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PREFACE

The St. Anthony Falls Hydraulic Laboratory has undertaken to collaborate
with the Argonne National Laboratory in its survey of the state of the art of
heat dispersion from steam generating plants into large lakes. The phase of
the work to be covered by the St. Anthony Falls Hydraulic Laboratory relates
to the'prospects and problems associated with physical or hydraulic modéling
of thermal plumes and heat dispersion. The study is supported under Contract
No. 31-109-38-2404 with Argonne National Laboratory, which became effective on
February 16, 1970. -

This part of the work has been subdivided into several topics which can

be classified broadly as

1. Physical concepts of thermal plumes derived from fundamental
experimental studies and criteria for hydraulic modeling of

dispersion;

2. Adaptability of hydraulic models to providing parameterslfor and

checking of mathematical models; and

3. Case histories of hydraulic models applied to predicting thermal

plumes at actual power plants.

This report treats the above tobics in some detail, although not in the
order cited. It is based both on the experience of the authors in their own
research and on their contacts with others in the field through the published
and unpublished literature and througﬁ direct interviews, mostly by long-

distance telephone,

Recently several reviews and summaries on thermal pollution larger in
scope or emphasizing different aspects than the present one have been pub-

lished. They are:

Engineering Aspects of Thermal Pollution, Prdc..of the National
Symposium on Thermal Pollution, 1968, ed. by F.L. Parker and
P.A. Krenkel, Vanderbilt University Press, Nashville, 1969.

Bibliography on Thermal Pollution by the Cormittee on Thermal Pollution,
Proc. ASCE, San. Eng. Div., June 1967.

Biological Aspects of Thermal Pollution, Proc. of the National
Symposium on Thermal Pollution, 1968, ed. by F.L. Parker and
P.A. Krenkel, Vanderbilt University Press, Nashville, 1969.

Parker, F.L. and Krenkel, P. A., Thermal Pollution: Status of the Art,
' Report No. 3, Dept. of Environmental and Water Resources Englneer-
ing, Vanderbilt University, Nashville, 1969.

v
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I. PRINCIPLES OF THERMAL PLUME MODELING

"A. Hydrsulic Modeling

Hydraulic modeling of engineering works is a long-established practice
which serves several purposes. These include the following:

1. Qualitative visualization of the behavior of the prototype is
readily obtained. ' Gross omissions in design of the work and
over-refinement of details become apparent in the model, where
changes can be made at a small fraction of the cost of corre-

sponding changes in the prototype.

2. Quantitative estimates of some of the flow quantities, such as
velocities, depths, and pressures, can be obtained for use in
designing the protoiype. If these estimates are carried on simul-
taneously with the design process, the feedback between model and
calculation can produce a nearly optimum design. (Not all param-
eters lend themselves equally well to quantitative evaluation .in

a model, however, )

3. Observation in the model leads to better understanding of the
- physical phenomena influencing the bshavior of the prototype.

k., Visualization in a model leads to better understanding of a prb;

posed project by laymen;A

A single model of a given éngineering work may not serve all these purposes
simultaneously. Sometimes two or more models are used to emphasize differ-

ent aspects of a project and different purposes,‘usualiy at different scales.

The dispersion of heated effluent from a steam generating plant is an
engineering work in the sense used above, and it seemed natural to consider
studying the phenomena involved using hydraulic models. In fact, such .
modeling has been under way since the 1950's. The modeling of thermal plumes
posed several new problems in hydraulic modeling, and some old ones had to
be reconsidered as well. One of the latter was the problem of distortion of
horizontal relative to vertical scales. Some new ones involved the effect of
stratification on model-prototype relations and the modeling of the air-
watér interface. These and other problems were recognized when model studies

were undertaken, and they have been solved to a certain extent.
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Given the present state of knowledge, it can be stated that hydraulic
models of thermal plumes are capable of serving the same broad purposes as
outlined above for models of other engineering projects. Unfortunateiy, X~
perience in developing models of thermal plumes has been much more limited,
and not all the rules for modeling have been clearly established. For ex-
anple, thermal plumes involve a near field (adjacent to the outlet) and a far
field, and how these should be joined in a model is still open to some ques-

tion.

Just as in the case of models of other hydraulic phenomena, observation,
visualizéfion, and comprehension are facilitated by the small scale of the
model as compared to the prototype. The time scale, being related to the
geometrical scale, is compressed, and the effects of changes in meteorological
or other input conditions can be recognized'easily in the model, fhough they ‘
are difficult to identify in the prototype. Furthermore, changes in these
input conditions can be applied at will in the model, whereas days, weeks, or
months of waiting may be required for experiencing a given set of input con-
ditions in the prototype. Also, the cost of collecting data in a model is
modest compared to the cost of obtaining field data., As for other engineer-
ing works, different models can be used for different aspects of a thermal
plume. For example, the outlet, whether on the surface dr submerged, can be
modeled without distortion, whereas the spread of the plume over a lake sur-
face requires a model of much larger surface area which normally has to be
heavily distorted.

It might be noted that many of the advantages claimed for a hydraulic
model of thermal plume dispersion could also be claimed for a mathematical
model augmented by a suitable three-dimensional display device. In fact, the
physical geometry is usually simplef in the thermal plume case, especially
over a lake surface, than it is for most other kinds of engineering problems,
and this tends to facilitate mathematical modeling. The fact remains, how-
ever, that mathematical modeling yields little physical insight; also, there
are certain fundamental physical parameters which must be obtained either from
field measurements or from a physical model representation of the prototype
phenomena 1f mathematical models are to be used. These parameters include
mixing coefficients both at the outlet and between layers, interfacial fric-

tion between stratified layers, wind stress on the water surface, and other
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factors related to speed of advance and spreading of a thermal plume., They
may vary not only with site geometry, but also from point to point in a given
realization. A physical model offers great advantages in both the obtaining
of these parameters for specific sites and the uhderstanding of ﬁheir funda-
mental physical significance, as already outlined. Once a physical model has
been constructed, it éan work in harmony with a mathematical model through
feedback to predict thermal plume behavior much as more conventional engineer-

ing design problems  are solved through the use of hydraulic models.

Meaningful hydraulic modeling requires that relations be established
between model ‘and prototype. This is necessary even if the model is being
used only for visualization, although the exact quantitative relationships
may not need to be so well defined in the visualization case. It is gener-
ally impossible tb reproduce exactly in a single model all the phenomena .
which occur in a given prototype, simply because of the great difference in
scale. It is therefore necessary to determine which quantities need to be
faithfully modeled in a givenvéituation and which can be neglected. Consid-
eration needs also to be given to whether a single model or several different
models should be used. These decisions can best be made using dimensionless
ratios wherein lengths, velocities, temperatures,,ahd other parameters are
measured with respect to fixed reference quantities. These ratios and the
relationships between them can be obtained in various ways--froh the equa-
tions of motion in exact or approximate form, from ad hoc experiments, by
testing intuitive hypotheses, or by combinations of these. The methods of
obtaining these ratios will not be discussed in detail herein, but the re-
mainder of this chapter will be devoted to a discussion of the important
dimensionless numbers and their application to hydraulic modeling of thermal

plumes.

B. Dimensionless Numbers

The study of the physical behavior of heated water discharged into a
lake involves both hydrodynamic and thermodynamic considerations. There is
frequently significant feedback from one to the other. A list of the many
variables which must be considered in general is given in Ref. [l]f A modi
fied and supplemented version of this list is reproduced in Table I-B-1.

*Numbers in brackets refer to List of References at end of report.
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TABLE I-B-1 - Parameters Influencing Thermal Plumes

Discharge
I.
a.

b.

Ce

II. Outlet

a..

b.
C.
d.

€.

Effluent characteristics

Flow rate

Density difference (relative to reference density in receiving
water)

Velocity at outlet
characteristics
Location

Orientation
Submergence

Shape ‘
Size (depth, width)

Receiving Water

I. Flow dynamics ,
a. Pre-existing velocity field (magnitudes and directions of local
' velocities) =~
N b. Tidal currents
c. Wind-induced and other currents
~ d. Surface waves
e. Free turbulence
IT. Stratification
a. Pre-existing stratification due to temperature, solids, and
solvents . B
b. Wind and tidal effects on stratification
III. Geometrical characteristics |
. a. Shape
b. Size (widths and depths)
c. Bottom configuration and roughness near outlet

Atmosphere

I. Wind
' a.
. b.
II. Air
as
b.

III.

Velocities (magnitude and direction)

Shear stresses at water surface

Temperature
Relative humidity

Solar radiation
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" To facilitate determinaiion of modeling criteria the variables are
grouped into dimensionless numbers. The resultant set of dimensionless num-
bers must describe (a) the geometry, (b) the kinematics, (c) the dynamics,
and '(d) the thermodynamics of the plume and of the receiving water. The

relationship between flow and heat transfer in the water and in the air must.

also be considered.

The flow geometry can be expressed by a humber of length, deptﬁ, and
width ratios-~-e.g., the relative width of the outiet chaunel, the relatiqé
distance along .a jet axis, and the relative depth of the impoundment using the
outlet channel erth do as the reference length. One or more angles may be
required to define the orientation of the outlet. Other possible geometrical
ratios include relative roughness of the outlet channel and relative thickness
of the.air boundéry layer for wind. There are usually a great many more of

these geometrical parameters.

Kinematical ratios involve flow patterns and ratios of current veloc-
ities, exit velocities, and wind velocities relative to a reference velocity
" which is uSually'the-plume'velocity at the outlet, Uo', Kinematical coqsid-
erations include local flow directions as well as magnitudes. It should be
reéoghizéd that the form of the velocity distributions is important as well

and requires identical representation in model and prototype.

The &ydrodynamics of the flow are represented by ratios measuring the
relative importance of the various forces. For example, the ratio of inertial
to gravitatiopal forces is given by a Froude number, Fro = Uo/\/gdo 3 of

buo ancy forces by a densimetric Froudo number

inertial to

——gvgdo ;3 and of inertial to viscous forces by a Reynolds humber,

Reo'='Uodo/bs; Herein the subscript "o" refers to reference'conditions, which

in tho case of density P and viscosity v  are uéually taken at lake am-
. . . o] . :
‘bient temperature To' Also important, and related to the densimetric Froude

number, is the local Richardson number, the ratio of buoyant to inertial
- _& dg[dz

P (du/di)2

Forces due to the Earth's rotation can become important when 1aféé areas of

force gradient, 'Ri‘ y Wwhere 2z 1is the vertical coordinate.

the Earth's surface are being modeled. The ratio of rotational to inertial
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20L o
forces is given by a Rossby number, Ro_ == 2, where .ﬂ% measures the
o

angular velocity of the Earth at the given latitude and Lo is a reference

length comparable to the entire length of the heat dispersion area. Rota-
tional forces can generally be ignored in a thermal plume model unless the

Roﬁsby number is considerably greater than unity.

The thermodynamic factors can be analyzed by lumping their effects into
an equilibrium temperature TE of the water. The egquilibrium temperature is
that water temperature at which the net heat flux through the water surface
is zero; its value depends on atmospheric conditions. .The difference be-
tween TE and the lake surface temperature at an& paint Tz’ (Tz - TE)/TO;
is then a measure of the removable portion of the excess temperature at any
place in a plume, and the consequent heat transfer rate per unit area is
measured by a coefficient of surface heat transfer, Ks' It is useful to
display the surface heat exchange coefficient in dimensionless form as a
Nusselt number, sto/k, where k is the thermal conductivity of the water.
The relative density difference Ap/po, which is a reference for the buoy-
ancy forces, measures the stratification; it is determined by the temperature
ratio (Tz - To)/To (although it may also be influenced by differences in
salinity, in suspended load, or in other matter present). It is also useful
to introduce the Prandtl number, Pro, the ratio of the viscosity coeffici-
ent to the product of thermal conductivity and specific heat of the water,
Within a turbulent water body the horizontal and vertical coefficients of
eddy viscosity, vv/uo and vh/vo, and of turbulent heat diffusion or
mixing, D'h/v° and Dv/vo, respectively, are functiouns of the hydrodymam-

turbulent Prandtl number Prt.

ical ratios and of Ap/poz the ratio of the former to the latter forms a

Another important ratio which also depends on the previously listed
dimeunsiouless numbers is the entrainment coefficient. It is useful in
measuring the cooling due to mixing with ambient waters as opposed to cooling

. . a(e/qQ,) »
to the atmosphere; it can be defined as E = 2 s the dimensionless
) |
rate of increase of discharge, Q, with distance due to entrainment of

adjacent fluid.
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C. Basic Modeling Requirements for Thermal 'Plumes

Exact modeling woulé require identical values for all dimensionless
numbers in model and prototype, and in practlce it is virtually impossible to
achieve this. Only a selected number of ratios can be matched, Which num-
bers are selected for matching‘depends on the problem being modeled. When
the ratios that are deemed important have been equated in model and prototype,

simllarlty is sald to have been attalned.

In designing a hydraullc model onLy overall dlmen51onless numbers can
be speclfled in advance. These include the given geometrical ratios and the.
Froude number, densimetric Froude number, Reynolds number, Rossoy number,
Prandtl number, and overall removable heat (T -T )/T . The other numbers,
both overall and local, are consequences of the ch01ces that have been made
and must be determlned in the model. Ackers (2, ch. 6] dlstingulshes be-
tween the effects of jet diffusion, buoyant spread, convectlve spread, mass
transport by ambient currents, ambient turbulent m1x1ng, and surface cooling
and glves scaling requirements for each of these. Unfortunately, the scaling
requirements for these phenomena are not all compatible‘for a given plume;
relatlonshlps among the various scaling requirements are discussed in Ref.

' [2]," For example, if the same denslty difference at the outfall is used in
model and in prototype, it is possible to model jet diffusion and buoyant
plume behavior near the outlet in a geometrically similar model of large
size, and mass transport by ambient currents can also be modeled correctly.
However, other properties will not be scaled correctly, and only if these
other properties ars unimportant in the given problem can it be said that the

model is adequate.

It is generally agreed that buoyancy is one dominant aspect of the flow
in modeling thermal plumes in lakes, and thus the attempt must be made to
match densimetric Froude numbers. Near an outlet in a flowing river or tidal
estuary, gravity is very important in controlling mixing, and the Froude
numbers have to be matched. Geometrical similarity is also required in all
modeling. However, distortion may be necessary because the horizontal extent
.0f a plume is large compared to its depth, and if the depth were correctly
modeled, surface tension and contaminants on the surface would completely
destroy klnematlcal 51milar1ty, it would also be difficult to measure depths

correctly
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Reynolds numbers are rarely matched, but this is generally not consid-
ered a serious handicap as long as the Reynolds number in the model is suf-
ficiently large that the flow is‘turbﬁlent. If the flow is turbulent in the
prototype, as it usually is, and Laminér in the model, shear on the solid'
boundaries will play too ihportaht a role in the mbdel and mixing may be in-
hibited. Once the flow bécbmes turbulent, eddy viscosities and mixing co-
efficients are usually considered to be sufficiently defined by the dynamics
at the boundaries of the flow, but the. adequacy of this assumption is one of '
the unsolved problems in thermal plume modeling. Thus, another reason for _
distorting the model is this requirement that flow in the model be turbulent.
In a model whose horizontal scale is fixed by other considerations, turhne
lence can usually be obtained only Ey artificially increasing the depth in
the model. Barr [3] and others have proposed methods for calculating the

required distortion, but this is another problem requiring further study.

Still another reason for distortion is the relative magnitude of the
"rate of heat loss at the water surface compared to the heat content of ihe
plume. In‘models which do not control the atmosphere above the water sur-
face, the heat loss may be too large in a geometrically scaled model; an '
increase in depth will adjust the relative heat loss rate to a more accurate

value.

Modol distortion, though a violation of the requirement for geometrical
similarity, thus often facilitates thermodynamic and hydrodynamic modeling
and has become rather common practice. All the models discussed in Chapter
III resorted to geometrical distortion} this involved increasing the depth
by factors in the. range of 5 to 16, the larger factors accompanying the

smaller horizontal scales.

- The Richardson number is a direct measure of the stability of a density
stratified flow. If it is of the order of close to unity or larger, large-
scale mixing across an interface is inhibited. In turbulent'flow_small or
negative values are associated with considerable mixing and entrainment.
Hence, heat spread in a model will represent that in a prototype only if the
Richardson number at various points in the model is near unity when prétbtype

values are near unity or larger, and vice versa.

Thermodynamic parameters have rarely been modeled accﬁratély, although

they have been given some attention in many of the models to be discussed in
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Chapter III.” Attempts at accurate modeling including atmospheric effects are °
described in Refs. [4] and [5]. Modeling of these parameters appears to be
more important for the far field than for the near field, because mixing is
probably the principal mode of cooling in the latter case. In any event, it
is probably not necessary to model all atmospheric parameters. as such as long
as the equilibrium temperaturé and the corresponding surface heat transfer
coefficients (stratification and removable excess heat, as defined. previous- :

ly) are modeled.

In addition to cooling éffects which may be included in equilibrium .
temperature, wind also causes a surface shear stress which produces currents
in the receiving body of water and curvature of at least the upper part of.
the main trajectory of the plume. Experimental field studies 6f wind effects
on the therm#l plume have been carried out at existing thermai plant sitesT 
in Holland [6] and in Lake Ontario [7]; they show the importance of wind in
plumé migration. However, little fundameuntal work has been done on modeling
wind-produced currents. Attempts to simultaneously model both the cooling
and the wind drift effects are usually doomed to failure, because it is
generally impbssible to pfoduéé sufficient wind stress without producing'too

low an equilibrium temperature over the.model;

.D. Visual Aids

It might be pointed out that a pumber4of films are available which can
be useful in familiarizing completely inexperienced persons with some phys-
icallaépecis of thermal plﬁmeé) On some occasions experiments have been
undertaken for no other purpose than to show dynamical aspects of physical’
mechanisms. Unfortunately, laboratory film clips are seldom edited or” avail-
able outside a specific laboratory. However, the following motion pictures '

dealing with stratified flows and buoyant outfallsrhave been located:

1. "Stratified Flow," by R. R. Long, ESI Educational Fluid Mechanics
film. '

2. "Experiments on Turbidity Currents," by G. V. Middleton, 16 mm
color film, approximately 700 ft, 20 min, filmed at the W. M.
Keck Laboratory of Hydréulics and Water Resources, California
Institute of Technology, available from the California Institute

of Technology'Bookstore, Pasadena, California.
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3. “Warm Water Flow into Impoundments,” by H. Stefan, 16 mm color
sound film, approximately 550 ft, 16 min, filmed at the St.
Anthony Falls Hydraulic Laboratory, University of Minnesota.

AThe second of these films shows the head of a turbidity current (or
density current) formed by sudden release of-sediment-lgden water into a
still reservoir in the laboratory. A variety of conditions are demonstrated
in the film. ‘

In the third film the behavior of an interface between heated and cold
water, made visible by dje, is shown. The interface was photographed near
the outlet and also at some distance downstream. Surface spreading patterus
(timelineé) of a thermal plume in a wide tank are also shown. Some effects
of turbulence and budyancy on the shape and smoothness of the contours of a

thermal plume are visible.

Some vertical motion pictures were also made during a study reported
in Ref. [8]. Three types of flow were observed:

For low initial jet velocities the flow appeared to be

'~ either laminar flow or simply a spreading of the warm
water over the surface. For higher jet wvelocities a

- meandering occurred which was of appreciable magnitudo.
For still higher velocities the meandering became much
smaller and turbulent mixing occurred, with relatively
large eddies swirling throughout the mixing jet. Large
eddies formed at the edges of the mixing jet, entrap-
ping water from the surrounding receiving water.

Another series of film clips was produced at the Engineering Experiment
Station, Oregon State University, Corvallis, Oregon, by L. S. Slotta and
others during a study on stratified reservoir currents. These clips show
the evolution of originally vertical timelines through a reservoir, repre-
sented by a tilted glass flume,'which is stratified throughout its depth as
the degrée of salt concentration in the water is varied. The flow pattern
is caused by surface discharge of fresh water from a channel at one end of
the reservoir -and simultaneous selective withdrawal from various layers at

the other end.
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II. FUNDAMENTAL LABORATORY STUDIES

A Types of Problems

A thermal plume discharging into a body of water is influenced by the
many factors listed in Table I-B-l1. As was pointed out in Chapter I, not all
of ‘these factors are equally important in every case, and even those that are
of considerable importance camnot all be studied in the laboratory in the
same model at the same time because of the large geographiéal area that a
plume covers. To facilitate laboratory study of thermal plumes it is conven-

ient to consider a plume as consisting of three sequential elements.

- The first of these is the near field or outlet region, the region sur-
rounding the point of emission of the plume. The emitted flow can be gener-
ally classified into submerged buoyant jets and semi-submerged or surface
buoyant jets. The former are typically represented by a submerged pipe out-
let and the latter by a surface canal., The emitted flow could be further
-classified by other geometrical properties, such as angle of discharge, but
it is not necessary to do so at this time. The advantage of separating the
near field or outlet regioﬁ from the remainder of the plume in a laboratory
model is that this region can then be modeled on a reasonably large and un-
distorted scale which facilitateé measurements -and observations of those
factors which are'most‘important at the outlet. In fact, several such‘model
studies have been made. The disadvantage is that the feedback from the re-
mainder of the plume is lost and has to be represented by artificial boundary
conditions. Sometimes, such as when considerable mixing occurs at the out-
let, the required boundary conditions are obvious; but under other conditions
several possibilities are 6pen, and it is not easy to choose the correct one.
Some of the completed studies have not fecognized this problem. Several dif-
ferent boundary conditions may have to be used in a given outlet study to
represent a whole range of far fileld conditions produced by wind, currents,

and - lake thermodynamics.

Regardless of the geometry of the near field problem, the plume eventu-
ally becomes nearly horizontal and spreads in such a fashion that the influ-
ence of the near field has completely disappeared--it makes no difference,
for example, whether the jet was initially submerged or semi-submerged. This
region can be called the far field. The importént‘consi&erations here are .
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rate of cooling to the atmosphere, convection by mean flow, tides, wind cur-
rents‘and other currents, and boundary configuration of the water body. The
far field is much larger than the near field and in laboratory studies gener-
ally has to be represented on a distorted scale, Therefore, it canmnot be
modeled according to the same laws as the near fiéld, .By definition, how-
ever, the near field is unimportant, and it makes little difference for the
far field studies how the plume is produced. One problem is that of recog-
nizing where the far field begins and reproducing the initial conditions at
that point. Far field problems in lakes are generally more difficult than

in rivers or estuaries because in the lake case the several forces creating
motion and turbulence--bucyancy, wind stress, natural currents--are all of
the same order of magnitude and have to be found as part of the solution. In
rivers and estuaries, on the other hand, the driving force due to gravity far
outweighs the others and establishes the flow pattern almost independently of

buoyancy, temperature becoming merely a marker of fluid particles.

The third element of a plume is the region. joining the near field and
the far field. Its length may vary considerably from one physical realiza-
tion to another. In the. submerged jet case it includes the region of the
vertically rising plume. The laws of modeling involve both mixing and en-
trainment problems. associated with the near field and surface cooling and
convection problems associated with the far field. An undistorted laboratory
model is desirable in this joining region, but the laws of modeling are con-
siderably more complicatéd.than in the outlet region because of the increased
number of important factors. The true joining region has, in fact, been
- 1ittle studied in the laboratory because of the limitations imposed by tank
walls and by the difficulty of properly representing the feedback from the
far field.

Several processes are ‘at work in spreading heat from a warm water out-
let through a body of water. In 6ne group are those processes associated
with the spread of jet mbmentum-—convecgjon and momentum transfer as measured
by eddy viscosity. If these were the oﬁly processes, heat would act asAa
marker of fluid particles and heat spread couldkbe calculated once the veloc-
- ity pattern was known (allowing for surface cooling). In another group are
processes associated with the large-scale eddy structure of the flow, which

mixes masses of warmer and cooler fluid almost independently of momentum
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transfer (although momentum transfer is partly responsible for the large-
'scale eddy structure). These large-scale mixing processes are inhibited
when the densimetric Froude number is small or; more properly, when the -
local Richardson numbers are large--small velocity gradients accompanied by
- large, stable deﬁsity gradients. This last situation usually prevails at the
thermocline in the far field, and there is little mixing across it. Hence in
the far field, if it were not for horizontal mixing, the heat épread could be
calculated if the velocity field were known, and vice versa. Since the hori-
zonﬁal mixing is frequently small, it is not usually necessary to measure both

streamlines and dispersion patterns in model experiments in the far field.

Nearer an outlet however, the large-scale mixing processes are usually
much more important, because the velocity gradients are large where the
density gradients are large--near the edge of the jet--and the local Richard-
son numbers may become considerably less than unity (or even negative, as on
the upper side of a warm, submerged jet). Hence in the near field and in the ,
joining region it is essential to study momentum spread and heat spread to-
gether if full understanding is to be attained. One canunot usually be cal-
culated if only the other is known. Early investigations have sometimes ig-
nored this fact in model studies of outlets where the local Richardson num-

bers-were small in the model and large in the prototype or vice versa.

Small Richardson numbers are, of coﬁrsé, characteristic of non-buoyant
jets (Ri = 0). Hence it can be expected that near an outlet, for large
énough deusimetric Froude numbers (so that inertial forces are large com-
paréd to bﬁoyant forces), experimental results and ana1ysis for non-buoyant
Jjets will be applicable to buoyant jets. For smaller densimetric Froude
numbers where buoyant forces are important this cannot be the case, and in-
dependent experiments on the effect of buoyancy are necessary. In any event,
what is usually required is the entrainment coefficient E, which willlmeas—
ure the rate of dilution of the emitted warm water. The entrainment coeffi-
cient is a function of Richardson number, as well as of geometry, and the

relationship has been discussed at some 1engfh by Ellison and Turner f9l.

In the following sections the work on non-buoyant jets will be reV1ewed'
first because of its applicability to the near field and the joining region
of,buoyant jets at large densimetric Froude numbers. The research conducted

on the two basic outlet geometries, submerged and semi-submerged (or surface
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buoyant) jets, at smaller densimetric Froude numbers will then be reviewed in
separate sections. In each case the near field and much of the joining re-
gion will be treated together. (Chapter VII of Parker and Krenkel [1] should
also be referred to in connection with this research.) A section on the far
Afield will follow. Final sections will summarize‘the numerical coefficients
available from 1aborétony experiments and describe laboratory instrumenta-

tione.

B. Non-Buoyant Jets

Only a brief review of experimental work on non-buoyant jets will be
undertaken in view of the vast literature which exists. Simple geometries
have been used for the most part in these experiments: two-dimensional jets
discharged from slots or circular jets discharged from circular nozzles. Ex-
periments have frequently been carried out in air, but the reSuLts are the

same for water as loné as the fluid is homogeneous.

The earliest measurements were for timefsmodthed velocities in cross
sections perpéndicular to the axis of a jet issuing into fluid at rest;
typical papers which have now become classics are those by Albertson, et al.
[10] and by Forstall and Gaylord [11]. With the advent of newer instrumenta-
tion, such as the hot-wire anemometer, and better analytical methods, turbu-
lent velocity fluctuations could also be measured and momentum and energy
transport evaluated; the recent work of Wygnanski and Fiedler [12] is typi-
cal. Jet expefiments show a developing region of the jet about 5 to 10 slot
widths or nozzle diameters long in which there is a linearly narrowing region
of constant velocity across each cross section as measurements proceed down-
stream; this region can be equated with the near field of buoyant jets.
Further élong9 the centerline velocity decreases and turbulence from the
mixing at the jet edge builds up in the core until, 60 or so slot widths or
diameters downstream, complete similarity prevails; this last region is
equivalent to the far field, and the region between to the Joining région;‘of
buoyant jets. Ambient fluid is entrained into the jet in both developing
and fully developed regions. . | |

Experiments have also been made on jets discharging into flowing co-
axial or parallel streams [13] and on jets discharging normally into moving
streams [14,15]. Abramovich [16] indicates that for coflowing axially
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~ symmetrical jets the spreading rate is dependent on the ratio of free-stream
velocity U; to jet mean velocity Uj' ASpreading or entrainment decreases»
for 1 <K Uj/Us < o and increases for Uj/Us<:'1. When an axisymmetrical
jet is injected at an angle into a crossflow (Uj )>US), not only is it
deflected, but the rate of mixing or entrainment is increased. Concentratiqn
and velocity profiles are skewed, as are the pressure profiles, and maximum
centerline velocity decreases more rapidly than in the parallel flow case.
Figure II-1 illustrates the typical kidney shape of the jet cross sections.
Entrainment of ambient fluid occurs largely in the wake of the jet if the jet
velocity is not much larger than the current, but entrainment becomes more
like that of a jet into ambient fluid as the jet velocity increases.

Tracers éuch as dye, smoke, or heat (with negligible change in density)
have been used to study mass transport in jets [17]. It is found that these
tracers spread more rapidly than does momentum in turbulent jets for the

reason given in Section II-A.

Many more studies than are cited have been presented in the recent
periodical literature, and most have been undertaken'for fairly high Reynolds
numbers. ‘All but the most recent work is summarized in several books, of
which Refs. [16] and [18] through [21] are particularly useful, and is ap-
plied to buoyant problems in Chapter VII of Parker and Krenkel [1].

C. Submerged Buoyant Jets

Experimental and theoretical studies of buoyant jets originated fairly
recently and were initially concerned with industrialbprocesses, hot-air
plumes such as those arising from chimneys, and fresh-water flows into the
ocean. A natural extension of the non-buoyant jet experiments was the con-
ducting of experiments with jets of one density discharging into homogeneous
".fluid of another density; papers by Chriss [22] and by Uberoi and Corby [23]
are typical. Fdr'jets.discharged at large densimetric Froude numbers, papers
such as these report that"ﬂhe general behavior in the developing region is
not too different from that in the non-buoyant case. The outstanding differ-
ence for horizontal jets was found to be an inhibition of turbulent mixing or
- entrainment between the jet fluid and the surrounding fluid, a result of in-

- ¢reasing Richardson number accompanying tho densgity differences.
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As the centerline velocities of a jet decrease with distance, buoyancy
forces, if present, will also affect the main trajectory of a jet if it is
discharged at an angle to the direction of the acceleration of gravity. The
point from which such effects can be noted moves closer to the point of dis-
charge if the densimetric outlet Froude number is decreased. For values of
the densimetric Froude number of the order of 20 or less such noticeable
effects have been shown to exist from the very point of discharge onward
[29]. Furthermore, rather than flowing into homogeneous fluid (of a differ-
ent density than the jet), the jet may discharge into fluid witﬁ a density
gradient or into fluid with two or more layers of differing densities. A
buoyant jet discharging into homogeneous (isothermal) water of lower ftempera=
ture would normally be expected to rise to the surface. However, if the
receiving water is stratified due to salinity, for example, mixing of warm
water from the outlet may be sufficient to produce a density stratified
layer seeking a level intermediate between the bottom fluid and the surface
fluid. Similarly, a saline, heated jet discharged into less saline, cooler
water may become a non-buoyant jet under the proper conditions. It is also
' .necessary to consider whether the jet flows into fluid at rest, into fluid
moving parallel to the jet axis, or into fluid moving at an angle to the jet
axis. Near an outlet in a lake situation, as opposed to rivers or estuaries,
the first case often prevails, although pre-existing currents may be of some

importance.’

The problems of mixing and entrainment of a buoyant jet at a submerged
outlet are subject to experimental study in laboratory models much as in the
case of a non-buoyant jet. Hoﬁever, in order to account for the additional
phenomena just outlined, proper modeling laws must be followed. The transi-
tion from a rising plume to a horizontal plume can usually be studied in the
same model, but the eventual transition to the far field is a more difficult

problem not easily studied without going to different models and model laws.

The direction and magnitude of the momentum of a jet at its orifice
are two of the Jet's main features. According to the impulse-momentum
principle, the initial momentum will be modified by external and internal
forces., These are essentially of two kinds, frictional forces and buoyancy.
Most jet studies make the assumption that frictional forces can be ignored,

while buoyant forces cannot. Under this assumption the jet is considered to
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" be independent of the Reymolds number at the outlet'if‘the Reynolds number is
large enough. Experiments largely support this assumption for non-buoyant
jets. In buoyant jéts only the horizontal component of the initial momentum
cah'remain unaltered; the vertical component will be changed by buoyant
forces. Velocity distributions and temperature distributions in both buoyant
and non-buoyant jets are generally found experimentally to be quite similar

to normal probability distributions, although different from each other.

~ While the theoretical treatment of mixing in the deveioping region of
the flow from noun-buoyant submerged jets, as summarized in such references
as [16], [20], and [21], leads to quite similar results, it appears [24]
that the constants used in the equations are influenced by turbulence varia-
tioﬁs associated with initial and boundary conditions. Buoyant effects can
be expecﬁed to be important in this connection, also, and the constants are
not directly transferrable from non-bucyant to buoyant jets. Abraham [25]
gives numerical results on the-length of the zone, the shape of the axis of )
the jet, the velocity along the centerline, and other parameters in the zone
of flow establishment of a horizontal jet in still water. The length of the
zone of flow establishment for concentration, for example, varies from zero
to 5.65 times the diameter of the outlet pipe, depending on demsimetric
Froude number, aécording to Abraham, and this is considerably shorter than

for the non-buoyant jet.

The vertical buoyant jet from a point source with zero initial momentum
(hence no developing region) was investigated experimentally by Rouse, Yih
and Humphreys [26]. In this case the vertical gradient of the momentum flux
is equal to the buoyancy of a horizontal stratum of unit thickmess. The
experimental study showed that local density differential and velocity dis-
tribution in the jet followed normal probability distributions in a cross
section and that the analysis could follow a pattern familiar from homo;
geneous jets. It was shown that the volumetric flux Q and a local specific
weight increment Ay changed with vertical distance s from the source as

. follows:
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where W 1is the original flux of the incremental weight, p is the average
density, and r 1is the horizontal distance from fhe center of the jet.
Figures II-2 and II-3 show the distribution functions and convection pat-
terns. (In the.figures the distance s is.designated by the symbol x.)

The spread of the velocity profiles is less than for a homogeneous jet.

Jets which are discharged with a horizontal velocity component into a
Ahomogeneous denser ambient fluid at rest are bent upward by buoyant forces,
és is shown in Fig. II-4. The axes of such jets are curved. It has been
shown by Abraham [25] and by Fan and Brooks [28] that the local coordinates,
the mean velocity, and the mean density of the jet depend on one dynamic
dimensionless variable: the densimetric Froude number at the outlet, Fro.
The similarity principle for mean velocity profiles, well known from non-
buoyant jets, is frequently applied to buoyant jets. However, the effect of
buoyant forces on the turbulence péttern is different at the upper side and
the lower side of a horizontal jet, and the assumption of similarity of
veloéity and concentration profiles is not completely justified for small
values of the angle between the main trajectory of the jet and a horizontal
plane.

Experimental evidence of fairly good similarity between velocity and
concentration profiles was given by Bosanquet, et al. [27]. It was sug-
gested by Abraham [25], Fan and Brooks [28], and Anwar [29] that velocity
and concentration in the fully developed buoyant jet be described using the

Gaussian distributions. Abraham used the forms

u e-k(r/c)2
= =
m

and - R-uk(r/s)2

L
C
m

respectively, where the coefficients k and p were found experimentally
and by speeulatiou tov equal

3 . 2
k== 30k B + 228 &) 47

| ; ,
and n=0.96 &) - o.72 (%) + 0.80
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and where u 1is the local flow velocity, Um is the centeriing velocity,

r 1is the coordinate in the transverse direction, s 1is the distance from
the orifice measured along the axis of the jet, B 1is the angle between the
tangent to the axis of the jet and the horizontal plane, c¢ 1is the local
concentration, and Cm is the concentration on the centerline of thé trajec-
tory.. This trajectory is derived from the local values of the slope B,

which can be found from

S
g;%r dsu[(pa - p)dA
- _
vﬁ,s=0

tan B =
pu2 dA

A similar approach was used in other studies on the same subject, for example
those by Fan and Brooks [28] and by Anwar [29]. However, there is disagree-
ment on the rate of entrainment between Abraham [25] and Fan and Brooks [28].
The latter follow the concept proposed by Morton [30,31], which makes the
rate of entrainment dQ/ds a function of the local maximum flow velocity

Um and the nominal radius b = o V2 of the Jet where o 1is the vériance

of the Gaussian distribution of velocity.
49 =2mb U a
ds m

where o 1is an entrainment coefficient which can be obtained from -experi-
mental work such as that reported in [26] and [10], wherein a = 0.082 has

been given for a buoyant plume and o = 0.057 for a non-buoyant jet.

The analysis by Fan and Brooks is carried out in dimensionless form
with the possibility of substituting various values of the entrainment coef-
ficient into the solution, which is obtained numericgll'y from the. dimension-
less equations. It is recommended, however, that 0.082 be used as the en-
trainment coefficient in all cross sections; this hypothesis is supported by
the experimental work of Morton [30] and of Lee and Emmons [32]. The veloc-
ity and buoyancy profileé.are Gaussian, but have different Spreads because
. the diffusion coefficients for mass and momentum are found experimentally to

be different. The dimensionless spread ratio is less for velocity than for
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buoyancy profiles by a factor selected as 1.16. The theory is also readily
applicable‘to Jjets discharged into a stratified environment. The theories
of Abraham [25] and of Fan and Brooks [28] produce very similar results for
main trajectories and dilutions along the centerline, both of which are
functions of the outlet demsimetric Froude number as the sole dynamic vari-
able. Results in terms of these variables are expréssed in graphical form
in the original references. Figures II-5, II-6, and II-7 reproduce typical
data wherein the densimetric Froude numbers are variously given as F or
Fr..

Anwar [29], whose work has been cited, also used a constant coefficient
of entrainment, though some reservations were expressed based on experimental
observations. An elaborate discussion of the entraimment principle for buoy-
ant jets and in support of a non-constant entrainment parameter was presented

by Abraham in a later paper [34] based on experimental data from Ricou and
| Spalding [33); Fig. II-5 shows the data. It is felt, however, that for prac-
tical application a constant coefficient may be acceptable for the low

densimetric Froude number range.

A comparison presented by Anwar [29] of experimental data on plume
trajectories is reproduced in Fig. II-6; it shows agreement among various
experimenters' data [29, 35, 36] for trajectories to within a few percentage
points and is probably satisfactory for most practical purposes. The densi-
metric Froude number range covers values from 4 to 20 at the outlet. Other
studies on forced plumes [37, 38, 39, 43, 46] which have not been discussed

in detail essentially support the above conclusions.

While the previously described studies of horizontal buoyant jets
dealt with jets in fluids of iufinite extent, at least two experiments by
Anwar [29] were carried out to examine the effect of proximity of the bot-
tom on the buoyant plume, The nozzle was placed to discharge horizontally
1/4 inch above the bottom of a tank. Concentration measurements showed no
sizable floor effect for outlét densimetric Froude numbers from 4 through. 16,
Density differences in these experiments were 0.016 to 0.028 and nozzle di-
ameters wers 1/2 inch and 1.0 inch. It is reported that the plumes were de-
flected upward a short distance from the nozzle. The lack of information on

bottom effects points toward a need for further research in this area.
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Expefimentél data taken in a harbor at semi-induétrial scale‘(nozzle
diameters from 0.6 to 5 cm, depth of submergence 4 m) were provided by Racou
and Palmer [40] and are reanalyzed in Ref. [41]. The dilution rate was
evaluated specificélly,'and no appreciable ‘influence of Reynolds number was
found in the range between 5000 and 40,000, Experimental values of measured
concentrations along the centerline‘were found to be larger than those pre-
dicted by Abraham's theory [25]. - Laboratory experiments by Cederwall [36,
42], on the other hand, indicate that measqréd concentrations were below
Abrahan's predicted values. Values of Cm'% ranged from 1.5 to 2.0 for
dimensionless distances y/D Fr1/2 from 1.0 to 8.0 where y 1is the vertical
coordinate of a point on the jet centerline measured vertically from the
center of the orifice. Measurements by Frankel and Cumming [43] gave some-
what lower values of Cm % ranging from 0.8 to 1.4 for values of y/D Frl/2
from 0.8 to 15.0. Any disagreement between Abraham's theory and the data of
Frankel and Cumming and of Cederwall was attributed to "confusion regarding
terminology" in a review by Burdick and Krenkel [44]. It is also suggested
that the concentration data of Racou and Palmer should be corrected for sur-
face effects and that the correction would bring the data -into better agree-

ment with Abraham's theory.

. Surface effects were also cited by Frankel and Cumming [45] to explain
fhe differences. Plume widths were said to be larger in the experiments than
in the theory because of the limited depth. Consequently, it was proposed
that values of =~0.80 and k = 77 (such that pk = 0.61) be used in
the theoretical calculations referring to Frankel's and Cumming's experi-

ments.,

Only a few investigations have dealt with the discharge of buogyant
plumes into already stratified waters. - Brooks and Koh studied the subject
in connection with ocean outfalls [47]. The purpose of their theoreticél
and experimental investigation was to predict the maximum rise of the plume
in the stratified environment and to prevent the buoyant jet from rising to
the surface. It was found that the maximum rise Ymax gbove the orifice

could be calculated from the relationship-

| y3 ’_ 3 qo‘/;I (pl - pd)
' Tmax = Spax dp_ 3/2
8avg (- 3;0)
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where Q, 1s the voluqe’flux per unit length or rate of discharge, f is
the ambient water density at the level of discharge, Pq is the density at
the point of discharge, de/dx is the vertical density gradient, and a
is the constant mixing coefficient. It was found that for most practical
purposes the coefficient gmax could be approximated by a va}ue of 2.7,
resulting in errors of no more than + 10 per cent. Forced plumes in stably
stratified water were also treated by Hino [48] and by Rahm and Cederwall
L49]. |

When heated water is discharged aé a free jet into colder water it will
rarely become so well mixed that it does not upwell at the water surface,
and one must be particularly concerned with the surface spread of the heated
water at the surface of the lake. Some experimental work on a fairly large
scale is described by Abraham and Brolsma [50], but it is difficult to gen-
eralize the results given. A more detailed experimental study of the surface
spread subsequent to the rise of the jets has been repdrted by Sharp (51].
A spread diagram is shown in Fig. II-8 representing essentially the radius

of spread . L versus a reduced Reynolds number

o Qi(z')l/B.
Ro! = -j:;E;-

in which Q. is the volumetric flow rate, g' is the reduced acceleration
of gravity L0 g, and v 1is the kinematic viscosity at the source of sur-
face spread.‘)Time of spread T appears as a parameter in the experimental
.results. Spreading patterns are circles when seen from above. The study '
preseuts unsteady flow results with no heat transfer at the water surface.
Therefore the results must be viewed with caution when they are applied to
the stéady state spread of heated water on a lake. Surface effects on jet
mixing were also discussed by Burdick and Krenkel [44] with the conelusion
that dilution is inhibited near the surface; a similar comment occurs in

Frankel and Cumming [45].

If heated water discharges into smaller lakes initially filled with
water of constant temperature, a temperature gradient graduélly_builds up
and a stratified flow problem develops. There have been no direct experi-

ments on this phenomenon, but experiments on the inverse condition of
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convection from a small source of negative buoyancy into a tank have been
carried out by Baines and Turner [52]. Salt water was released near the
surface into a tank of fresh water at very small deunsimetric Froude number.
The receiving water became stably stratified with a density profile fixed
in shape, changing with time at a uniform rate at all levels as the salt
water descended. The effects of initial momentum and buoyancy on circula-
tion in reservoirs of limited depth and width were investigated by Iamandi
and Rouse [53]. Mean streamline patterns and lines of eqﬁal turbulence in-
tensity are given graphically in dimensionless form for various length-to-

depth ratios of the tanks.

To increase the initial mixing of a turbulent buoyant jet, various
types of deflectors placed at 0.5 to 1<O Do from the outlet nozzle were
investigated by Hansen and Schroder [54]. A maximum dilution improvement
factor of f = 2,19 was found for a 120° bent sheet dividing the jet, f
being the ratio of dilution obtained with the special device to dilution ob-
tained without it. It is also noteworthy that the mixing without deflectors
was observed to produce 1l.45 times larger dilutions than are derived trom

Abraham's theory [25].

The effects of currents on buoyant plumes are covered in the literature
concerned with waste discharges into rivers [44] and also that concerning
smoke plumes [55]. Reference [55] reports on a field study, but contains
also several references on plume models. Experiments on jet injection in a
two-layered parallel flow were carried out by Burdick and Krenkel [44] for
densimetric Froude numbers from 27.5 to 55.5 and ratios of jet velocities to
river velocities from 20 to 85. The jet discharged horizontally below the
interface parallel to and at angles with the centerline. Time-smoothed
centerline dilutions ranged from 28 to 55 per ceht.and were also found to be
1.4 to 1.8 times larger than instantaneous minimum centerline dilutions. The
latter result is in agreement with the data of Frankel and Cumming [43].
Concentration measurements were taken where the jet plume intersected a
standard measureﬁent elevation. This elevation y. was chosen arbitrarily as
y/do = 27.5 or y/db = 41.3, depending on the nozzle diameter do' The
effect of jet orientation upon average centerline dilution was also investi-
gated experimentally. As an example, the increase in average centerline ‘

dilution was between 40 and 50 per cent when the jet axis at the point of
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discharge formed a 450 angle with the current, this.angie being measured in
a horizontal plane. The studies also showed clearly the skewness of the

- concentration profiles in oblique Jets.

Some experimental results referring to a submerged manifold sewage
disposal system in a river were also reported by Burdick and Krenkel. An
experimental study of the multiﬁle-hole diffuser system for the TVA Brown's
Ferry Plant condemser cooling system was carried out by Harleman, Hall and
Curtis [56]. Obtaining information about the dispersion of the heated water
in the river was one of the main goals of the investigation, The diffuser
design is described in greater detail by Vigander, et al. [57].

Very low cross-current velocities were employed in an experimental
study by Bosanquet, Horn, and Thring [27], and the effects on the buoyant
Jet trajectony were evaluated. It is doubtful whether the results are also
applicable to high current velocities. It is stated that cross currents in-
crease the initial dilution of a buoyant jet, but the validity of such a
statement, in general, must remain suspect, at least until more data are ac-
cumulated. It is more likely that different effects will appear depénding
on the combination of relative velocities of the -jet and the current, densi-
metric outlet‘Froude number, and Reynolds number. Pearson | 58] presents some
schematic representations of this effect which are reproduced as Fig. II-9.
Earlier, dispersion of a boundary source without initial momentum into a |
crossflow had been examined by Rouse [59]. Pearson [58), however, suggests
that the results might not be applicable to outfalls. There is a need for
more experiments on buoyant jets in c¢ross flows, but this need has relatively
low priority for the lake situation. The literature on non-buoyant Jets in
cross flow previously referred to [14, 15, 16] is also useful in this connec-
tion.

Thé laboratory work reviewed herein shuws that for submerged buoyaut
jets at all but the smallest densimetric Froude numbers there is naturally
considerable mixing and entrainment near the outlet whether the jet be hori-
zontal or vertical. Mixing and dispersion can be increased by several means,
such as constricting the outlet to increase velocity, providing mechanical
deflectors at the jet exit [54], or using multiple jets [57]. The effect of

cross currents is not yet well understood and requires further investigation.



II-15

Mixing can be reduced only by increasing the local Richardson numbeps (de-
creasing the densimetric Froude number), which can be done by reducing jet

velbcity gradients 6r increasing density gradients;

D. Buoyant Surface Jets -

At high enough densimetric Froude numbers the buoyant surface jet is

" much like the lower half of a non-buoyant jet, and to this extent the infor-
mation reviewed in Section II-B is applicable. The influence of densimetric
Froude number on the surface spread of dye is well illustrated by photographs
in the paper by Kashiwamura and Yoshida [60], which show the narrow, jet-like
nature of the spread for high Fro -and the widening spread which occurs as

‘ Fro is decreased until at the smallest Fro the spread is radial from the
outlet. No velocity measurements were recorded, so that the relation be-

tween spread of dye and spread of momentum cannot be obtained.

The experiments by Kashiwamura and Yoshida were conducted for another
purpose using fresh water flowing into salt water. But such experimenits are
equally applicable to warm water discharged into cooler water as long as
surface cooling is not important, as is the case close to the outlet. Thus
other experiments on fresh water discharge into salt water can be drawn upon
to gain information about surface buoyant jefs near an outlet. A number of
experiments applicable to surface discharge of warm water plumes are summar-
ized in Table II-D-1. ‘

The experiments reported by Jen, Wiegel and Mobarek [61] were conducted
at large Fro and measured the spread of heat directly. As can be seen from
Table II-D-1l, the receiving experimental tank was rectangular in shape, with:
vertical sidés, and deep compared to the thickness of the heated water layer.
Heat loss through the water surface was ignored because the dominant effect
near the outlet was one of turbulent Jet mixing. These experiments took
ohly a few minutes, and presumably a quasi-§teady condition was reached for
tte outlet region. At the largest - Fro the spreading pattern was very much
like that of half a submerged -jet. Some temperature patterns are illustrated
in Fig. II-10 for lesser Fro. The vertical spread of the ‘jet was measured
by introducing dye into the -jet and photographing the flow. It was found to
have a slobe*varyibg:from 5.5 to 8 horizontal to one vertical with only weak



TABLE II-I-l1 - Some Ex

periments on Horizontal Surface Plumes

Ref., Year JET : RECTFIENT Fr  Re
of Report Dimensions Velocity Length Wicth Depth 0 _Instrumentation and Remarks
Kashiwamira Channel = 2.05m 3.,10m 0,15 m 0,05 100 Fresh water -into salt;
and Yoshida <15 cm deep . to to " camera above water surface
(601, 1967 ty 4 cm and 1.60% 5000 photographed dye streamlines.
€ cm wide
Jen, et al. Fipe - 26 ft 15 ft 1.5 ft 18 £300 Copper-constantan thermo-
[61], 1966 L,= 5m 7.24 fps to to couples; null-point record-
o = 8 mm 3.92 fps 180 21,000 ing potentiometer; no

=11 mm 1.74 fps velocity measurements.
Wood and Pipe - 10 ft 10 ft 4 ft 10 7 Fresh water into salt;
Wilkinson Do = 0,125 in, to camera above water surface
[62], 196? = 0,25 in, 60 photographed dyed fresh water.
Tamai, Pipe - 25 ft 3.6 It 2.0 ft 3.0 6600 Copper—constanﬁan thermo-
et al, D°~= 0.58 in. ) to to couples; no velocity
(81, 1969 = 1,0 in, 11.0 21,300 measurements.,

= 0,45 in, A
Hayashi Channel - 12 m 5.6 m 45 cm 1.4 3100- Thermistors; AT from 0.2°C
and Shuto 5.3 cm deep by to to to 28¢0°C; velocity by inter-
(631, 1967 5.3 cm wide 16,1 5600 mittent dye injection. :
Tamai Channel - 3.0 m’ 10 em 30 cm 1.2 3350 Fresh water into salt; conduc-
[64], 1969 4 cm deep by to to tivity probe and hydrogen

. 10 cm wide 4,1 8150 bubbles.

Stefan and  Caannel - 4o ft 17 ft 1.6 £t 0.62 1600 Thermistor and tethered
Schiebe 0.16 ft deep by to to sphere probe for temperature
[66] 1970, 0.5 ft wide 7.2 9406 = and velocity.
{67] 1968 .
*Obtained from values of Re and a stability parameter @O,

91-I1
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depeﬁdence on Ap. This observation together with those of Kashiwamura and
Yoshida [60] seems to indicate that because of the large magnitude of the
densiﬁetric outlet Froude number, buoyancy had only a small effect on this
flow. The vertical spread was definitely less than the lateral, however.
The -authors compared their resuits with those of half a submerged circular
- jet.

Analysis of their measured surface temperature distributions led Jen,

et al. to propose, for surface spread, the relation

Tz - T D :

2
W o_ _o 1/2 y
To - Tw - 700 x exp "[3 Fro (x) ]

and for jet width,

=2 = 0,57 ——Z
D, D_ Frol;-u'

for 7< x/D < 100 where T,
" surface with coordinates x along the centerline and 'y normal to it, To

is the heated water discharge temperature, TW is the cold wa?er temperature
of the lake, Do4 is the diameter of the outlet pipe, Y, is the value of
. T, T

y where "

To - Tw

is the local temperature at a point in the

V] [ o

, and Fr° is the outlet densimetric Froude number.

The equations indicate that the surface heat spread was Gaussian in the
lateral direction and that the developing region of the jet was 7 diameters
in length with the centerline temperature thereafter falling with x, all
much in agreement with the non-buoyant case. Their best fit line for axial
temperature distribution, along with data from several other sources, is
reproduced in Fig. IT-11, taken from the literature review of Tamai, et al.
[8]. (These data for axial temperature distribution should not be confused

with axial momentum distribution, which was not measured.)

~ Wood and Wilkinson, in theif discussion of the paper by Jen, et al.
.[62], cited their own experimental results using fresh water plumes in salt
" water at comparable values of the densimetric Ffoudé’numbgr. They verified
the equation of Jen, et al., for jet width, but found the coefficient 1.25
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instead of .0.57, indicating more rapid lateral spreading. The Wood and Wil-
kinson measurements were all in the vicinity of x/Do = 50, and their
boundary conditions, too, probably permitted only a quasi-steady flow to be

achieved.

Flows at intermediate values of the densimetric Froude number have been
investigated by Tamai, Wiegel and Tornberg [8]. The surface temperature pat-
terns found could not be described precisely using the equations given ear-
lier by Jen, et al. [61], nor was the lateral distribution of the surface
temperature Gaussian as in the latter work. The temperature profiles were

only roughly similar.

A study at smaller densimetric Froude numbers was also made by Hayashi
and Shuto [63]. It was predicted and experimentally verified that as the
outlet Froude number approaches zero (Richardson mumber approaches unity),
the spreading pattern (timelines) becomes circular. The experiments show a
more jet-like pattern at the highest densimetric Froude numbers. A similar-
ity hypothesis for the temperature profile as a functioﬁ of depﬁh was postu-
lated in the paper, but not conclusively verified experimentally; actually,
it appears difficult to find sufficient physical justification for this
postulation. The plot of temperatures along the jet axis shows that the
temperatures do not decrease linearly for any of the Froude numbers, but
rather decrease at an accelerating rate. The authors attribute this be-
havior to the variation in Richardson number, which is small near the out-
1e£--promoting mixing and inhibiting surface cooling--but about unity or

larger farther along, inhibiting mixing and enhancing surface cooling. .

Tamai's experiments [64] were two-dimensional in that the surface dis-
charge channel was the same width as the tank. They concerned vertical &is-
tributions of velocity and density as well as axial variations. The vertical
velocity'profileé were found to be approximately similar and Gaussian for a
given densimetric Froude number, buf to have a gfeater width in the buoyant
case than in the non-buoyant case., The density profiles were rougﬁly
Gaussian and similar only in the developing region (five or fewer channel
depths from the outlet), being nearly uniform thereafter; this would indicate
a stable stratification between plume and ambient water beyond the developing
region. One of Tamai's goals was to measure an entrainment coefficient, but
he was ‘unable to do so because of the large variation in local Richardson
number.
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Tiwo-dimensional tests were also conducted by Wada [65] (not listed in
Table II-D-1). He measured values of the entrainment coefficient, but found
these varied not only with Richardson number, but also with the slope of the

interface, which in turn was affected by entrainment.

Three-dimensional experiments in a somewhat similar range of small
densimetric Froude numbers and Reynolds numbers were conducted by Stefan and
Schiebe [66]. Both velocity and temperature profiles were recorded through-
out the plume. Data have not been reduced sufficiently yet to determine en-
trainment coefficients, but since the profiles are mostly non-similar, it is
) expected that the entraimment coefficient will vary from point to point, per-
haps as a function of local Richardson number. These experiments demonstrat-
ed how the boundary conditions in a steady flow experiment frequently control
the stratification conditions in the experimental tank, a situation which is
probably paralleled in prototyﬁes, so that the heated water is discharged
into an already -stratified reservoir. Reference [67] is a more detailed

version of [66].

In tﬂé high-momentum jets associated with high densimetric Froude num-
bers 'at the outlet, the surface discharge canal is filled with more or less
homogeneous warm water, and all the mixing occurs in the receiving body of
water. On the other hand, at the lower end of the Froude number scale buoy-
ancy becomes so dominant that lake or reservoir water may actually penetrate
into the outlet channel and form an arrested cold water wedge beneath the
warm water with a stable or slightly unstable interface between. There have
been several experimental studies on the related phenomenon of saline wedges
beneath fresh water in counection with the problem of salt-water intrusion
into river mouths and locks. References to the wedge can be found in
Streeter's handbook [19] and in Ippen's book [68], for example. D. F.
Harleman is the author of the pertinent chapters. A more recent study
dealt with wedges in curved channels [69]. Whether a wedge forms depehds
on' the densimetric Froude number at the outlet, and the mixing depeuds on

this and on ‘the local Richardson numbers.

In the experiments described to this point, the surface discharge
canal has entered the reservoir normally to a vertical wall. In field situa-
tions, especially in lakes, it often happens that the canal joins a sloping

bottom, and this can have significant influence on mixing at the outlet.
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Very few experiments have been performed to study the effects of this geom-
etry. Some of the hydraulic models to be described in Chapter III were
built with canals on sloping bottoms, but no data were obtained on the ef-
fect of the slope. - The difference in action between the outlet in a vertical
wall and that on a sloping bottom is that in the former case abrupt separa-
tion of the outflow is usually forced at the end of the canal, while in the
latter case there is a variable point of separation. Only if a cold water

wedge forms in the canal does it make no difference how the canal terminates.

A corresponding experiment in the'non-bquant case would be represented
by the lower half of a flow of homogeneous fluid through a pipe diffuser. If
the densimetric Froude number is large enough, the buoyant jet can be expect-
ed to behave similarly. In that casey, if the diffuser angle is small, the
fluid follows the bottom for great distances, whereas if it is large, separa-
tion occurs early and thefe is much more mixing. This point is illustrated
by some experimental results obtained by Wiegel, Mobarek and Jen [72] which
are reproduced in Fig. II-12., Here x is the axial distance along the jet

and y 1is the later distance from the centerline in the water surface, The

- T-T
reported temperature concentrations T———%%— for slopes ranging from 1:50 to
o - w

1:200 for a given x show thét the beach reduces the jet mixing consider-
ably, and cousequently higher temperatures are found at idemtical locations
at the water surface when the beach is flatter. Another effect of the beach
appears to be the wider spread of the plume on the flatter beach. The re-
ported range of densimetric Froude numbers at the outlet was from 5 to 50
with most experimeﬁts in the range from 20 to 30. Outlet Reynolds numbers
were mostly from 3000 to 6000. Some experiments with outlet channels cut

into a beach with a 1:100 slope were also made.

Lafger diffﬁser angles in the non-buoyant case involve fluw separationu
swinging from one wall to another, and this could have no direct counterpart
in surface buoyant jets because of lack of symmetry. The separatioq point
from the bottom might be expected to make large excursions with time in the
analogous situation. More laboratory work is needed on the effect of sloping

bottoms on canals.

It is also possible for a surface canal to enter a water body making a

horizontal angle with the shore. The proximity of a boundary to one side of
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the emerging plume could be expected to distort the plume in this case, but

it§ general direction, which is determined by the momentum of the jet, is not

likely to be affected much. This can be 11lustrated by reference to some of
the model studies described in Chapter III.

| A bﬁoyant surface‘jet frequently discharges into an already stratified
‘natural reservoir. AExpefiments do not usually represent this stratification,
which exiéts bécausé of the annual temperature cycle. However, experimental
tanks are limited in size and areiusuAIIy equippéd with some overflow mech-
aniSm remote from the outlet which maintains constant volume. As a conse-
quence of this and of the uncontrolled surface cooling in many models,
steady state conditions in an experiment are hsually associated with strati-
fication in the experimental reservoir, which may be different than that in
nature [66]. To. avoid boundary effects, experiments are sometimes carried
out under unsteady flow’cdnditions, and the results are treated as quasi-

steady as was done in the work reported in Refs. [8] and [61].

>The mixing processes near a heated water outlet will be influenced by
the kind of stratification found in the reservoir. " Qualitative aspects of
discharges into a two-dimensional, “two-layered, non-viscous system have been
discussed by Stefan and Schiebe [70, 71]. Various types of flow and flow
phenomena influencing outlet behavior were considered for two-dimensional
conditions, including cold water wedge penetration into the outlet.channel; -
interfacial wave formation, the internal hydraulic jump, and turbulent jets.
Figure II-13 shows some of the possibilities. The basic ‘mechanisms which
cause various types of flow near a warm water outlet are primarily controlled
- by buoyancy and inertial forces, as shown by Stefan [70], and the important
dimensiqpless numbers are the'densimetric Froude number and the Richardson
number. However, the effects of viscosity and three-dimensionality have not

‘been fully investigated and require further study.

Interfacial stability between a warm water iayer and ambient watér‘in
- two: dimensions has been the subject of much research and experimentation.
‘The  results of this work on interfacial stability are relevant to mixing in
the near field and joining region of surface buoyant jets and to the latter
part of the joining reglon ofAsubmerged Jets after they reach the surface.
The work has some, though not as much, applicability to the far field.
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Helmholtz was probably the first to study the interfacial stability of
non-viscous two-layered flow assuming uniform but different velocities and
densities in the two layers. Esch [73] has studied the same problem assuming
that the.uppér layer is bounded above by a free surface and is slightly less
dense and also a similar problem with a sheared velocity profile. Numerous
works have been publisbed on the non-viscous-flow stability problem with
continuous density profiles since the problem was first dealt with in the
classical works of Taylor [74] and Goldstein [75]. ‘

The stability of viscous stratified flow first received attention in
connection with study of gas-liquid interface stability. Jeffreys [76] was
the first to study the viscous effect on the stability of uniform flow. The
stability of the gas-liduid interface has since been studied by many people,
notably Miles [77], using a more realistic velocity profile. Tchen [78]
derived an approximate solution for the viscous stability of the interface
between two fluid layers of different fluid properties moving with uniform
but different velocities, and many others have worked on similar problems

with different boundary conditions.

In general, the densimetric Frouds number is of primary importance in
stability criteria for two-layer flow. Keulegan [79] and others have in-
cluded the effects of viscosity from empirical data by introducing a new
parameter based on the ratio of Reynolds number to the square of the densi-
metric Froude number. The cube root of this ratio, .called 6,  was fouud by
Keulegan to have critical values of 0.127 for Re < 450 and 0.178 for
Re > 450. |

If there is no interface, but instead a continuous density and velocity
gradient, stability depends on the local Richardson number, previously intro-
duced in Section I-B. Thorpe [80] reported that instabilities.of a diffuse
interface between two miscible fluids were not observed at local Richardson
number values greater than 0.25. The minimum number at the ouset of in-
stability was estimated at 0.09. In a fluid of constant density gradient no'
instabilities were observed. Buoyancy effects appear at Richardson numbers
closer to unity according to other theories and measurements, those of El-

lison and Turner [9] for example.

Turbulent local ‘diffusivities for mass and momentum are functions of
the Richardson number. Correlations have been sought theoretically and
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ekpérimeﬁtélly; Ellison and Turner [81] proposed an analytical relationship
between Ri and the rétio4of mass difquivity to momentum diffusivity. Ac-
cordlng to them, if buoyancy has a negligible effect (Ri = 0), the ratio
is equal to 1.4. Some effects of buoyancy and turbulence begin to appear

at Rlchardson numbers as small as 0.0l in stable density gradients.

Instead of u51ng the ratio of dlffu51v1t1es to define m1x1ng in con-
nection with laboratory experiments, an overall entrainment coefficient E
for particular flow situations is frequently used; The coefficient was de-
fined in Section I-B as the dimensionless.rate of increase of discharge with
distance, but may also be given as the ratio of two velocitles, as was done
by Kato end Phillips [82], ‘ ‘

u -
E=—
u

wherel u, is the entrainment'velocity and u, 1is the shear velocity of the
current which produces the mixing. The overall entrainment coefficient is a
function of an overall Rlchardson number which ls obtained by replacing the

velocity and density gradlents in the original deflnltion with finite values
of velocity, density dlfferences, and lengths; for example, Kato and Phillips

_used

where Ap is the density jump across the entrainment interface and D is
the depth of the mixed layer. -The overall Richardson number may be identi-

fied with the inverse square of a densimetric Froude number.

Kato and Phillips [82] experimentally applied a constant stress at the
surface of an initially quiescent tank of fluid with a uniform density gradi-
ent and studied the development of the turbulent layer by entraimment of the
underlylng fluid. The relationship :

1

O STl E=2.5

.......

was found to describe the experimental data quité well.
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The experiment was stimulated partly by a similar investigation by El-
lison and Turner [9] concerned with a surface jet. In that earlier case the
overall Richardson number was defined using the overall depth h of the sﬁp-
face curreﬁf'as the characteristic length and the average Vélocity V. of the
current instead of the shear velocity. The entrainment coefficient uéed by
Ellison and Turner is the one given in Section I-B, adapted to fwo-dimensiohal
flow,

d(Vh)

dx

: <|r—-'

and is found to véry from E = 0.075 for Ri=0 to E=0 for Ri= 0.83.
Wada [65] verified these values approximately for two-layered flow. The
value 0,83 is considered a mean for the critical Richardson number. The shape

of the plotted curve suggests a form
EoC RV

but n has not“been specified. In a more recent study by Turner [83] a

stirring mechanism was used in the experiments instead of flow and n was
found to be equal to one for the transfer of heat and:I.S for the transfer of .
salt. The difference may be due to molecular effects. The length scale to ‘
‘be used in the Richardson number was felt to be most meaningfully the size of

the large eddies rather than any overall scale.

A similar experiment had already been carried out by Rouse and Dodu
(84]. Experimental investigations of the mixing of two parallel streams of
dissimilar gases were carried out by Baker and Weinstein [85] investigating
the internal turbulence mechanism which produced the apparent exchange «
Both jets had an initial velocity distribution profile and zero velocity at
the point where the jets made contact. Velocities, turbulence intensities,
“and densiiies were measured across the flow at various distances from the
outlet. Velocity ratios at the outlet ranged from‘pne to nine. It was found
that measurements did not satisfy the similarity hypothesis and that the
disagreement was particularly large when the free stream velocities of ﬁhe

parallel jets were about equal.

Evaluation of eddy diffusivities from experimental data often proves
difficult [8]. Methods that can be used are given in Chapter .VII of [1].
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A summary of eddy diffusivities obtained from field measurements is contained
in Ref. [86].

Horizontal density gradients are generally much smaller than vertical
denéity gradients. Therefore dispersion in the horizontal direction can be
expected to resemble that found in homogeneoué waters. This may be larger or
"smaller than vertical dispersion, depending on Richardson number. Generally,
the vertical dispersion or entrainment becomes very important at some place
near the outlet,'and horizontal dispersion becomes more important in the far
field [65]. More research is needed, however, on the relative importance of

horizontal and vertical mixing as related to position in the plume.

Wind forces, too, have their major influence in the far field, and they
will be discussed under that subject. However, wind can also influence the
trajectory of the emitted jet nearer an outlet, especially for small densi-
metric Froude numbers. Wind shear produces a momentum component in the wind
direction, and this can creatse currents even in the absence of a plume.

Since there is little time for shear stress to act close to the outlet,
little direct effect can be expected there, but farther along in the joining
region wind can produce a curved trajectory or retard or advance the axial
motion of the plume, depending on wind direction. No laboratory experiments

have been reported on the effect of wind on the near field or joining region.

E. Lake Plumes in the Far Field

As observed in Section II-A, the far field problem in lakes is differ-
ent from that in ri%ers and estuaries because in the lake situation, buoyant
forces produced by temperature differences, along with wind and other cur-
rents when present, are responsible for the motion and spread of heat, while
in a river or estuary, temperature in mawy cases is only a marker of fluid
particles carried by the main flow. For that reason, only the lake situa-
tion will be discussed here. Many of the model studies to be reviewed in
.Chapter III deal meinly with the far field, but unfortunately, only a few of
them deal with lakes.

An impoitant characteristic of the far field of a thermal plume is the
existence of a'thermpéline along which the local Richardson numbers are usu-
ally of sufficient magnitude to inhibit mixing as discussed in Section II-D.
At the present state of knowledge, entrainment and mixing can be taken as
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negligibly small along the thermocline (Wada [65]). The thickness of the
plume, therefore, is determined largely by its thickness at the end of the
joining region and by its lateral spread. There is usually little difficulty
in modeling this no-mixing aspect of the far field, since all that is neces-

sary is an adequate thermocline in the model.

Horizontal spreading in the far field, in the absence of wind and other
pre-existing currents, is determined by several factors. The residual mo-
mentum in the Jjet is one of them, but it has Beeh attenunated by viscous
shear, ‘spread, and mixing in passage through the near field and the joining
region. The density gradient in the horizontal direction now becomes of some
significance, its importance relative to jet momentum being measured by the
densimetric Froude number, which is the important modeling parameter for this
phenomenon. As the deunsimetric Froude number decreases, the spread becomes
more and more circular because of the importance of buoyancy forces as de-
scribed by Hayashi and Shuto [63]. In modeling it is still necessary to have
an adequate Reynolds number, and this requires model distortion, as already
observed. Barr (3] has determined empirical curves from two-dimensiopal ex~
periments which can be used t§ estimate when the model Reynolds number is

large enough to avoid viscous effects in spreading.

Turbulence and mixing do, of course, occur within the plume. These
transfer heat in the vertical direction to compensate for surface cooling.
‘There is also turbulent mixing in the horizontal direction which transfers
heat much as in a gradient process to the limits of the plume and into the
ambient fluid surrounding it. Heat transfer within the plume is measured by
the eddy diffusivity, and this is often less in the vertical direction than
in the horizontal direction because of the vertical density gradient. Many
of the experiments described in Section II-D had as an objective the obtain-
ing of eddy diffusivities. Examples can be found in the work of Jen, et al.
[61], Hayashi and Shuto [63], Tamai, et al. [8], Tamai [64], and Stefan and
Schiebe [67]. However, the present state of knowledge does not provide con-
sistent numerical values for the diffusivities, and the best that can be done
is to assume the values for non-buoyant turbulent jets given in Section II-B
for horizontal diffusivities and to use smaller vertical diffusivities. The
latter will involve guesswork, with some guidance provided by the values of

local Richardson numbers.



II-27

‘Far field models should usually operate in the steady state. This is
both a préctical’matter and a necessity as a consequence'of'distortion. In
a prototype there is a certain rate of cooling to.the atmosphere from the
plﬁme surface, ‘and this changes slowly as the hours of the day pass. Simi-
lariy, wind drift currents are frequently subjected to changes.which occur
within hours. The detectable limits of the plume will expand or contract
and will also be displaced due both to changes in the horizontal density
gradient and to horizontal mixing as the surface cooling rate and the wind
shear on the water surface change. These changes in the plume are so slow
as to be practically unimportant, and it is not really necessary to know how
they occur. It is the average ‘steady position of the plume under given. me-
teorological and plant operating conditions that is needed. In a model,
~ time periods are shortened by a factor of at least ten and usually by consid-
erably more. It would be both difficult and costly to operate a model so as

to reproduce plume fluctuations.

There 1is, nevertheless, a certain fascination in examining the unsteady
- spread of a buoyant plume over a water surface, and rarely, probably, has an
" occasion to do it been missed. There is one good reason for doing it:
During the unsteady spread period the effects from those unrepresentative
edges of-the model where it has had to be "cut off" because of size limita-

tions are fairly small.

On the other hand, many experlments that are run in the unsteady, ex-
'pandlng plume modelﬁtotake advantage of restricted boundaries usually have to
be completed 1n'm1nutes, a much more rapid time than even the modeling scale
requires. If the far field model is distorted, as it frequéntly is, the
horizontal demsity gradieut becomes much larger in the model than in the
prototype. (The time scale is determined by vertical distance, whereas the
gfadient is determined by Veftical over horizontal distance, and.the latter
is relatively foreshortened.) In model data so obtained the too-large
horizontal density gradient will produce both too large a momentum.flow and
too large an apparent horizontal eddy dlffu51v1ty. At the moving front of

the ;plume. the mixing may be reduced.

"' The argument just presented can also be used to show that it is desir-
able to model surface cooling correctly. If this is not done, the horizontal

- density gradient will be incorrect, with the consequences just stated. More
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important, the size of the area affected by a temperature increase will be
altered. The difficulty in obtaining consistent values of diffusivities is
probably in part attributable to the fact that so many of the experimeunts
described in Section II-D were conducted for unsteady conditions or for in-
correct surface cooling. The principal shortcomings of models of the far
fieid have been the failure to model surface cooling and the failure to pro-

duce correct steady sﬁate‘boundary conditious.

Another characteristic of the far fisld is the ease with which signifi-
cant momentum can be added to the plume by horizontal wind shear at the sur-
face (or by pre-existihg lake currents). This is true because of the large
surface areas open to wind and the small torces produced by horizontal deun-
sity gradients. The wind stress produces a Vertical velocity profile near
the surface, alters the trajectory and the shape of the plume [6, 7], and may
produce waves. It also piles up water against the windward shore, creating
excess head at that point which forces a return flow at lower depths. If
the water reaching the windward shore is still warm, the warm water may be
carried to depths well below the depth of the thermocline in the main portion
of the plume by the returning flow. (See Sections B and E of Chapter III

for examples.)

The vertical velocity profile produced by the wind may reduce the local
Richardson number, thus enhancing vertical mixing. Waves may also contribute
to enhanced mixing., It is possible for two or more warm layers of different
temperatures to form, depending on the depth to which the wind-generated
velocity profile penetrates. The depth to which wind-generated profiles
penetrate, as well as the stress on the surface, depends on the length of
‘time the wind has been blowing on the water mass, and this is dependent~oh
the fetch, the distance over which the wind has contact with the water

surfaca.

Unfortunately, there has ‘been no laboratory experimentationion the of-
fect of wind on thermal plumes. 'Experiments are needed to obtain some idea
of how deep the vertical velocity profile penetrates and how much momentum is
transferred for a given fetch., Also, it is necessary to learn how wind '
stress effects can be represented in a model. Experiments have, of .course,
been performed on wind blowing over unstratified water surfaces, and reports

from that research can be resorted to for some information. The oceanographic
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literature contains general information regarding wind effects on circulation
patterns. ‘Books by Robinson [87) and Wiegel [88] can be consulted. A paper
by Baines and Knapp [89] reports on experiments in a two-dimensional channel
for obtaining velocity profiles and turbulence properties. Other laboratory
studies were carried out by Plate and Hidy [90, 91] and by Shemdin and Hsu

[92], the latter containing a brief review of earlier experimental work.,

The shear exerted by wind on a water surface is often calculated in

accordance with boundary layer theory using an equation in the form .

where T is the surface wind shear, Uw is the wind velocity at a speci-
fied height, and Cw is a shear stress coefficient. Experimental results on
appropriate coefficients C, .are listed by Wiegel [88], Chapter 13. For a
rough water surface, Wada [86] proposed c, = 0. 8 x 107 if

= 1.25 x 10 -3 g/cm and Uw is the w1nd velocity measured 10 m above
the‘surface ;n»m/sec.. Lerger values of Cw are recommended by Roll (93],
as shown in Table II-E-1. The turbulent shear caused in the water by wind
is frequently ekpressed in terms of an eddy viecosity. A compilation of
values of eddy viscosities derived from field measurements is given by Wada
[86]. According to him the relationship applies only if - u, > 8 m/sec;

below this value the surface has to be considered smooth.

The dynamic roughness 2z, has been shown to change rather drastically

with wind or shear velocity. Watson [94] gives

wherein Z, is given in centimeters, u, 1is the shear velocity in cm/sec,

*
and the value of o may vary from 81 to 13, as reported. The uncertainty

is probably introduced by the 1naccurate determination of the shear velocity.
'Roll's book [93] is an informatlve surmary on wind-water interaction and con-

',talns further references.

fLWindvalso influences cooling, and the extent of the .additional cooling .

can be calculated [100]. As a consequence of the additional cooling and
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TABLE II-E-1 - Estimates of Drag Coefficients C_x 10° at 10 m Height
‘ above the Sea Surface by Four Different Field Methods
and Three Laboratory Methods (after Roll [93])

LIGHT WINDS " STRONG WINDS.
(<10 n/sec) - (> m/sec)
FIELD MEASUREMENTS
" Wind profiles - (15)% 1.1 + 0.4 (12) 2.0 * 0.7
Geostrophic departure (6) 1.1 % 0.6 (2) 2.5 + 0.5
"~ Tilt of water surface (8) 2.7 + 1.7 (14) 2.4 + 0.6
Eddy correlation (2) 1.45 (1) 2.3
LABORATORY MEASUREMENTS
Wind profiles  (3)- 0.9 +0.3 (3) 1.7 + 03 -
Tilt of water surface () 0.9+0.2  (3) 2.5%0i
Surface film (1) 0.9 _—

*The numbers in parentheses give the number of sets of observatiouns in
each category. The standard deviations indicated represent only the
degree of disagreement between different sets of observatlons and
neglect the errors involved in each set.

greater mixing, it is not'really necessary to be concerned about stroﬁg winds
where large waves occur--say over 121mph--for then the thermal plume prac-
tically disappears, anyway. The main problem with using simulated winds in
a hydraulic model is that surface cooling by evaporation may then be too
large. An adjustment ﬁsing relative humidities of the air is possible, but

this is a problem requiring further study.

F. Numerical Coefficients from Laboratory Models

Experimental laboratory studies are poténtially useful for verifying or
determining numerical values of certain coefficients or flow parameters which
are needed in analytical descriptions of thermal plumes in lakes. Such coef-
ficients or parameters usually describe bulk effects of turbulent mofion not
obtainable theoretically from basic physical principles or by solution of

pertinent equations such as the Navier-Stokes equations or the diffusion
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equation. A typical example of such a coefficient is the spread coefficient
c of \a subtmerged fully developed, homogeneous, turbulent jet; this can be
defined as C = o/s, where o 1is the variance of the Gaussian velocity dis=«

tribution profile and s is the distance from the nozzle [10].

Numerical coefficients are generally used in and defined by simplified
~ versions of equ#tions refefring to the flux of mass, momentum, energy, buoy-
ancy, or heat. Ideally, the value of a coefficient is universal; that is,

no attention has to be paid to the order of magniﬁude of the other parameters
used in the same set of equations. This appears to be the case for the coef-
ficient C cited above, the value of which in homogeneous fluids has been
determined‘experimentally'to be near 0.081 for an axisymmetric jet and near
0.0109 for a wide (two-dimensional) slot, both having uniform velocity across
the outlet width. If a marker such as dye or heat is carried in the jet
_without changing its density, C for the spread of marker substance is

larger by a factor of about two.

The spread and turbulent motion of a non-buoyant jet are primarily in-
ertial effects, and therefore all jet characteristics can be shown to depend
on only one experimental coefficient. If other forces come into play and if
the geometry of a flow becomes more complicated, a larger number of dimgn-
sionless parameters are meeded to describe the flow and the universal charac-
ter of each one is lost. The Darcy friction factor for duct flow, with its
dependence on Reynolds number, relative roughness, and shape of the duct, is
one of the better known examples. Flow in the thermal plume is a rather
complicated process, and several dimensionless parameters are needed for its
descriptions Hence, interdependencies between dimensionless parameters must

be expected.

The number and kind of numerical parameters can be obtained using the
methods outlined in Chapter I. These include the same dimensionless quanti-
ties which must be represented properly in physical models: densimetric out-
let Froude number, outlet Reynolds number, Nusselt number for surface heat
transfer, turbulent Prandtl number, and others that have been cited before.
However, in analytical models it is necessary to introduce additional dimen-
sionless parameters which are convenient to use in a set of equations that
can be solved analytically or numerically. The set of new parameters will be
a fﬁnction of the same basic dimensionless quantities already.used in phys-

ical models. Hopefully, the functional relationship will be a simple one.
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Available numerical parameters for thermal plumes are limited to those
obtainable from experiments on steady-state, buoyant jets--mostly in the near
field. Among these numerical parameters the entraimment coefficient a, as '
defined in Section II-C, is of particular importance. It is used in a mass
flux equation and determines, in a sense, the mixing properties of a jet.

Fan and Brooks [28] and Abraham [34] discuss the value of the jet entrain-
ment coefficient for submerged, buoyant jets. According to the first authors
a ranges from 0.057 to 0.087, the lower value coming from investigations of
momentum jets [10], the latter from those of buoyant plumes with zero initial
momentum [26]. The dependence on the buoyant forces and therefore oun the
densimetric Froude number has been'given in more explicit form by Abraham
[34] and is reproduced in Fig. II-5. .

Application of the entrainment priunciple to horizontal and buoyant sur-
face jets poses further questions because of the differences in horizontal
and vertical mixing in the presencé of buoyancy. The horizontal entraimment
coefficient (through vertical surfaces) can be considered to be unaffected
by buoyancy. Transfer and entrainment through horizontal surfaces can be
treated in accordance with Ellison's and Turner's experimentél results [81],
indicating a reduction of entrainment to zero when the bulk Richardson number
approaches a value of about 0.8. This bulk Richardson number is equivalent
to the inverse of the square of a local densimetric Froude number. The en-
trainment coetticient tor the vertical transfer E 18 defined in Section
I-B.

Mixing. in the zonelof flow establishment for a submerged jet is
generally different from mixing for a surtace jet. 1In fact, the submerged
jet in this zone can be treated in much the same manner as the homogeneous

Jjet using the modified coefficients just discussed.

The mixing of heated water and lake water at outlet canals into lakes
is substantially affected by the geometry of the lake shore,’the.cross sec-
tion of the outlet canal, and the angle of discharge as well as the dimen-
sionless dynamic parameters. In this situation it is quite impractical to
work with local entraimment coefficients. Rather, a bulk entrainment rate
given as the total flow rate q at the end of the mixing region relative to

the initial heated water discharge q, would be useful. If the shore of



II-33

the lake is siﬁply an inclined plane surface, the outlet mixing ratio can be

expected to depend on at least five dimensionless parameters:

11-=f(b‘/d /d, 6, Re , Fr ')
q, ol dor 4fdgs 85 Rey, Fr

where - bo is the width of the outlet channel, do its depth, d1 a char-
acteristic thickness of the heated water layer at the end of the mixing zone,
8 the slope of the beach, and Re and Fro' thg Reymolds and demsimetric
Froude numbers respectively. The geometry of the outlet channel will also
have some effect. No experiments to evaluate the functional relation are
known of, probably because velocity measurements are difficult to obtain,

Some»#vailable measurements [67] referring to a discharge from a rec-
tangular channel into a deep tank with vertical walls are still awaiting
analysis. Preliminary results indicate that the reduction in total flow
rate or in entrainment caused by buoyant effects as compared to that in the

non-buoyant case becomes more and more pronounced with distance.

Available experimental data on temperature distributions from various
sources previously cited might be useful in obtaining further information on
outlet mixing, but no attempt has been made to extract information of this.

kind from them.

The outlet mixing process not only produces an increase in flow rate,
but also affects the'apparent plume width and depth. Equations of the form

y

c _ A x - .
= = 0,57 18 < Fr_< 180
Do D Fr 17# o
' o o ‘
'Yc .. ) 4
5’; = 1.25 m - 4,0 10 < Fro< 60
) 5 [o] o] B . _

for the width of the plume at the surface have been given by Jen, et al. [61]
and by Wood and Wilkinson [62], respectively, and were cited in Section II-D.
The latter took tﬁeir'data using.fresh water and salt water and at distances

x/DO ~=50. The above equations lump the effects of outlet mixing or entrain-

ment and of jeﬁ épreading into one, and for that reason it is doubtful
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whether a universal expression for all x/D° values can be obtained. It can

be readily seen that the above equations do not apply to small values of x.

No quantitative expressions for the depth of the plume could be fouund,
but available temperature data could be used to obtain such information.

The equations just given for the apparent spread of a plume describe
the spread of heat, but not the spread of momentum. Depending on the buoy-
ancy effects, the spread of heat may be greater, equal to, or less than that
of momentum. In the homogeneous jet it is about twice, as already indicated.
With favorable demsity gradients the factor may be reduced, while for un-
favorable gradients it may be increased. Useful measurememts are difficult

to obtain because of the tediousness of making velocity measurements.

Another form of spread that is of interest is the path of stream sur-
faces leaving the outlet., A stream surface encloses a definite discharge
rate and hence neglects entraimment. Stream surfaces still spread because -
‘of momentum transfer from the central part of the jet to the ambiént fiuid.
Experimental observations of surface streamlines as described by Kashiwamura
and Yoshida [60], Hayashi and Shuto [63], Stefan and Schiebe [67], and Jen,
et al. [61] were discussed in Section IT-D. These experiments are not ade-
quate to make it possible to assign numerical spreading coefficlents to the

streamlines, principally because bottom spreading is undefined.

Finally, the length of the outlet mixing zone itself is of interest,
because it is necessary to specify where the thermal plume becomes largely
independent of the complex processes occurring at the outlet. If the char-
acteristics of the jet at this point are known, it may be possible to define
a virtual origin of a simpler jet (such as that from a circular or half-cir-
cular orifice) which would have produced the same results. The results for
this simpler outlet could then be used to extend the computations farther
along the plume. '

The jet beyond the outlet mixing zone can be described according to
characteristics similar to those used before; however, the dependence on the
outlet densimetric Froude number and the Reynolds number becomes quite weak,
and local values should therefore be,subsfituted. The reason for this ié -
that the cumulative effect of heat loss through the water surfaée makes it

impossible to continue to ignore Nusselt number. and teméepature ratios.

I
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Arerage rates of surface heat transfer are sometimes used for computations in
this region. An order of magnitude figure for heat loss from a thermal plume
might be from 50 to 200 BTU/ft2 °F,day [101] where the temperature differ-

ence is that existing between the plume surface temperature and the equilib-

rium temperature.

The jet in the far field is subjected to wind and currents. The shear
stress coefflclents necessary in the computation of wind effects have been

given in Section II-E.

A descriptlon of the thermal plume as a dispersion process essentially
requires knowledge of eddy diffusivities and eddy viscosities in both hori-
zontal and vertical directions. Experimental studies on thermal plumes thus
far have not produced any such values,.and one attempt to find these values
[8], limited in scope, has failed. A.dependence of local values of the above
. four parameters<on local Richardson numbers has been strongly suggested by
‘variods authors. It is not certain, however, whether thisAis the only '
dimensionless number to be considered. The inavailability of sufficiently
accurate ve1001ty measurements must be blamed in part for the lack of in-

formatlon.

Another point to be made in this connecfion is the uncertainty in-
wvwlved in correlating laboratory and field eddy diffusivities and viscosi-
ties. Scale effects on the turbulence spectra have been shown to exist in
the case of the simple submerged jet, indicating that similarities between
models and prototype may apply only to time-smoothed values. The situation
is probably worse in the far field of the thermal plume. Given this situa-
tion it seems desirable to draw on field data rather than on tank experi-
ments for eddy parameters. Some specific values have been listed in a
table by Wada [86].

G. Laboratory Instrumentation

Local temperatures and velocities are the output data sought from most
experimental plume studies. Copper-constantan thermocouples and thermistor
probes are generally used for the measurement of time-smoothed values of
temperature. The accuracy of these instruments is generally near O.loF,
which is frequently considered sufficient. The devices may be installed at
fixed_points, both horizontally and vertically, or else a single device or a’
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vertical chain of devices may be moved from point to point. It is sometimes
sufficient to measure only surface temperatures. This can be done for large
‘areas almost instantaneously using infrared techniques, including both
direct photography and image intensification [95]. Infrared techniques are
being applied in the moéel study of Item 22 of Chart IiI-A-l, for example,

Velocity measurements prove to be quite difficult because of the
small velocities occurring in the far field. Values as low as 0.01 fps may
" be encountered. Special means such as the Bagnold flow meter [96], the
tethered sphere probe [97], and an isotopic tracer method [102] have been
devised. The process of measurement is tedious, because a separate record
must be made for each data point. In turbulent flow the personal judgment'
of ah observer in forming a time average is required, and this is a handicap
in obtaining accurate measurements. When near surface velocities only have
been required, weighted floats and floating particles or dye streaks have

.been used to obtain velocities by means of successive photographic exposures.

It might be noted in passing that similar instrumentation has been
used in obtaining field data for comparison with hydraulic model resuits,,but
field use is complicated by the large scales involved and the vagaries of the
weather., Infrared measurements of temperature are useful, but reveal ovuly

surface values.
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Figure 1I-1. Cross-sectional configurations of a jet in a cross
flow at various distances along the jet centerline

(aofter Abramovich [Ref. 16]).
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Figure ||-4. Definition sketch, horizontal jet (From Abraham
[Ref. 25]). .
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III. CASE STUDIES OF HYDRAULIC MODELS

A, Introduction

Chart III-A-l contains a list of steam electric génerating plants in
the United States, both fossil and nuclear fueled, for which hydraulic model °
studies of the dispersion of heated condenser cooling water were made. Also
included afe notations as to whether field déia have been or will be collect-
ed at the site subseéuent to plant construction, There are only a few in-
stances where model and field dﬁta are comparable, Apparently there will be

many more in tﬁe future.

The plants in the list have been grouped according to the laboratory
which reported the model study. From the viewpoint of this survey they
could have aléo been grouped by type of water body (lake or reservoir, river,
or estuary) or by type of model., Examination of Chart III-A-1 shows that
most modeling has been conducted for estuary conditions and very little for
lakes or reservoirs. The reasons for this are not clear, but they may be
associated with a belief that computational procedures introduced for cool-
ing ponds can be applied to lakés without paying much attention to the dy-
namics of the flow, which is of great importance in rivers and estuaries.
Also, hydraulic models have been used for studying estuary and river hy-
draulics without temperature differences for many years and, since tempefa-
ture was considered mostly as a fluid particle marker in these problems, es-
tablished modeling practices could be applied. For lakes, temperature dif-
ferences provide part of the driving force and new procedures for dynamic

modeling were required.

Only two items in Chart III-A-1 refer directly to thermal dispersion
in lakes. These are Items 24 and 25. The comparisons achieved between.
model and prototype are discussed in soms detail in Sections B and C whiich
follow. '

Some data were avallable to make a model-prototype correlation for
Indlan Point Station, Unit. No. 1, Item 1, and for the Chalk Point Steam
Plant, Item 8 of Chart III-A-1. A discussion of these may be found in
Sections D and E, These are both tidal situations, although Indian Point
has only small tidal effects and no density variation resultlng from salin-
1Ly, while salinity is quito important at Chalk Point,
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Item 17 of Chart III-A-l, the Valley Power Plant, is located in Mil.
waukee, Wisconsin, on the Menominee River and an adjacent navigation canal
very near to Lake Michigan., Field studies have just been.completed and will
be reported on in comparison to the model data as noted in Chart III-A-l,

The purpose of the model study was to investigate recirculation of warm water
and the possibility of drawing cold Lake Michigan water into the thermal dis-
persion area in the river through the cold water wedge. It has been reported
in a private communication that the correlation'between model and prototype
is generally good. The induced cold water flow from Lake Michigan into the
lower stratified layer turned out to be somewhat greater than predicted in
the model study and this has been beneficial.

These are the only hydraulic model studies of record in the United
States that can be compared with field data at this time. There has, of
course, been foreign experience in this area also. However, most power
plants in Europe and elsewhere are located on rivers or estuaries, and no
extensive effort has been made to search out model data, Experience with
the modeling of heated water discharges at the Hydraulics Research Station,.
Wallingford, Berkshire, England, was reported on by Ackers (2, Ch. 6]. His
article presents the various modeling principles used and gives comparisons
between field and prototype data for a power plant on the Severn estuary in
England, for the Hong Kong harbor power statioms, and for other problems.
More information on the Hong Kong harbor power plants can be found in Ref.
[98]. Practice at the University of Strathclyde in Scotland is illustrated
by Ref. [991],

Japanese experience at the Central Research Institute of klectric Fower
Industry has been extensive, Condenser cooling water is frequently discharged
to bays on the'coast. Wind and tiddl effects have been included in the Japan-
ese studies, an example of which is Wada's paper (86].

A summary of Chinese practice was pﬁblished by Chen in 1965 [100]. It
contains the practical modeling criteria used and a comparison of experimental
and prototype flow patterns for a cooling pond. The agreement appears to be

quite good by present standards.

In‘general, there is considerable difficulty in finding comparable model
and field data. Even when the field data werse available in advance, not
enough attention was paid to fitting the model to the meteorological condi-
tions, especially wind. In some cases, plant load was variable during field
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"trials and the time scale between model and prototype could not be adjusted
to take this into account. When the model study is completed before the
-pléni is in service, other difficulties arise. For example, the plant design
may be changed from that contemplated whenlthe model study was made.

The-compariéons of field data with hydraulic model experiments made in
the following sections Show that if the model is properly designed and oper-
ated in accordance with the proper physical relationships, the model and pro-
- totype ﬁill beshave sufficiently similarly to permit obtaining at least quali-
tative data, Data regarding the direction of heat dispersion can certainly
be obtained from a physical model. Data regarding the distance required to
reach a given isotherm and the thickness of the warm layer depend more criti-
cally on matching meteorological conditions and on corréctly modeling mixing
conditions near the outlet. Even here,.a range of predicted values may be

obtained by varying the input conditions to the model.



CHART ITI-A-1

PHYSICAL (HYDRAULIC)MODEL STUDIZS OF DISPERSION OF CONDENSER COOLING WATER
(N\;mbgrs in brackets in Chart refer to References on rage I11-8)

Seabrook, N, H.

Field LCata
: for Model
Plant Location Laboratory Comparison Remarks
1. Indian Point Station (3 units) Hudson Rivar Alden " Yes- Umit  Other units not yet construc-
Consolidated Edison Company Indian Point, N, Y. No. 1 .cnly ted. Ref. (1] reports some A
of New York, Inc. field data obtained by others,
Ref. [2] contains pertinent
laboratory data.
2. Millstone Nuclear Power Statio Long Island Sound Alden ? |
: (2 units) : Waterford, Conn.
3, Peach Bottom Atomic Power Rock Run Creek Alden Planned Ref. [3] summarizes model E
Station (3 units) Peach Bottom, Pa, Later study results. - L
Philadelphia Electric Co, ' ‘ ' '

4, Celvert Cliffs Nuclear Power Chesapeake Ba& Alden Planned Premodelling drogue studies,
Plant (2 units) Lusby, Md. Later field studies by Baltimore
Baltimore Gas & Electric Co. . Gas & Elec, Co., Sheppard T.

Powell, and Academy of
Natural Sciences.
5. Beaver Valley Power Station & Ohio Rivsr Alden No~ Ref (4] outlines model
Shippingport Atomic Power Shippingport, Oaio studies, S
Station (2 units) '
Duquesne Power Company
6. James A, Fitzpatrick Nuclear Lake Ontario Alden Plannec Premodelling data and
Power Plant Scriba, N, Y, Later follow-up is planned by
Stone and Webster ~ Stone & Webster
7. Seabrook Nuclear Station Hampton Hartor Alden ?



‘CHART III-A-1 (Cont'd) .
Field Data

Wisconsin Electric Power Co.

Milwaukee, Wisc,

on field studies planned for
publication in ASCE Jour,
probably late 1370 by Stone
and Webster Engr. Corp.

¢~I11

Plant Location Laboratory A Remarks
8. Chalk Point Steam Power Plant Patuxent River Alden Yes Ref [5] contains some field
. 'Potomac Electric Power Co. (estuary) = measurements. Ref, L6] des-
Chalk Point, Md. cribes model study.
9. Morgantown : Potomac River Alden .Planned Both the Chesapeake Bay
Potomac Electric Power Co.,. (estuary) : Later Institute and Potomac Elec,
. Power Co, plan field measure-
ments.,
10, DickersonA' Potomac River "Alden Tes Field data by PEP Co, was not
Potomac Electric Power Co. Fredrick, N. J, obtained so as to be comparable
' : with model. '
11, Cronby ) Alden ?
‘Philadelphia Zlectric Co.
12, Cardinal Steam Plant Ohio River - Alden No
Ohio Power Co, :
13. Petersburg Steam Power Plant White River Alden No
_ Indianapolis Power & Light Co.
14. Oyster Creek Nuclsear Plant Barnegat Bay Alden 1 See also items 33 and 34,
' Jersey Central Power & Light Co., New Jersey ‘ ' A ’
15. Union Beach Nuclear Plant Aden , 7 See also items 33 and 34.
Jersey Central Power & Light Co.
16. Consuhers Power Co, Cooling Pond ' Alden ¢
: Midland, Michigan _
17. Valley Power Plant Menomonee River MIT Yes Ref. L7], Model Study. Report



Point Beach, Wisc.

) CHART III-A-1 (Cont'd) -
Plant Location Laboratory  Field Lata Remarks
18. Pilgrim Nuclear Power Station Cape Cod Bay MT 7. Ref. [8], model study,
Boston Edison Co, Pyymouth, Mass. :
19. Cumberland Steam Plant Cymberland River TVA Plannec.
Tennessee Valley Authority Later
20, Browns Ferry Nuclear Plant Tennessee River TVA Plannec
Tennessee Valley Authority Wheeler Reservoir Later
21, Arkansas Nuclear One Arkansas River H-R-S ' -1 Ref. [9]
The Arkansas Power & Light Co. (Dardanelle Reservoir)
Russellville, Ark,
22, Pittsburg Power Plant San Joaquin & Cof E Yes Report planned for publication
Pacific Gas & Elsctric Co. Sacramentc. Fiver San Francisco . later in 1970,
: Delta area : Bay model
San Frarncisco Eay
\ (estuary)
23, Montezuma Nuclear Plant ?
C Pacific Gas & Electric Co. 3
24, Allen S. King Plant St. Croix River SAFHL Yes Ref. [10], model study.
- Northern States Power Co. (Lake St. Croix) IR
o ‘ Bayport, Minn,
25, Madison Gas & Electric Co. Lake Monona Univ. Yes Ref. [11] and [12]
‘ Madison, Wisc, Wisconsin : '
26. -Weston PoWerplantA(j.jS M) Wisconsin River Univ. - Yes Field survey, summer 1969.
‘Wisconsin Public Service Corp. Rothschild, Wisc, ‘Wisconsin g Model study under way.
27. Point Beach Nuclear Plant (994 MJ)‘-Lle Michigan- Univ,
Wisconsin Electric Power Co. Wisconsin

9-1I11
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Field Data

L~1IT1

Plant Location Laboratory Remafks
28, Surry Nuclear Fower Station James River Cof E Planned Model study conducted'in exist-
. Virginia Electric Power Co. (Estuary) WES Later ing James River Model. Field
: dog Island study will be by Pritchard,
29, Salem Nuclear Generating Station Delaware River Cof E 1 Model study conducted in exist-
Public Service Electric & (Estuary) WES ing Delaware River model.
Gas Co, of Newark Artificial Island Ref. [13] ,
30. (may be alternate to 29) Delaware River Cof E 7 n
Public Service Elect & Gas (Estuary) WES -
Co. of Newark Cohansey River
31. 6 proposed and 11 existing plants Delaware River Cof E 1 "
. Philadelphia Electric Co. Trenton To WES
. Delaware Bay-
32. Tidewater 0il Co. Delaware River Cof E ? "
Delaware City, Del, WES ‘
33. 3 existing plants . Hackensack River Cof E ? Model study conducted in exist-
New Jersey Power & Light Co. (Lower part) WES ing New York Harbor model.
3. Proposed plant Raritan Bay Cof E 7 " |
- New Jersey Power & Light Co.. Conaskank, N, J. WES
35. Existing plant Narragansett Bay Cof E ? Model study conducted in exist-
Corps of Lkngineers Providence, R.I. WES ing Narragansett Bay model.
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{1] Effect of Indian Point Cooling Water Discharge on Hudson River
Temperature Distribution. Report submitted by Quirk, Lawler, and

Matusky Engineers to Consolidated Edison Company of New York, Inc.,
February 1969. (The report deals with a mathematical model, but
field data assembled in Figs. 1, 2, 3, 11, 12, 13, 14, and 17 with
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draulic model studies.)

(2] Hydraulic Model Study, Indian Point Generating Station, Part II.
Report submitted by Alden Research Laboratories to Consolidated

Edison Company of New York, Inc., covering studies conducted in
1965 and 1966, (The report deals with the first proposed enlarge-
went of the original plaut, Figures 10, 11, 12, and 13 contain
temperalure measurements with only the original plant lu vperalion
and can be compared with field data.)

[3] Moyer, S., and Reney, E. C., "Thermal Discharge from Large Nuclear
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(8] Harleman, D, R. F., and Stolzenbach, K. D., A Model Study of Proposed

Condenser Water Discharge Configurations for the Pilgrim Nuclear
Power Station at Plymouth, Massachusetts. Hydrodynamics Laboratory,
Massachusetts Institute of Technology, Report No. 113. 1969.

(9] Riesbol, H, S., and Wend, F. H., Therma-Hydraulic Study--Arkansas
Cooling Reservoir, ASCE Meeting Preprint 1136 (Memphis, Teunessee,
January 1970).

(10] Silberman, E., and Stefan, H., Effects of Condenser Cooling Water

Discharge from Projected Allen S. King Geunerating Plant on Water
Temperatures in Lake St. Croix. St. Anthony Falls Hydraulic Labora-

tory, University of Minnesota, Project Report No. 76, 196k.

(11] -Niemeyer, J. A., Modelling of Power Plant Cooling Water Discharges into
Lake Monona. M.S. Thesis, Department of Civil Engineering, University
of Wisconsin. 1969. 93 pp.
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(12] Zeller, R. W., Cooling Water Discharges into Lake Monona. - Ph.D.
Thesis, University of Wisconsin, 1967.  (Inis thesis reports on
~ field data from an existing plant and proposes a math model to fit
it.) : : .
(13] Simmons, H. B., ''Use of Models in Resolving Tidal Problems," Proceedings,
ASCE, Hydraulics Division, January 1969, pp. 125-146.
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B. Allen S, King Plant

The Allen S. King Plant is given as Item 24 in Chart III-A-l, Condenser
cooling water from this plant is returned via a surface discharge canal to Lake
St. Croix. The lake in the viecinity of the discharge is sketched in Fig.
III-B-1. Lake St. Croix is actually part of the St., Croix River, which forms
the boundary between Minnesota and Wisconsin and drains into the Mississippi
- River, where a dam controls the flow. This part of the river is called a lake
because at times other than during floods the average discharge is such that
mean velocities are of the order of 0.015 fps and the water surface is nearly

level.

The King plant has been in operation for two summers at its initial and
present capacity of about 550 megawatts, This requires somewhat less than
700 cfs of condenser cooling water raised 17° F, The plant was designed so
that the warm water returmed to the lake would be stratified for maximum sur-
face cooling. The plant operating permit requires that water at the discharge
point not exceed 86° F. Hence, cooling towers are used during adverse weather
conditions, With the use of cooling towers there is little stratification
during hot summer weather, However, permission was granted to operate the
plant without cooling towers for occasional one-day periods to collect field
data under adverse conditions. Data were collected during three such one-day -
periods in the summer of 1969, when the plant load was essentially constant
near the design capacity. Some isotherms from these field tests are plotted
in Figs.‘III-B_Z through ITI-B-5, Water in the discharge canal at the outlet
was about 10 ft deep under the test conditions, and the lake was 35 to 40 ft
deep.

A physical model study of the dispersion of warm watéer in Lake St. Croix
from the Kihg plant under stratified conditions was completed before the plant
permit was issued (Ref. [10], Chart III-A-1). In the model, salt and fresh
water were used to represent cool and warm water, respectively. Only surface
dispersion patterms were measured (by photographing dyed fresh water fromts),
and temperatures were calculated from the dispersion studies. Although a wind
of 6 mph was used in calculating temperatures, there was no wind in the model
studies, and the dispersion patterns apply to calm conditions. Figure ITI1-B-1
shows the surface dispersion patterms as solid lines for model conditions as
close as possible to those of the field studies indicated in Figs. III-B-2



ITI.11

through III-B-4, (Figure III-B-1l is not contained in Ref. [10], Chart III-A-1,
" but is taken from the original data from which that report was prepared.)

' '. Unfortunately, when the model study was undertaken, the detalls of the
discharge canal were not known. In building the model, the discharge point

. was éelécted about 500 ft.downstream from where it was finally constructed, and
the discharge canal was modeled to follow'a'stréight line from the plant to
this point. To make the model and‘field data comparable, the canal outlet and
dispersion pattern in Fig. II1-B-1 were shifted bodily by 500 ft to the north
and rotated by 28 degrees'so that the model outlet location and direction would
agree with those of the actual outlet. The broken lines shown the‘ﬁransposed
'dispersion pattern.v Only the two lines of equal time of dispersion closest to
the outlet are shown because the’ transposition of the patterns makes shore
interference effects too'great on the others; even the second line from the

outlet is probably incorrect because of these shore effects.

The contours in Fig. ITI-B-1 represent equal times of dispersion from
the end of the canal, If it is assumed that the stratification is strong
(large Richardson number), then there is little interfacial mixing beyond the
outlet and all heat loss is through the water surface. Under these conditioms,

the contours are also isotherms.

Figures IIT~B~2 through III-B-5 have been plotted by superimposing iso-
therms from field data over the transposed model isotherms so that direct com-
parisons can be made, The comparison are fairly good, espec1ally close to the
outlet, but they show immediately that winds, which were neglected in the model,
have a ver& important influence on surface spreading. Wind effects are espe-
cially prominent in Figure III-B-4, where the wind is blowing along the length
of the lake. Figures III.B-2 and III-B-3, in which the wind is not so direétly
‘along the length, show less influence of the wind. Figure III-B-5, obtained
from data taken 6n the same day as those in Fig. III.B-4, shows that at greater
depths, 5 ft in this case, the dispersion is little affected by direct wind
action, .(Model dispersion was constant with depth through thelstratified
layer because of the absence of wind .and the comparative unimportance of inter-
facial mixing and shear.) ' No field data were obtained at depths between 3 in..
and 5 ft, and so it is not known to what depth the wind influences the dis-
persion patterns.

: ApAinteresting anomaly is shown in Fig. III-B-5. Warm water has accu-
milated at a 5 £t depth near the north shore of the lake., This is apparently
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the result of down-welling due to the surface transport of warm water seen inm
Fig. III-B-4, The distorted isotherm pattern at the outlet may be evidence
of the return flow from this down-welling. A warm water pocket is also found
near the north shore in the measurements taken at 10 ft depth, but it has dis-
appeared in the measurements taken at 15 ft depth. No other warm water is
found at 10 ft, and none at all occurs at 15 ft. A similar anomaly may be
found in the data at 5 and 10 ft depths corresponding to Fig. ITI-B-2. This
may be a remmant of an earlier wind in another direction. (Many other inter-
esting phenomena, such as the c¢old water wedge at the discharge canal outlet,
may be found in the field data, but these are not direcily pertinent to the
dispersion study.)

The depth of the warm water layer was not measured in the model for the
field conditions corresponding to those in Figs., III-B-2 through ITI-B-5.
However, it was measured for condenser cooling water flow rates of 400 cfs
(winter) and 1500 cfs (two unité, ultimate plant). From these results, shown
in Table II of Ref (10], Chart III-A-1, it is estimated that the model would
have predicted depths of 3 to 4 ft close to the outlet and 1 ft near the far
shore with no mixing at thé outlet. Field data show the depth to have been
5 to 8 £t at the outlet‘and less than 5 £t further out, but there appears to
have been considerable mixing at the outlet even though a cold water wedge
occurred in the canal outlet for all field tests,

Temperature calculations in Ref. [10], Chart ITI-A-1, based on Fig.
III-B—i, were made assuming a dew ppiht temperature of 80° F, an ambient lake
témperature of 806 F, a canal outlet temperature of 97° F, a wind of 6 mph,
and no mixing at the canal outlet. Chart 19, Appendix H, of Ref. [10], Chart
III-A-1, shows the calculated isotherms (interpolated from the solid lines of
Fig. III-B-1 and others like them) for these conditioms. It should be noted
in Fig. III-B-4, for example, that even though the condenser cooling water
enters the canal at about 95o F as measured in the field tests, it has already
cooled to about 92° F at the canal outlet because of the wind and the low
humidity. In the model study calculations represented by Chart 19, no allow=-
ance was made for cooling in the canal, and adverse conditions were generally
selected for the model study report so that the worst possible temperature
distributions would be known. The model isotherm temperatures have been
recalculated using the method of Ref. [10], Chart III-A-1, for the field
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data shown in Figs. III-B-2 through IIT-B-4., Results are shown in the fol-

lowing table,

* TABLE III-B-1

CALCULATED - TEMPERATURES ON ISOTHERMS IN MODEL

" Canal -

Dilution Outlet” _ Isotherm

Water at Dew Ambient Temp. Isotherm  Farthest
Fig, Outlet due Point Lake after Wind Closest from
‘No.. " to Mixing Tgmp. Temp. - Miging" Speed to Ogtlet Ouglet
III. . cfs °F °F F mph °F F
B-2 350 73.5 78.0.  83.3 9 83.0 82.0
B-3 .350 65.0 79.0 87.7 6 87.0 85.5
B4 700 75.5 85.0 10  85.0 84,0

78.0

The rate of surface heat ioss appéars to be greater than would have been
, calculated,frdm the mpdel dispefsion patterns even for these less severe con-
ditions. ' There are several reasons for this. Perhaps the most important one
is that the model computations assume that the warm water is homogenéous for
the full depth of the stratified layer and that the layer moves at a unifornm,
average veloéity. In actuality, the warmest water is probably right at the
surface, with aecreasing temperatures to the bottom of the stratified layer,
and the warmest water near the surface is probably spreading more rapidly than
the underlying warm water because of its greater temperature and the surface
wind shear. If enough information were available to enable calculation of the
speed of the surface layer, a better calculation of the isotherm temperatures

could be made.

'Perhaps the most important conclusions to be drawn from the comparisons

~herein are as follows.,

1. It is very important to include provision for
winds in model studies of dispersion.

2. The physical model study would probably have
agreed with field data well enough under calm
conditions if measurements were available for
such conditions.

'3, Near the surface, field data should be taken at
depths spaced more closely than in the 1969 tests.



PRSP e
.- )\,d.uuab'..‘.“—u g

. .,‘,>.:'..’.'z-—-

;~" 4 Mo S S\ZLIL AN ,;'»'-'—5"‘.““’"1"
0 500 1000 \ y/’/ e
(P SRS WU SO S DU S| . ) \
. feet v . .
. . _ )

- |
! ' B
r- o /\
’ \‘
’ :
’
r . |
. o
/ /
/. 2
) _
i
[ o
' 2 Equal time of o |
1 , ~ Dispersion - g
1 _ |
y 4
' I d
‘ .

) '-")t\‘rr«;.
Model Lake Si. Croix Figure I{i-B-1
at A. S. King Plant

$1-II1 -



. Isotherms, 3 in. depth
Ambient Temp=-78"F

Field Data Lake St. Croix
at A. S. King Plant’
7/30/69

Figure 1II-B-2

GI1-II1



1000

Isotherms, 3 in. depth
Ambient Temp=79°F

. ,,.};
<TG -

¥ (\3\}9\ .
e

. S

. Field Data Lake .Sf. Croix
at A. S. King Plant
§/20/69

N .-)"’J.t ’
2 NN 2
LN AN AL AR .

Figure |11-B-2

91-I1I



Isotherms, 3 in. depth
Ambient Temp 78-79°F -

7

,ﬂﬂ\’\ﬁé\ ". . Field Data Lake St. Croix ~ Figure [11-B-4
e : : .at A. S. King Plant .
9/4/69

L1-111



_I;e.ofherms, 5 ft depth
‘Ambient Temp 79°F

Field Data Lake St. Croix
at A. S. King Plant
'9/4/69

’d

Figure 111-B=5

8T1-1I11




ITI-19

Cc. ‘:MAdisoh. Gas and Electric Company Plant -

This plant is identified as Item 25 on Chart III-A-l. Condenser cool-
ing water from this 190 megawatt fossil fuel plant is returnéd via two sur-
face discharge canals to Lake Monona., The lake in the vicinity of the dis-
charge iSvsketched in Fig. IIT-C-1. (It should be noted that the baffle is
in place in winter‘only to protect the ice surface and is removed in summer.)
The depth for the first 300 ft from the outlet is about 1 meter, but it then
drops rather rapidly to the order of 10 meters. A‘physical model was con-
structed to study proposed changes at the plant, particularly the effect of

"doubled heat rejection rates on dispersion and temperature patterns.

Two sets of summer field data were chosen for verifying the model, and
it is these data which are pertinent to this report. Table ITI-C-1l, from
Ref.‘fll], Chart III-A.l, tabulates field as well as model parameters used
in the comparison. There were two repetitions of the model tests for each
set of field data. Reference [11],-Chart III-A-1, states that these two sets
of field data were chosen for modeling because the winds on those dates (W
and SW) were such that wind currents could be reproduced in the model by ap-
propriate water discharges through the model. It was not considered feasible
to model other field data that were available because of the inability to

model wind currents,

A distorted model was used with a horizontal scale of 13100 and verti-
cal scale of 1:15. Heated water was used for modeling the discharge and ‘
the temperature was controlled by maintaining the densimetric Froude number
at the outlet the same in the model as in the prototype, and by requiring that

= __ 8ofp . The discharge from the canals occurred at densi-
model prototype

metric Froude numbers considerably larger than unity so that the discharge

was Jjet-like, The other modeling ratios are:

(Field Discharge) = 5,810 x (Model Discharge)
(Field Velocity) = 3.88 x (Model Velocity)
(Field Time) = 25,8 x (Model Time)

These ratios may be applied in Tables III-C-l1 and III-C-2.

Path lines were obtained by use of drogues for comparison between

field and mbdel. The warm water layers were measured at about 1 meter thick
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in the field (about 0.2 ft model) and the drogues were set to operate at
half these depths, Figures III-.C-2 to ITI-C-5 show the field test results
and corresponding model test results for the two separate model tests for
each field condition. The drogues were followed sequentially rather than
simltaneously so that there appears to be some crossing of paths.

In addition to path lines, comparisons consisted of field and model
measurements of directions of the jet centerline B , velocity along the
centerline, and temperature along the centerline, all at about mid-depth of
the warm layer. These quantities were measured against distance S along
the centerline and are given for field and modél in Table ITI-C-2 taken from
Ref. [11]. (Ths'angle B is measured clockwise from a hasa line normal to
the outlet centerline at discharge.) |

Isotherm maps at 0.1 ft depth in the model were also prepared, but ap-
parently there was a dearth of field data for comparison. The author of
Ref. [11] indicates that such correlations as he made were not good.

The model was also designed to reproduce winter conditions within the
baffle shown in Fig, ITI-C-1. There was some difficulty in obtaining the
density change in the model corresponding to the change in water temperature
which occurs on passing through 4° C, (The model was kept in a room at normal
temperatures, even though cold lake water was drawn into the model to repre-
sent ambient conditions.) A comparison between field and model was made for
vertical temperature distribution inside and outside the baffle along its
length. The comparison given in Ref. [11] is not good. Somewhat better
results were obtained in retests during February of 1970 in which the lake
surface was covered with a layer of insulating styrofoam. These resultls
were made available in a private commnication from Professor John A, Héopes
of the University of Wisconsin.

The methiod of operating the model was determined by cut and try to
make the model reproduce field cohditions as closely as possible. The model
was moderately sufcessful in doing this, as may be seen in Table ITI.C-2
and Fige, I11-C-2 to ITI-C-5., The oconolusion to be drawn is that a jet-like
discharge from a surface cooling water canal into a lake can be modelled
with some confidence, both as to the mean properties of the surface jets and
the depth of the warm water layer near the outlst. |
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TABLE ITI-C-1

GENERAL DATA SUMMARY
~ (Summertime Data)
(All Velocities and discharges scaled to model)

Date of model test

8-30-68

Characteristic Field Model Model
Nodelling the data of 8-30-66 — -
Lake temperature | 24.6°C 23°% 17°C
Livngst. outfall temp. 33.1% 32°C 27.7°%
Blount outfall temp, 30.7°C 28.6°C 24.,9°C
Livngst. discharge . 7.36 gpm 7.4 gpm 7.4 gpm
'Blount discharge 2.86 gpm 2.9 gpm 2,9 gpm
lake current velocity 1.6 ca/sec '1.7 em/sec 1.6 cm/sec
Date of model test — 8/30-68 10-5-68
Modelling the data of - 7-8-66 — -
Lake temperature 27.5°% 23% 19.5%
Livngst. outfall temp. 36.9°C 35°%C 32.9°C
Blount outfall temp. 33.5°C 30.3°%C 27.7%C
- Livngst. discharge 7.7 gpm 7.7 gpm 7.7 gpm
Blount ‘discharge 7.2 gpm - 7.2 gpn 7.2 gpm
~ Lake current velocity 1.8 cm/sec “1;§ em/sec 1.8 em/sec

9-10-68




TABLE III-C-2

JET CHARACTERISTICS

DATA SUMMARY

Simulation of 7-8-66 Field data

Livingston -

~ Blount

1; 8-30-68 Test data :
2. 9-10-68 Test data Note: Velocities scaled to model
S¢ , ft Yi ’ ftfsec 8, degrees | Tﬂ , °C |
Feld 1 2 Field 1 2 Field 1 = 2 Field 1 2
202 200 200 am 16 .8 0 119 125 none 28,5  27.5
305 300 300 207 13 .16 90 115 19 28.5 : 26.6
409 400 400 089 a1 b 90 1% 111 26,7 26.0
500 500 500 083 .10 4 % 9 95 26,7 25.9
600 600 08 .09 0 % 26,0  25.6
188 200 200 257 - 24 .2 90 70 -— - 27.5 26,5
281 300 300 135 .8 .22 88 69 6B ——-.  27.0 257
370 400 400 0% .08 .19 8L 63 66 — 205 255
581 €00 600 083 .08 .12 s 72 7 28 26,6 25.1
787 €00 800 076 - .8 33 65 €2 - 26,8  25.1

(Table III C-2 cont.)
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TABLE III-C-2 (Cont,)
JET CHARACTERISTICS

DATA SUMMARY
Simulation of 8-30-66 Field Data
1, 8-30-68 Test Data - _ ,
2, 10-5-68 Test Data. . Note: Velocities scaled to model
Sﬁ ,'ft‘> o YE , Tt/sec o . B deg}ees o T2 ,'°C
Fiela 1 2 Field 1 2 . Field 1 2 R 2
.| 200 - 200 200 187 12 .23 7 12k 15 27 26,7 23.6
§1 27 300 30 143 .10 .21 74 120 10 26,5 267 23.6
E% 393 400 - 400 S 105 .09 .18 69 112 103 26 26.7  22.6
3] 4 500 500 091 .09 16 - 65 91 93 25.5 26.0 21.0
566 600 600 038 .08 .12 62 86 84 25 255
200 206 200 - 110 .17 .21 none 79 | 0 26 27.6  23.0
| 30 300 300 051 .13 .20 nooo1 72 55 2.2 22,9
5| wo w0 400 048 10 19 "6 b 26 26,5 23,0
& 500 500 500 046 08 b "8 7 26 26.4
600 600 600 | 030 - . I 25 26,2 22.0 .

*Estimated

22,1
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D. Indian Point Station

. The Indian Point Station is given as Item 1 on Chart III-A-1, Con-
densér cooling water from an existing fossil fuel plant of about 285 megawatts
electrical capacity is returned via a surface canal to the east bank of the
Hudson River. The tide exerts an influence at this place in the river, and
surface temperature patterns due to warm water emission may be seen to wander
upstream and downstream with the tide.

‘ Field data on temperature distributions are presented in Ref. (1] of
Chart III-A-1l. Surface temperatures ﬁere obtained by Texas Instruments, Inc.,
on April 6, 1968, using radiometric instruments, They are given in Figs.
11-14 of Ref. (1] of Chart III-A-1l. Figure 13, representing conditions at
_‘mid-flood tide, is particularly useful because nearly corresponding hydraulic
model data were obtained during an earlier model program. The plant was at
full thermal load in the model study and was at full load in the field study
for 5 hours preceding the measuring time, following many hours at about 0.6
load.

The hydraulic model data presented in Ref. [2], Chart I1T-A-1, weré
obtained mainly for use in studying means of abating recirculation problems
associated with adding a unit to the plant. However, the model was run with
only the existing plant in operation in one series of tests, and temperature
data were recorded on 100 ft grids (50 ft in some places). Figures 10
through 13 of Ref. [2], Chart III-A-1, show these data at the surface and
at 2 ft, 5 ft, and 10 ft depths, respectively, for what is called "incoming"
tido, It ie assumed this means mid~flond tide. Since the model was being
operated to allow study of recirculation, the data cover an area extending
about 1300 ft upstream of thezdischarge canal outlet, but only 200 ft down-
stream, -Data-taking extended 600 ft riverward out of a width of about one
mile,

Comparison of Fig. 13 of Ref. [1], with Fig.10 of Ref. [2], Chart III-
A-l, shows considerable similarity,:although in some locations differences
~ are apparent also. In the model the temperature rise just outside thé out-
let has dropped to only about 4° F over ambient, even though the plant raised
-the temperafure'by 15.5° F, In the field data the closest isotherm to the
plant (on a smallescale map) is 8° F over ambient, However, in both caces
about 500 feet normal to the shore are required to reduce the temperature
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rise to 1° F. In the model study the upstream rise is limited to just over
2°F everywhere, siﬁce all warmer water apparently is being mixed and carried
downstream. In the field data, regularly spaced isotherms extend upstream
beginning from the 8° F maximum, Because of the short downstream distance in
the model, nothing can be said about comparisons in this direction.

Field data obtained by Northeast Blologists, Inc., using temperature

. sensors located on a grid plan to provide both surface and sub-surface records
are also presented in Ref. [1], Chart III-A-1. (Only a small portion of the
data is presented in this reference.) Figuresgl and 2 show average data over
one tidal cycle for surface dispersion on two different days. These again
are qualitatively similar to the data in Fig. 10 of Ref. (2], Chart ITI.A.1,
showing the 1° F temperature rise curve about 500 to 600 ft riverward from the
outlet., The temperature rise extends almost symmetrically upstream and down-
stream from the outlet, contrary to the pattern in the model, which shows
little rise upstream even though the model was operated under flood tide con-
ditions. Figure 3 of Ref. [1], Chart ITT-A-1 shows isotherms in a vertical
cross section opposite the outlet for early flood tide, Model data from
Figs. 10 through 13 of Ref, [2], Chart III-A-1, may be superimposed on

Fig, 3. When this is done, the comparison is again qualitatively correct,
although it does seem that the model surface temperatures mnear the outlet

are too low. -

The conclusions to be drawn from this comparison are that the model and
the field data are qualitatively comparable, but that there was apparently
too much mixing near the outlet in the model. A somewhat stronger stratifi-
cation appears to have occurred in the field than occurred in the model, and
this permitted the warm water to float upstream with the tide in the river
but not in the model. ” |

E. Chalk Point Steam Power Plant

This power plant at Chalk Point is Item 8 in Chart III-A-l. A fossil
fuel plant of 710 megawatts electrical capacity in two units has been in
operation since late 1964 on the west bank of the Patuxent River near Bene-
dict, Manyiand. At this point, the Patuxent River is an estuary, since it
is influenced by the tide and at the same time has a density profile produced
by salt water underlying fresh water. The mean tidal range is about 1.5 ft
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near the plant. 'With two-unit operation, about 1100 cfs of -condenser cooling
water ralised about 11.5° F is required for summer operation. The cooling
water intake is a short distance downstream from the plant and the diécharge.
canal outlet is upstream, about 9000 ft from the intake (about one tidal ex-
cursion). The discharge canal projects upstream into the river for about
1000 ft from shore, with raised banks maiing a 45° angle with the shore.

The river depth is generally 10 ft or less except in the navigation chammel,
and the average flow is several tehs of thousands of cfs,

A hydraulic model study of the plant intake and discharge canals and
of a section of the river extending about 20,000 ft upstream and downstream
was conducted before the plant was built (Ref. [6], Chart III-A-1). The
model scale was 1:300 horizontal and 1:30 vertical. The primary purpose of
the model was to study recirculation, and so temperature isotherms in the
river obtained in the model are largely for the area between intake and dis-
charge., One set of isotherms is presented upstream of the discharge canal,
and a few downstream ﬁemperatures are presented for oyster bed locations

near both shores. Model data are largely for two-unit operation. -

The model was operated with homogeneous fluid except that the condenser
discharge water was heated. Model data reduction was accomplished through
the use of the unmodified Froude law. No account was taken of either the
horizontal salinity gradient between intake and discharge or the vertical
salinity gradient, and heat was used largely as a fluid marker, much as
dye was used. It was easier to get numerical data from temperature probes
than from any type of dye concentration probe. . The heated discharge did
rise to thg surface, of course, and, depending on the tidal phase, became
more or less well mixed with the estuary waters,

Field data were obtained by persommel of the Chesapeake Bay Institute
during the period September 26 to October 4 1967 for a stretch of the
 Patuxent River from about 6 miles upstream of the Chalk Point plant to
about 3.5 miles downstream while both units were in operation. The data are
summarized in Ref. [5], Chart I1I.A-l., These field data were obtained to
check a mathematical model of the plant operation rather than the hydraulic
model. Althbugh~there are some points of cbmpariéon with the hydraulie
model, comparisons are difficult because of the limited objective of the
model study and because salinity effects were excluded from the model., (It
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is podsible that additional field data may have been obtained by the owner,
Potomac Electric Power Company, but no access has been had to those data if
they exist., In any event, the last-mentioned difficulty with the model tests
would still exist in comparison with any other field data.)

Field temperatures were obtained by continuous sample withdrawal from
0.5 meter depth as a boat traversed across the river. Traverses were taken
. at ten sections: two between the intake and the discharge, five above the
discharge, and three below the intake. Temperatures were recorded as a func-
tion of time for a three- to four-hour period on each of two or three days
during the test period at each section, the recording period being chosen to
include the passage of a temperature front due to tidal action, Temperatures
were recorded as excesses over a base temperature for the given phase in the
river at a given time. Basa temperatures were determined through a complex‘
analysis of the temperature records and through the use of surface cooling
data obtained in the hydraulic model study.

It is reported in Ref. [5], Chart III-A-1, that vertical temperature
profiles were also obtained to determine the representativeness of the sur-
face traverses. 'The vertical profile data are not reported, but the follow-

ing is a. sumary of pertinent information.

Within about 500 yards of the discharge, there is mo
significant vertical temperature variation. This result
is expected because of mixing at discharge where the
speed is about one fps (densimetric Froude number approxie
mately unity) and because .the condenser cooling water is
drawn in at a salinity excess of 1.0 to 1.5 per cent over
the normal salinity at the discharge point. This result
is in disagreement with the hydraulic model tests, which
show maximum temperature at the surface, because there
was no salinity difference in the model.

Upstream of the discharge point, the cooler temperature
is at the surface because of cooling to the atmosphere as
the water is convected upstream by the flood tide. The
temperature excess near the bottom is estimated at 25 per
cent greater than near the surface. This result is also
in disagreement with the hydraulic model result, which
shows maximum temperature at the surface, for the same
reason as above, '

Downstream of the discharge point, the susface waters
are warmer than the deeper waters by 2 to 3~ F within the
first tidal excursion and 1~ F within the next. These
excoss surface temperatures account for the net convec-
tion of heat down the river. .These results are in partial



ITI.33

agreement with the hydraulic model results insofar.as
it is possible to check them. (Ref. (6], Chart III.A-1,
Fig. 3 and Appendix A-2, for example.) '

Qualitatively, the surface temperature patterns are similar in'model
and field in that higher temperature water is shown to be carried upstream
on flood tide and downstream on ebb tide. However, there are very apparent
discrepancies in details. Figure 3 of Ref. [6], Chart III-A-1, shows sur-
face isotherms (and also isotherms at the 5-ft depth) in an approximately
13,000 ft reach from just beléw the'intake‘to just above the discharge at
ebb tide. Figures 7 and 8 of Ref, (5], Chart III-A-1, give surface temper-
atures obtained in the two cross-stream traverses in this reach for the chan-
nel center and for each bank throughout a quarter tidal cycle. Comparison
at ebb tide shows that the temperature rise af midstream is less in the
model and that there is little change between midstream and banks in the
model, whereas there is considerable such variation in the field data. Un-
fortunately, the model data used in this comparison were taken from an early .
phase of the model study when the discharge canal outlet had not yet been

placed in the position it now occupies.

A somewhat similar comparison can be obtained upstream of the discharge
for a slack water period following flood tide. Figure 6 of Ref. (6], Chart
III-A-1, gives surface isotherms (and isotherms at the 5 ft depth) for the
model extending about 12,000 ft upstream from the discharge canal outlet,
while Figs. 12 and 13 of Ref, C5], Chart III-A-1, give field data for two
sections in the reach covered by the model figure. Again, field data are
given on the surface as a function of time forlmidstream and at the two banks.
In midstream, model and prototype temperature rises are comparable (but
vertical profiles are not, as.previously noted), but again‘the field data
show temperature variations across the stream which are more prominent than
in the model. Measurable temperature effects in the model extend upstream
beyond the limits of the model, as do the field data. ‘

Model data for éurface temperatures at two points, one near the east
bank and one near the west bank, about 24,000 £t downstream of the discharge
point in Tables A-2-a, b, c, and d for Ref. [6], Chart III-A-1 can be com-
pared with the surface temperature data given in Fig. 11 of Ref. (5], Chart
IIT<A<1l, Field temperature excess is measured at about 2°.F and model excess
at about 1° F, Temperatures near the bottom were also measured in the
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model at these same points and are nearly equal to surface temperatures at
all times.

In the field tests an estimate of recirculated water quantity was made
using Rhodamine B dye. Recirculaticri was estimated at about 9.5 per cent.l
In the model it was determined that intake temperatures would be increased
by 1.0 to 1.5 degrees F due to recirculation, and this can be considered to
. be comparable with the field measurement.

An interesting anomaly mentioned in connection with wind currents in
Section B of this chapter can also be detected as a result of river currents
in the hydraulic model tests of the Chalk Point Plant, Temperatures were
measured at two locations a few hundred feet apart just upstream of a point
Jutting out from shore near the east bank about 17,000 ft downstregm from
the discharge point. Measurements were taken near the surface, near the

bottom (6.0 to 7.5 ft depth), and near mid-depth. Tables A-2-a through
| A~2«d of Ref. [6], Chart III-A-1, show that temperatures at mid-depth, parti-
cularly, and also near the bottom are considerably greater than the surface
temperatures near the end of and following ebb tide. This can be looked
upon as the result of downwelling due to river currents flowing against the
point,

It can be concluded that although some measure of qualitatiﬁe agreement
between model and prototype was obtained, this was no more than could have
been expected intuitively. The model was not operated in a mammer that
could be expected to produce quantitative comparisons with field temperature
measurements, and so the comparisons were not good. Even in this estuary-
type flow, where mechanical mixing is quite important, it is still necessar&
to consider density variation a dynamic variable in plamming a model study.
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Iv. STATUS OF HYDRAULIC MODELING OF THERMAL PLUMES
A, General Raquirements for Plume Models

It may be seen from the preceding chapters that hydraulic models of
thermal plumes may serve several purposes. It is equally apparent that a
sihgle model cannot always serve all purposes. The case studies referred to
in Chapter III, for example, were largely applicable to the far field, even
‘though this was not always recognized by those conducting the studies. |

To completely model a given plume, it is ideally necéssary to model
three regions--the near field, the joining region, and the far field. These
may be differentiated by the physical phenomena which they do not hold in
common., In the near field (close to the outiet), entrainment of ambient
fluid is very important. In the joining region, entraimment is still impor-
tant, but buoyancy, surface cooling, and convection are also important. In
the far field, it is surface cooling, diépersion, and convention which are
most significant. ' A

In most situations these regions camnot all be combined in one physical
model because the vertical scale of the model needs to be large enough to
allow room for differentiating stratified layers, to prevent surface tension
forces from controlling the dynamics of flow, and to assure turbulent
Reynolds numbers. If the horizontal scale were then the same as the vertical
scale, the model surface area would be so large as to make the model un-
wieldy and to defy placing it under a roof where the environment could be
controlled. By modeling separately the far field, which occupies by far
the largest part of the area, a distorted model can be used, thus reducing the
required surface area. Entrainment, however, as seen in Chapter II, can only
be modeled at an undistorted scale. Hence, at least one other model is re-
quired to cover the near field and the part of the joining region where en-
trainment is important, ' | '

Since entrainment alone is the outstanding characteristic of the near
"field, it can be modeled very simply. :It is. only necessary to_maintain
‘geomstric ratios and to use two miscible fluids of differenmt densities (for
example, fresh water into salt water or helium gas into air) to model
densimetric Froude number. Such a simple model cannot include the Joining
reglon, however, because of the other physical phenomena which become
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important there. By usiﬁg a more complicated model, the near field and
Joining region may be combined so that a minimum of two models could suffice
for a given plume. Table IV-A.l summarizes some of the modeling problems.

" When parts of a plume are modeled separately, it is very important to
place the proper boundary conditions on the separate models. Unfortunately,
this is not always easy from a practiéal point of view. The importance of

- boundary conditions at the end of the nea:‘field as determined by the joining
région is illustrated in Fig. II-13, for example. As another example, in
the far field the initial thlckness and momentum of the plume are determined
by the end conditions in the joining region.

It should nol be nscessary ln vvery case tuv make hydraulic models of
all reglons of a plume., It might be possible, for example, to model only
the near field and joining region and to use a mathematical model for the far
field. Or it might be possible to construct only a far field hydraulic
model, using arbitrary thickness, momentum, and densimetric Froude numbers
as input from the ummodeled joining region. Unfortunately, as discussed in
Section F, Chapter II, not enough numerical data are at hand to make this
procedure really practicable., It is just this sort of partial modeling which
is réquired, however, for obtaining numerical values of pertinent parameters.

B. Practical Considerations in Hydraulic Modeling

Apart from the theoretical and technical considerations which were out-
lined in the previous secticn, there are certain practical considerations
which control the kinds and --umbers of models that can be built and which
limit the number of details that can be studied. One of the most important

of these is cost.

There are many variable factors which determine the cost of a hydraulic
model study. Model construction may involve temporary housing for the model
and new heating facilities for producing warm water. In another situatlom,
the model may be placed in an existing space and require only a heat exchanger
for obtaining warm water from an existing heating facility. In some models
the atmosphere over the model may be controlled; in others, it may be ig-
nored. Many model study costs are hidden by re-using existing facilities
or by drawing on engineering talent of the sponsor. Finally, it is almost’
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TABLE IV-A-1

Most Important

Important

Model - Physical Phenomena Parameters* " Remarks
Near Field Entraimment ' Geometry; densimetric Froude Can be modeled ﬁith any
(Outlet Region) no.; local Richardson nos.} two miscible fluids of
. boundary conditions at end different density., Un-
of model distorted scale required.

Joining Region Entrainment Boundary conditions at up- May be combined with
Buoyancy stream and downstream ends near field model to
Surface Cooling of modelj rate of surface eliminate problem of
Convection cooling; local Richardson

Far Field

Surface Cooling
Convection

~ Dispersion

nos.; pre-existing strati-
ficationg pre-existing
currents; wind

Boundary conditions at up-
stream and downstream ends
of model; rate of surface

.cooling; densimetric Froude
‘no.; pre-existing currents;

wind :

upstream boundary
condition. This com-
plicates the near field
model.

Distorted‘model'usualiy
required, Latter part
of joining region may be

" placed in far field:

model, but. combination

. with near field is

impracticable.

*It is assumed that suit-
ably large Reynolds num-
bers are obtained in sach
case,

AT
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impossible to obtain financial records of projects from organizations con-
ducting model studies.

Some cost data are available for the model studies associated with the
Allen S. King Plant discussed in Chapter III, There were two separate models,
first a far field model and then a detailed model of the discharge canal and
outlet, The far field model was placed in a tank 17 ft by 50 ft in plan.
~ The horizontal scale was 1:500 and the vertical, 1:30. No provision for
control of the atmosphere was made and fresh and salt water were used as the
experimental fluids., It was neéessary to build a salt water mixing and cir-
culation facility. This far fleld study cost about $42,000, of which about
$15,000 went into conétructing the model and appurtenances for controlling
and recirculating salt water. About eight months were required from begin-
ning of the model study in July of 1964 to delivery of the final report.

The discharge canal model was constructed at a uniform 1:40 scale and
included 2000 ft of canal, It used warm and cool water. The warm water was
obtained by heat exchange from the building heating plant; the model was
ope;ated mostly during the summer. The cost of this model study was about
$28,000. - A more modest study of the outlet only would cost conéiderably
less, of course. These studies at 1970 prices would probably cost a quarter
to a third more.

The use of fresh and salt water in a model is advantageous in cases
where heating requirements would otherwise be very great. Modeling heat
loss is very difficult when using salt water and is usually accomplished
by calculation. Conductivity probes used for measuring salt concentration
are a little more cumbersome to use than are thermistor or thermocouple
probes. Also, there are corrosion problems associated with models using
salt water. The model must be continually inspected and repairs have to be
made often to pre#ent damage to adjacent equipment. The model has to be
destroyed when funds are no longer available for its upkeep.

- A model using warm water is capable of meeting the technical require-
ment for properly modeling surface cooling. However, use of warm water also
requires that the bottom and sides of the modeling basin be insulated.
Otherwise, heating of the bottom could easily upset the model balance. In
controlling surface cooling, shifting the operating temperature range with
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respect to equilibrium temperature over the model is useful, but care must be
taken to maintain the proper denslty differences in the water..

If photographic records of flow patterns are to be taken, the color and
texture of the model is of importance, ‘

C. What Can Be Accomplished with Hydraulic Model Studies

It is desirable to look at the possiblé uses of hydraulic models for
studying thermal plumes by considering each reglon of the flow separately.
For the far field, the discussion will be limited to the lake situation.

The Near Field - Models are partigularly useful for complicated outlet
geometries at specific sites. They can lefine the trajectory of the plume .
and show the possible ranges of heat spread, as well as temperature and
velocity distributions in the plume for given input and outlet conditions.
‘They are useful for both submerged and surface buoyant Jets.

Models may also be used to study the fundamental physics of the near
field as was outlined in Chapter II. They can reproduce mixing and entrain-
ment as a'function of geometry and other variables, and provide numerical
values to be used in estimating boundary conditions for a subsequent model
of the Joining region.

Modeling in the mear field requires only that the scale be undistorted,
that the Reynolds number be large enough to create turbulent flow, that ﬁhe
densimetric Froude number be specified, and; in some cases, that the end |
boundary condition be known. If there is a current past the outlet, the
~ordlpary Froude number may also have to be specified. |

The Joining Region - The rising plume from a submerged outlet is bart
of the Joining region and is subject to atudy in an undistorted model.
Several model studies of this phenomena were listed in Chapter II, Section C.
Models in the joining region also define the trajectory and spread of the
plume between a surface outlet or rising plume and the far field. Little
separate attention has been paid to modeling in this region, the joining
region being tacitly included in either near or far field models. It is
better included in the former because of the undistorted scale, but then
the additional physical phenomena listed in Table IV-A-l must be considered.
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‘The Far Field < A model of the far field in a lake situation may be
expected to define the spreadihg pattern for heat, given the densimetric
Froude number and the input conditions to the plume in the far field. How-
ever, there are many secondary problems in far field modeling which must be
considered. These have already been discussed and include surface cooling,
pre-existing stratification, pre-existing currents, and wind currents. All
far field models for a given demsimetric Froude number and given input con-
ditions are alike as long as the physical boundaries are remote from the

plume,

Far field models may alsn be used to obtain mumerical valnes for verti.
cal and horizontal eddy diffusivities in plumes and for studying the effects
of wind and other currents on plume development. It is a moot question as
to whether numerical values for diffusivities in a model are comparable with
field values. This subject was mentioned in Chapter II, Section F.

'D. Requirements and Possible Goals for Future Model Studies

In the previous sectibn, the general utility of hydraulic models was
summarized., .It is obvious from that summary and from the case studies re-
viewed in Chapter IIT that hydraulic modeling of thermal plumes is not
merely an application of a set of scale ratios, but requires Jjudgment as to
thelphenomené to be modeled. Comparisons between model and prototype are
more likely to be qualitatively than quantitatively correct at the present
state-of-the-art. It is also evident from the review in Chapter II that,
although the basic physical phenomena associated with thermal plumes are
now apparently understood, not enough well-controlled model studies have
been conducted to make possible the tabulation of numerical coefficients for
use in the applicable equations and the extension of the coefficients to full-
scale problems. What can be done to.improve this situation?

First, more comparisons between field data and model study results need
to be made, with complete analysis of the data and with special attention
given to some of the detailed points enumerated in the remainder of this

section. Such comparisons should be given high priority.

Secondly, a piogram of fundamental studies extending those already
described in Chapter II needs to be carried out to determine the importance

and influence of each of the dimensionless numbers in each region of the
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flow on the flow pattern. Numerical valﬁes of coefficients and ranges of val-
ues-ofAthe various parameters are needed, Spécifically, the following topics
for further study in hydraulic models can be listed by regions in the flow:

Near Field

1. The parameters which control entraimment near a sur-
face buoyant jet outlet are still not completely known.
It is therefore impossible to specify entrainment
coefficients in that region. For high enough densi-
metric Froude numbers, modifications of the results
for submerged, buoyant jets can be used, but as the
densimetric Froude number decreases, the feedback
from further along the jet and perhaps other factors
become important. Wada [65] has attempted to relate
entrainment to the local Richardson number in this
region, but finds that the relation is non-unique.

In any event, the local Richardson number is not a
practical parameter to use since it has to be deter-
mined as part of the flow solution. More information
is needed on entraimment for the surface buoyant jet
both for constructing future hydraulic models and

for use in mathematical models.

2, As was brought out in Chapter II, the bottom
slope of the receiving body of water, if it is
flat, can have great influence on entrainment
and spread of a surface buoyant jet near its
outlet. The effect of slope has hardly been
considered in previous works and requires de-
tailed model study to determine its effect on
entrainment and spread. .

3. In the past, it has been tacitly assumed that
an outlet canal is little affected by the angle,
other than the 90 degrees its centerline makes
with the shore. This assumption may be incor-
rect; secondary currents, for example, may be
introduced by such a configuration. Additional
secondary flow problems are probably created
when both a bottom slope and shore angle other
than 90 degrees occur together. Because of lack
of symmetry, it may be difficult to specify
numerical values for entrainment coefficients
and other parameters in these cases, but the
problem should be studied further.

L. Although some work has been -done for -discharge
of submerged buoyant jets into receiving water
which is already stratified, additional research -
has to bo donc on this problem for a broader
range of the controlling dimensionless parameters.
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Similar research is required for the surface
buoyant jet case. Entrainment, plume trajectory,
and spread parameters need to be studied.

5. It has been stated that if Reynolds number is
sufficiently large, it should have little ef-
fect on mixing at an outlet. It is still
necessary to define more precisely what “suf-
ficiently large" is in the case of both sur-
face and submerged buoyant plumes, in spite
of some work that has already been done.

And, if the model Reymnolds number cannot be
made “sufficlently large," the effect of
that parameter on comparison between model
and full-scale entrainment must be known.

Joining Region

6. A problom that hac not been studied suffi-
ciéntly concerns the transition from a ris-
ing plume issuing from a submerged outlet
to the essentially horizontal plume of the °
far field., It is especially important to
be able to predict the thickness and tem-
perature of the initial horizontal plume.
To do this, entrainment in the rising plume
must be known as a function of several
pertinent variables, including the relative
depth of the submerged outlet. Secondary
influences on the rising plume such as
cross currents and bottom of¥ other solid
Jboundary proximity need to be considered.

7. By definition, the joining region continues
until entrajinment is relatively unimportant.
.In a prototype, such a definition is of no
importance. In a hydraulic model, however,
it is necessary to recognize this limit be-
cause it marks the Lrue beginning of the '
region where a distorted model may be ap-
plied. It is necessary to study entrain-
ment (as well as interfacial friction and
other plume characteristics) in the joining
region to find parameters which will define
the beginning of the far field. In the
same context, it is also important to know
what influence feedback from the far field
has on fixing the terminus of the joining
region.

Far Field
8. In a prototype thermal plume, the plume

eventually becomes undetectable because
of surface cooling and dilution by
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mixing and spreading. In a hydraulic model,
even with distortion, physical size limita-
tions frequently prohibit reaching the de-
tectable limits of the plume in a steady state
situation. It is then necessary to know what
boundary conditions are to be applied in the
model to substitute for the correct boundary
conditions on surface cooling and mixing in

the prototype. Furthermore, by distorting the
far field model, the necessary boundary condi-
tions are complicated by altering the horizontal
gradients of surface cooling and of density.
It may be useful under these conditions to simply
by-pass these surface gradients by modeling the
no cooling case (TE = To or fresh water into

salt water) and then calculate the effects of
cooling. The quantitative laws for applying
boundary conditions in physical models of the
far field require detailed investigation..

Another problem requiring study in connection
with surface cooling involves the techniques
for reproducing in a hydraulic model the sur-
face cooling and other surface thermal effects
that occur in nature. Is it sufficient, for
example, to simply produce in the model the
equilibrium temperature of the prototype at-
mospherée? Or must radiation effects in depth
be modeled also? '

It has seemed to investigators of far field
thermal plume problems that it is . reasonable

to ask. for numerical values of horizontal and
vertical eddy diffusivities. Yet, repeatable
values 'have not been obtainable from different
hydraulic model tests. The reasons for this
were speculated upon earlier, but the fact
remains that it is still desirable to attempt

to obtain numerical values for these coeffi-
cients. One of the problems has been the lack
of data on velocity profiles and eddy viscosities.
Since these may differ from one model to another,
such data should be obtained at the same time

as temperature profiles are obtained to define
local Richardson numbers. A further problem is
that it is not really known whether diffusivities
obtained from a model have a definite, scaled
relation to those obtained from a prototype, and
this problem requires further investigation.

It has been customary to think of the far field
as a two-layered, density stratified problem.
Although prototype plumes are frequently of this
type, they need not be. Density gradients will
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exist over part of the depth. An exact hy-
draulic model would reproduce such prototype
conditions, of course. But since models

are far from exact, the influence of such
density anamolies on model results obtained
from two-layered systéiis need to be cone
sidered or else means of operating models
with anamolies have to be found.

Some investigations need to be conducted
on viscous shear in the far field. It may
not be of importance, but existing experi-
mental results cannot be used to support
or refute this suppositlon.

The question of the importance of Reymnolds
nunber arises in the far field as it does

in the near fleld. Viscous shear discussed
in item 12 is undoubtedly related to Reynolds
number. Barr®s congruency diagrams (3] have
been referred to previously as providing a
basis for estimating when the Reynolds number
is large enough to neglect in the far field.

- But these have been determined for a slightly

different physical problem--lock exchange flow
using fresh and salt water in two dimensions
only--and require verification for the appli-

_cation to thermal plumes. These diagrams

are also said to be useful for correcting
for too small a Reynolds number by using
an appropriate distortion. This applica- "~

. tion, too, requires verification.

It has been ¢bserved in Chapter III that
wind currents, especially, are responsible
for difficulties in comparing model and.
prototype results. No model studies have
been conducted on wind or other currents.
Tt is necassary to develop techniques for
representing wind effects in producing
currents in model studies. This must be
done without upsetting the surface cooling
modeling distussed earlier. This problem
is applicable to joining region models as
well as to those of the far field. Methods
for modeling other pre-existing currents
also need to be developed.

Finally, one of the real problems in hy-
draulic modeling is the tediousness asso-
ciated with acquiring data, especially
velocity data. Techniques have to be de-
veloped for obtaining velocity or momentum
spread data at least as rapidly as data
for heat or mass spread.
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Not all of the research topics stated above are of équallimportance.
In the near field and joining region, the most important problems are those
asébciated with entrainment (items 1 and 7), and study of these could well
be undertaken in a single research project. The remaining items in the
near field are probably in the approximate order in which they should re-
. ceive attention, although item 5 on Reynolds number effects could well be
studied in a combined project with items 1 and 7.

In the far field, questibns on boundary conditions (item 8) are of
.fundamental importance. Research on modeling wind currents (item 14) is of
importance in modeling specific sites. These should receive considerable
priority'in experimental studies. Probiems in diffusivity, eddy viscosity,
and interfacial shear (items 10 and 12) have been under study togéther at
the St. Anthony Falls Hydraulic Laboratory (Ref. [67]), and application for
further support of the work has been made. vReynolds number effects (item
13) are still under study by Barr and his colleagues at the University of
Strathclyde in Glasgow? Scotland, '

Several other individuals and laboratories have been engaged in exw .
perimental work on some of'these topics. Since their work was referred
to in Chapter II, no further listing will be attempted here. Mast of the
installations participating in earlier work have certain facilities, equip-
ment, and instrumentation available and, generally speaking, they would be
in the best position to undertake further experimental work. Iﬁ mst be
récognized, however, that some of the problems discussed may not be capable
~of being completely answered, considering the present state of knowledge,
regardiess of who or what installation performs the research. Partial

answers, where complete answers cannot be obtained, will be useful, however.
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