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BEHAVIOR OF STREAM INFLOWS TO A
STRATIFYING FIELD RESERVOIR

INTRODUCTION

In recent years there has been a significant increase in research

concerning water quality as it is influenced by reservoir impoundment.

From this research there has evolved a recognition of the substantial

changes, following the construction of a dam, in the physical, biologi-

cal, and chemical properties of the water within a reservoir and in

the river downstream. These changes are associated with a severe

reduction in flow velocities due to the increased depth and, surface area

of the storage pool in comparison to natural conditions. Among the

primary water quality parameters receiving greatest consideration are

the thermal structure within a reservoir and the temperature of the

released water. Because there is an immediate interest in downstream

water quality, which may be managed by reservoir releases, the

majority of recent investigative effort has focused on the withdrawal

region of impoundments. The nature of reservoir inflows has been

largely ignored.

The temperature distribution within an impoundment is a func-

tion of the hydrologic and climatic conditions of the region as well as

of the reservoir design and the management of its releases. Deep

reservoirs with a large ratio of storage to stream inflow will stratify.



2

During the winter months such reservoirs will be nearly isothermal in

the vertical direction. However, during the summer months, they will

become density-stratified, being characterized by decreasing tem-

perature (hence increasing density) with depth. As this stratification

process continues, the water body may become defined by three major

strata: the epilimnion, the metalimnion or thermocline, and the

hypolimnion. The epilimnion is the region nearest the surface. It is

characterized by nearly uniform temperatures and is readily influenced

by wind mixing and advection of solar radiation. Below the epilimnion

is the metalimnion, the region of greatest temperature gradient and,

hence, greatest stability. The lower stratum, the hypolimnion, con-

tains the colder and often more turbid water.

The internal current structure of a reservoir is very greatly

influenced by stratification. Vertical movements will be suppressed

by temperature gradients and horizontal water movements will be cor-

respondingly confined. The principal horizontal movements along the

longitudinal axis of a reservoir result from inflows to and withdrawals

from the reservoir. These currents form an integral part of any

attempt to describe the thermal regime of an existing or planned

impoundment.

The purpose of this study is to gain greater insight to the

behavior of riverflows entering a stratifying reservoir. It is hoped

that this research might add to the store of knowledge on pool and
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withdrawal characteristics and thus contribute to a fuller understand-

ing of reservoir dynamics.

The study has three objectives. The first is to provide field

data on the mixing, velocity, thickness, and location of density

inflows to selected. reservoirs. There is a recognized scarcity of

field data relative to entering streamflows. The second objective is

to compare the resulting field data with existing laboratory research

findings. Most previous efforts to describe the inflow phenomena have

revolved around laboratory experiments. Lacking corresponding

information on prototype reservoirs, the laboratory investigations are

largely untested. The third objective of this investigation is to exam-

ine the inflow phenomena as it is incorporated in existing predictive

models. Thermal profiles obtained at the field sites can be compared

with those generated by a reservoir model and the manner in which

flows are introduced to the reservoir can be reviewed in light of the

field data obtained.
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REVIEW OF CONCEPTS AND PREVIOUS WORK

Basic Concepts

Three basic types of inflow water movements may result from

density differences between the inflowing water and the reservoir

water. Shown in Figure 1, these are overflow, interflow, and under-

flow. The current-producing density differential is most often due to

temperature differences, although other agents such as dissolved or

suspended solids could be influential (Elder and Garrison, 1965).

Any effort to describe the location and magnitude of the inflow

current must consider many factors. Fietz (1966) has recognized the

relevant variables in the movement of an underflow as:

Boundary characteristics--slope, roughness, hydraulic radius

Flowing fluid--density, flow rate, viscosity

Ambient fluid - - density, viscosity.

The same variables are applicable to the other types of inflow cur-

rents. If one is considering a stratified reservoir he must also take

into account the density gradient and perhaps the influence of the with-

drawal current.

The above variables determine the magnitude of the principal

forces which influence movement of the inflow. These forces are:
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Interflow

Figure 1. Forms of inflow water movements.
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a) a dynamic driving force in the direction of flow due to the

higher momentum of the streamflow;

b) a vertical hydrostatic force due to a pressure gradient;

c) viscous or frictional forces from the ambient fluid or the

bed acting opposite to the direction of motion;

d) a negative force in the direction of motion which arises from

a spreading of momentum due to entrainment of the ambient

fluid.

An important aspect relating to the behavior of inflows is that of

entrainment, the process by which ambient fluid is incorporated into

the current. This implies that the ambient fluid has a net velocity

across the current interface. The magnitude of this velocity, defined

by Ellison and Turner (1959), is

where

ue = Eu

ue = the entrainment velocity

E = the entrainment coefficient

u = the characteristic current velocity.

(1)

Entrainment causes a decrease in the effective density difference

between the current and the ambient fluid and, hence, a reduction in

the driving force. Ellison and. Turner have described entrainment

as a one-way process whereby elements of the ambient fluid are
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incorporated into the current without escape. Middleton (1966), how-

ever, prefers to consider it a two-way process.

The rate of entrainment is related to the same factors as those

which determine the location and magnitude of the inflow current.

Specifically, a low entrainment rate is associated with a small bed

slope, a low discharge, a large density gradient, and a laminar type

flow. On steep slopes at high discharge rates the turbulence of the

inflow current will increase and more ambient fluid will be entrained.

Thus, for a given slope and density gradient, the amount of entrain-

ment will be a function of the inflow current velocity. One could also

say that it is proportional to the Froude number, Fr, as defined by

where

F =r Nrih
u

u = the current velocity

h = thickness of the current

g = gravitational constant.

(2)

In problems of stratified flow the density differential is accounted for

and Fr becomes the d.ensimetric Froude number

r
u

jPc -Pa
gh

Pc

u

--2p gh
(3)



where

Fr = d.ensimetric Froude number

pc = density of the current

pa = density of the ambient fluid.

8

Many experimenters have preferred to work with the Richardson

number, R., which is the inverse square of the densimetric Froude

number. Ellison and Turner (1959) have concluded that at relatively

high discharge rates the entrainment, E, will be a function of R.

only.

Laboratory Models

Much of the present knowledge about reservoir currents comes

from observations of experimental models. Because the internal cur-

rent structure of a reservoir is directly related to the reservoir

releases, much of the attention has focused on the withdrawal zone.

Experiments devoted specifically to reservoir inflows are few in

number.

Fietz and Wood (1967) studied the characteristics of a three-

dimensional density current in an ambient fluid of uniform density.

Their results showed that, among other things, the entrainment coef-

ficient decreases as a function of flow distance.

Rittall and Hunt (1970) examined the flow in a two-layered
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reservoir when a fluid of intermediate density was introduced.

Specifically, their experiments dealt with the occurrence of a sub-

merged hydraulic jump at the point where the density inflow lifted off

the reservoir slope.

Using a two-dimensional iso-thermal reservoir, Singh and. Shah

(1971) carried out experiments of the phenomenon in which stream

flow plunges beneath the surface and forms an underflow on the reser-

voir bottom. An objective of their study was to provide an estimate

of the depth of the current and the plunge point, the point at which

stream flow ends and the density current begins.

Elwin and Slotta (1969) utilized a reservoir with a linear density

gradient to study the effects of entering streamflow. In view of the

number of variables involved and the inherent complexity of the prob-

lem, evaluation of results was in the form of a dimensional analysis.

For various conditions of inflow and outflow, three primary currents

were observed (see Figure Z). For a linear density gradient, the

depth of the inflow current was found to be a linear function of the

density differential between the inflow water and surface water such

that

where

h
1

P P s Ay\
D "dl` D

h = depth of inflow current, Q
1 1

D = depth of reservoir

(4)



Mixing current, Q3
I

Withdrawal current, Q2

Inflow current, Q1

Figure 2. Inflow current patterns observed by Elwin and Slotta (1969) (not to scale).
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p. = density of inflow
in

ps = density of surface water

Ay inverse of reservoir density gradient
A p

C
1

= coefficient of proportionality.

At inflow velocities in excess of that which was determined as critical,

the inflow current, Q1, did not exist. At these high inflow veloci-

ties a mixing current, Q3 was instead observed near the surface.

The withdrawal current, Q2,

reservoir.

extended up the length of the model

Analytical Models

Several analytical models have been developed for the prediction

of temperatures within a reservoir. Nearly all have revolved around

an external energy budget which involves a summation of heat sources

and sinks. Many of the energy exchange simulations are based on the

analytical and experimental development of Edinger and Geyer (1965)

and. Sundaram et al. (1969). Of interest to this investigation is the

manner in which inflows are introduced to the model reservoirs in

terms of both mass and energy.

One of the first temperature simulation models was developed by

Burt (1957). His reservoir was horizontally segmented with the river

water entering that layer which had a temperature closest to that of
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the inflow. The same treatment was applied to inflows in a more

sophisticated model by Or lob and Se lna (1968). Emphasis was placed

on the internal diffusion process with no attention to entrance mixing.

In a model emphasizing the withdrawal phenomena, Clay, Fruh, and

Masch (1970) similarly assumed that the streamflow spreads across

the impoundment at a level of equal density.

Huber and Harleman (1968) have tried to account for the entrance

phenomenon by suggesting that the inflow temperature be the average

of the river temperature and the water with which it is mixed. This

is accomplished by withdrawing an amount uniformly from a specified

depth or layer thickness at the surface and mixing it with the inflow.

The depth, d is usually equal to that of the entering stream. The

flow rate, Q , of water to be mixed with the inflow is a fraction,
m

r of the inflow rate, Q.;m 1

Q = r Q. .
m m

The mixed inflow rate is then

Q! = Qm 1
+ Q. = (l+rm )Q.

which has a temperature

where T

tT. = l+r
r T +T.m m in

m

(5)

(6)

(7)

m
is the average temperature of the depth from which Q



is taken and T. is the river temperature.
in

Huber and Harleman also incorporated an inflow velocity dis-

tribution based on the observations of Elder and Wunderlich (1968).

The inflow velocity, Ui, at a point,

as

where

U.=
1 1max

y,

13

in the vertical was given

22o-.
1

U. = maximum value of the inflow velocity
max

y. = the elevation of the inflowyin

= a length characteristic of the inflow current.

(8)

Markofsky and Harleman (1971) expanded the model to include the

prediction of the water quality parameters of biological oxygen demand

and dissolved oxygen. Flexibility was added to the treatment of

inflows as well. Noting that the earlier model assumed that the

inflows immediately reached their density level and spread instantane-

ously over the reservoir at that depth, Markofsky and. Harleman

incorporated a lag time to account for the duration between entrance of

the river water and its arrival at the dam. Ryan and Harleman (1971)

excluded the water quality parameters from a revised temperature

model. This work has been summarized by Huber, Harleman, and

Ryan (1972).
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Water Resource Engineers, Inc. (1969) developed further the

model of Or lob and Se lna (1968) to improve its applicability both to

deep reservoirs and to weakly stratified impoundments. In the deep

reservoir model,inflows were placed at the elevation, Z0, of equal

density. In order to account for the effects of stratification and vol-

ume of inflow, the thickness, D, of the interflow was determined

as

where

D = 2.88[ gE
2

Q = total inflow rate

w = reservoir width at the elevation of the inflow

E = stability at the inflow level

g = gravitational constant.

(9)

A uniform velocity profile was assumed and the inflow was distributed

1 1
between Z

0 2
+ D and Z

0
- 2D. Successful application of the

model showed that attention paid to internal mixing and the withdrawal

phenomenon negated the importance of entrance mixing. In their

model for weakly stratified reservoirs,Water Resource Engineers,

Inc. used the same approximation for the interflow thickness but seg-

mented the reservoir along its longitudinal axis. When moving from

an upstream to a downstream segment it was assumed that the inter-

flow centered itself about the average temperature of the outflow from
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the upstream segment.

A graphical temperature prediction method was devised by the

Tennessee Valley Authority (1969). This model assumes that inflows

spread out into a horizontal reservoir layer of equal temperature.

Water particles are assumed to undergo no temperature change during

movement to their respective storage levels. The originators of the

model felt that such simplifying assumptions were justified in consid-

eration of the purpose for which it was designed and the fact that the

input often consists of approximated monthly values for flows and

temperatures (Wunderlich and. Elder, 1969).

Another model, designated as Computer Program 723-X6-L2410,

was originated by the U. S. Army Corps of Engineers (1972). This

model applies an energy balance scheme to a layered reservoir. An

important aspect of its application is the assumption or calculation of

several coefficients. These coefficients are indicative of the amount

of energy transferred by the following processes: conduction across

the air -water interface, vertical diffusion, evaporation, insolation,

and entrance mixing. With respect to the last mentioned process,

inflow is assumed to transfer energy to successive layers as it

descends to a level which has a temperature equal to its modified

inflow temperature. This process is simulated through the use of an

inflow mixing coefficient as follows:
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TI = T
I

+ C. (Tav -T I ) (10)
g

T
I

inflow temperature prior to energy transfer

T' = inflow temperature after inflow energy transfer

Tavg = volume-weighted average of the inflow temperature and

the temperature in a layer

C. -= inflow mixing coefficient.
in

Similar relationships are provided for the other energy transferral

processes. Calculation of these coefficients is accomplished through

an optimization routine based on observed thermal profiles.

Field. Tests

As with laboratory models, much of the previous field work con-

cerning reservoir currents has been associated with the withdrawal

phenomenon. However, there is a lack of good field data on both

inflow and withdrawal currents. Because the extremely low velocities of

most reservoir currents are outside the tolerance of generally avail-

able current measurement instruments, there is a general scarcity of

adequate current measurements.

Elder and Wunderlich (1968), however, reported on field meas-

urements of withdrawal currents with a Deep Water Isotropic Current

Analyzer (DWICA) which measured current velocities as low as
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0. 005 feet per second. Elder and Wunderlich also conducted tests on

the inflow to Fontana Reservoir (TVA) with a fluorescent dye. Tracing

the dye cloud through the reservoir, they found that the river water

moved as an interflow along the 63°F isotherm for more than 20

miles.

Morris and Thackston (1969) used the same procedure in an

experiment designed to demonstrate the usefulness of fluorescent

tracers in the study of flow patterns and mixing. Again, the dye

cloud moved as an interflow along an isotherm.
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RESEARCH METHODS

Experimental Equipment and Procedure

A primary objective of the study was to describe the movement

of entering flows to a field reservoir. In the absence of any naturally

occurring property which could be readily detected and measured, it

was necessary to label the inflows with an artificial tracer. The ideal

tracer has the same specific gravity, viscosity, and other physical

and chemical characteristics as the water to which it is added. How-

ever, practicality of use deems that an artificial tracer also meet the

criteria of detectibility, measurability, economy, safety, and sim-

plicity of procedure. For the purposes of this study, a fluorescing

dye proved most feasible.

Of the several commercially available fluorescent dyes,

Rhodamine WT was selected for its properties of high detectibility and

low sorptive tendency. This latter property was considered significant

inasmuch as most of the field observations were to be made on Hills

Creek Reservoir, which is characterized by a summer turbidity prob-

lem. Feuerstein and Selleck (1963) have shown that suspended solids

act as adsorbents with the result of appreciable material loss of tracer

from the water regime being sampled. They reported a 12% loss of

Rhodamine B for a suspended sediment concentration of 25 mg per

liter in fresh water. Klingeman et al. (1971) have shown that sediment
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concentrations of that magnitude are not uncommon in Hills Creek

Reservoir. Algae was also present in the reservoirs studied.

Less significant than sediment, they can adsorb and/or absorb dye.

It is important, therefore, that Rhodamine WT has very low sorptive

tendencies when compared with other dyes. The properties of

Rhodamine WT and other dyes were examined in detail by G. K. Turner

Assoc. (1968).

The fluorometer which was employed during these experiments

was the Turner Model 111. Wilson (1968) has suggested various com-

binations of optical components to maximize dye detectibility with this

instrument. The selection of a 546 mµ primary filter and a 590 mµ

secondary filter allowed overlap of the excitation spectrum (peak

558 mil.) and emission spectrum (peak 582 mil) of Rhodamine WT. As

noted by Wilson, the 546/590 filter combination also cuts out much of

the scattered light due to turbidity. A far UV lamp was used because

the strength of its emitted light is twice that of the general-purpose

UV lamp. When discreet samples were to be measured, the fluoro-

meter was equipped with a high-sensitivity conversion kit.

Aside from concentration, the most significant factor affecting

dye fluorescence is temperature. It is a well-documented fact that

fluorescent intensity decreases with increasing temperature in a non-

linear fashion. Feuerstein and Selleck found the response of a fluores-

cent dye to temperature change to be
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n(ts-t)
Fs = Fe

where Fs is the fluorescence at standard temperature ts; F is the

fluorescence at sample temperature t; and n is a coefficient.

To minimize the effects of this temperature dependency it was

decided that two fluorometers would be employed. One fluorometer

was used for in situ monitoring of the dye movement in the reservoir

and the other was used for discreet sample evaluation after the water

sample had reached a stable temperature.

The fluorometer which was used in the boat for in situ monitor -

ing of the dye was equipped with a flow-through door and the 546/590

filter system. Signal output was recorded on a Rustrak 0-1 ma strip chart

recorder. Power for the unit was supplied from a Powercon 12SW25

convertor (250 watts) in line with four or five 12-volt batteries in

parallel. The pumping system consisted of a Jabsco 24 volt dc pump

and up to 300 feet of 3/4" diameter nylon garden hose in 75 foot sec-

tions. Wilson and Masch (1967), working with a fluorometer in an

open boat, found that the instrument did not function properly when

exposed to direct sunlight. When the same problem was encountered

in this study, the fluorometer was equipped with an aluminum shroud.

Prior to making field observations, the fluorometer to be used

for evaluating discreet samples was calibrated. This was accom-

plished by the preparation of a set of standards, or solutions of known
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concentrations of dye in distilled water. The solutions were allowed

to temperature stabilize and were then analyzed in the fluorometer at

the different scale settings. The results of the calibration are shown

in Figure 3. The fluorescence of the solutions was then observed at

several temperatures so that a temperature correction curve might be

derived. Those results are shown in Figure 4.

Considerations of economy, simplicity, and aesthetics dictated

that the introduction of dye into the entering stream be in the form of a

slug injection rather than a constant-rate injection. The quantity of

dye released varied between two and eight liters, depending on the

stream discharge. The point of release was located upstream from

the reservoir at a point which would allow lateral mixing of the dye

prior to its entrance to the reservoir. Stream temperatures were

recorded at the time of release.

After the tagged water had entered the reservoir its movement

was monitored from a boat equipped with the previously mentioned

flow-through fluorometer. At predetermined stations, discreet sam-

ples were taken for later fluorometric evaluation in the laboratory.

Samples were also taken prior to the dye arrival at each station to

determine the background fluorescence. In all cases, samples were

stored in dark glass salinity type bottles to minimize sorptive losses

and photochemical decay. Corresponding temperature profiles were

obtained in situ with a Whitney Model TC-5 thermometer.
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The samples obtained in the field were then temperature-

stabilized and analyzed in the laboratory fluorometer. Corrections

were applied for background fluorescence and temperature and the

time and spatial variation of the dye cloud was determined. A set of

sample calculations is shown in Table 1. The Rustrak strip chart

provided a check on the laboratory calculations.

Table 1. Sample calculation of tracer concentration.

Location: Hills Creek Reservoir, Station #7
Date: 21 Mar 71
Time of Observation: 1600 hrs
Temperature of Samples: 19.0°C
Temperature Correction Factor:
Fluorometer Scale: 30x

Depth Dial
(ft) Div' s Background

1 2 3

0. 93

Background
Corr'd

4 = 2 - 3

Temp
Corr'd

5=4xTCF

Conc.
(ppb)

6

0 6 - 0

45 11 12 0 0

50 13 13 0 0

55 49 13 36 332 0.47
60 102 14 88 82 1. 6
65 951 14 811 76 1.45
70 531 14 391 361 0.6
75 471 14 331 31 O. 45

80 221 14 81 O. 04
85 14 142 0 0

90 17 161 0 0

95 191 191 0

In retrospect, it was not entirely necessary to reduce the fluoro-

meter dial readings to units of dye concentration. However, previous
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investigators (Feuerstein and Selleck, 1963; Wilson and Masch, 1967)

have reported that a fluorometer will react in a non-linear fashion to

increasing dye concentrations while others (Wilson, 1968) have

described the relationship as linear. It was, therefore, desirable to

determine the characteristics of the fluorometer involved in this

experiment. Furthermore, by reducing instrument readings to tracer

concentrations it was possible to determine the appropriate quantity

of tracer to be released on future field tests. As can be seen later,

absolute concentrations of tracer within the impoundment were gen-

erally far below recommended safety limits (570 ppb). However,

increasing the tracer dosage would require extremely high in-stream

concentrations.

Data Methodology for Computer Simulation

A secondary objective of this study involved an examination of

previously developed analytical models with respect to their treatment

of inflows. An examination of input requirements of several models

revealed that the limiting factor in their application would be the avail-

ability of reliable hydrometeorological data. Ryan and Harleman

(1971) recommended that the input of solar and atmospheric radiation,

air temperatures, relative humdities, and wind speeds be on a daily

basis for their model. However, facilities for collecting such data

did not exist at the field sites used in the present study. The program
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of Clay, Fruh, and Masch (1970), like that of Ryan and Harleman,

requires the assumption of an initial temperature for a homogeneous

reservoir as well as a value for the effective diffusion coefficient.

The model developed by the U.S. Army Corps of Engineers

(1972) proved applicable in light of the data available and was selected

for evaluation in the present study. That program requires the input,

on a monthly basis, of inflow quantity and temperature, evaporation,

precipitation, air temperature, solar radiation, and the monthly dis-

charge through each outlet. It also requires reservoir stage-storage

data and an initial thermal profile.

The time span considered for evaluation of the model was April

1, 1971 through September 30, 1971. This was a period for which

reservoir temperature profiles and meteorological data were available.

It was also apparent that of three field sites only Hills Creek Reser-

voir could be applied to the model as there were insufficient tempera-

ture profile data for the other two reservoirs, Cougar and. Dorena.

With respect to the meteorological data employed, it should

be noted that precipitation is recorded in the immediate vicinity of Hills

Creek Dam by the Corps of Engineers (U. S. Department of Commerce,

1971). Air temperature is recorded at a different location of approxi-

mately the same elevation by the Oregon State Fish Commission (U. S.

Department of Commerce, 1971b). Evaporation quantities were taken

as the observed pan evaporation at Lookout Point Reservoir (U. S.
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Department of Commerce, 1971b) with recommended pan coefficients

(U. S. Army Corps of Engineers, 1962) applied to derive lake evapora-

tion losses. Lookout Point Dam is approximately 20 miles from Hills

Creek Dam in the northwesterly direction and it is approximately 800

feet lower in elevation. A comparison of air temperatures at the two

locations revealed good correlation, especially during the months of

high evaporation. It was therefore felt that such a transferral of data

was justified. Solar radiation for the period of interest was obtained

from prepared tables based on the date and latitude (U. S. Army Corps

of Engineers, 1972).

The principal source of hydrologic data was the U.S. Geological

Survey (1972). Stream gaging stations are located approximately one

mile above the reservoir on Hills Creek (U. S. G.S. Station 14-1449) and

the Middle Fork of the Willamette River (U. S. G.S. Station 14-1448).

Another station is located about one mile downstream from the dam

(U.S.G.S. Station 14-1455). These stations record stream discharge and

water temperature on a continual basis. Reservoir outflow was taken

as that discharge recorded at the gaging station below the dam. How-

ever, reservoir inflow could not be taken as the sum of the gaged

streamflows above the reservoir because approximately 20 percent of

the watershed area is ungaged. Inflow quantities were therefore obtained

by noting the monthly change in reservoir storage, based on end -of-month

water surface elevations, and subtracting outflow. Corrections were
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applied for precipitation and evaporation. Inflow and outflow tempera-

tures were taken as the flow-weighted averages of the recorded tem-

peratures at the gaging stations. Computed monthly inflow tempera-

tures were assumed to be applicable to the ungaged inflow. A

summary of the hydrometeorological data for the peridd of interest is

shown in Table 2.

Table 2. Monthly average hydrometeorological data, ,Hills Creek
Reservoir, April-September, 1971.

Apr May Jun Jul Aug Sep

Inflow (cfs) 1688 2242 1691 830 425 430

Inflow
temperature (°C) 7.5 8.9 9.9 13.9 17.1 10.7

Outflow (cfs) 1430 1469 1575 826 1041 1357

Outflow
temperature (°C) 5.4 7.0 8.7 8.7 10.2 13.1

Air
temperature (°C) 8.3 12.6 14.3 19.6 20.3 14.6

Precipitation (in) 3.85 3.39 1.62 0.05 0.96 3.59

Evaporation (in) 1.40 2.95 3.87 6.11 5.76 4.35

Solar radiation
(cal/cm2) 775 930 985 960 840 690

As previously noted, an important aspect of the model is the

assumption or calculation of several energy transfer coefficients. The

model was examined with both approaches. Initially, suggested

regional values (U.S. Army Corps of Engineers, 1972) were applied.

Then the model was calibrated using observed temperature profiles
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for a six month period of interest. These temperatures, taken at

Station 6 (see map, page 34), are listed in Table 3. Computed end-

of-month thermal profiles were then compared with those observed

but not used in the calibration process.

Table 3. Observed temperature profiles during 1971 at Hills
Creek Reservoir, Station 6.

Depth
Below

Surface
(Ft)

Temperature in °C for dates indicated

May 1 Jun 20 Jul 3 Aug 11 Aug 19 Sep 22

0 12.3 17.6 17.7 25.0 22.3 19.8
10 11.0 16.2 17.1 23.5 22.1 19.0
20 10.5 15.7 16.9 21.9 22.1 18.9
30 10.2 14.7 16.6 19.7 22.0 18.9
40 9.6 12.6 14.0 17.6 19.0 18.8
50 8.2 11.8 12.8 15.1 17.0 17.8
60 7.3 11.3 12.2 14.0 15.1 16.5
70 6.8 10.6 11.8 12.7 14.0 15.1
80 6.4 9.9 10.9 12.0 12.7 13.3
90 6.0 9.4 10.2 11.1 11.5 9.8

100 5.8 8.5 9. 1 9.7 9.7 7.4
120 5.5 6.3 7.1 8.3 7.0 6.0
140 5.2 5.5 5.7 6.4 6.1 5.5
160 5.2 5. 1 5.2 5.7 5.7 5.3
180 5.2 5.0 5.1 5.3 5.4 5.2
200 5.1 4.8 5.0 5.1 5.2 5.2
220 5.1 4.8 5.0 5.0 5.0
240 5.1 4.8 5.0 4.9 4.9

A basic assumption in the application of Computer Program

723 -X6 -12410 and most of the other previously mentioned analytical

models is that the reservoir is isothermal in a horizontal plane.

This allows the reservoir to be simulated with a one-dimensional



30

model. That such an assumption is valid for Hills Creek Reservoir

may be seen in Figure 5 which shows the isotherms in mid-August.

This longitudinal uniformity of temperatures was observed throughout

the field study.
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FIELD STUDY SITES

Three reservoirs were selected for field studies. These reser-

voirs, all located within the Willamette River Basin in Oregon, are as

follows: Hills Creek Reservoir at the confluence of Hills Creek and

the Middle Fork of the Willamette River; Cougar Reservoir on the

South Fork of the McKenzie River; and Dorena Reservoir on the Row

River (see Figure 6). It was felt that these sites offered a good

variation in topography and flow conditions and allowed for greater

generalization of the field study observations.

Of the three, Hills Creek Reservoir was studied most intensely.

There were several reasons for this, not the least of which was

economy of effort. Throughout the duration of this investigation a

separate, though related, study was being undertaken relative to a

persisting turbidity problem in Hills Creek Reservoir. The results of

that study are reported by Conner (1972) and. Klingeman et al. (1971).

Much of their data relative to temperature and turbidity profiles in the

reservoir provided supplementary information to facilitate an evalua-

tion of inflow behavior.

Hills Creek Reservoir was also a good study site by virtue of its

location, for it offered an opportunity to study, at one impoundment,

two major inflows under different topographic conditions. Figure 7

shows the layout of the reservoir as delineated at full pool. Also
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shown are observation stations which will be referred to later. The

major inflow contribution comes from the Middle Fork of the

Willamette, entering the reservoir from the south. Along this axis

the reservoir has a bottom slope of approximately 7.5 feet per 1000

feet. The bottom topography is also characterized by a rather wide

flat flood plain. Hills Creek, entering from the east, flows into a

more constricted segment of the impoundment which has a bottom

slope of approximately 20 feet per 1000 feet. Its flow rate is approxi-

mately one-fifth that of the Middle Fork.

Cougar Reservoir is outlined in Figure 8. The principal inflow

of interest is the South Fork of the McKenzie River, which enters from

the south. Initially the river enters a rather narrow constricted area,

but at approximately one mile in the downstream direction the reser-

voir widens to a U-shaped flood palin. Overall the bottom slope is

15 feet per 1000 feet.

Dorena, the smallest of the three reservoirs in terms of height

and storage volume, is shown in Figure 9. The bottom of the reser-

voir is a very wide flat flood plain with a gentle slope of 4 feet per

1000 feet. At high pool, however, the inflow region is constricted to

an area approximately 250 feet wide for over one-half mile in length.

The Row River enters from the southeast.

Inasmuch as reservoir geometry and the location, size, and

operation of outlet structures can greatly influence the internal
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currents of a reservoir, several of the pertinent data for the three

study sites are summarized in Table 4. It can be seen that Dorena is

a relatively shallow impoundment with a low level outlet. Cougar, on

the other hand, is the tallest and is over 400 feet deep; yet it has the

smallest surface area of the three and a storage volume that is only

60% that of Hills Creek Reservoir. Hills Creek, the largest in terms

of volume and surface area, has outlets located in the vicinity of mid-

depth.

The stratification process has been previously noted for its

effect on internal reservoir currents. One could expect that the degree

to which the study sites become stratified will influence the behavior of

the entering flows. Huber and. Harleman (1968) have presented a

criterion for classifying the tendency of a reservoir to stratify. Their

criterion is based on the ratio of the yearly inflow volume, V. , to
In

the reservoir volume, Vres: the smaller the ratio, the greater the

degree of stratification. Huber and Harleman suggest that an inflow-

volume ratio on the order of eight implies weak stratification. With a

ratio less than eight an impoundment will be strongly stratified; with a

much higher value it will be completely mixed.

A different, yet similar parameter, has been suggested. by Water

Resource Engineers, Inc. (1969).- This is the reservoir Froude num-

ber, F defined asres L Q 0
F =res d Vres .gP

(12)
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where

L = reservoir length

d = mean reservoir depth

Q = average annual discharge through the reservoir

= reservoir volumeres
p

0
= reference density

p = average density gradient in the reservoir and

g = gravitational constant.

Table 4. Pertinent features of Hills Creek, Cougar, and Dorena
dams and reservoirs.

Feature Hills
Creek Cougar Dorena

Maximum conservation pool,
elev. (MSL)

Minimum power or conservation pool

1,541 1,690 832

elev. (MSL) 1,414 1,516 770

Base of dam
elev. (MSL) 1,245 1,274 730

Storage at max. conservation pool
(ac -ft) 350,600 208,000 71,900

Surface area at max. conserv. pool
(acres) 2,710 1,230 1,770

Outlets
Power PeAstocks

Number 1 1 0

Size (ft) 12 10.5
Elevation (MSL) 1,390 1,425

Regulating Outlets
Nun-lber 2 2 3

Size (ft) 12.5 12.5 6. 5
Elevation (MSL) 1,415 1,485 742
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In essence this Froude number is the ratio of the inertial force

of the horizontal water movements to the gravitational force within a

stratified reservoir. For deep reservoirs with low inflow to volume

ratios, Fres would be expected to be small. For completely mixed

reservoirs, on the other hand, Fres would be expected to be large.

The originators of this reservoir Froude number have simplified its

expression with the assumption of what are considered to be repre-

sentative values of p0 and Q. That simplified expression is

L QFres = 320 d v res
(13)

Water Resource Engineers, Inc. (1969) takes a Froude number of about

1/Tr as the dividing point between those reservoirs which are strati-

fied and those which are completely mixed.

Computed values for the two criteria, V. /V and F,in res res
are shown in Table 5 and 6, respectively. It can be seen that the

inflow-volume ratios for Hills Creek Reservoir and. Cougar Reservoir

are considerably less than that of Dorena, which may be classified as

weakly stratified. For comparison, it may be noted that Lake Mead

on the Colorado River has an inflow-volume ratio of 0.7 and. Lake

Roosevelt behind Grand Coulee Dam on the Columbia River has a ratio

of 8.8 (Huber and Harleman, 1968). The reservoir Froude numbers

(Table 6) indicate the same trend, although one might expect Dorena to
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Froude number criterion, Cougar Reservoir would appear to be

more strongly stratified than Hills Creek, though not significantly so.

For comparison, Lake Roosevelt which is classified as weakly strati-

fied has Fres equal to 0.46 (Water Resource Engineers, Inc. , 1969).

Table 5. Reservoir inflow-volume ratios at Hills Creek
Cougar, and Dorena reservoirs.

Reservoir

Yearly
Inflow

VV.

(ac-ft)

Storage
Volume

Vres
(ac-ft) V. /Vin res

Hills Creek
Cougar
Dorena

823,900
673,300
525,000

350,600
208,000
71,900

2.35
3.24
7.30

Table 6. Reservoir Froude numbers at Hills Creek,
Cougar, and Dorena reservoir.

Q/Vres

L/d Ratio
Reservoir Ratio (sec-1) Fres

Hills Creek 283 7.45 x 108 0.0067

Cougar 132 1.03 x 10-7 0.0044

Dorena 480 2.30 x 107 0.0353
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RESULTS

Field. Tests

The field tests involved a total of 12 dye releases between June

1971 and March 1972. Most of these were at Hills Creek Reservoir.

The dates and locations of these releases, as well as pertinent stream-

flow and reservoir data, are presented in Table 7. The indicated

reservoir bottom slopes in Table 7 are averages for the distance over

which the dye cloud was traced and are not average bottom slopes for

the entire reservoir.

The dye cloud was traced as it progressed into the reservoir by

use of the flow-through fluorometer. General characteristics of this

labeled current are shown in Table 8. The velocities indicated in the

table are to be considered "average peak" velocities; that is, they are

based on observations of the time of arrival of the dye cloud at respec-

tive stations. These velocities were averaged over the first 5000 to

7000 feet of cloud movement for all of the labeled inflows. An esti-

mate of the true mean inflow velocity could be obtained from observa-

tions of the cloud centroid. However, there were found to be insuffi-

cient data of this nature to provide an adequate comparison of the

different field tests.

The degree to which the measured peak velocity will approxi-

mate the mean current velocity depends on the degree of stratification.



Table 7. Pertinent streamflow and reservoir data at times of tracer releases at Hills Creek,
Cougar, and Dorena reservoirs.

Reservoir
Inflow
River

Reservoir
Bottom
Slope Date

Time
(hrs)

Tracer
Quantity
(liters)

River
Discharge

(cfs)

Reservoir
Outflow

(cfs)

Hills Creek Middle Fk. 0.0074 28 Jun 71 10:00 7.0 1270 1480

Willamette 13 Jul 71 07:00 5.0 769 792
11 Aug 71 10:35 3.5 375 449
17 Aug 71 16:50 3. 5 374 1320
21 Sep 71 15:05 5.0 327 1370
20 Mar 72 09:55 7. 5 1980 4030

Hills Creek 0.0231 15 Jul 71 07:00 3.0 110 738
10 Aug 71 20:50 2.5 47 455
21 Sep 71 14:00 3.5 30 1370
21 Mar 72 07:35 4.5 330 4030

Cougar S. F. McKenzie 0.0161 24 Aug 71 07:45 5.5 257 820

Dorena Row 0.0052 9 Aug 71 21:00 2.5 33 110



Table 8. Characteristics of inflow currents to Hills Creek, Cougar, and Dorena reservoirs.

Reservoir
Inflow
River Date

River
Temp.

Tin
(°C)

Surface
Temp.

Ts
(°C)

Current
Temp.

Tc
(°C)

Depth
to

Current.
(ft)

Current
Thickness

(ft)

Current
Velocity
(ft/sec)

Hills Mid. Fk. 28 Jun 71 7. 8 17.6 11.8 601 15 0. 488
Creek Willamette 13 Jul 71 9.4 18.7 13. 6 45 15 0. 366

11 Aug 71 15. 3 25.0 18. 6 40 12 0. 322
17 Aug 71 19.1 23.8 20.5 30 10 0. 298
21 Sep 71 14.5 20.2 15. 5 65 10 0. 385
20 Mar 72 5. 1 7. 6 5. 6 501 30 0. 482

Hills Creek 15 Jul 71 11.7 19.5 16. 2 40 18. C. 258
10 Aug 71 21.7 24.8 20.6 30 12 0. 083
21 Sep 71 13.0 18.9 17.0 60 18 0. 086
21 Mar 72 5.8 11.0 5.8 60 20 0.242

Cougar S.F. McKenzie 24 Aug 71 9. 4 21.5 13. 5 60 40 0 204

Dorena Row 9 Aug 71 26.4 27.0 24.6 161 16 0. 105

'Inflow current located on bottom.
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Thus, in August the dye cloud in Hills Creek Reservoir was a narrow

attenuated band with the centroid located well behind the advancing

front of dye while in March the cloud was much more concentrated.

Table 8 also lists the depths of occurrence and thicknesses of the

observed inflow currents. The indicated depths are depths to the

observed peak concentration. Unless otherwise indicated, the current

was moving as an interflow at the time of observation.

Values tabulated for the river temperatures are based on obser-

vations at the time and location of tracer release. Gaging station

records indicate that the streamflows involved experience moderate

diel temperature fluctuations, especially during the summer months.

For instance, the Middle Fork of the Willamette River above Hills

Creek Reservoir had a daily fluctuation of approximately 4°C during

the summer study period (U. S. Geological Survey, 1972). Surface

temperatures listed in Table 8 are the observed reservoir surface

temperatures away from the zone of inflow. Current temperatures are

those temperatures at the depth of peak concentration.

The seasonal changes in inflow patterns are quite evident from

Figures 10-14. The approximate outlines of the inflow currents are

depicted as they appeared during several of the field tests. For the

Middle Fork Willamette River inflow to Hills Creek Reservoir (Figure

10) the interflow is seen to form at progressively higher elevations

between June and August. As shown in Table 8, this corresponds to a
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period of warming river temperatures and decreasing discharges.

Another trend during that period is the decreasing interflow thickness

which is associated with the lower discharges (decreasing inertial

forces) and the summer stratification (increased pressure forces).

In September, well after the commencement of drawdown on

August 12, the interflow was located approximately 35 feet deeper

while the water surface had dropped about 30 feet (Figure 11). At that

time, some influence was being exerted by the withdrawals even though

the dye-labeled water was still four miles upstream of the dam. This

was also indicated by the velocities which were seen to increase

slightly over the August observations even though the river discharge

had actually declined.

If, in fact, there was a relationship between the inflows and the

withdrawals, the existence of an apparent lag time can be seen from

the data for the release of August 17th. Nearly a week after outflows

had been increased by a factor of four, the inflow was at a high level

and had decreased slightly in velocity.

The inflow observed on 21 March 1972 (Figure 11) was measured

during a period of reservoir filling with baseflow and snowmelt runoff.

Presumably, similar inflow behavior might have been observed in

March 1971, for comparison with the summer 1971 inflows given in

Figure 10.

Some field observations of inflow currents to Hills Creek,
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Cougar, and. Dorena reservoirs are shown in Figures 12, 13, and 14,

respectively. The apparent two-current behavior in Cougar Reservoir

is not readily explained. It was not determined whether the two

separate concentration peaks were offshoots of a wide steadily pro-

gressing current or if they were individual currents.

An important aspect of the inflow behavior is the density struc-

ture of the receiving water. For the purposes of this report, tem-

perature is considered to be the only important agent affecting density.

Klingeman et al. (1971) have reported observations of turbidity for

Hills Creek Reservoir which showed that the suspended sediment con-

centration in the inflow region during the summer months was less than

3 mg/l. Such amounts were not considered to significantly influence

density.

Figures 15 through 20 show the relationship between the entering

streamfiow, as determined by dye concentration, and the reservoir

temperature for several of the field tests. Also shown are values of

the stability parameter, 0, as defined by

where

1 AR
P DY

6 p = the change in density over a vertical distance A y.

(14)

The parameter provides insight to the amount of turbulent spreading

which can be expected in the region of the dye cloud. Additional
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temperature data are located in the Appendix.

Figure 15 shows that the inflow current to the Middle Fork arm

of the Hills Creek Reservoir was located immediately below the

steepest portion of the thermocline in July and August. In September,

however, the thermocline had been eroded by withdrawals and the

stability pattern was very irregular. In March (Figure 16) the cold

water inflows along the bottom provided the only stability in the water

column.

The inflow to the Hills Creek arm of Hills Creek Reservoir in July

(Figure 17) did not appear to be associated with any local deviations in

stability. Indeed, at that time the thermocline was rather uniform

throughout the upper zone of the pool. By September 22nd any locally

sharp thermocline that may have formed in August (not shown) had

been eroded by drawdown as shown on the Middle Fork arm of the

reservoir. The greatest thermocline at that time was located 85 feet

below the surface. The dual-peak inflow current was similar to that

seen in Cougar Reservoir, though not as pronounced. In March (Fig-

ure 18) the water body was nearly isothermal except near the pool

surface and the inflow was located on the bottom.

The inflow in Cougar Reservoir (Figure 19) was seen to spread

in thickness over a region of fairly uniform stability beneath the

sharpest part of the thermocline. The observations shown are for

Station 3 (see Figure 8); however, the dual peak indicated was also
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detected at Station 4, with the bottom layer being stronger than the

upper layer. As previously mentioned, the exact nature of this cur-

rent was not determined.

Figure 20 shows the inflow current to Dorena Reservoir, which

was nearly isothermal at the station indicated. The labeled water

moved very sluggishly over a wide band. The slow rate of movement

did not allow tracing the dye cloud further into the reservoir. In con-

sidering the facts that withdrawals were greater than three times the

total inflow rate and that the outlets were at a low level, one might

suppose that the underflow movement would persist through the reser-

voir.

As previously discussed, the factor which ultimately determines

the location within the reservoir of the entering water is its density.

This density is in turn affected by the amount of mixing the entering

water undergoes with the ambient fluid. The mixing is a function

primarily of the entrance velocity and the density differential. As

stated earlier, the Richardson number, R., has been employed in

the analysis of stratified flows. However, for purposes of examining

field data an orifice Richardson number, R. , as employed by
io

Fietz and. Wood (1967) might be more applicable. This parameter is

defined as
5

(Rh) gbp
R. = ( )

1/3

(Qin)z P
(15)
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Rh = hydraulic radius of the entering stream

60

Q. = stream discharge
in

P. = normalized density difference between the inflowing stream
p

and the receiving water.

When the receiving body of water is density stratified, a refer-

ence density must be established. If the density stratification is non-

linear, an interpretation is more difficult. For this study i p was

taken to be the density difference between the river water and the

reservoir surface water away from the zone of inflow. Both p. for
in

the river water and ps for the surface water were taken at the tem-

peratures indicated in Table 8. Values for the hydraulic radius, Rh,

were taken as the estimated mean depth of the stream.

It has been suggested by other investigators that the rate of mix-

ing or entrainment is inversely proportional to the Richardson number.

To test this, the entrainment rate must be determined. Stefan (1972),

in studying heated discharges to a homogeneous ambient fluid, used a

temperature dilution ratio to approximate the entrainment rate. This

parameter has the form

T. -T
E

s
T -T

c s

(16)

where T. T , and T are the temperatures for the river, the
in c s
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stabilized current, and the reservoir surface, respectively, as listed.

in Table 8. If Tc is less than T. (i. e. the inflow is cooled) the
in

expression is reversed. It can be seen that for a given surface tern-

perature, Ts, the greater the difference between T. and Tc,

the greater will be the entrainment, E. Values of E and R. are
io

shown in Table 9.

Figure 21 compares the computed values of E and R. with
io

the expected general trend between these parameters. Although only a

few points are plotted, there appears to be some correlation. More

data for several reservoirs and seasonal conditions would more con-

vincingly establish or refute a relationship between entrainment and

the Richardson's number. Discrepancies are no doubt introduced in

the estimation of the hydraulic radius.

If some correlation is accepted from Figure 21, then the

entrainment-Richardson number relationship may take the form

or

E = f(R. )
io

5

Tin -Ts = f
R g(p. -p )

h s 1/3
T -T (

z
)

c s Q ps

(17)

(18)

The latter equation suggests that by knowing the characteristic surface

temperature and the temperature, discharge, and geometry of the

entering stream, one could determine the temperature of the current



Table 9. Entrainment and streamflow Richardson numbers for inflows to Hills Creek, Cougar,
and Dorena reservoirs.

Reservoir
Inflow
River Date

Rh

(ft)

Pin -Ps
R.

10Ps

Hills Creek Mid. Fk. 28 Jun 71 1.69 3.; 0.001193 0.0233
Willamette 13 Jul 71 1.82 3 0.001288 0.0256

11 Aug 71 1.51 21 0.002010 0.0356
17 Aug 71 1.43 22 0.001040 0.0286
21 Sep 71 1.21 21 0.001011 0.0310
21 Mar 72 1.25 4 0.000088 0.0091

Hills Creek 15 Jul 71 2.36 1 0.001226 0.0292
10 Aug 71 1.39 1 0.000742 0.0222
21 Sep 71 3.63 1

z 0.000933 0.0102
21 Mar 72 1.00 2; 0.000293 0.0204

Cougar S. Fk. McKenzie 25 Aug 71 1.51 21 0.001869 0.0448

Dorena Row 9 Aug 71 4.00 1

a 0.000027 0.0029
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Figure 21. Entrainment vs. streamflow Richardson numbers.
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after mixing and then, with known temperature profiles, determine its

depth. However such an approach would ignore the shape of the ther-

mal profile beneath the surface and the manner in which the reservoir

is regulated.

The latter point is reflected by the fact that the field tests indi-

cated no linear density relationship such as Equation (4). The linear

density gradient and steady water level for the laboratory reservoir of

Elwin and Slotta (1969) obviously do not apply to field conditions. Nor

was there any evidence of an upper mixing current (see Figure 2).

However, the apparent withdrawal influence on the Middle Fork arm

of Hills Creek Reservoir in September is characteristic of that

reported by Elwin and. Slotta.

It is also interesting to note that Klingeman et al. (1971), based

on observations of vertical temperature and turbidity variation in Hills

Creek Reservoir, have suggested that the withdrawal zone is centered

about elevation 1440 (note outlet elevations, Table 4). This corres-

ponds to the lower boundary of the inflow current of September 17th.

Using the same information (temperature and turbidity) Klingeman

et al. also inferred that the summer inflows enter at approximately

elevation 1460. Although that would be somewhat greater than the

depths indicated by this study, it should be noted that many of their

observations were made at stations downstream from Station 4 and

may be indicative of the decending inflow current.
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A seasonal relationship is suggested by the variation of the

entrainment, E, given in Table 9. This variation is shown graphi-

cally in Figure 22. Such a variation is to be expected in view of the

changing conditions which influence the entrainment rate. Principal

among these are the changing stream inflows, and the temperature

differentials between pool water and inflows. Figure 22 also reveals

that the entrainment measured in the field corresponds to the expected

behavior, as previously discussed. That is, for a given density gradi-

ent, mixing is proportional to discharge. In the late summer, a

period of decreasing discharge and fairly uniform temperature gradi-

ents, the entrainment decreased.

Computer Simulation

As previously stated, computer application of the field data was

limited to a single model--Computer Program 723-X6-L2410 of the

U. S. Army Corps of Engineers (1972). The hydrometeorological data

input is listed in Table 2. Other than reservoir geometry data, the

only other inputs required were several energy exchange coefficients.

It was initially decided to use the suggested regional coefficients.

These and other values to be discussed are shown in Table 10. On

Figure 23 are shown the results of that simulation run using regional

coefficients. The observed thermal profile was taken at Station 6 (see

Figure 7) on 29 August 1971. The computed temperatures are for
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31 August. A divergence between observed and computed values can

be seen throughout the profile.

Table 10. Energy exchange coefficients used in computer pro-
gram 723-X6-L2410.

Lookout First Final
Coefficient Regional Point Calibration Calibration

Air temp. 1.00 1.00 0.731 0.901
Inflow mixing 0.10 0.07 0.019 0.006
Diffusion 0.02 0.01 0.002 0.002
Evaporation 0.00 0.00 0.040 0.009
Insolation 0.08 0.13 0.217 0.246

A second run was made using coefficients which had been derived

for Lookout Point Reservoir, from where the evaporation data had

been obtained. Although Lookout Point Reservoir is located on the

Middle Fork of the Willamette River, it may not exhibit the same

inflow characteristics as Hills Creek Reservoir because seasonal

temperature changes will be dampened by upstream releases from

Hills Creek Reservoir. Results for that run are also shown in Figure

23. The correlation is somewhat improved, particularly in the lower

region.

Next, the model was calibrated for the April-September period

using the observed temperature profiles of Table 3. The profile for

31 August based on the calibration is shown in Figure 24 and the cali-

bration coefficients derived are shown in Table 10. The sharp kink in

the computed curve at the 140 foot depth corresponds to the
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approximate location of the penstock. This behavior was initially

suspected of being caused by an input error. Because there is only

25 feet vertically separating the penstock and the regulating outlets,

it was assumed that all of the releases could be treated as if passing

through the penstock. When the large deviation was seen, releases

were corrected to pass through their respective outlets and the model

was recalibrated. The new (final) calibration coefficients are also

shown in Table 10. However, the end-of-month temperature profile

for August showed virtually no deviation from the earlier calibration.

This is perhaps indicative of an over-emphasis of the withdrawal

phenomenon in the outlet region. It is, however, consistent with the

observations of Klingeman et al. (1971) who suggested that withdrawals

are made from an abnormally high level due to the nature of the outlet

approaches.

An examination of the optimal coefficients reveals that the influ-

ence of streamflow mixing is minimal. The significance of this comes

from Equation (10), page 16. As C. goes to zero, so does the
in

energy transferred. It is nearly synonymous with entrainment

although Cin can not be equated with E as we have defined it.

It is rather difficult to compare these coefficients with coeffi-

cients for other reservoirs and to relate them to the limited field

observations. However, the U.S. Army Corps of Engineers (1972)

found the calibrated mixing coefficient for Dorena Reservoir to be
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equal to 0.52. Dorena, it will be recalled, was expected to be less

strongly stratified than Hills Creek Reservoir and was in fact seen to

display considerable entrainment and should therefore be expected to

have a larger mixing coefficient. The small evaporation coefficient

for Hills Creek Reservoir (Table 10) is difficult to explain in view of

the fact that Dorena has a coefficient of 0. 34 while the value for

Lookout Point is 0.00. Evaporation rates at all three reservoirs are

believed to be similar. However, since Dorena has the largest sur-

face area-to-volume ratio of the three, the evaporative process is

expected to be more significant there.

Because it was desired to get some idea of the relative influence

of mixing in the model, the mixing coefficient was increased by factors

of ten and 100 while the other coefficients were held constant. Figure

25 shows that increasing the coefficient, C. from 0. 006 to 0. 060
in

has relatively little effect on the overall profile. When a coefficient

of 0.600 is used however, the effect is significant. In both instances

there is relatively little change below the outlet elevation. The simu-

lation results suggest that the inflow currents do not reach into the

lower portion of the reservoir.

If the relative importance of entrance mixing is to be evaluated,

it must be done with respect to the other energy exchange mechanisms.

Such an evaluation is shown in Figure 26, which is a plot of computed

temperature profiles for the adjustment of various coefficients. Each
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of the coefficients in the last column of Table 10 was multiplied or

divided by a factor of ten while the remaining coefficients were held at

the calibrated value. The results show that inflow mixing and evapo-

ration are least sensitive to adjustment of their respective coefficients

and might therefore be expected to be least significant in influencing

the reservoir temperature structure. It can be seen that air tempera-

ture conduction and insolation are important energy transfer pro-

cesses, especially in the surface region. As would be expected,

increasing the diffusion coefficient tends to make the reservoir more

nearly isothermal.

It should be remembered that all of the foregoing discussion has

been based upon a six month study period only. Had the model been

calibrated for the entire year, a different set of coefficients would

probably have resulted. However, from Figure 24 it would appear that

the calibrated model is valid for the summer months which, are often

a period of special interest.

An observation may be made relative to the predictive model of

Huber and Harleman (1968) with respect to the mixing coefficient,

r , as used in Equation (7), page 12. Rearrangement of that expres-
m

sion leads to

r
T. -Ti

in in
-T

in m
(19)
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Approximating Tm by Ts, Equation (19) may be expressed in

terms of temperatures measured in the field;

T. -T
rm (20)nT -T

c

C S

It can be shown that r is related to the entrainment, E, definedm

by Eduation (16) such that

E = rm + 1. 0. (21)

As incorporated in the model, r is held constant during the entirem

evaluation period. However, as shown in Figure 22, a seasonal vari-

ation of rm is apparent. The possibility of such a variation was

acknowledged by Ryan and Harleman (1971), who suggested that

although entrance mixing during the summer will be principally a sur-

face phenomenon, mixing during the colder months will occur at

greater depths.

The same observations might be made with respect to the inflow

energy transfer coefficient, Cin, as used in Equation (10). How-

ever, a temporal variation of C.
in

would require corresponding

adjustment of the other energy exchange coefficients in Computer

Program 723-X6-L2410. In view of the manner in which the coeffi-

cients are determined and the purpose for which the model was

designed, any such manipulation may be unjustified. Physically, the
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process simulated by Equation (10), whereby entrainment and heat

transfer is continuing throughout the inflow descent, is perhaps closer

to reality than that of Equation (7) in which mixing is only at the

surface.

Although none of the previously mentioned analytical models has

incorporated a temporal variation of the entrance mixing relationship,

similar approaches have been applied to other energy exchange

phenomena. Specifically, Water Resource Engineers, Inc. (1969)

employed a temporal and spatial variation of the effective diffusion

coefficient to account for internal mixing due to gravity and turbulence.

This coefficient was defined in terms of its relationship with the

stability parameter given in Equation (14). The stability would, of

course, vary in both time and space.
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CONCLUSIONS

Field tests have been conducted in an effort to describe stream-

flow behavior upon entrance to a stratifying reservoir. Field data

were applied to an analytical model and the results were reviewed with

respect to the entrance phenomena. Several conclusions were derived:

1. As suggested by theory and experiment, the level which is

sought by a non-suspension type density inflow to a stratified

reservoir is a function of its density and the density within

the receiving impoundment. The density of the inflow current

is determined by the amount of mixing which it undergoes

with respect to the ambient fluid.

2. The entrainment rate is characterized by a seasonal variation

which is influenced by changing stream discharges and tem-

peratures and the changing temperature structure of the

impoundment.

3. The entrainment rate shows some correlation with the

streamflow Richardson's number, R. , which is a measure
io

of the entrance velocities and the temperature differential.

Generally, decreasing R. implies increasing entrainment.

4. The inflow current location is characterized by decreasing

depths throughout the summer, provided that the reservoir level

remains constant. During the same period the thickness of
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the inflow current decreases.

5. As determined by Computer Program 723-X6-L2410 (U.S.

Army Corps of Engineers, 1972), the influence of entrance

mixing in Hills Creek Reservoir for the summer period is

very small when compared with inflows to reservoirs of simi-

lar magnitude and when compared with the processes of air

temperature conduction and solar radiation.

6. In view of the purpose for which it was designed, Computer

Program 723-X6-L2410 adequately provides for a feasible

simulation of the entrance mixing phenomenon.
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RECOMMENDATIONS

In view of the results obtained, the following recommendations

are made:

1. It is recommended that additional field studies be conducted

to provide a more complete description of reservoir current

patterns. Such efforts, applying techniques used in this study

to the inflow currents and withdrawal currents simultaneously,

would more clearly define the nature of the supposed rein-

forcing action of the two currents. Specific recommendations

as to procedure include the use of a constant-rate or long

duration injection of the tracer rather than the instantaneous

slug employed in this study. An ultrasensitive current

meter would facilitate data interpretation.

2. With respect to several existing reservoir temperature

models, it is recommended that the feasibility of allowing for

seasonal energy transfer coefficients be investigated. It is

also recommended that HEC Computer Program 723-X6 -

L2410 be reviewed with respect to its simulation of the with-

drawal phenomenon. This recommendation stems from the

observed behavior of the model when applied to Hills Creek

Reservoir.
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Table A-1. Hills Creek Reservoir temperature measure-
ments on 28-30 June 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 1 Sta. 2 Sta. 3 Sta. 4

0 18.0 18.4 17.6 17.7

5 17.9 18.3 17.6 17.7

10 17.9 18.2 17.6 17.1

15 17.9 17.9 17.6 17.1

20 15.9 17.3 17.5 17.0

25 14.7 15.9 17.2 14.9

30 10.5 15.2 16.0 13. 6

35 13.5 14.3 12.8

40 9.7 12.7 13.8 12.1

45 12.1 13.2 11.9

50 11.4 12.8 11.6

55 11.2 12.0 11.3

60 11.0 11.8 11. 0

65 11.5 10. 5

70 11.0 9.7

75 10.5 9. 2

80 10.2 8.4

85 8. 1

90 7.8

95 7.5

100 7.4

110 7.1

120 7.0

130 6.9
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Table A-2. Hills Creek Reservoir temperature measure-
ments on 13-15 July 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 1 Sta. 3 Sta. 5a Sta. 8 Sta. 10

0 18.7 19. 1 19.2 20. 1 20. 1
5 18.7 19. 2 19.9 19. 1

10 18.7 18.8 19.1 19.5 18. 3
15 18, 6 18.9 18.6 17. 9
20 17. 8 18. 5 18. 3 18. 1 17. 6
25 17.4 18.4 17.4 17.9 17. 2
30 14. 1 18. 3 16. 1 17.4 17. 0
35 13. 6 15. 1 15. 1 16.7 16. 2
40 14.6 14.4 16.2 16. 0
45 13.6 15. 4
50 12. 9 13. 3 14.7 15. 1
55 14. 5
60 12.5 12.5 13.2 13. 0
65 12.9
70 10.7 11.4 11. 2
75 11. 1
80 10.8 9. 9
85 9. 7
90 9.7 9.3
95 8. 8

100 8. 9 8. 2
110 8. 0
120 7. 4
130 6, 9
140 6. 4
160 5. 7
180 5. 3
200 4. 9
220 4. 7
240 4. 7
260 4. 7
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Table A-3. Hills Creek Reservoir temperature measure-
ments on 11-12 August 1971,

Depth Below
Surface, feet

Temperature, °C
Sta. 3 Sta. 5 Sta. 5a Sta. 6 Sta. 8

0 25.1 25.3 24.3 25.0 24.6
5 25.1

10 25.0 24.0 24.1 23.5 24.5
15 25.0
20 24.9 23.1 23.8 21.9 23.1
25 24.9 23.7
30 22,9 22.1 21.2 19.7 22.1
35 22.0 20.8 18.3 18.6 20.6
40 18.6 19.2 17.0 17.6 18.0
45 17.7 17.6 16.3 16.1 16.8
50 16.5 15.2 15.1 15.1 15.1
55 14.5 14.8
60 15.1 14.1 14.3 14.0 13.7
65
70 14.3 13.0 13.3 12.7 12.9
75 13.3
80 12.5 12.5 12.0 12.2
90 11.5 11.1 11.6

100 10.7 10.0 9.7 10.6
110 9.7 10.0
120 9.2 8.2 8.3
130 8.4
140 7.1 6.8 6.4
160 5.9 5.7
180 5.5 5.3
200 5.4 5.1
220 5.0 5.0
240 4.9 4.9
260 4.9
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Table A-4. Hills Creek Reservoir temperature measure-
ments on 17-19 August 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 1 Sta. 4 Sta. 5 Sta. 5a Sta. 6

0 23.8 23.6 23.0 23.3 22.3
10 23.8 23.3 22.9 22.8 22.1
20 23.8 22.9 22.9 22.7 22.1
25 22.9 22.9 22.4 22.6 22.0
30 21.1 20.6 20.8 21.3 22.0
35 20.8 19.3 19.8 20.8 21.6
40 20.8 18.8 18.6 19.2 19.0
45 17.8 17.6 18.2
50 16.8 16.3 16.8 17.0
55 15.2 15.2 15.1
60 14.9 14.9 14.9 15.1
65 14.2 14.3
70 13.8 13.6 13.1 14.0
80 12.8 13.0 12.6 12.7
90 12.2 12.0 11.5 11.5

100 11.8 10.9 9.7 9.7
110 10.8 9.7 9. 0 8.3
120 9.5 9.0 7.8 7.0
130 8.0 6.8 6.4
140 6.7 6.4 6. 1
150 6.3 6. 2 5.8
160 6.0 5.7
170 5.8 5.5
180 5.6 5.4
190 5.4 5.4
200 5.3 5.2
220 5.2 5.0
240 5.0 4.9
260 4.8
280 4.8
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Table A-5. Hills Creek Reservoir temperature measure-
ments on 21-22 September 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 2 Sta. 5 Sta. 6 Sta. 7

0 20.8 20.8 19.8 20.8

5 19.8 19.3 19.3 19.2

10 19.4 19.1 19.0 19.0

15 19.2 18.9

20 19.2 19.0 18.9 18.8

25 18.9 18.8

30 15.6 18.9 18.9

35 15.0 18.8

40 18.9 18.8

45 18.1 18.6 18.8

50 17.8 17.8 18.0

55 17.2 17.4 17.6

60 16.7 16.5 17.1

65 15.9 15.5 15.7

70 15.3 15.1 15.1

75 14.8 14.6

80 13.7 13.3 13.6

85 11.4 12.4

90 11.6 9.8 9.7

95 9.0 8.2

100 8.8 7.4 7.3

105 7.0 6.7

110 7.2 6.5 6.4

120 6.9 6.0 6.2

130 6.5 5.6 6.1

140 5.5

150 5.4

160 5.3

170 5.2
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Table A-6. Hills Creek Reservoir temperature measure-
ments on 20-21 March 1972.

Depth Below
Surface, feet

Temperature, °C
Sta. 3 Sta. 5 Sta. 5a Sta. 6 Sta. 8

0 7.6 9.5 10.6 11.7 11.7
5 7.6 9.5 10.5

10 7.5 8.9 9.4 9.6 9.5
15 7.5 8.0 8.8
20 7.5 6.7 7.2 8.3 7.6
25 7.4 6.3 7.0
30 7.2 5.9 6.1 6.1 6.7
35 6.7 5.9 6.5
40 5.7 5.7 5.8 5.7 6.4
45 4.8 5.5 6.1
50 4.8 5.5 5.7 5.8 6.0
55 4.8 5.9
60 5.3 5.5 5.5 5.9
70 5.3 5.3 5.5
80 5.2 5.2 5.2 5.3
90 5.1 5.1 5.1

100 5.0 4.9 5.0
110 4.9
120 4.9 4.9 4.9
130 4.9
140 4.9 4.8 4.9
160 4.8 4.9
180 4.9
200 4.9
220 4.9
240 4.9
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Table A-7. Cougar Reservoir temperature measurements
on 24-25 August 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 1 Sta. 2 Sta. 3 Sta. 4

0 21.7 22.7 22.1 23.1

10 21.6 22.0 21.8 22.1

15 20.8 20.8 21.6 21.8

20 19.9 20.1 20.7 20.2

25 18.6 19.0 19.0 18.4

30 18.0 17.9 17.6 17.4

35 13.6 16.6 16.5 16.7

40 12.7 15.6 15.5 16.2

45 15.1 15.1 15.1

50 15.1 15.1 15.1

55 14.6 14.5 14.6

60 14.3 14.3 14.1

65 13.8 13.8 13.7

70 13.2 13.4 13.5

75 12.5 12.9 12.9

80 12.2 12.3 11.9

85 11.5 11.9 11.6

90 11.3 10.8

95 11.0

100 10.6 10.5

105 10.4

110 10.1 9.8

120 9.7

130 9.7
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Table A-8. Dorena Reservoir temperature meas-
urements on 9-10 August 1971.

Depth Below
Surface, feet

Temperature, °C
Sta. 1 Sta. 2

0 27.0 27. 9
4 26. 5
6 26.4
8 26.4

10 26.4 26. 7
12 25.8 26. 6
14 25.8 26.4
16 24.5 25.4
18 24.3 25.2
20 23.8 24.9
22 23.7
24 22.1
25 23.8
26
28 19.9
30 19.4
32 17.8


