocline. The reasons for this behavior have been
explained previously.

The search for a functional relationship between AT(z,t)

and the stability. E, culminated in plot of 1n A(z,t) versus In E.

These plots of the Hungry Horse data, for the time periods given

above, are illustrated in Figure 12. It is quite evident from Figure 12
that A(z,t) is primarily a function of the stability when E is greater
than about 1078 7! (for a stability of E = 1076 p7!

temperature gradient is approximately 0.06 °C m—]). Moreover, the

, the corresponding
relationship in this region is of the form
A(z,t) = bE™? (14)

If the average functional variation indicated by the dotted line in
Figure 12 is used, the value associated with a is 0.7 and b is

1.48 x 1078 m]'3 s c_].

e
The use of equation 14 as a definition for AT(z,t) in Zone 2
strengthens the deep reservoir model in several ways. First of all,
in addition to providing a continuous spatial description of the eddy
conductivity coefficient, it also yields a temporal description of
the coefficient in this zone since AT(z,t) is a function of the
temporal and spatial variation of the stability, E. Second, by the
use of equation 14 the step changes in A(z,t) at the elevations zy,

and z. are eliminated since zy is now defined as the elevation at which

E
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Third, with the more precise definition of AT(z,t) the modeling
capabilities in the region of steep thermal gradients are significantly
improved. An example of the application of this refined approach to
the definition of A(z,t) is illustrated in Figure 13. Note, again, the

scale change in the A(z,t) axis at 10.
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Having formulated the description of AT(z,t) in Zone 2, there
remained the problem of defining AE(t) in Zone 3 and AH(t) in Zone 1.
Since wind mixing was not observed in the prototype data, no further
development of AE(t) was possible; thus, the effort was directed toward
a temporal description of AH(t).

The value of AH(t) reflects the level of deep reservoir turbulence,
or more precisely, the rate of dissipation of energy by turbulence.
According to Hutchinson (3), the hypolimnetic turbulence in lakes is due
almost entirely to the internal seiche current system. While this is
probably true during the summer months, turbulence is also supplied to
the hypolimnion in the fall and spring by the deceleration of the
tributary inflows which enter the hypolimnion. In addition, in operatin;
reservoirs, the energy contained in the transient momentum flows that
are established through operation of the outlets must be dissipated
through turbulence in the hypolimnion.

In searching for some relationship between AH(t) and the above-
mentioned parameters, the following scheme was tried:

A) = L (a0 F Q) o] (15)

out)ave

where (AQout)ave = average of the absolute values of the daily
change in discharge through outlets below the
thermocline; and
(Qin)net = average inflow minus the average outflow below

the thermocline; positive values or zero.

The time over which the flows were averaged was 14 to 15 days which
corresoonds to the time interval between successive measurements of the
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thermal profile in the reservoir. Figure 14-A is a linear plot of
observed values of AH(t) versus (AQout)net + (Qin)net‘ Since more energy
js dissipated through deceleration of flows than through acceleration,

it was felt that a better fit might be obtained by the equation:

AH(t) = f [("AQout)ave ! (Qin)net] ’ (16)

where = average daily decrease in discharge through

('AQout)ave
outlets below the thermocline, i.e.

= ¢ all negative values of AQ

('AQout)ave out .

period

Equation 16 js illustrated in Figure 14-B. Comparison of the two plots
in Figure 14 indicates that equation 15 describes best the temporal
variation of AH(t). From Figure 14-A the value of AH(t) may be expressed

as

AH(t) = 0.0275¢ , (17)

where ¢ = [(AQ -1

out)ave * (Qin)net] ’ m3 sec']; and A, (t) has units of m2 sec

y(
Equation 17 gives a general description of AH(t) in Hungry Horse
Reservoir. The applicicability of this equation to deep reservoirs in
general, however, requires further testing. Although the functional
relationship appears to be sound, it is almost certain that the constant
0.0275 will not be the same from reservoir to reservoir. Its value
will most Tikely be primarily a function of the volume of the reservoir,
because for a given value of ¢, the turbulent energy dissipated per unit
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volume (upon which A{z,t) is based) will be directly proportional to the

reservoir volume.
PROPOSED FUNCTIONAL FORM FOR THE EDDY CONDUCTIVITY COEFFICIENT

Briefly summarizing the results of the research effort reported
in this section, the most important finding was, by far, the log-log
relationship between A(z,t) and the stability E, as expressed by
equation 14, in the region of steep thermal gradients. Although this
formulation is based on the observed behavior of a single reservoir,
some credibility is afforded to its general applicability by the fact
that this same relationship was found to hold for Detroit Reservoir in
Oregon, which was analyzed under a separate contract with the U. S.

Army Corps of Engineers. Regarding the functional form of AH(t) as given
in equation 17, the conclusions are not firm; thus the equation cannot

be regarded as a general function without further substantiation. The
evaluation of AE(t), of course, could not be accomplished due to the

lack of observed wind mixing.

On the basis of the existing theory and the results reported in
this section, the functional form of the eddy conductivity coefficient
is proposed as follows in equation 18. Some discussion of the proposed
form is given below.

A(z,t) = ﬁoe'n(zs - 2) 2p <z , (18-A)
A(z,t) = bE™® 7, <z <z, (18-B)
A(z,t) = ¢ z <z (18-C)
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where zE and ZH are the elevations at which E = 10—6 meters—] and

E = (b/c)]/a, respectively. The value of n is chosen so that
e-n(ZS - ZE) _ b (]0“6) -a

AO

Equation 18-A is based on the theory of wind mixing in the
epilimnion. The value chosen for Ze although somewhat arbitrary at
this point, was chosen on the basis of the log-log plots of Figure 12,
the rationale being that the linear log-log relationship between
A(z,t) and E should cease to exist at about the same value of E in the
epilimnion as that observed in the hypolimnion. The proper choice of Ao
is purely speculative at this time; however, some insight into estimating
its value may be derived from research reported by Hutchinson (3).

Inspection of the linear portion of the eddy conductivity-
stability curves in Figure 12 indicates that, while the upper envelope
curve has a slope of -1.0 in this region, the average slope for all curves
is about -0.7. Consequently, the value proposed for a is 0.7. It is
worth noting that this same value for the average slope was observed 7or

Detroit Reservoir.

The value of b in equation 18-B was purposely left unspecified
because there is some question as to whether this value might not be a
function of the hypolimnetic turbulence level. It would seem that tne
greater the hypolimnetic turbulence, the larger the value of E at which
the log-log relationship between A(z,t) and E begins to exist. While no
clear evidence of this fact was found in Hungry Horse, it must be borne in
mind that this reservoir has a very small discharge to volume ratio and
hence this variation would not be as apparent as in a reservoir with a largar

ratio. On the other hand, Detroit Reservoir, which has an average dis-
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charge-volume ratio, three times larger than that of Hungry Horse
(see Chapter II), was found to have avalue of 2.0 x 10'8 m]'3 sec

for b. Thus, for the present, it is suggested that the value of b be
-8 1.3
taken as 1.5 x 10 " m S

]

-1
ec .

For reasons previously given, A(z,t) in equation 18-C was
described as constant rather than by equation 17. In addition to these
previous arguments, consideration of the Timited amount of time variation
in the hypolimnetic value of the eddy conductivity coefficient coupled
with the small temperature gradients in this region tend to negate the
need for a temporal and/or spatial description of the coefficient in deep
reservoirs. On the basis of the Hungry Horse analyses, it is suggested
that until more experience is gained with the hypolimnetic value of AH’

that the value be assumed to be 2.5 x 10'4 m2 sec_].

This value is 1in

agreement with average “alues observed in deep lakes (3) and the oceans(17)
-7 -

A value of 0.3 x 10 m2 sec ! for AH;which vias found in Detroit

Reservoir, lies within range of minimum observed values.

In summary, the following values are recommended for the

parameters in equation 18:

= 0.7,
1.3 1

1.5 x 1078 ¢ sec

2.5 x 10'4 m2 sec -1

i}

O
"

Finally, in the absence of a better definition, it is suggested
that the value of Ao be taken as equal to c and that n be taken as
zero, i.e., AE(Z) = C.
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MODEL SENSITIVITY TO THE DIFFUSION FUNCTION

The proposed functional form of the eddy conductivity coef-
ficient, as given in equation 18, contains four parameters, AO, a, b,
and c. In order to acquire some feeling for the sensitivity of the
deep reservoir model to variations in these parameters, three test simu-
lations were performed with A(z,t) defined as follows:

1. by the upper envelope curve shown in Figure 12 with
1.0,
1.8 x 1072 m sec”| ,

1.0 x 1073 € sec” ;

1

O
I}

2. by the average curve shown in Figure 12 with values of a,
b, and ¢ as given above; and

3. by the lower envelope curves shown in Figure 12 with
= 0.7,
3.1 x 1072 p!-3 sec'] ,

1.5 X 10—5 m2 sec']

(@]
1

Typical temperature profiles produced in these three simula-
tions are shown in Figure 15. Examination of this Figure reveals
that while the average curve gives the best representation of the ob-
served profiles, use of the lower envelope curve results in computed profiles
that, for the most part, are within 1 °C of the observed values. The upper
envelope curve, on the other hand, produces the worst simulation; one
that is not acceptable within the reasonable limits of accuracy.

These simulations, while not providing conclusive evidence re-
garding the sensitivity of the model to individual parameter variation,
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are constructive in that they show that the model is not dver-sensitive
to parameter variations within the ranges defined by the Tower envelope
curve and the proposed curve. Within the parameter ranges defined by
the proposed curve and the upper envelope curve, however, parameter
variation should be approached with caution since the model appears to
be more sensitive to the parameter values within these ranges.

At the request of the FWPCA Study Team, one additional simu-
lation was run in order to demonstrate the difference between the
functional form of the eddy conductivity coefficient as proposed in
equation 18 and the functional form as prroposed in the original model
development (see equation 12). One deviation from this original form was
made in that A(z,t) above the thermocline was taken as constant and
smaller than that value used below the thermocline. This modification
was made in order to retain sufficient heat within the surface layers of
the reservoir so that the simulated surface temperatures would be
approximately the same as those observed. At the suggestion of the
Study Team, the following values of A(z,t) were assigned:

1
1

1.0 x 10—5 m2 sec

2.5 x 107% m2 sec

1

A(z)
A(z)

above the thermocline; and

I

below the thermocline.

Typical profiles resulting from this simulation are illustrated
in Figure 16. In deference to the originally proposed function, there
are other combinations of values for A(z) which will produce better
results. However, this simulation does illustrate the difficulties
encountered in using equation 12 to describe the functional form of
A(z,t). In particular, it demonstrates the difficulty in simulating the
clinolimnetic portion of the temperature profile as a result of assuming

A(z,t) constant in this region.
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VERIFICATION OF THE DEEP RESERVOIR MODEL

Verification of the applicability of the deep reservoir model
to reservoirs in the Northwest, and a final test of the functional form
of the eddy conductivity as proposed in equation 18, were achieved
simultaneously by the simulation of Hungry Horse Reservoir for the
period 11 May to 20 October, 1965. The values used for the eddy con-
ductivity parameters a, b, and ¢ were the recommended values; A0 was
taken equal to ¢ and n = 0. The time increment between successive
computations was one day. The results of this simulation, which are
illustrated graphically in Figures 17, 18, and 19, show good agreement
between the simulated and observed data.

Figure 17-B shows a comprehensive summary of the behavior of
Hungry Horse Reservoir as observed and as predicted by the model during
the 173-day period. Isothermal lines, which are superimposed on an
elevation-time field, give a pictorial representation of the changing
thermal energy distribution throughout the simulation period. The primary
value of this plot for comparison purposes is to show the time and space
relationships between the observed reservoir behavior and the model simula:
tion. The relationship between computed results and observed results at
any point in time is best illustrated by comparison of the thermal pro-

files which are shown in Figure 19.

The time-space relationship shown in Figure 17-B adequately
demonstrates the capability of the model to describe the same progression
of events as were observed in the reservoir. The primary difference
between the model results and the observed behavior is that the model
tends to enter the cooling cycle about one to two weeks early. The exact
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reason for this cannot be stated due to the complexity of the interaction
between the reservoir and the meteorological factors. One reasonable
explanation, however, could be that the surface of the reservoir becomes
more turbid in the fall, thus trapping more short-wave solar radiation

in the surface layers than occurs earlier in the year. Such a condition
would warm the surface layers and consequently retard the rate of surface
cooling. However, even with the early cooling, Figure 19 shows that the
maximum variation in the computed and observed epilimnetic temperatures

is less than 2°C.

It should be noted that while the spatial variations between
the computed and observed 4°C and 6°C isotherms is quite large, the
actual difference between the observed and computed temperatures is
small (Figure 19 indicates the differences to be less than 0.6°C).
This apparently anomolous behavior is due to the very small thermal

gradients in the hypolimnion.

Figure 17-A supplies complimentary data to Figure 17-B in
that it gives the time history of the net thermal and hydraulic character-
istics of the reservoir discharge. The observed temperature line shown
in the Figure is the average daily stream temperature as recorded 1.5
miles below the dam. Except for the month of June and the first part of
July, the recorded temperatures are always lower than the computed tempera-
tures. Communication with persons familiar with the gage indicates that
it probably contains a negative bias. The high recorded temperatures
during June apparently resulted from the temperature probe being in slack
water during the low discharge period. Even though the absolute agree-
ment between the observed and computed temperatures cannot be compared,
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the observed temperatures are valuable in assessing the capability of

the model to produce the observed day-to-day behavioral pattern of the
downstream temperature. Examination of Figure 17-A indicates that the
behavioral pattern of the predicted temperature is in excellent agreement
with that observed, thus demonstrating the model's capability to simulate
the day-to-day variation in the downstream temperature.

Figure 18 provides a breakdown of the composite information
contained in Figure 17-A. In this simulation run, the method of flow
withdrawal from the reservoir was that used in the original derivation
of the model, i.e. the withdrawal depth is taken to be the thickness of
the element whose elevation corresponds to the elevation at the centerline
of the outlets (in this case, the element thickness was one meter).
Consequently, the temperatures shown in Figure 18 are the reservoir
temperatures at the elevation of the outlet. These particular plots will
be more useful in comparing the element withdrawal technique to the
selective withdrawal technique which is the subject of the following
chapter.

In summary, the verification run as described above adequately
demonstrates the validity of equation 18 in describing the internal
mixing process. Moreover, this simulation serves as verification that
the model is generally applicable for the simulation of deep reservoirs
in the Pacific Northwest.
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V.  SELECTIVE WITHDRAWAL STUDIES

THEORY

When water is withdrawn from a stratified impoundment, it
does not necessarily follow that the entire fluid bulk will contribute
to the outflow as is the case for a non-stratified body. The theoretical
analysis of Yih (19) showed that there is a tendency for flow separation
when the densimetric Froude number becomes less than 1/w. That flow
separation does, indeed, occur at low Froude numbers has been confirmed

experimentally by Debler (20).

For the flow situation shown in Figure 20, the densimetric

Froude number F is defined by Debler as

p—’—|
= 9 |9
s [ o

where
g = volumetric discharge per unit width of the channel;
d = height of the dividing streamline far back from the
outlet
Po = density at the channel bottom;
_ -9p
6 - az s and
g = gravitational constant.
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FIGURE 20. Schematic Sketch of Flow Separation in
Stratified Flow

Through the performance of a set of experimental runs, Debler established
that the Froude number of the divided flow was a constant, with a value
of about 0.24. On the basis of this result, the withdrawal depth, d, can
then be defined as

¥

o~
d = 2.0 [qjggj”z (20)

This equation is recommended by Brooks and Koh (21) for determination of
the withdrawal thickness close to the dam (Brooks and Koh recommend

1.9 for the constant rather than 2.0). Farther back from the dam, they
recommend using the results of Koh's theory (reported in the same publica-
tion) which incorporates viscous broadening of the withdrawal layer for
the case of steady turbulent flow. However, since transients in the

withdrawal currents caused by fluctuating release rates are very persistent,
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they can significantly alter the steady flow solutions, especially far
back from the dam. Consequently, it was felt that the use of equation 20
would provide as good an approximation to the withdrawal zone as could

be obtained by application of the more sophisticated viscous broadening
theory.

In applying equation 20 to an operating reservoir, reference is

made to Figure 21 which shows a dam with three outlets. Each outlet

has a volumetric discharge Q. To convert these discharges to a discharge

per unit width, the reservoir width, w, at the elevation of the outlet
is used. Equation 20 for this case is assumed to define the half-width
of the withdrawal layer. The value of Po is taken as the density at the
centerline of the outlet and B is taken as the negative value of the

density at the centerline of the outlet.

: <~
v / d‘s Sl
DENSITY PROFILE——y  / “>
e " ) \ df‘h
- e
—_— i dy
>\ _— ’ Zg
1
W : | ~7
.»n\\\\ ) ) l ! —ZnZ> A
\ TEMPERATURE PROFILE->¢
i U |z
|
STV ////////////////////// Vs ///////////'77/

FIGURE 21.  Schematic Diagram of the Application of

Selective Withdrawal Theory tc a Stratified
Impoundmant
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By the use of these definitions for Po and B, it is observed that the
-1

P
ratio 75-: (—1—8) is the reciprocal of the stability, E, at the
0
centerline of the outlet. Thus equation 20 can be rewritten as
1/2
d = 2.0 [ =] (21)

JoE

Applying equation 21 to the outlet configuration shown in Figure 21,

the value of q is taken as follows:

Qs
surface outlet 9 = 5
S
, 1/2 Qp 1/2 Qg
submerged outlets qQ = ———, q = -
A B

To apportion the flow within the withdrawal zones, the inviscid
theory of Yih (22) is used in which the velocity within the flow field
is defined as

u(z) = [2 (22)
p
where U' is a constant called the "associated velocity." However,

considering the degree of density stratification encountered in prototype
reservoirs, the variation in the ratio Bpg—over the withdrawal depth is
insignificant; hence, the velocity within the withdrawal zone is defined
simply as

u(z) = constant. (23)
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In applying equation 23 to the flow field, it is assumed that
the principle of superposition holds for regions in which the withdrawal
layers overlap. If the effect of channel side-slope is neglected, the
withdrawal layer configuration shown in Figure 21 has a spatial velocity
distribution given as

u(z) = Wy zg - dg <z <2y - dp s (24-A)

(24-8B)

(24-C)

IA
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N
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o

c
—
N
S
]
=
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—
~nNo
(=8
=
N
w

z_ -d_<z<z . (24-D)

<
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N
~
1
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(73]
w

Although the selective withdrawal scheme as outlined above
is generally applicable, some situations can be encountered in its appli-
cation that require special attention. The first of these is the case in
which the dividing streamline for a submerged outlet falls above the water
surface or below the reservoir bottom. This situation is likely to be
encountered with deep outlets early in the year when the stratification is
weak, i.e., the stability is small. There is no theoretical precedent
for dealing with this case; consequently, the most simple approach is used
for the sake of computational convenience. The solution is to confine the
withdrawal zone to that region which falls between the dividing streamline,
which lies in the fluid, and the water surface or the reservoir bottom,
depending upon which boundary was crossed. The velocity is then distributed
uniformly over the revised withdrawal depth. This scheme is illustrated
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in Figure 22 for the case in which the computed streamline falls below
the reservoir bottom.

St
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FIGURE 22.  Withdrawal Region for Case of Dividing
Streamline Falling Below Reservoir Bottom

A second situation, which can be encountered, is that the
dividing streamline, computed for an outlet on one side of the thermo-
cline, falls on the other side of the thermocline. An example of such a
case is shown in Figure 23. The objection to this condition is based on
the fact that the withdrawal depth is a function of stability which is
assumed constant over the withdrawal depth. The case illustrated in
Figure 23 is clearly in violation of this assumption. Since the withdrawal
depth varies inversely with the stability, the upper withdrawal region
should be smaller than the computed value. It is reasonable and con-
venient to limit the upper withdrawal zone to the elevation of the
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thermocline as shown in the Figure. A similar correction is made for
outlets in the epilimnion whose lower streamline falls below the thermo-
cline. The flow distribution for these cases is adjusted in a manner
analogous to that for the case of the dividing streamline crossing a
reservoir boundary.
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FIGURE 23. Withdrawal Region for Case of
Computed Dividing Streamline
Crossing the Thermocline
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A special situation is encountred with the onset of fall
cooling when epilimnetic mixing by natural convection becomes pre-
dominant. The result of this mixing is to cause the reservoir in the
epilimnetic region to be isothermal as illustrated in Figure 24; hence,
the stability in this region is zero and Debler's criteria is no
longer applicable to outlets above the thermocline. To account for
this situation, the theory of Craya (23) as reported by Yih (22) has
been used.
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FIGURE 24, Effect of Convective Mixing on
the Thermal Profile

To use Craya's approach, it is assumed that the density
structure of the reservoir is a step function whose value is o above

the thermocline and p + Ap below the thermocline as illustrated in
Figure 25.
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Using the notations of this Figure, the critical epilimnetic
discharge at which water will begin to be withdrawn from the hypolimnion
of the reservoir is

QA 3 A
AT = 80
W, 9c 1.52 gh 5 2h < dT s (25)
for submerged outlets, and
EE- = = 0.75 dT3 ol (26)
wS qc ' g p ?
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for surface outlets. The velocity distribution in the epilimnion is

assumed to be uniform.

I1f q is greater than Ae for any outlet or combination of
outlets, Debler's criteria (equation 21) is used to compute the depth of
withdrawal from the hypolimnion, taking q - e for the discharge and
the value of E immediately below the thermocline for the stability.

The velocity distribution is then adjusted so that it is uniform through-
out the entire withdrawal depth. While there is no precedent for using
Debler's criteria for the excess flow, there does not appear to be any
existing theory which is more appropriate in this kind of situation.

Although some parts of the selective withdrawal theory related
above might be challenged on theoretical grounds, it must be recognized
that the approach to the incorporation of selective withdrawal theory
into the deep reservoir model has of necessity had a pragmatic orientation
due to the need to produce a functional tool which could provide required
answers when applied to prototype situations. Nevertheless, WRE believes
that the theory related above represents the best approach available at
the present time. Moreover, it points out the need for additional
research and development of a practical nature in the area of withdrawal
from stratified impoundments. The incorporation of the above theory, as
it stands, is regarded as being another step forward in refining the deep
reservoir model. The use of this theory should enhance the model's
capabilities particularly in simulating the individual discharge tempera-
tures from the rescrvoir outlets.

In order to test the validity of the proposed selective with-

drawal scheme, it was desirable to compare computed withdrawal tempera-
tures with observed temperatures. The only observed withdrawal temperatures
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on Hungry Horse were the cooling water temperatures for the turbines and
the accuracy of these temperatures was not known. Consequently, Fontana
Reservoir was chosen to test the theory since the observed data was more
reliable. The data for the computations was taken from reference 24.

The comparison of the computed turbine intake temperatures with the observed
turbine cooling water temperatures for Fontana Reservoir is shown in

Figure 26 (the cooling water temperatures had been correlated and

adjusted to the reservoir temperatures during a period when the reservoir
was isothermal). It appears that the computed outflow values contain a
small amount of bias, tending on the average to be about 1°F too cool.

Very rarely are they biased more than 2°F. At the present time the reason
for this bias is not known; however, it is felt that the predictions are
close enough to the observed temperatures to adequately satisfy the
modeling requirements.

As a further test, a few trial computations were made on Hungry
Horse Reservoir and Detroit Reservoir. The results shown in Table 2
indicate that the prediction is satisfactory.

SIMULATION OF HUNGRY HORSE RESERVOIR USING SELECTIVE WITHDRAWAL THEORY

Having incorporated the selective withdrawal theory into the
deep reservoir model, the simulation run illustrated in Figures 27 and
28 was executed. The only difference between this run and the verifica-
tion run in Chapter IV is that the verification run used the original
method of element withdrawal while the run illustrated here had the
selective withdrawal theory incorporated. To facilitate the comparison
of these two simulations, Figures 17 and 18 have been overlaid on Figures
27 and 28, respectively,
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FIGURE 26.  Comparison of Qutfiow Temperatures Computed from Debler's
Criteria with Measured Cooling Water Temperatures (Fontana
Reservoir)
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TABLE 2

HUNGRY HORSE RESERVOIR

TURBINE INTAKE TEMPERATURES

DATE COMPUTED, °C
21 July 1965 4.4
18 August 1965 4.3

COOLING WATER TEMPERATURE, °C

4.5
5.0

DETROIT RESERVOIR

TAILRACE TEMPERATURES

DATE TURBINE INTAKE
TEMPERATURE
COMPUTED, °F

20 May 1964 42

7 November 1958 54

10 November 1958 52

SPILLWAY TEMPERATURE
COMPUTED, °F

47
NO DISCHARGE
NO DISCHARGE

TAILRACE TEMP. ,°F
COMPUTED OBSERVED

44 43
54 54
52 53
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Examination of the results indicates that the effects of in-
cluding the selective withdrawal theory into the model are something
less than dramatic. The most obvious result is a minor alteration
of the thermal regime of the reservoir in that the vertical rate of heat
transfer is slightly increased, i.e., the isotherms for the selective
withdrawal case are somewhat deeper than in the element withdrawal case.
In addition, the onset of the convective cooling cycle is slightly

retarded.

The complexity of the reservoir mechanics precludes any simple
explanation for this observed behavior. It can only be hypothesized
that the selective withdrawal scheme induces larger thermal gradients
into the reservoir with the result that the rate of turbulent heat

transfer is increased.

It was expected that the use of selective withdrawal would
cause a decrease in the computed net outflow temperature during the
period of spillway operation, since some of the cooler water below the
surface would be included in the spillway discharge; however, this was
not the case. In fact, the selective withdrawal scheme produced slightly
higher outflow temperatures than did the element withdrawal scheme. The
reason for this is hypothesized as follows. During the period of spill-
way operation, the element withdrawal scheme takes all of the surface
spill from the surface element of the reservoir, thus tending to expose
the cooler underlying water. The selective theory, on the other hand,
causes a portion of the spill to be drawn from elements below the surface;
consequently, not as much of the warm surface water is removed, and the
reservoir's surface has a tendency to remain warmer. Unless the spillway
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discharge is sufficiently high, the withdrawal layer will not be deep
enough to result in a new withdrawal temperature that is less than that
of the element withdrawal case.

The examination of Figure 29 reveals one other observation that
is worth discussing. During the period of operation of the discharge
tube at elevation 975, the selective withdrawal case produces outflow
temperatures significantly higher than does the element withdrawal
scheme. The reason for this is that the stability gradient at this point
is sufficiently low to cause withdrawal from the entire hypolimnion;
consequently, the outflow temperature for the selective withdrawal case
represents the mean temperature of the entire reservoir below the thermo-
cline, whereas the outflow temperature for the element withdrawal scheme
represents only the temperature of the reservoir at elevation 975.

In summary, while the simulation run incorporating the
selective withdrawal theory did not produce the dramatic results expected,
it is felt that this was due to the physical nature of the reservoir
and its mode of operation, not to a failure of the selective withdrawal
theory. This conclusion becomes more clear in the following chapter
where two test cases are simulated using the net outflow temperature
from the reservoir as the criteria for the operation of the outlets.
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VI. MULTIPLE OUTLET STUDIES

As a demonstration of the deep reservoir model's versatility
in assessing the consequences of reservoir regulation for downstream
temperature control, two test cases were simulated on Hungry Horse
Reservoir. These tests were conceived mutually by the FWPCA Study
Team and WRE and are as follows.

TEST CASE 1

Using the existing outlet configuration in Hungry Horse Reser-
voir, operate the outlets on a daily basis in such a manner as to pro-

duce a prescribed net outflow temperature.
TEST CASE 11

Hypothetically, add a second fturbine intake to the reservoir.
On a daily basis, operate the spillway in the same manner as it was
historically operated in 1965 and distribute the remainder of the out-
flow between the two furbine intakes in such a manner as to produce a

prescribed outflow ftemperature.

- 93 -



For both test cases, the total reservoir outflow was taken as
the historical outflow in 1965. The downstream object temperature for
the two cases was taken as the observed temperature of the major reser-
voir tributary, i.e., the temperature of the South Fork of the Flathead
River above Twin Creek for the year 1965. The results of these two test

simulations are reported below.

TEST CASE I

Test Case I was not the product of whimsical imagination.
Rather, it was designed around the fact that, since the construction of
Hungry Horse Dam, the reservoir release temperatures have been so cold
that the native fish population below the dam has been eliminated. By
operating the reservoir outlets in such a manner as to produce a release
temperature equal to that of the natural stream, it would be assured that
the fish population could be re-established. In addition, the analysis
of this type of operation would reveal the hydropower tradeoff required
to maintain the downstream fishery.

The simulation results of Test Case I are illustrated in Figures
29 and 30. In order to compare this simulation with the historical case,
the results of the selective withdrawal simulation (Figures 27 and 28)
have been overlaid. Inspection of Figure 29-A reveals that excellent
agreement was obtained between the reservoir release temperature and
the object temperature. This result demonstrates that it is possible to
operate the reservoir in a manner such that the required downstream
temperature control can be achieved. One exception, however, must be taken
to this general statement. While the test case shows that spillway
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operation was required in the early part of the summer, this could not

have been possible physically, since the water surface was below the

spillway crest prior to 24 June. Consequently, in practice, the object
temperature would not have been met during the period 11 May to 24 June

but rather, the outflow temperature would have been the same as that recorded
historically. This exception does not detract, however, from the general

result.

Examination of Figure 29-B indicates that changing the operation
schedule of the outlets had no significant effect on the thermal regime
of the reservoir except to raise slightly the reservoir isotherms toward

the middle and end of the simulation period.

To evaluate the magnitude of the power tradeoff required to main-
tain the object temperature, reference is made to Figure 30 which illus-
trates the release ‘rate and temperatures of the individual outlets. The
outlet at elevation 975 is not shown since it was not operated in this
simulation. If the amount of power production is taken as a linear
function of the turbine discharge rate, Figure 30 indicates that the
hydropower production on a day-to-day basis has been reduced approxi-
mately 40 percent from its historical value over the period from 7 July
to 27 August; thereafter the percentage loss decreases until by 13
September the loss is insignificant. The loss of revenue from hydro-
power, as measured in terms of turbine discharge rates, has, so to
speak, gone over the spillway. These dollars lost must be weighed
against the dollars (and intangibles) gained through re-establishment
of the fishery below the dam, and other benefits of downstream tem-
perature control.
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The examination of Figure 30-A reveals that, at the beginning of
the high spill period in July, the spill temperature for Test Case I was
significantly lower than the historical value, even though the thermal
regime of the reservoir was identical during this time for both cases
as evidenced by Figure 29-B. This observed phenomenon is the result of
applying selective withdrawal theory to the surface outlets and pro-
vides the culmination of the discussion in Chapter V which alluded to
this Figure. In this case, the withdrawal layer was of sufficient
depth (six meters) to produce a net outflow temperature significantly
lower than the observed surface water temperature.

TEST CASE 11

The second test case was hypothetical in that it was assumed that
a second turbine intake was available for power generation. The objective
of this test case was to determine if it was possible to distribute the
1965 historical power demand between the two sets of turbines and still
achieve the release temperature objective. Consequently, the hypothetical
intake was located at elevation 1055 which is the highest elevation at
which it could be placed and remain submerged over the simulation period.
The results of this simulation are illustrated in Figures 31 and 32.
Again, as in Test Case I, the 1965 historical simulation with the selec-
tive withdrawal scheme has been overlaid for comparison purposes.

Inspection of Figure 31-A reveals that the object temperature could
not be achieved during June, July, and August. While the release temp-
eratures auring this period were one to two degrees Centigrade higher
than the historical release temperature, they fell from one to six degrees
Centigrade below the object temperature. Hence, it is concluded that
1965 power demand and the object temperature could not have been simul-
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taneously satisfied with two fixed turbine intake locations. If the
power demands were to be met, it appears that a set of multiple intakes
would have been required in order to meet the object temperature.

Figure 31-B indicates that the inclusion of a second turbine in-
take did not significantly alter the thermal regime of the reservoir.

The breakdown of temperatures and discharges through the indi-
vidual outlets is illustrated in Figure 32. It is apparent from
Figures 32-B and 32-C that the reason why the object temperatures could
not be met during the summer months was that the reservoir temperature
at elevation 1055 was not high enough. Moreover, the only time of the
year when the lower turbine intake was required was in the fall when the
upper portions of the reservoir were warmer than the object temperature.

The two test cases described above have been demonstrative of
the types of analysis which can be performed for re-evaluating the
operating rules for existing reservoirs and for aiding in the design
of outlet placement in proposed reservoirs. Such analyses (and there
are many that could be performed depending upon the particular problem
which may be encountered) would not be possible without a tool like
the deep-reservoir model. In fact, this is the real value of the model. Its
utility Ties not in its ability to reproduce historical data but rather in
its potential for planning and management through its prediction capabilities
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VIT. SUMMARY AND CONCLUSIONS

GENERAL

The major accomplishments emanating from the efforts expended
in Part 1 of the research were the incorporation of selective with-
drawal theory into the model, as related in Chapter V, and the refined
functiona1 description of the eddy conductivity coefficient as given
by equation 18. In addition, refining the method for introducing inflows
into the model, and the incorporating the minor model refinements as
described in Chapter III, have enhanced the operational sophistication
of the solution technique. It is felt that these improvements represent

a major step forward in generalizing the model's capability to simulate
-deep reservoirs.

The model, at its present level of development, has essentially
eliminated the need for reliance on prototype thermal profiles for evalu-
ating the empirical coefficients in the eddy conductivity function;
consequently, its potential as a prediction and design tool for proposed
reservoirs has been substantially increased. The two example test cases
in Chapter VI served to demonstrate this potential in design as well as
to indicate the value of the model for re-evaluating the operating rules
of existing reservoirs. Thus, the deep reservoir model, as developed to
this point, meets the requirements imposed by objectives 1 and 2 stated
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in the INTRODUCTION, and is considered to be adequate for the types of
analyses contemplated by the FWPCA Study Team. The supplement to this
report supplies pertinent information regarding the operation of the
model and the interpretation of its output.

LIMITATIONS

While the deep reservoir model has been significantly generalized
and upgraded from its originally derived state, it is not without 1limi-

tations and these limitations must be omnipresent in the mind of the

user if the results of simulation runs are to be properly interpreted.

The primary limitation of the model is that it is one-dimensional. While
the solution describes a three-dimensional body of water, keeping complete
inventory of all water and energy in the system, it permits the in-

ternal transfer of heat and mass to occur only along the vertical axis of
the reserveir. Such a soluticn implies that the reservoir properties are
constant, or uniform, thrcughout a horizontal plane. Although this
implication is reasonable for the majority of deep reservoir problems

of interest, exceptions will be encountered. On the basis of the exper-
ience gained through the several applications of the model, these excep-
tions are expected to occur when the discharge to volume ratio becomes
more than about 3 yr“], or when the reservoir genmetry is atypical, e.g.
and extremely long reservoir, such as Lake Roosevelt, or a severly
branched reservoir with significant inflows in the branches. On terms of
the densimetric Froude number as defined by equation 2 in Chapter II, which
simultaneously accounts for the discharge volume ratio and the reservoir
geometry, the applicability of the model should be questioned if IF is

on the order of 0.1 or greater.
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A second limitation is associated with the selective withdrawal
theory. The theory, as incorporated into the model, assumes that the
reservoir outlets are slots which extend laterally across the face of
the dam. The error of this assumption is not known at present; however,
the tests on Fontana, Hungry Horse, and Detroit reservoirs, as related
in Chapter V, tend to indicate that it is not a serious problem.

Finally, the functional form of the eddy conductivity coeffi-
cient must be used with caution until more experience is gained through
the application of the model to additional reservoirs. Since time and
money constraints limited the developmental investigations to Hungry
Horse Reservoir, it was impossible to form generalized functional de-
scriptions for three of the empirical parameters.

The first of these parameters 1is Ao(t), the value of the eddy
conductivity at the water surface as a result of wind mixing. This
value is probably a function of the wind speed, wind direction, and
reservoir surface geometry. Its value could not be investigated since
no wind mixing was observed on the reservoir.

The second parameter is the value b in equation 18-B. While a
value was obtained for Hungry Horse Reservoir and is recommended for
use at the present time, it is possible that this value could be a
function of the turbulence level of the hypolimnion, particularly in
reservoirs with larger discharge to volume ratios. Although it is
felt that this parameter requires further study, it is believed that
the use of the recommended value will not causa misleading conclusions

to be drawn in general modeling applications.
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The third parameter which was not generalized was the value of
AH(t), the hypolimnetic value of the eddy conductivity. While this
parameter was shown to vary with the inflow-outflow relationship in
the hypolimnion, the conclusions were too weak to generalize without
further study. However, as in the case of the parameter b, the recom-
mended value should suffice as a reasonable approximation until addi-
tional investigations on different reservoirs can be conducted.

RECOMMENDATIONS

Notwithstanding the limitations described above, WRE believes
that the current version of the deep reservoir model constitutes the
most generally applicable model available at the present time for pre-
dicting the thermal regime of stratified reservoirs. However, some
amount of additional refinement would greatly enhawnce its prediction
capabilities. This refinement is specifically concerned with the gener-
alized definition of the three empirical parameters Ao(t),b, and
AH(t), contained in the eddy conductivity function. To this end, it is
recommended that a set of reservoirs be analyzed in order to derive gener-
alized descriptions for Ao(t),b, and AH(t). The reservoir set should
display the following characteristics:

|. Differing geometrical shapes;

2. Various discharge to volume ratios;



3. Wind mixing should be evident in some of
the reservoirs; and

4. Each reservoir must have the required complement
of data, including thermal profiles, for effecting
a "backward" simulation in order to determine ob-
served eddy conductivity coefficients for the

reservoir,
The incorporation into the deep reservoir model of generalized expressions

for these three parameters would constitute the ultimate development of the
model consistent with its one-dimensional limitation.
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PART 11

SIMULATION OF WEAKLY STRATIFIED RESERVOIRS



VIIT. [INTRODUCTION

The weakly-stratified reservoir is characterized pre-
dominately by isotherms which are tilted along the longitudinal
axis of the reservoir. This tilting results primarily because
of the low residence time of the reservoir coupled with a large
length-depth ratio for the reservoir, i.e., because of the large
Froude number (see Chapter III1). The predominant hydraulic
phenomenon which affects the degree of tilting is the interflow
within the reservoir which possesses sufficient inertia to disrupt
the density structure of the reservoir from its static equilibrium
state.

As noted in Chapter II, the description of the weakly-
stratified reservoir requires that the variation of the reservoir
properties be specified in two dimensions; namely in the vertical
direction, and along the longitudinal axis of the reservoir. The
approach taken herein has been to divide the reservoir longitudinally
into several segments and to assume that the heat and mass transfer
phenomena within each segment can be described by the deep reservoir
model. Thus, the weakly-stratified reservoir is envisioned as a set
of deep reservoirs connected in series. Each "reservoir" is coupled
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to the one above and below by the requirements for heat and mass
continuity within the reservoir as a whole. By solving the
vertical temperature distribution in each segment and comparing
the profiles of adjacent segments, it is possible to describe the
thermal properties of the reservoir in the two required directions.

The idea of longitudinal segmenting is not unique to this
model. 1In particular, Jaske (25), in his recently published model
of Lake Roosevelt, has used a segmenting scheme that is nearly id-
entical to the one proposed here. Without going into detail, the
basic differences between his model and the model presented here
are:

I. the method of handling heat transfer across the
air-water ‘interface,

2. The descripfion of the heat and mass transfer
between adjacent segments,

3. the formulation of the mechanisms of infernal
heat transfer in the verfical direction (Jaske
hypothesizes molecular diffusion of heat while
the WRE model employs a turbulent transfer
mechanism), and

4., the numerical solution scheme.
In addition, Jaske's model, in its present state of development,

cannot handle a reservoir with fluctuating water surfaces whereas
this poses no problem in WRE's model.
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In the chapters which follow, the details of segmenting
the reservoir and of interfacing adjacent segments with respect to
heat and mass transfer are given. The prototype application of

the model is demonstrated by a simulation of Lake Roosevelt for
the year 1967.

- 111 -



IX. SEGMENTING THE RESERVOIR

NOMENCLATURE

In the following text, reference will often be made to
the words segment and element. Segment is used to denote a
certain reach in the reservoir. Since the heat transfer character-
istics of each segment will be represented by the deep reservoir
model, it is necessary to divide each segment vertically into a number
of elements. These elements are conceptually identical to the elements
of the deep reservoir model. Figure 33 illustrates schematically a
reservoir divided into segments and elements.

SEGMENT ELEMENT

,}L A

.

—-—— —n
e ——

gr —eean e G
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FIGURE 33 Schematic Illustration of a Reservoir Divided
Into Segments and Elements

- 113 -



PROCEDURE

The purpose of segmenting the weakly-stratified reservoir
is to break it into a set of units each of which can be considered
to behave essentially like a deep reservoir, i.e., the jsotherms
within the segment can be considered to be approximately horizontal.
While the decisions regarding the number of segments into which the
reservoir is to be divided and the location of the physical boundaries
of each segment are primarily subjective, there are at least four
criteria upon which these decisions should be based. These criteria

are:

I. reservoir geometry;
residence time within the segments;

points of fTributary inflow; and

HAWN

desired longitudinal resolution of the isotherms.

Proper attention to these factors will eliminate much of the guesswork

from the segmenting process.
GEOMETRICAL CONSIDERATIONS

It is important for two reasons that a suitable number of
reservoir cross sections be available for examination. First, the
location of the endpoints of the reservoir segments depends upon the
channel geometry; and, secondly, these cross sections will be used later
to determine the volume-stage relationship for each segment. Ideally,
the sections should be taken at points in the reservoir where there
are significant changes in channel geometry, e.g., at narrow points,
at wide points, and in bends.
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The best modeling will result if the ends of the segments
are in straight sections of the channel and are of small cross
section since the horizontal flow will be defined best through
these sections, The broader sections lying within the segment
will be characterized by lower horizontal velocities and are more
suitable for representation by the deep reservoir model.

RESIDENCE TIME

The residence time of the reservoir flow within a segment
(the volume displacement time) is a very important consideration
because, if the residence time is less than the simulation time
step, a violation of the necessary conditions for a valid heat budget
for the segment can result. Consequently, some estimate must be
made of the shortest expected residence time within each segment.
In general, this event will occur during the peak discharge period.
This period of high flows usually occurs before the onset of the
stratification period; hence, it can be assumed that the reservoir
is in motion over its entire depth and the residence time can be
computed as the ratio of the segment volume to the maximum expected
daily value of discharge. It should be noted however, that during
the stratification period the flow does not generally extend over
the entire reservoir depth, but rather is confined to some fraction
of the depth. Thus, while the total flow may not be large, if it is
sufficiently concentrated within some vertical range of depths, the
resulting velocities could be large enough to cause the flow to
travel completely through a segment during a simulation time step,
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even though the residence time is sufficient for the peak flow period.
If this situation is encountered during the simulation runs, the
segment lengths can be extended or the simulation time step shortened.
In most cases, the latter procedure is the most expedient remedy.

TRIBUTARY INFLOWS

Consideration of the points of tributary inflow in segmenting
the model is not critical; however, some consideration of them in the
initial segmenting of the model should produce better results. At
certain times of the year, an individual tributary, as a result of
its temperature or density, may create an interflow in the reservoir
at an elevation independent of that of the main body of the flow.
This phenomenon is best handled in the model if the tributary is
introduced at about the middie of the reach because if it does not
enter the reservoir in the region of the mainstream interflow, it may
very well experience an internal lateral spreading in the upstream
direction as well as downstream.

LONGITUDINAL RESOLUTION OF ISOTHERMS

A fourth consideration in segmenting the reservoir is the
resolution that is desired in describing the longitudinal variation
in the elevation of the isotherms. Since the deep reservoir model
is applied to each segment, there results one temperature at each
elevation for each segment. Consequently, the more segments there

are in the reservoir, the more resolution is obtained in determining
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the position of the isotherms. On the other hand, if the segments

are too small, the representation of the segment by the deep reser-

voir model becomes less accurate; hence, resolution within the seg-

ment decreases. The choice of segment size at this point is subjective,
however, on the basis of experience with the deep reservoir model,

it is felt that the best longitudinal resolution can be obtained,
consistent with adequate internal resolution within the segment if

the minimum residence times are set up as about one day. This, of
course, implies a simulation time step of about one day, the interval
that was previously recommended in Part I,

To summarize the segmenting procedure, the most important
physical considerations are:

. placement of the segment ends in narrow straight
portions of the channel; and

2. assurance that the residence time of any segment

does not exceed the simulation tTime step interval.
In addition to the guidelines prescribed above, however, technical

sagacity is an important asset to the segmenting process, since many
of the required decisions are subjective.
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X INTERFACING ADJACENT RESERVOIR SEGMENTS

Interfacing as discussed in this chapter is the process
of transferring heat and mass between adjacent reservoir segments.
In contrast to the reservoir segmenting process, the interfacing
is executed internally in the weakly stratified reservoir model
and thus, requires no action on the part of the individual. The
discussion which follows describes the method of interfacing as
programmed into the model.

Since the deep reservoir model, as applied to an individual
segment, is one-dimensional along the vertical axis, a horizontal flow
distribution is not explicitly defined within the segments. Rather,
it is implicitly defined by specifying the flow distribution across
the upstream and downstream interfaces. Consequently, it is the inter
facing criteria which determines the horizontal flow pattern through
the reservoir.

In the absence of a fundamental description of unsteady
flow in a thermally stratified impoundment, it becomes necessary to
surmise the true nature of the flow on the basis of existing results
from steady state theory and experiment. Through such conjecture,
it is possible to arrive at several plausible schemes for describing
the horizontal flow distribution within-the reservoir. The method
described here is one of these schemes. While it is by no means a
complete answer to the problem, it is believed that the method does
provide an adequate description of the horizontal flow through a
weakly stratified reservoir.

- 119 -



It has been tacitly assumed that the horizontal flow

through the reservoir may be characterized as an interflow, i.e.,

a flow that is vertically confined between two elevations in the
reservoir., The difference in elevations which defines the thickness
of the interflow is generally less than the reservoir's depth. This
assumption is based upon work done by Jaske (26) on Lake Roosevelt
and upon theoretical and experimental investigations as reported by
Long (27) and Yih (22). Since the location of the interflow and

its thickness are governed by momentum forces, buoyancy forces, and
the degree of stratification, the interfacing criteria must also
reflect these factors. In addition, heat and mass continuity must

also be maintained across the interface.

MOMENTUM AND BUOYANCY CONSIDERATIONS

The location of the interflow on the vertical axis of the
reservoir is governed jointly by the momentum of the flow and by
buoyancy forces. The momentum force tends to propel the fluid along
horizontal lines or planes; however, as the interflow travels through
the reservoir on this plane, it will experience vertical buoyancy
force as a result of the tilted isotherms. The net path which is as-
sumed by the interflow will be determined by the resultant of these two
forces.

In an effort to take the buoyancy and momentum forces into
account in the reservoir model, it has been assumed that the interflow
within a reservoir segment is contained between two horizontal planes,
thereby conserving momentum within the segment. At the interface
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between adjacent segments, however, there is an abrupt change in the
elevation of the interflow. Upon crossing the interface of the up-
stream segment, it is assumed that the interflow centers itself about
the elevation z' in the downstream segment where the temperature is
equal to the arithmetic mean temperature of the outflow from the up-
stream segment. The change in elevation at the interface is a step-
wise attempt to account for vertical movement of the interflow as a
result of buoyancy forces.

INTERFLOW THICKNESS

The thickness of the interflow is known to be functionally
dependent upon the discharge and the degree of stratification; hence,
it 1s a function of the densimetric Froude number. 1In the absence of
a better definition, Debler's criteria as discussed in Chapter V of
Part 1 has been used to evaluate this thickness. Using equation 21,
the interflow thickness D can be evaluated as

1/2

D = 2d = 2(2.04)[%5} (27-)
2/gF

D = 2.88 (27-8)

w [gE’

where Q is the total discharge across the upstream interface of the
segment, and w and E are the reservoir width and stability, respectively,
at the elevation z' as defined in the preceding paragraph. With the

flow spatially centered at z', the upper and lower elevations bounding
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the flow are in general, z' + %—D, and z' - %—D, respectively. Excep-

tions occur when z' + %-D is higher than the water surface, or when
z' - %—D falls below the reservoir bottom. In these cases, D remains
the same but the interflow layer js shifted up or down as required to

contain it within the vertical reservoir boundaries.

MASS CONTINUITY

Mass continuity within the reservoir is maintained as follows:
a mass balance is first performed on the reservoir as a whole and the
water surface elevations are determined. It is assumed that the water
surface is horizontal throughout the reservoir. Given the water sur-
face elevation for each time step, it is then possible to do a mass
balance around each segment beginning with the segment farthest upstream
and working downstream toward the dam. Given the inflow to the farthest
upstream segment as the mainstem river flow, the storage equation is
applied and the outflow from that segment is computed. This outflow
becomes the inflow to the next segment. The solution is repeated
for successive segments until the last segment is reached. Segments
with tributaries must include the tributary inflow as part of the total
inflow. If the overall mass balance has been done correctly, the out-
flow computed for the segment abutting the dam will be identically
egual to the reservoir outflow.
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HEAT CONTINUITY

Since the thickness aof the interflow generally will be
different on each side of the interface, the temperature distri-
butions will also be different. Approximating the temperature dis-
tribution within the interflow as a linear function of the elevation,
the temperature distribution of the inflow into the downstream seg-
ment can be given as

T,' = m(zi -z, Y+ b

where the primes indicate properties associated with the downstream

segment. Z, is the elevation at the bottom of the interflow zone,
and b is defined as To’ the temperature of the bottom element within

the interflow zone in the upstream segment.

The value of m must be determined in such a manner that heat
continuity is maintained across adjacent segments, i.e.,

T, z . T,
ﬁ-pc Ui’ Ty n pe QOJ J

where QIil is the ‘inflow to the ith element of the downstream segment,

on is the outflow from the jth segment in the upstream element, and

(28)

(29)

n is the number of elements in the interflow zone. As before, the primes

indicate properties associated with the downstream segment. If Q is
the total discharge across the interface of the adjacent segments, the
velocity, U, which has been assumed constant over the interflow zone,
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can be defined as

QL
L (A d (30-A)
u = ‘ , an
A v Vj
' -'LI
oo 9. @ (30-8)

where L is the length of the segment, A is the mean cross-sectional
area of the interflow zone within a segment, V is the volume of the
segment occupied by the interflow zone, and Vi is volume of the 1th

element in the interflow zone. Solving the right-hand equality of

equation 30 for QOj and QIi gives
V. .
Q; = QO (31-A)
03 v , and
= g (31-8)
Ii V!

Finally substituting equations 28 and 31 into equation 29, there results
the following definition of the slope m:

r V. T. - T >
<n 1 1 (¢]

% 1 1 |
'<n' Vi Zi z0 >

Substituting equation 32 for m in equation 30 and taking the value of

(32)

b as T0 gives a temperature distribution to the interflow entering the
upstream face of a reservoir segment that assures the maintenance
of heat continuity across the segment interfaces.
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The interfacing criteria as described above is summarized
schematically in Figure 34-A for a reservoir with three segments.
The assumed relationship between the properties of the segmented
model and the prototype is illustrated in Figure 34-B. Note that
the interflow zone in Segment 3 is centered vertically at the ele-
vation where the temperature is equal to that of the mainstem.
Note also that the outflow from Segment 1 is governed by the selective
withdrawal criteria as described in Chapter V of Part I.

Tributary inflows to the segments are accounted for in
the heat budget in the following way. If the elevation at which
the inflow enters the segment falls within the interflow zone, the
flow is added to the total flow at that elevation. If the elevation
falls outside the region of interflow, the tributary is then considered
as an independent interflow and handled in the same manner as
described above. If,at any segment,the two interflow layers coincide,
the flows are then combined at that segment and treated as a single
interflow through the remainder of the reservoir.
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XI  APPLICATION TO LAKE ROOSEVELT

The weakly-stratified reservoir model, as developed in
the preceding three chapters, was based on the knowledge that presently
exists with regard to the thermal behavior of such water bodies. The
test of its validity required that an appropriate prototype reservoir
be chosen and simulated. Lake Roosevelt, behind Grand Coulee Dam,
was chosen as the test case for the following reasons: 1) the amount
of data and its accuracy are the best available; and 2) since this
reservoir is the most important weakly-stratified reservoir in the
Columbia River System, it is imperative that the FWPCA Study Team
has a working model of this reservoir as a part of its Columbia
River Thermal Effects Study. The details and results of this
simulation are given below.

GENERAL INFORMATION
Lake Roosevelt is located in the mainstem of the Columbia

River in Northeastern Yashington (see Figure 1). At full pool, this
reservoir backs up the Columbia River from Grand Coulee Dam to the
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Canadian Border, a distance of nearly 150 miles. The impoundment,
which has a usable storage capacity of 5.23 million acre-feet and
a total capacity of 9.56 million acre-feet, is used for power
development and irrigation. Irrigation water is diverted from the
reservoir at Grand Coulee Dam and pumped through a 1ift of about
280 feet for a distance of two miles into Banks Lake. From there
it is distributed through a system of canals to the Bureau of
Reclamation's Columbia Basin Project.

As was the case for Hungry Horse Reservoir, time and money

constraints required that the period of simulation be Timited to

a single year. The year 1967 was recommended by the FWPCA Study
Team as the period for which the data base was most reliable. The
simulation period was further reduced to a length of 76 days since
thermal profiles were taken in the reservoir only between 11 July
and 25 September of that year. This period is considered adequate,
however, since it covers the time from the onset of stratification
within the reservoir to a time that is well into the cooling phase
of the annual thermal cycle.

PHYSICAL AND THERMAL DATA

A plan view of Lake Roosevelt is shown in Figure 35. From
this Figure, it is seen that there were-some 92 cross-sections avail-
able in the reservoir proper. These sections, which were composited
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by the FWPCA Study Team from a set of sounding maps, were taken
at each reservoir bend and at each point of significant change in

channel geometry.

Gaged inflows "to the reservoir are the Columbia River
mainstem, Kettle River, Colville River (entering at Kettle Falls),
and the Spokane River. Ungaged tributaries contribute less than
0.05 percent to the total flow. Additional physical and thermal data
were summarized in Table 3. Unfortunately, there were no tempera-
ture data on the reservoir outflows; consequently, it was not possible
to compare the computed outflow temperatures to observed values.

METEOROLOGICAL DATA

In the absence of meteorological observations at Lake
Roosevelt, it was necessary to transpose the data from Spokane,
Washington. The use of these point values in the model was equi-
valent to assuming uniform meteorological conditions to exist over
the entire Tength of the reservoir. While neither the transposition
nor the assumption of uniform meteorology is untenable for average
daily values of solar radiation and cloud cover, there is some
question as to the validity of transposing air temperatures, humidity
data, and windspeeds from Spokane to Lake Roosevelt let alone assuming
them to be uniformly constant over the entire 150 mile vesevvoir length.
Moreover, the windspeeds taken at Spokane were measured at a distance
of 100 feet above the ground. Consequently, it was necessary to
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TABLE 3
PHYSICAL AND THERMAL INFORMATION

Lake Roosevelt

PHYSICAL DATA

Location (Grand Coulee Dam): Latitude 47°57', Longitude 118°59'
Elevation: 393 meters (full pool elevation)
Intake Elevations: OQutlet Tubes 285 meters
316 meters
346 meters
Penstock Intakes 318 meters
Diversion Intake 364 meters
Spillway Type - 504 meter crest with drum gates;

located in middle half of dam.
Elevation of Crest 384 meters

Mean Gaged Inflow: Columbia River 2785 CMS
Kettle River 82 CHMS
Colville River 8 CMS
Spokane River 230 CMS

Average Reservoir Discharge

to Volume Ratio: 8.30 yr—1

SURFACE AREA, mix 10”8
0.0 10 20 3.0

SURFACE AREA et ([ Jam T
350 l_g,l )/;J‘l"_ﬂ-"’?ol;-‘? 17y =
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I o
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ELEVATION, meters
N

i .
LT poramate e, AR e e e s iy ac)

5A
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RESERVOIR VOLUME, mox 1072
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Reservoir:

Tributaries:

TABLE 3
(Continued)

TEMPERATURE DATA

Temperature profiles for each of the
ten stations shown in Figure 35 at
about 7 day intervals.

Columbia River, mean daily temperature
at International Boundary.

Kettle River, synthesized mean daily
temperature from FWPCA.

Colville River, assumedat same
temperature as Kettle River.

Spokane River, mean daily temperature
of the river at Long Lake about 30
miles upstream from Lake Roosevelt.
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adjust the evaporation coefficient to a value such that the computed
evaporation rates for the reservoir were equal to the average values
of evaporation observed in the areas surrounding Lake Roosevelt. This
adjusted value was taken as 1.3 x 10'9 mps/mb/mps. The solar radia-
tion extinction coefficient within the reservoir was estimated at
0.691 m'] which gives 99.9 percent extinction at a depth of 10 meters.
The extinction depth was based on secchi disk measurements of 10

meters that were taken in the reservoir.

SEGMENTING THE RESERVOIR

Following the guidelines established in Chapter IX,
Lake Roosevelt was divided into six segments as illustrated in
Figures 36 and 37. The downstream faces of the segments were
located in narrow and, as often as was practical, in straight sec-
tions of the reservoir channel. The compromise in placing the
interfaces in straight portions of the channel was necessitated by

residence time considerations.

Residence times for each segment are given in Table 4.
It is observed that the minimum residence time in Segment 6 is
less than one day, which is not particularly desirable, since it
is less than the recommended simulation time step. There are two
solutions to this situation as previously stated in Chapter IX:
1) increase the reach length; or 2) decrease the simulation time
step. In this instance, however, neither of these steps was taken
for the following reasons. First, as seen in Figure 36, Segment 6
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is already quite long (= 27 miles); to increase its volume sufficiently
to give a minimum residence time of one day would require the reach
Tength to be extended another 50 percent. Such a reach would be too
Tong to be realistically modeled. Second, the peak discharge period
occurs about the middle of June which is prior to the onset of strati-
fication. Hence, the small energy budget violations which occur

during this period are not serious. By the end of June when stratifi-
cation begins to set in, the reservoir discharge has decreased to a
value such that the residence times are greater than one day.

TABLE 4

RESIDENCE TIMES FOR INDIVIDUAL SEGMENTS
IN LAKE ROOSEVELT

SEGMENT RESIDENCE TIME, days
average maximum minimum
] 7.4 26.0 1.9
2 8.1 28.6 2.1
3 5.0 17.6 1.3
4 8.7 30.5 2.3
5 7.6 26.8 2.0
6 3.2 11.1 0.8

Since the reservoir above station 57 is essentially completely
mixed, it was not explicitly included in the simulation. Rather, the
temperature changes through this upper reach were determined by the
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FWPCA Study Team through the application of their river-run model
between the Canadian border and station 57. The temperatures

thus predicted at station 57 were used as the input temperatures
to Segment 6.

Referring again to Figure 36, note that the Sanpoil and
Spokane arms of the reservoir have not been included as part of
their appropriate segments. The reason for excluding these arms
is that the model simply includes their properties as being a part
of the properties of the main channel. This, of course, alters the
characteristics of the interflow through these segments. If it is
felt necessary to include such arms in the simulation, they should
be considered as separate reservoir segments and should be interfaced
to their appropriate segments in the main channel. Such a revine-
ment was not considered necessary in this simulation since previous
studies on the reservoir have indicated that these arms do not signi-
ficantly affect the thermal structure of the main body of the reser-
voir. Consequently, the Sanpoil arm is completely unaccounted for in
the simulation. The Spokane arm is also neglected; however, the
Spokane River is introduced as a tributary to Segment 3 using the
temperatures and discharges recorded at Long Lake.
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SIMULATION RESULTS

For each of the reservoir segments shown in Figures 36 and
37, the volume-stage and area-stage relationships were determined from
cross-section data. The thermal regime of the Lake Roosevelt was
then simulated over the 77 day period from 11 July through 25 September
1967. As with the deep reservoir model, the performance of the weakly=-
stratified reservoir model was judged on the basis of its ability to
reproduce the observed temperature profiles in the reservoir. Typical
results for four days during the simulation period are illustrated in
Figure 38 which shows the computed and observed profiles for each
reservoir segment, the elevation of the isotherms along the longitudinal
axis of the reservoir, and the position of the flowing layer within the
reservoir. Note that there were two observed profiles in Segments 2,
4, and 5.

GENERAL OBSERVATIONS

A comparison of the observed and computed temperature profiles

in Figure 38 indicates that the model simulates, quite well, the

general progression of the thermal events in Lake Roosevelt, and that

it does, 1in fact, produce tilted isotherms. The only outstanding
discrepancy between the simulated results and those observed in the
prototype is that the reservoir tends to cool too rapidly toward the

end of the simulation period (see Figure 38-D). Even so, over the 77
day simulation period, the maximum deviation of the computed temperature
from those observed was 2.6 °C; the average deviation for the period

was less than 1.3 °C.
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The behavior of the reservoir interfiow during the simulatien
period is interesting. Referring again to Figure 38, it is observed
that during July, when the temperature gradients are small, the flowing
layer extends over most of the reservoir depth. As the intensity of
the reservoir stratification increases, the bottom of the flowing
layer moves progressively higher in the reservoir until it assumes
the position indicated on 14 August. Thereafter the reservoir begins
to cool and the bottom of the flowing layer begins to move downward
as observed on 29 August. Finally in late September the intensity of
the stratification has become sufficiently weak so that the flowing
layer once more extends over the total reservoir depth. This is a
rather important phenomenon because it indicates that during the period
when the reservoir surface layers are the warmest, this surface water
is being drawn off and discharged through the outlets. Consequently,
the release temperatures from the reservoir would be expected to be
significantly warmer than the mean temperature in a horizontal plane
at the elevation of the reservoir outlet. According to Jaske (26)
this phenomenon was, in fact, observed during the 1963 operation of
the Columbia River Cooling Program undertaken by the Hanford Operation.

Finally, it is noted that the Spokane River (which, except
for the mainstem, is the largest tributary inflow to the reservoir)
did not appear as a separate interflow at any time during the simulation
period. Segment 3 was purposely made small in order to account for
this phenomenon should it occur; however, the river temperature was
such that the tributary always entered the reservoir at an elevation
contained within the primary interflow zone.
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SPECIFIC OBSERVATIONS

In comparing the computed and observed profiles, one should
be aware that the computed profiles are constructed from the average
daily values of temperatures on horizontal planes within the segment
while the observed profiles are composed of instantaneous point values.
As a result of the unsteady nature of the reservoir on an hour to hour
basis (outlet operation, internal waves, lateral temperature variations,
diurnal surface heating and cooling, etc.), the instantaneous observed
profiles may be expected to deviate from their average daily values
by 0.5 °C in the reservoir depths and by 1 to 2 °C at the surface.
While these deviations are not an important consideration when com-
paring profiles at some distance below the water surface, they are
quite significant when comparing surface temperatures. Since the
reservoir profile measurements were taken during the day, it is reason-
able to expect that the observed surface temperatures are somewhat
higher than the average daily surface temperature. Allowing for this
amount of variability in the observed surface temperatures, it is
surprising how closely the computed and observed values compare, es-
pecially when it is recalled that point meteorological data, measured
at Spokane, was assumed to apply over the entire reservoir.

The examination of the computed and observed profiles for
the several reservoir segments revealed that there was often a
temperature difference of 1.5 to 2.0 °C in the profiles near the
bottom of Segments 1, 2, and 3. Several examples of this behavior
can be seen in Figure 38. It is now thought that this deviation re-
sulted from neglecting the effect of the Spokane arm of the reservoir
in the model simulation. As the reservoir interflow warms, there
is a significant quantity of cold water stored in this arm that flows
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out through the reservoir mainstem and is replaced by the warmer water
of the interflow. Neglecting to account for this cold water outflow
is equivalent to short circuiting the main reservoir interflow through
Segment 3. Consequently, the simulated rate of heating downstream is
greater than that observed in the prototype. Unfortunately, there

was insufficient time to thoroughly investigate this problem; however,
some studies of a very preliminary nature indicated that if the volume
properties of the Spokane arm are lumped together with those of Seg-
ment 3, the simulation of the lower portions of the temperature pro-
files in Segments 1, 2 and 3 would be improved.

Another feature of the simulation which requires discussion
is the accelerated cooling in the fall of the year. This behavior,
which can be observed in Figure 38-D, actually starts sometime between
5 and 12 September, and is thought to occur for one or more of the
following reasons: 1) the simulated rate of heat loss through the
air-water interface is too large; 2) the present method of describing
the velocity and temperature distribution of the interflow is
incorrect; or 3) the storage effect of the Spokane arm is not taken
into account. Again time restricted the amount of effort which could
be devoted to this problem; however, on the basis of one of the test
runs, some insight was gained on possible ways to decrease the simulated
rate of cooling.

In order to acquire a better understanding of why the simulated
rate of reservoir cooling was greater than that observed in the proto-
type, a test run was executed in which the convective mixing (mixing
that results when negative temperature gradients form in the reservoir)
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was suppressed. Figure 39 shows a typical shape of the resulting
profiles. It is readily apparent that heat is being lost through the
air-water interface; hence, it was most logical to suspect that this
simulated heat loss rate was too large; i.e., the meteorological data
was incorrect. However, a check of the reliability of the data by the
FWPCA Study Team resulted in nothing suspicious. Moreover, the success
with which the surface temperatures were modeled during the warming
period inspired confidence in the reliability of the data during the
cooling period. Thus, the possibility of bad meteorological data

was discarded as a consideration.
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A second, and more probable, explanation of the cooling
phenomena is the manner in which the temperature is distributed
through the interflow as it crosses the segment interfaces. It was
assumed that this distribution is linear. However, if it is not
linear, the effect of the linearization is to displace heat from the
reservoir surface to a lower depth as seen in Figure '40. The net
result is to induce aritificial surface cooling. Rather than linearize
the temperature profile the actual profile should be used; however, as
noted in Chapter X, this is a more difficult task and requires additional
bookkeeping which was not required in the linearization scheme.

ACTUAL
<" DISTRIBUTION

]
M _LINEARIZED
/ DISTRIBUTION

ELEVATION -

TEMPERATURE

FIGURE 40. Effect of Linearization on the
Temperature Distribution of the
Interflow
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A third possible explanation for the observed cooling
jnvolves consideration of the horizontal velocity distribution within
the interflow. As presently developed, it is assumed that the
velocity distribution is uniform in the interflow zone and zero out-
side of this zone. If the simulated reservoir velocities are larger
near the surface than in the prototype, an excessive amount of
surface heat will be carried out of the reservoir by longitudinal
advection. This additional heat loss, coupled with the loss of surface
heat to the atmosphere, would produce an accelerated cooling rate. A
recent report by Jaske (25) contains actual measurements of the velocity
profile in Lake Roosevelt during 1967. These measurements indicate
that the horizontal velocity in the reservoir near the surface is
significantly lower than that observed deeper in the interflow zone.
The incorporation of such a velocity distribution into the model would
significantly decrease the cooling rate. Unfortunately, this data was
not available at the time when the reservoir model was being developed;
consequently, the uniform velocity distribution was assumed due to
the lack of a more suitable definition.

Finally, the short-circuiting through Segment 3, which results
from neglecting the Spokane arm, is thought to contribute to the
accelerated cooling in Segments 1, 2 and 3. The effect of neglecting
this arm in the fall is just the opposite of that which results from
neglecting it in the spring. As the Columbia River cools, there is a
significant amount of warmer water in the Spokane arm that is replaced
by the cooler Columbia River flow and flows out through the reservoir
mainstem. Neglecting this storage effect causes the cooler water to
arrive at the lower reaches of the reservoir too early in the fall,
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thereby causing Segments 1, 2, and 3 to cool more rapidly in the mode]l
than in the prototype. Unfortunately, there was insufficient time to
investigate this phenomena, even in a preliminary way.

REMARKS

On the basis of the results from the 1967 test simulation,
it is believed that,on the average, the weakly-stratified reservoir
model can simulate the temperature regime of Lake Roosevelt within
1.5 °C of the true values; however, deviations as high as 2.6 °C
might be expected during fall cooling. As such, the model is considered
to be adequate for the types of analyses contemplated in the FWPCA
Columbia River Thermal Effects Study except possibly during the period
of cooling when its adequacy is judged as marginal.

If the accuracy of the model during the fall cooling portion
of annual temperature cycle is judged acceptable, the model can be used
for simulating the annual thermal cycle of the reservoir within the
confidence limits specified above. Moreover, several years may be simulated
in succession without concern over the possibility of carryover error
in the heat budget from year to year since the Columbia River discharge
is sufficient to completely displace the old reservoir water between
the end of the fall cooling cycle and the onset of warming the follow-
ing spring.

If efforts are made to improve the model during the cooling

period, it is suggested that the description of the temperature profile
of the interflow at the interface between adjacent segments be refined
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first, since of all the probable factors contributing to the acceler-
ated cooling in the model, it is thought that linearizing the temperature
profile of the interflow is probably the most significant. Secondly,

the effects of the Spokane arm should be investigated in more detail.

It is thought that the effects of this arm can be adequately

represented if its volume-stage characteristics are simply Tumped
together with those of Segment 3. Finally, the velocity distribution

of the interflow is considered to have the least influence on the rate

of cooling. Consequently, it is suggested that this refinement be given

the lowest priority in further development of the model.
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XIT SUMMARY AND CONCLUSIONS -- PART I1I

GENERAL

The weakly-$Stratified reservoir model as deveioped and
tested in the preceding four chapters was based on the assumption
that a weakly-stratified reservoir can be visualized as a series of
deep reservoirs. Adjacent "reservoirs" are coupled to one another by
the requirement for conservation of heat and mass in the reservoir as
a whole. The longitudinal flow in the reservoir was considered to be
a density current the thickness of which was determined by Debler's
criteria. The vertical placement of the interflow was established
on the basis of its mean temperature and the elevation at which that
temperature existed in the reservoir.

A test of the model on Lake Roosevelt over a 77 day period
from 7 July through 25 September 1967 showed that, in general, the
model simulated with reasonable accuracy the thermal regime of the
reservoir; however, some difficulties were encountered in simulating
the reservoir during the period of cooling in September.
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On the basis of the test case related in Chapter XI, it
is concluded that the weakly stratified reservoir model, as developed
herein, is adequate for the types of analyses contemplated in the
FWPCA Columbia River Thermal Effects Study, except during the period
of cooling in the fall of the year. During this period, the adequacy
of the model is considered marginal. Preliminary studies indicate,
however, that a refinement of the temperature distribution in the
interflow zone should significantly improve the model's capability
to simulate the fall cooling period.

On the basis of evidence gathered through the test runs on
Lake Roosevelt, it was concluded that the Spokane arm of the reservoir
does affect the thermal regime of the reservoir and that a better
representation of the temperature profiles near the reservoir bottom
in Segments 1, 2, and 3 could be obtained if the storage effect of
the Spokane arm was accounted for in the model. In addition, inclusion
of the storage effect should improve the simulation during fall cooling
although the extent of the improvement is not known.

RECOMMENDATIONS

At this juncture, it might be well to point out that the con-
clusions drawn concerning the applicability and 1imitations of the
weakly-stratified reservoir model have been derived from observation
of the results of a simulation of Lake Roosevelt over a single 77 day
period. While it is believed that these observations and the resulting
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conclusions are basically valid, it is strongly recommended that the
first priority in FWPCA's use of the model be the simulation of Lake
Roosevelt for different years (preferably two or three) during which
internal temperature measurements are available. These simulations
would serve to establish additional confidence in the model and to
confirm its weaknesses as pointed out above.

Assuming the weaknesses noted in Chapter XI are confirmed
and that it is desired to improve upon the accuracy of the model in
its present form, the following steps are recommended:

I. Include the Spokane arm in the reservoir by simply
lumping its volume-stage characteristics with those
of Segment 3. This step is recommended first since it
is the simplest to do. If simple inclusion of the volume-
stage relationship improves *The simulation in Segments
1, 2, and 3, it should be retained. |f not, it should
be dropped and further investigation deferred until
after the refinement of the temperature distribution

of the interflow.

2. The description of the temperature distribution of
the interflow as it enters the upstream face of a seg-
ment should be reformulated fo reflect more precisely
its acfual distribution. It is believed that this
refinement would, at least, make the accuracy of the
model during fall cooling consistent with that over
the remainder of the year; in addition, it is also expected

that the simulation would be improved over the entire

year.
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3. The velocity distribution of the interflow zone should
be reformulated on the basis of the information that
has recently become available on Lake Roosevelt (25).
This refinement, however, is presently rated as a low
priority since it is not thought that a better description
of velocity distribution would significantly improve the

model's accuracy.

CAVEAT

Since the weakly-stratified reservoir model was developed
from general concepts and theory, it should be applicable to any reser-
voir falling within the weakly-stratified reservoir class as defined
in Chapter II. However, the only test which has been made of its valid-
ity is the simulation of Lake Roosevelt as reported herein. Hence, its
general applicability remains to be proven through the simulation of sev-
eral other reservoirs of the weakly-stratified class. Subsequent to the
establishment of 1its general applicability the model could then be used
with confidence as a planning and analysis tool for proposed reservoirs
and for reservoirs having insufficient thermal data for verification
purposes.
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APPENDIX A

MATHEMATICAL MODELS FOR THE
PREDICTION OF THERMAL ENERGY
CHANGES IN IMPOUNDMENTS

GRAPHICAL OUTPUT ROUTINES
FOR OUTPUT FROM PROGRAM TSIP



INTRODUCTION

In an effort to enhance the interpretation of the output
from program TSIP, two graphical output routines have been included as
a part of the computer software package. The first of these routines
generates, on the computer system's line printer, a plot of segment
temperature vs. depth. This display is produced for each day that printed
output is requested. The second output routine, which is a complete
and separate program, is programmed to produce pen plots of segment
temperature vs. depth for specified days, as well as plots of the
temperature and flow of the reservoir system's downstream releases.
The pen plots are written for the Calcomp plotting system, and one
must have access to such equipment in order to use these routines.

The details and requirements for use of these routines are given on

the following pages.



LINE PRINTER PLOT

The printer plot will produce a temperature vs. depth
plot for each segment for each day that printed output is requested
from program TSIP. These plots are produced automatically, and
no changes in program input are required for their production.

An example of the format of this plot is shown on the next page,
and a FORTRAN listing of the plot producing routines is included
on subsequent pages. At the present time this plotting routine
is included as an integral part of program TSIP. If machine
storage requirements become critical to the implementation of
TSIP, these routines can be removed without any adverse effects
on the actual thermal simulation procedure. The only reference
to these routines is the call to SUBROUTINE CURVE from the output
section of SUBROUTINE SUBB.
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FORTRAN PROGRAM LISTINGS
Printer Plots for Program TSIP
Listings for Subroutines

CURVE
PINE
PPLOT
SCALE
LABD

Ol = ow N~
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SUBROUTINE CURVE (XsYsNPT +NCVsNPL OT)

DIMENSION X(203¢1)92Y(20301) NPT (1)

COMMON/LARY/ TITLE(18)eXLAB(11)eYLAR(R)

1yHORTIZIZ2DYPVERT(G)

sxxxrkr CURVE IS THE ENTRY TO A GENERALIZED PRINTER PLCOT ROUTINE. THE

ROUTINE PLOTS SEQUENTIALLY PATIRED VALUES TAKEN FROM THE X AND
Y ARRAYS. THE SCALING VALUFS FOR RQ0TH ARRAYS ARE STORED IN THE
LAST TWO ARRAY LOCATIONS IN THE SAME MANNFR AS CALCOMP SCALING.

THE ARGUEMENTS IN THE CALLING SEQUENCE ARF DFFINED BELOW...

XeaoTHE ARRAY CONTAINING THE X AXIS COORDINATES OF THE
POINTS T0 BE PLOTTED.,

YeooTHE ARRAY CONTAINING THE Y AXIS COORDINATES OF THE
POINTS T0O BE PLOTTED.

NPT «e « THE NUMBER OF POINTS TO RE PLOTTED.
NCV.ooTHIS VALUE IS ALWAYS ONF (1).

NPLOT .. sUSED FOR PLOT IDENTIFICATION, THIS VALUE IS
DRINTED ABOVE FACH PLOT FOR F ACH CALL TO CURVFaeae. .

NPTSZNPT (1) *=NCV
SET Ul X AND Y SCALES

AXLENZ1O.

CALL SCALE(X s AXLENSNPTSs1)}
AXLENZS,

CALL SCALF (Y »AXLENSINPTSs1)

FoemM X LABFLS AND FACTORS

XMINZXINPTS+1r1)
DELTXZX(NPTS+2+1)
XLAS(1)=XMIN
00 260 IzZ1.10

260 XLA®(TI+1 ) =XLAR(I)+DELTX
XSCAL=Z100./7(XLAB(11)-XMIN)

FORM Y LABFLS AND FACTORS

YMINZY(NPTS+1,1)
DELTYZY(NPTS+2¢1)
YLAR(G)IZYMIN
00 270 TI=1+5

270 YLARIG-TJzYLAB(7-T)}+DELTY
YSCTALZSO./(YLABI(YI)-YMIN)

INITIALIZE PLOT CUTL INF



[y M)

400
420
440
450

NCDz=10nN

CALL PPLOCT(OvQ«NCDeNPLOT)
K -1

DO 450 L=1eNCV

TFI(NPT(L) .EG.C) GO TO 440

XO=ZXSCAL*(X{(1sL)-XMIN)
YOZYSCAL*{Y(1l+L)-YMIN)
NPOINT = NPTI(L)

DO 400 N = 2+NPOINT

XT = XSCAL*(X{NsL) - XMIN)
YT = YSCAL*(Y(NsL) - YMIN)
CALL PINE(XOsYOoeXTsYTeKeNPLOT)
X0 = XT

Yo - YT

CONTINUE

CONTINUE

K = K + 1

CONY INUE

NCZ=99

CALL PPLOT(O+NsNCesNPLOT)
RETURN

END

NRAW IN EACH CURVE

JOINING X0 YO AND XT YT

QUTPUT FINAL PLOT



o

245

250

26N

290

295

300

310

SUBROUTINE PINE(X1e¢Y19X2¢Y2¢eNSYMeNCTY)
AXA=X1

AXB=X?2

AYAZY]

AYBZYZ2

NZ1

IF(ASS(AXB-AXA)J.LT.ABS(AYB-AYA})} GO TO 2190

SET PARAMETERS FOR X DIRECTION

IF(AXB.GTL.AXA) GO TN 245
AXA=ZX?2

AXR=X1

AYAZY2

AYRZ-VY]

CONTINUE

IXAZAXA+,.5

IXB-AXB+.5

IYAZAYA+ .S

IYRZAYR+,.5

CONTINUE
TF(TXA.LT.0.0R.IXA.GT.100) GO TO 260
TF(IYA.LT.D.0R.IYA.GT.S0) GO 1O 260
CALL PPLOT(IXA+IYAYNSYMyNCT)
CONT INUE

IXAZIXA+1
YATI(N®(AYB-AYA))/(AXB-AXA)
IYAZAYA+YA+D .5

NZ-N+1

IF(IXALLE.IXB)Y GO TO 250

GO TO 400

SET PARAMETERS FOR Y DIRECTION

CONTINUE

IF(AYB.GTL.AYA) G0 T0 295

AYRZY1

AYAZY?

AXBZX1

AXAZ=X2

CONTINUE

IXAZAXA+,S

IXBZAXB+.S

IYAZAYA+ .5

JYBZAYB+.5

CONTINUE

IFtIXA.LT.0.0RLIXA.GTL.100) GO 70 310
IFUIYALLT.0.0R.IYA.GT.50) GO TO0 310
CALL PPLOT(IXA»IYASNSYMINCT)

CONT INUE

TIYAZTIYA+]
XAZI{Nx{AXR-AXA))/(AYB-AYA)
IXAZXA+AXA+0.5



320

anp

NzN+1

IFCIYA-IYB) 300s320+400
IXA = IXR

GO T0 300

RETURN

END



2?21

222

223
224
225
228

100
101
112
103
105
106
230

240

260

270

29n

SUBRQUTINE PPLOTITX+IYsKeMCT)
DIMENSTON A(S519101)SYM(9)

COMMON /LAB/ TITLE(18)sXLAR(11) YLAR(G)

1o HORTZ(20) o VERT(E)

DATA SYM / LGHxxxxoUH++++9 4UH''® "y LQHYXXX ¢

1 4H » YHITIIIs 4H-—-— /
IF(X-38) 200220230
A(SI-TYsIX+1)ZSYM{K)
RETURN
CONTINUE
=0
WRITE({E+103) TITLE»NCT
DO 225 IIx1+6
I=1+1

WRITE(R»101) YLARB(IT )} (A(T»J)ed=1s101)

IF(TI.EQ.6) GO T0O 228
DO 224 JJ=1+9

IZT+1

TF (T .NE.28) GO To 221

UH ea aa?

WRITE(E+106) VERTI{S)I e VERTIE ) e (2 (TeJ)rJ=1»101)

G0 TQ 224
IF(T.NE.24) GO To 222

WRTITE(E»1T6) VERTI(IDeVERT{(Z2) s (A(T-J)ed=1:101)

GO TO 224
IFETNEL.26) GO TO 223

WRTITE(EL21NE) VERT(3}eVERT(G ) (A (T2 d)vd=1+,101)

GO TO 224

WRITE(B+1IND) (A({TeJd)ed=1+101)
CONT INUE

CONTINUE

CONTINUE

WRITE(RL1I02) XLAR
WRITE(ER+105) HORIZ
FORMAT (18X:101A1)
FORMATI(F1T7.3+1%X»101A1)
FORMAT(F2T.1+10F1N.1)
FORPMAT(1HY +20X¢r18AU,18/)
FORMAT(/30Xs20A4)
FORPMAT (3Xe2A497X¢l101A01)
DO 250 TIz1¢50

DO 240 Jz1e101
A(T+JYZSYM(T)
A{Te1)=SYMLS)

CONTINUE

DO 260 J=1+101
A(51J)2SYM(9I)

DO 270 I=-1+.101+10
A(S1,T)=SYM(8)

DO 290 TzZ11v.41:10
A(T«1)CSYM(9)

CONTINUE

RETURN

END
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e e

[nNe)

in e}

s EeNeNe]

250

255
260

265

275

280

300

320

SUBRQUTINE SCALE
DIMENSTON ARRAY{(NPTS)sINT(5)
DATA INTe/29849598910/
INCTZIARS(INC)

AMAXZARRAY (1)
AMINZARRAY (1)
DO 250 NZ1eNPTSe INCT
IF(AMAX.LTL.ARRAY (N))
IF(AMINCGGT JARRAYIN))

CONTINUE

IF( AMAX - AMIN ) 27542554275
IFC AMIN ) 265 400y 2RN

AMIN = 0.0

AMAX = 2.0 x AMAX

GO T0 275

AMAX = 0.0

AMIN = 2.0 = AMIN

CONTINUE

RATEZ(AMAX-AMIN) /JAXLEN

AZLDOGIO(RATE)

NZA

IF(A.LT.0) N=ZA-.,9999
RATFZRATE/(1D.*=xN)
L=-RATE+1.00

DO 300 I=1»5
IF(L-INT(I))
CONT INUE

320,320,300

LZINTI(T)
RANGEZFLOAT(L)*10.*%N
IF(INCLLTLB) 60 TO 350

K=AMIN/RANGE

A-11

AMAXZARRAY(N)
AMINZARRAYI(N)

(ARRAY »AXLEN«NPTSe INCY)

SCAN F (R MAY AND MIN

RESET MAX AND MIN

COMPUTE UNTTS/INCH

SCALE INTERVAL TO
LFSS THAN 10

FIND NEXT HIGHFER INTERVAL

L TS NFXT HTGHER TNTERVAL
RANGE 1S SCALED PACK TO FULL

SET UP POSITIVE STEPS

FOR 7EPQ RANCF

SET



e

(el

@)

330

350

400
100

IF(AMINSGLT .O0.) KZK-1

CHECK FAR MAX VALUE IN RANGF

TFEAMAX.GT . {K+AXLEN)*RANGE)} GO Y0 330
I=NPTS*INCT+1
ARRAY {T)-K*RANGE

IZI+INCY
ARRAY(T)
RETURN

L-t+1
IFL.LT.
L=2
NZN+1

ZRANGE

11) GO

GO T0 280

KZAMAX /RANGE

IF{AMAX.GT.0.)
IF(AMINSLY - (K+«AXLEN)*RANGE) GO TO 330
TZINCT*NPTS+1
ARRAY(T)ZK*RANGE

I-ZI+INCT
ARRAY (T}
RETURN
WRITE(G
FORMAT(
RETURN
END

=—-RANGE

100)
/7 10X

TF NUTSIDE RANGE RESET L AND

To 280

SET UP NEGATIVE STEPS

KzK+1

*RANGE AND SCALF ARF ZEROQ QN PLOT ATTEMPT® }

A -T2



BLOCK DATA
COMMON/LAB/ TITLE(18)sXLABILI1)sYLABI(R)
1LsHORIZ(20) +VERT(E)
DATA VERT/4HMETE »4HRS »4HABOVsUHE r4HROT To 4HOM  /
DATA TITLE/8*uH sU4H TEMIUHPFRAJUHTURE yUH VERGUHSUS +U4HDEP T
A 4HH FOr4HR JU»UHLTANe 4H DAY /
DATA HORIZ/UHWATESUHR TE»UHMPER s4HATURP s 4 HE * o U4HDEGR »4HEES
AYHCENT » 4HIGR AV UHDE +10=4H /
END
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CALCOMP PEN PLOT

The pen plotting routine graphs certain requested por-
tions of the output from program TSIP. In order to use this routine,
an output file (normally a magnetic tape) must be written during the
execution of program TSIP. The production of this file is a user
defined option, and is accomplished by placing a positive value in
columns 61-70 of card number 1 of Card Group II in the input to TSIP.
The file thus produced, together with the small amount of card input
explained below, constitutes the total input for this program. Examples
of the plots produced by the program and its FORTRAN listing are shown
subsequent to the following explanation of plot's input and output.
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INPUT

The card input to this plotting routine consists of two

or more cards as explained below:

CARD NO. CARD COLUMNS

1 1-80
(free field)

2 1-5
6-10
11-15
3,4,5% 1-80

(16 fields of
5 columns each)

A-15

DATA DESCRIPTIONS

Comment to be printed on line
printer.

Logical Unit Number upon which
the tape written by TSIP is to
be mounted for <nput to the
plot routine.

Logical Unit upon which Calcomp
tape is to be written on output.

The total number of days for
which segment profile plots
are to be produced.

A Tist of the days for which
profile plots are desired.
Up to 48 days may be requested.

* Use only as many cards as

necessary.



oUTPUT

The output from this routine are pen plots of the follow-

ing items.

1. Temperature vs. depth for each segment for each day

specified.
2. Temperature vs. time for total downstream release.
3. Discharge vs. time for total downstream release.

4. Temperature vs. time for the discharge from each
individual outlet.

5. Discharge vs. time for each individual outlet.
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FORTRAN PROGRAM LISTING

CALCOMP PEN PLOT FOR OUTPUT FROM PROGRAM TSIP
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C *axxx*nxx CALCOMP PEN PLOT FOR QUTPUT FROM PROM AM TSIP

C

DIMENSION IBUF(17000)s IDOUTI(S50) s X(3R8)y Y{36R)y QOTL3ZE89¢5),
TOUT(368¢5)y DST(368B)y DSQ(368) s HFAD(2])y TOBJU368)

C **%x» READ AND WRITE CARD INFORMATTON

READ (S+501) HEAD

WRITE{E+s601) HEADN

READ(S+¢503) ITAPEs NTP,y NSD
WRITE(E»603) ITAPEs NTPs NSD

IF{ NSD .LE. O ) GO TO 103
READ(S5+503) ( IDOQUT(J)e J = 14 NSD )
WRITE(E«605) ( IDOUTIJYe J = 1ls NSD )

C =*xxx SETUP CALCOMP DRIGIN

103 CALL PLOTS(IRUF+1N00¢NTP)

CALL PLOT(0.0v-30.0¢~3)

CALL PLOT{O0.0¢v1a59-3)

CALL SYMBOL(O.0s0.0+s0.21925HPLOT FOR FUPCA STUQY TEAM
3N.0+¢25 )

CALL PLOT(4.0:¢0.0e-3)

C **xx SETUP AND PLOT REQUFSTED TEMPERATURE PRQOFTLES

105

107

115

119

READ(ITAPE) TIDAYe LDAYy SDZ» NOUTSe NSEGs NLFTS

WRITE(G6+607) IDAYs LDAYs SDZy NNUTSs NSEGe NLETS

Y{(1) = 3.2808 * 0.5 * SDZ

TA = 3.2808 =* SDZ

IDAY - IDAY -1

DO 125 L = IDAYs LDAY

READ(ITAPE) IDsy NPTSe ( X{J)}e Jd = 19 NPTS )

IF € NSD .LE. O ) 60 TO 125

D0 137 K = 1» NSD

IF( IDOUTI(K) .EQ. ID ) GO TO 111

CONT INUE

GO TO 125

DO 115 U = 2+ NPTS

Y{J) = Y(J-1) + TA

CONT INUE

DO 119 J = 1 NPTS

X(J2) = 1.8 * X(J) + 32.0

CONT INUE

CALL SCALE(Y(1):8.0+NPTSs1)

CALL SCALF(X(1)+6.0sNPTSe1])

CALL AXIS(O0.0¢0.0924HTEMPERATURE IN DFEGREES Fo-28496.0+0.00
XINPTS+1)aX(NPTS+2) )

CALL AXIS(O0.090.0s 17THELEVATION IN FEET»1798.0¢90.0,
YINPTS+1)sY(NPTS+2) )

CALL LINEL{XeYsNPTSel9De0)

CALL SYMBOL(1.04+8.00s D.14928HTEMPERATURE PLOT FOR DAY»0.0s24

FPN = 1ID
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CALL NUMBER(UL.54¢8.0000e104,yFPNeD.Tr-1)
CALL PLOT(10.0+0.0+-3)

125 CONTINUE
REAND(ITAPE ¢ENDZ=127) TA

127 IF{ NSEG «NE. NLFTS ) GO 70 105
WRITE(G6+609)

C *x*x INPUT AND CONVERT DOWNSTREAM VALUES

NPTS = LDAY - IDAY + 1

READITITAPEY ¢ { QOTL{JeK)eK = 1¢ NOUTS)s J = 1l¢ NPTS ]
READ(ITAPE} ( ( TOUT(JsK)}e K = 19 NOUTS)y J = 19 NPTS )
DO 145 J = 1+ NPTS

pse(Jd) = 3.0

TA = 0.0

DO 141 ¥ 1+ NOUTS

Q0T{JsK) = 35,3145 x QOT(JeK)
TOUTC(JeK Y = 1.8 % TOUT(JeK) + 32.0
DSe{J) = DSQ(J) + QOT{JeK)
TA = TA + QOT{JdeK) * TOUT{J K}

141 CONTINUE
PST(J) = TA / DSG(J)

145 CONTINUE

C xxxxx GENERATE THE TIME AXIS

X(1} = 0.5
DO 149 X = 2 NPTS
X{K) = X{K-1) + 1.0

149 CONTINUE
TA = IDAY - 1
CALL SCALE{(XeS.0sNPTSe1]

C *=x»+x DPIOT THE FLOWS AND DISCHARGES

DO 155 K = 1+ NOUTS

TOUT(NPTS+1eK) = 30.0

TOUT(NPTS+2sK) = 10.0

CALL SCALE(QOT(1+K)16.0eNPTSy1)

155 CONTINUE

CALL SCALE(DSQ(1]eb.0sNPTS el

MAX = NOUTS + 1

DO 167 L = 1ls» MAX

CALL AXTSU(O0.090«0r IOHTIME IN JULTAN D2YSe—190¢3.2590.0
B TALXINPTS+2) )

CALL AXIS(D.0¢0.05 24 HTEMPERATURE IN DEGREES Fy 24+6.0+90.0930.00
A 10.0 %

IFC L 6T 1L % GO TO 159

€ ®x»x* PLOT TOTAL DOWNSTREAM VALUES

CALL LINE{X»DSTeNPTSr1s0+01}
CALL SYMBOL{3.08+5.009¢D.14¢22HDNWNSTREAM TEMPERATURE +D0.0922 )
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CALL PLOT(13.25¢0.0¢-3)

CALL AXIS{D«O09040¢ I9HTIMF IN JULTAN DAYS+-19¢9.25¢00.00
A TAe X(NPTS+2) )

CALL AXIS{O0e0+0+0v I6HDISCHARGE TN CFS+16+6.0¢90.00
A DSQINPTS+1)eDSQINPTS+2) )

CALL LINE(XsDSQeNPTSeleQe0)

CALL SYMBOL(3422+6.00¢0.1420HNOWNSTRFAM NISCHARGE +0.0920)
GO TO 163

C *=x*xx DLOT DOWNSTREAM COMPONENTS

159 K = L -1
FPN = K
CALL LINE(XeTOUT(1sKIINPTS s140+0)
CALL SYMBOL(2.52+6.00¢0.1428HTFEMPERATURE OF OUTLET NUMBER»(O.Ns28)
CALL NUMBER{E.58+6e00¢0.14FPNy0.0y~1)
CALL PLOT(13.25+7.0¢-3)
CALL AXIS(O.0v 0«0y I9HTIME IN JULTAN NAYSe~19+9,25¢0.0»
A TAWXINPTS+2) )
CALL AXIS{0.0r0.00¢16HDISCHARGE TN CFSe16¢5.0090.01
& QOTUINPTS+1sK)}»Q0TINPTS+24K) )}
CALL LINE(X+sQ0T{1eKIeNPTSe1+0s0}
CALL SYMBOL(2.52¢6.00¢0.14»28HDTISCHARSE FROM OQUTLET NUMRER»O.N»28)
CALL NUMBER(6.5816«0T9 014 sFPNyDr-1)
163 CALL PLOT(13.25¢0e0¢-3)
WRITE(G+E13) L
167 CONTINUE
REWIND ITAPE

sSTopP
C =x*xx TNPUT FORMAT STATEMENTS

501 FORMAT( 2044 )
S03 FORMAT( 1615 )

C =*x#x3 OUTPUT FORMAT STATEMENTS

601 FORMAT( 1H1 / 35X+ S5S5HCALCOMP PLOTTING ROUTINE FOR THERMAL SIMULAT
110N RESULTS 7/ u40Xe 20A4 )

603 FORMAT( /7 20X 10HINPUY TAPE T10 / 18Xs l2HcCALCoMP TAPE 110 /
A 17Xs 13HPROFILE PLOTS T10 )

605 FORMAT( /// 23X 1T7HPROFILE PLOT DAYS //( I40 ) )

607 FORMAT( // 19Xs» 11HTAPE HEADER// 21Xs SHFTRST DAY I10 /
A 21Xy SHFINAL DAY I10 / 23Xs THELEMENT F10.2 /
B 23Xe THOUTLETS T10 /
C 20Xs LIDHSEGMENT NO TI1D / 20Xe 10HOUTLET SEGMENT T10 )

609 FORMAT( //// 40Xes 22HPROFILE PHASE COMPLFETE )

613 FORMAT( // 40Xy 1SHCOMPONENT PHASE T2+ 124 IS COMPLETE )

END
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