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ABSTRACT

The investigation deals with the scaling effects that arise when the
spread of cooling water is studied in a physical model with different
horizontal and vertical length scale ratios. The investigation is
limited to surface discharges under stationary conditions. Froude

and Reynolds modelling practice is presumed.

Different physical processes of importance are studied and the
effects of distortion are evaluated. The analyses show that two-
dimensional jet diffusion, buoyancy spread, and convective heat
transport can, under certain conditions, be accurately reproduced
in a distorted model. A three-dimensional nonbuoyant jet will, how-
ever, have a centre-line excess temperature that is too great by a
factor of (?\V/?\h)l/z. (XV, lh
scale ratios, respectively). For correct modelling of ambient diffu-

being vertical and horizontal length

sion special calibration is necessary.

Analytical solutions to the spread of a buoyant surface jet indicate
that the centre-line excess temperature will be too great by a factor
of (7&‘7/?\]&)1/3, Calculations using the Prych numerical model give
similar results for discharges with high outlet densimetric Froude
numbers but show also that a good agreement between model and
prototype is achieved for discharges with a low densimetric Froude
number. Analyses of laboratory experiments confirm these theoret-

ical results.

For a distortion of eight, the areas within isotherms can be as much
as 4-6 times too great. If the receiving body of water is shallow,
then a better agreement between the model and the prototype can be

achieved.

Model-prototype comparisons show that a good agreement between
the model and the prototype often demands the model to be calibrated

for ambient diffusion.

Key words: Cooling water, warm-water discharges, distortion, phys-

ical models, effects of distortion, jetdiffusion, ambient diffusion.
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PREFACE

The purpose of this work has been to present results and ideas
useful for designing as well as evaluating physical model inves-
tigations of the spread of cooling water from thermal power plants.
Modelling of surface warm-water discharges is very complex, and
a wide variety of physical processes have to be considered. Some
of these processes have been treated rather from an engineering
point of view than in a scientific way so that practicable results

could be obtained with reasonable efforts.

The work was initiated by an investigation of cooling-water dis-
charge from the Oskarshamn Nuclear Power Plant that was per-
formed at the Department of Hydraulics, Chalmers University of
Technology, by thé late Professor Lennart Rahm and myself
(Rahm and Higgstrém 1976). The physics of modelling warm-
water discharges was not well known. Therefore, considerable
effort was spent on transforming the results of the model inves-~
tigation into prototype conditions. This part of the study was
partly supported by the National Swedish Institute for Building
Research (Haggstrom 1973).

Since then I have performed a more thorough study of the prob-
lems of distorted models, which gives more general information

than was obtained in the first studies.

My present adviser, Professor Anders Sjoberg, gave valuable
comments and encouragement during the late part of my work.
Mrs. Gota Bengtsson and Mrs, Ann-Marie Holmdahl patiently
typed my manuscripts during a period of several years, however,
not continuously. Mrs. Alicja Janiszewska drew the figures and
Mrs. Gerd Eng corrected the language. To those and to all others

involved in my work I am very grateful.






SUMMARY

The present investigation deals with the scaling effects that arise
when the spread of cooling water is studied in a distorted physical
model, i.e. in a model with different horizontal and vertical length
scales. The investigation is limited to surface discharges under
stationary conditions, Common practice of modelling according to

the Froude and Reynolds modelling laws is assumed.

The effects of distortion on the spread of warm water in a physical
model are evaluated by means of the method of inspectional ana-
lysis based on the equations describing the studied phenomena in the
model and the prototype, respectively. A comparison of the obtained

expressions for the variables then gives the effects of the scaling.

In Chapter 2 different physical processes are studied and effects of
distortion evaluated. The aim of this chapter is mainly to improve
the understanding of the physical modelling of these processes. The
analyses show that two-dimensional jet diffusion, buoyancy spread
and convective transport in principle can be correctly modelled with
independent vertical and horizontal length scales, that is in a dis-
torted model. Three-dimensional jet diffusion will, however, give
centre-line excess temperatures that are Xi/z . 7\];11 /2 too great in
a distorted model ()\V and ?\h are vertical and horizontal length
scales, respectively). Special calibration is necessary for correct

modelling of ambient diffusion.

In Chapter 3 analytical solutions to warm-water discharges in a
deep stagnant ambient body of water with no ambient diffusion are
studied. The effects of distortion are evaluated using these sol-
utions and the most reliable one give centre-line excess tempera-

tures that are too great by a factor of )\1,/3 . 7\];11/3.

In Chapter 4 the PSD and the Prych models are used for calculation
of the effects of distortion on warm-water spread in a deep re-
ceiving body of water. The results show that the discharges with

a high densimetric Froude number are more affected by distortion
than those with a low one and also that the outlet shape is an import-
ant parameter, giving the best agreement between model and proto-

type at large width to height ratios of the outlet.
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In Chapters 5 and 6 laboratory experiments and model-prototype
comparisons are employed for the estimation of scale effects. The
laboratory experiments where no ambient diffusion was present
show that the effects of distortion are negligible for discharges with
low outlet densimetric Froude numbers (FAz 1.4) and that the ef -
fects as evaluated by Engelund s moderate Richardson number the-
ory were of the right order for discharges with high outlet densi-
metric Froude numbers (FA,>/ 8). The model-prototype compari-
sons show that special attention should be paid to the reproduction

of ambient diffusion.

Effects of distortion will significantly affect the results of an inves-
tigation using a distorted model. For a distortion of eight the areas
within isotherms can be as much as 4-6 times too great in a dis-
torted model, With a shallow ambient body of water the modelling
can be much better. The accuracy of physical models seems to be
better than the accuracy of numerical models, but investigations
using physical models should always be supplemented by numerical
model calculations. An example of a transformation of model data

into prototype conditions is given in Chapter 7.
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1. COOLING WATER SPREAD

1.1 Background, purpose and limitations of this study

The energy demand in the world has resulted in an average 10-year
doubling time of the electricity consumption. At present, there is a
trend towards a reduction of the increase in energy consumption in
Sweden and other developed countries, but in spite of this, there
will probably be a significant increase in the energy demand and
consumption in the future, at least in the less advanced regions of

the world.

A great deal of the energy used is electrical energy. This energy

is mainly produced in water power plants and steam power plants.
The latter can be nuclear power stations or stations fuelled by coal
or oil. Steam power plants produce electric power and large amounts
of cooling water at low temperature. The cooling water may be re-
cycled after cooling in a cooling tower but is generally discharged

into rivers, lakes, or coastal waters.

A fossil-fuelled plant has an electrical efficiency of about 40% which
means that 60% of the input energy is discharged as waste heat. The
corresponding figures for anuclear power plant are approximately 33%
and 67%, respectively. This means that 1.5 to 2 times more energy
is discharged than is produced as electrical energy. Drastic changes
of this situation are not expected during this century even if ben-
eficial use of the cooling water is possible. By lowering the effi-
ciency of the electric power generation, one can make the tempera-
ture of the cooling water high. This hot water can be used for heat-

ing buildings, but economic aspects limit this use.

Whether the waste heat is discharged into the atmosphere or into a
receiving water body, environmental effects will occur. Inthis study,

however, only discharge into water is considered.

Discharge of cooling water

The cooling water can be discharged into the water environment
either by a single-port outlet or by amulti-port outlet also called a
diffusor. The amount of cooling water is 40-50 mg/s with a tempera-

ture increase of 10°C for 1000 MW generated electric power. In
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principle, there are two ways of disposing of the warm water into
a homogeneous water body:

By mixing ofthe warm water with the receiving water a large
flow of water with low excess temperature is generated. A
large surface area and water volume will have an increased
temperature from which heat is transferred to the atmos-
phere which is the ultimate sink of the waste heat.

A gentle spread of the warm water as a surface layer reduces
mixing. The surface layer will have a relatively high excess
temperature, which makes the heat transfer to the atmos-
phere effective, The total area and volume influenced by in-
creased temperature will be reduced, but it will at the same

time have a significantly higher temperature.

Efficient mixing of the cooling water with the ambient water can be
obtained by use of diffusors as has often been the case in the United
States and also by single-~port outlets in areas with good renewal of
ambient water. To obtain an undisturbed surface layer of warm
water, one must use a single-port outlet with very low discharge
velocity. In this study only single-port outlets at the water surface

will be considered.

Environmental effects

When designing an outlet for large amounts of cooling water, one
must strive to keep the effects on the environment as small as poss-
ible with reasonable economic efforts. It is, however, very difficult
to make an evaluation of environmental effects caused by the dis-

charge of cooling water.

Data on reactions to increased temperatures are to some extent
available for some species of fish and other animals as well as
plants under more or less controlled conditions (Grimés 1974 and
Nyman 1974). It is, however, much more difficult to foresee what
will happen to a whole ecosystem, where there is a simultaneous

competition from other species.

An evaluation of the environmental effects must be based on know-

ledge of the existing ecosystem, hydrological and physio-chemical



conditions of the receiving water body as well as a prediction of the
spread and temperature distribution of the cooling water discharged

into the receiving water body.

Mathematical and/or physical models can be used for predicting
cooling-water spread from a single-port surface discharge. The
models must be based on field investigations so the status is clear
concerning currents, temperature, salinity, stratification, etc. of

the receiving water body.

Mathematical models

An extensive evaluation of mathematical models for predicting
cooling water spread has been done by Dunn et al. (1975). They have
examined models of surface discharge of cooling water, and the com-
puted temperature distributions have been compared with measure-
ments of real discharges. The study shows an accuracy for the best
models of five times too high or too low for an area having a given
minimum excess temperature. In most mathematical models the
ambient water is considered unlimited. If bottom or other bound-
aries influence the flow of warm water, the accuracy and the useful-
ness of the models are reduced. The poor agreement reported by
Dunn et al. must to a great extent be caused by lack of coincidence

between model assumptions and site conditions.

Advantages of mathematical models are that they are easy to handle
and inexpensive to run. They give fast results and therefore allow

an easy change of variables, e.g. outlet conditions.

Physical models

Physical models for prediction of cooling water spread from steam
power plants have been used since the fifties. The investigations
often employ two separate models. The spread of cooling water
close to the outlet is normally studied in a physical model geometri-
cally similar to the prototype. A so called distorted model, which
is a physical model with different vertical and horizontal length
scales, is used to study the spread of cooling water far from the

outlet.
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'The reason for making a model distorted is that the conditions re-
quired for reproducing a current pattern in a model limit the choice
of water depth in the model. The area that is covered by the warm-
water spread is very large and for handling the model inalaboratory,
the horizontal scale must be small, often 5-10 times smaller than
the vertical scale. Another reason is that correct reproduction of

heat transfer to the atmosphere requires a distorted model.

Physical models are more expensive and take longer time to run
than mathematical models. The distortion of a physical model does
also affect the results of an investigation. The most obvious advan-
tages of the physical models compared with mathematical models
are that the influence of topography on the spread of warm water is
better simulated and that non-specialists feel more confident in re-

sults from physical models.

Purpose of this study

As already mentioned, the distortion of a-physical model will affect
the results of an investigation. This is a well-known fact, but very
little has been done to evaluate in what way and how much it affects
the results. It is therefore very difficult to estimate the accuracy

of results from a distorted physical model.

The main purpose of this investigation is to evaluate effects of dis-
tortion in physical model tests of surface discharges of warm water.
Such an evaluation will make it possible to estimate the accuracy of
a proposed physical model so that one can determine if a mathemati-
cal or a physical model is the best way of predicting warm-water
spread. It will also be possible to make a rough transformation of
results of model investigations into prototype conditions. Thus the
value of tests in physical models is increased. Hopefully the results
and discussions presented here can also be used as an aid when de-

signing new laboratory investigations.

Since the problem is very complex, this study is mainly limited to
physical modelling of surface warm-water discharges under station-
ary conditions, where the receiving water body is homogeneous.
However, the results can to some extent also be applied to surface

discharges in tidal areas as well as to discharges through diffusors.
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No consideration has been given to the special case where the am-
bient water has a temperature close to the freezing point and the
discharged cooling water is first lighter and then when reaching the

temperature of maximum density is heavier than the ambient water.

1.2 Hydraulic features of warm water surface discharges

The temperature of warm water discharged intoa water body de-
creases as it flows from the outlet (see Figure 1.1). This is due to
two different processes, mixing with the ambient water and heat
transfer to the atmosphere. Mixing with the cold ambient water is
the predominating process near the outlet but is usually important
also far from the outlet. Heat transfer to the atmosphere is the pro-
cess by which all heat discharged must leave the receiving body of
water. For heat transfer to be of any importance compared with
mixing, large areas must be available, and this can only be the case

far from the outlet.

Close to a warm-water outlet the mixing is to a great extent due to
jet diffusion, which is very much influenced by outlet conditions such
as flow velocity, buoyancy, outlet dimensions, and bottom topogra-
phy but also to the conditions in the receiving body of water such as

currents and density stratification.

Jet diffusion reduces the temperature very fastifthere is water avail-
able for the dilution of the warm water, which makesthe bottom to-
pography important for the process. The buoyancy decreases the ver-
tical jet entrainment and makes thus the processless efficient. This
effect is pronounced when the velocity is low and the buoyancy high,

which is expressed by the densimetric Froude number for the outlet,
Apy 1/2
= st 1 . 1
F, = u /(gH, 5 ), {1.1)

where u, = discharge velocity,

g = gravitational acceleration
Ho = water depth of outlet (rectangular surface outlet),
Ap, = the density deficiency of the discharged water com-

pared with the ambient water density

p = ambient water density
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Velocity and excess temperature

are highest in the core of the plume

el =
weet
o
g * - /
' | il
[,
Radiation, evaporation, and heat conduction Leading
to heat transfer to the atmosphere and space.

The density deficit of the cooling water gives rige
wss-  to gravitational flow, Z.e. the cooling water flows
out at the surface of the ambient water.

4 The ambient current bends the cooling water plume.

ences 1its dirvection.

’ ; The wind deforms the cooling water plume and influ-

Mizing with ambient water through the sides and from
= underneath decreases the temperature of the dis-
charged cooling water.

Figure 1.1 Surface discharge of cooling water.
Adapted from Ehlin (1974).

For high values of FA the jet diffusion is very important while buoy-
ancy effects are negligible and for low FA the jet diffusion isalmost
negligible. The buoyancy also givesriseto alateral spread of the
warm water flow, leading to a much larger lateral than vertical

extension, which is shown inFigurel.2 (Hayashi and Shuto, 1967).
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apezse AT=lT
T=3C, T.=17C, L=usc

Outler

F

= 1.4 Fy=1.9 F=2.6 F216.1

Figure 1.2 Spreading pattern of warm water discharge.
The lines shown are dye patterns at different
times after marking the flow at the outlet.
The flow and outlet are the same, .and the
densimetric Froude number is changed by
different heating, and thus different buoyancy
18 recetved. From Hayashi and Shuto (1967).

The dilution of the warm water decreases the velocity and the excess
temperature. The magnitude and direction of the warm water current
will successively approach that of the ambient current. As the
velocity of the warm water flow decreases to the same order as that
of the ambient current, the diffusive properties of the ambient water
are becoming more important, while the jet diffusion effect will be
less. The temperature decrease is much slower here than close to
the outlet. Of course, the bottom topography is very important and
can often reduce the mixing by ambient turbulence if the depth is

shallow.

The increased temperature in the receiving water caused by a warm-
water discharge leads to an increase of the heat transfer to the at-
mosphere. The excess heat transfer per square unitisapproximately
linearly dependent on the excess temperature. Close to an outlet, the
areas with excess temperature normally are not large enough to give
a noticeable temperature decrease. Further away, where buoyancy
spread and diffusion have led to large areas with excess temperature
and the mixing processes are slow, the heat transfer to the atmos-

phere is significant.
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Many scientists divide the temperature-decreasing course into two
or more zones. Ehlin (1974) like others described a near-field,
where jet diffusion is most important; a far-field, where the turbu-
lent diffusion of the ambient water gives the intensity of mixing; and
a transition-field, where both processes are of importance. The
main problem is, however, not to divide the warm water flow into
several regions but to understand the different processes that de-
crease the temperature, their interaction, and the possibilities to
control them as outlined above.

The most important processes affecting surface discharges of warm

water are listed in the order they are treated in Chapter 2.

Three-dimensional jet diffusion
Two-dimensional jet diffusion

Vertical entrainment in stratified flow
Buoyancy spread

Convective heat transport by ambient currents
Horizontal ambient diffusion

Vertical ambient diffusion

Heat transfer to the atmosphere

There are phenomena not included separately here that also affect
the warm-water spread and the temperature distribution. Thus the
wind:affects ambient currents as well as heat transfer to the atmos-
phere. These eéffects are, however, presumed to be included when
representative data for currents and heat transfer are chosen. The
natural stratification of the ambient water and the bottom configura-
tion also affect the currents and diffusion of the ambient water. This
is, however, to some extent treated in the discussion of the different

processes in Chapter 2.

As mentioned earlier, it is possible to control some processes by
the choice of outlet structures. Thus, the outlet velocity and density
deficit affect the jet diffusion and buoyancy spread of the near-field

as shown in Figure 1. 2.

The processes of the far-field such as ambient turhulent diffusion,
convection and heat transfer to the atmosphere can not be controlled.
However, the resulting effects of the processes are, of course,

highly influenced by the conditions when the warm-water flow enters
the far-field.
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1.3 Mathematical models

Theories earlier applied to submerged jets were first used to devel-
op prediction models for warm-water surface discharges in the late
sixties. The entrainment principle and Gaussian temperature and
velocity profiles wereapplied to the warm-water flow. Hoopes et al.
(1968) suggested that the warm-water flow is entirely two-dimension-
al with Gaussian temperature and velocity profile in the horizontal
plane. Furthermore, they assumed that the warm-water layer has

a constant thickness and is vertically homogeneous. The warm-water
flow is deflected by entrained momentum from the ambient flow, and
the temperature decrease is caused by mixing with entrained am-

bient fluid and heat loss to the atmosphere.

Motz and Benedict (1970) developed a model based on that of Hoopes
et al. but with a modification concerning entrainment, adding a form
drag force on the warm water and excluding the heat loss to the at-

mosphere.

Stolzenbach and Harleman (1971) improved the model technique by
adding vertical entrainment under influence of a density gradient
according to experiments by Ellison and Turner (1959), and the buoy-
ancy spread was included by a momentum equation leading to a vari-
able thickness of the warm-water layer. Heat loss to the atmosphere
was included as well. In this analysis the bottom effect could also

be considered, and it was initially included, but this part did not
work satisfactorily so it was later abandoned (Adams and Stolzen-
bach, 1975).

Prych (1972 a) presented a numerical model based on the analysis
made by Stolzenbach and Harleman. In this modelno bottom inter-
ference is taken into account but mixing dueto diffusion of the ambi-
ent water is included by a technique suggested by Prych (1972b). The
model has been verified with prototype data by Weil (1974).

Shirazi and Davis (1974) further improved Prych’s model mostly by
testing the model with laboratory data, which gave new values of
model constants but also by making some minor changes in the prog-
ram. They also made extensive calculations with the improved mod-
el for a wide range of input parameters and presented the results in

diagram form. This model, called the PSD model, is considered as
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the best available model and capable of correctly predicting general
plume characteristics according to Dunn et al. (1975). (The predic-
tions show, roughly a factor-of-two accuracy in the centre-line dis-
tance to a given isotherm, a factor-of-two accuracy inthe centre-line

and a factor-of-five accuracy in isotherm areas.)

The Prych model and the diagram results from the PSD model are
used in this work for evaluating effects of distortion (Chapter 4).
Therefore, the main principles of Prych's model, and thereby also

of the PSD model are presented in this chapter.

Other analytical works using the jet entrainment principle have been
presented by Engelund and Pedersen (1973), Engelund (1976), Otte-
sen Hansen (1973 a) and Pande and Rajaratnam (1975 a) for warm
water discharged at the surface of a deep quiescent water body. Otte-
sen Hansen (1973 b), Carter (1969), and Barry and Hoffman (1972)
studied warm-water discharges in shallow waters. These analytical
models neglect ambient diffusion and ambient currents and are thus
of limited practical value. Some of them have, however, been used

here for evaluation of distortion effects, (Chapter 3).

All the models presented here are mainly based on the jet entrain-
ment theory and are thus applicable to the near-field where jet diffu-

sion is important.

The Prych and the PSD models

In this investigation the Prych and the PSD models are used for cal-
culating effects of distortion, and the basic principles of the two mod-
els will be given here. No equations will, however, be included in
the presentation. For a thorough study the works by Prych (1972 a)
and Weil (1974) are recommended for the Prych model, the report
by Shirazi and Davis (1974) is recommended for the PSD model. A
good presentation and an analysis of these and other numerical mod-

els are given by Dunn et al. (1975).

The discharged cooling water is analysed as a buoyant surface jet
in a uniform, flowing ambient fluid. The ambient water body is as-
sumed to be infinitely deep and of infinite horizontal extent. The tem-

perature of the water in the jet decreases because of dilution with



17,

the cooler ambient water and because of heat transfer to the atmos-
phere. Jet mixing and turbulence of the ambient fluid are the diluting
processes, In the analysis the diluting processes are separated into
the horizontal and vertical directions, with buoyancy affecting the
vertical mixing. Lateral spread due to buoyancy, together with in-
creased volume flux in the jet, spreads the jet flow in the lateral
direction. Velocity and temperature distributions within the jet are
approximated by similarity functions, and equations are written for
the rates of change along the jet trajectory of integral quantities such

as volume, heat, and momentum fluxes.

The governing equations are solved numerically for the scaling para-
meters in the similarity distributions. These parameters include the
velocity and temperature along the jet trajectory and the thickness
and width of the jet. The coordinates of the jet trajectory are also

computed.

1.4 Physical models

Physical models have for a long time been used to study flow phe-
nomena where mathematical models have been insufficient. This has
especially been the case when irregular, man-made or natural,
boundaries have strongly influenced the flow, e.g. warm-water sur-

face discharges in the coastal zone.

As will be shown later, many of the physical models for study of
warm-water discharges must be made geometrically distorted, i.e.
with different vertical and horizontal scales. Although in this way
the geometry is changed, such models can be very useful and can
serve the following main purposes of physical models as described

by Silberman and Stefan (1970).

1. Qualitative visualization of the behaviour of the prototype is
readily obtained. Gross omissions in the 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

corresponding 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
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designing the prototype. If these estimates are carried out
simultaneously with the design process, the feedback be-
tween model and calculation can produce a near optimum
design. (Not all parameters 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 behaviour of the pro-

totype.

4. Visualization in a model leads to better understanding of a

proposed project by a layman.

A single model of a given engineering work may not serve all these
purposes simultaneously. Sometimes two or more models are used

to emphasize different aspects of a project and different purposes.

In modelling of surface warm-water discharges many different phys-
ical phenomena must be reproduced. Modelling of all these pro-
cesses is impossible in a single model, since different scaling is
required for reproducing different physical phenomena, as will be
seen in Chapter 2. The modelling technique for warm-water dis-
charges has earlier been treated by Ackers (1969), Silberman and
Stefan (1970), Stolzenbach and Harleman (1971 b) and Abraham (1975).
The two former publications treated the aspects of modelling jet
diffusion ambient flow, density stratification, and heat transfer to
the atmosphere, while Stolzenbach and Harleman and Abraham also
included ambient diffusion. These works are limited to deriving
model scales for correctly reproducing different phenomena and do
not treat what happens if these scales are not present, which is

often the case.

Derivation of model scales

As described by Abraham (1975), there are two different ways of

deriving scale relationships: dimensional and inspectional analysis.

Dimensional analysis is a formal method to organize the parameters

which describe a given flow in dimensionless groups. It relates the
number of parameters and the number of dimensions of these para-

meters to the required number of dimensionless groups. Similarity
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between the hydraulic model and the prototype is obtained if all

dimensionless groups have the same value in model and prototype.

Inspectional analysis takes the basic equations as a starting point

and is the method used in this work and earlier by Cederwall (1968)
and Stolzenbach and Harleman (1971 b). By introducing the scale
factors into the basic equations,one finds how the different phenom-

ena are scaled,

Since different physical processes are of different importance close
to and far from a warm-water outlet, often more than one model
have to be employed. Therefore, commonly an undistorted model is
used to predict velocity and temperature distribution in the near-
field, where the final design of outlet construction is made. The
far-field temperature distribution is studied in a distorted model

with, if possible, near-field data from the undistorted model as input.

The choice of model scales must be based on representative data of
the ambient water, and therefore, thorough field investigations of

temperature, currents, winds, etc. must be made.

The prototype area covered by a physical model must be based on
the extension of the warm-water flow. Therefore, numerical tests
with a suitable mathematical model are very valuable when design-

ing physical models.

Near-field physical models

As described earlier, the jet diffusion, influenced by density strati-
fication and bottom topography, is of major importance to the dilu-
tion and spread of the warm water. This is a typical three-dimen-
sional flow problem and correct reproduction demands nondistorted
modelling. This is usually done for submerged discharges, but for
surface discharges the near-field is so wide that nondistorted mo-
delling is inmany cases almost impossible for economic and prac-

tical reasons.

When modelling the near-field, one should consider the feed-back
from the far-field as well as the effects of the model boundaries.

The main purposes of a near-field model are:
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To design outlet structures so as to obtain a desired warm

water flow pattern close to the outlet
To obtain input conditions of distorted far-field models

To find the near-field spread of a warm-water discharge.

Model tests of the near-field must be made under turbulent flow con-
ditions with correct reproduction of free surface flow as well as
stratified flow. Since bottom topography is important, geometric

similarity is required.

The outlet flow as well as ambient flow must be turbulent, i.e. the
effects of molecular viscosity must be negligible. This is the case
if the Reynolds number is greater than a critical number according

to conditions given in Chapter 2.

The velocitites in a free surface flow problem are modelled accord-
ing to the Froude model condition, which states that the Froude
number, F, should be equal in model, index M, and prototype, in-

dex P

B = FP (1.2)
u
F o= , 1.3
TEE (1.3)
where u = velocity
g = acceleration of gravity

h = water depth.

The density differences of a stratified flow are modelled so that the

densimetric Froude number, FA' is the same in model and proto-

type

FAM = FAP (1.4)
- u
FA = ———-——ATw, (1.5)
h=f
& P
where Ap = the density deficiency of the warm water compared

with the ambient water density.

The combination of the Froude and the densimetric Froude laws

gives directly that the relative density difference, Ap/p, should be
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the same in model and prototype. The Froudelaw also states that the
velocity scale ig the square root of the vertical length scale. For
turbulent flow in a model the velocity and the vertical extension of
the flow must be large enough. This requirement limits the vertical
length scale, and thus also the horizontal length scale, because a

near-field model is made geometrically similar to the prototype.

Large warm water surface discharges, hundreds of mg/s, canhave
a near-field zone of large horizontal extension. Therefore, it can
be practically and economically difficult to model this whole area

in an undistorted model. The boundaries of the model will heavily
influence the flow and temperature patterns because of the limited
laboratory space available. In spite of this, an undistorted model
can give much information, even if it often is of more qualitative

than quantitative character.

Far-field physical models

In the far-field bottom topography, ambient diffusion, ambient
currents, density stratification, and heat transfer to the atmos-
phere highly influence the decrease of the warm-water temperature.
Often the flow in this zone is of a two-dimensional character and
can be reproduced in a distorted model. However, a far-field model
must have a correct input, which means that the near-field must

be modelled in an undistorted model or maybe in an analytical

model.

The model rules applied to the near-field modelling also hold for
the far-field. It is more important in a model that turbulent con-
ditions exist than that geometrical similarity exists. Therefore,
far-field models are made in a horizontal scale smaller than the
vertical scale so that the horizontal extension of the model is small
enough to be placed in a laboratory; the model is distorted. This
distortion is justified by the fact that Froude and Reynolds types of
modelling do not include horizontal length parameters and thus do
not limit the choice of the horizontal scale. The modelling of diffu-
sion phenomena has earlier been treated very little and will be dis-
cussed in detail in Chapter 2. The heat transfer to the atmosphere

can be very important and can take away more than half of the heat
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input of the discharge within the modelled area. This phenomenon
can be reproduced only in a distorted model. The temperature and
humidity of the air must also be well controlled., A detailed analysis

of the different processes will be given in Chapter 2.

Advantages and limitations of physical models

Although distorted models in some ways are questionable, they can
give much information, especially in combination with undistorted
near-field models. In contrast to mathematical models, bottom topo-
graphy, irregular ambient flow field, as well as nonstationary flow
can be handled. The construction and operation of the models are ex-
pensive, since special heating and measuring equipment is often re-

quired. Extensive calibration of the models must also be made.

One aspect of the discharge design can be whether to have one single
or several outlets., This aspect can, so far, only be studied in physi-
cal models, since existing mathematical models do not take into

account the interaction between separated outlets.

As will be seen later, the physical models, especially the distorted
ones, cannot in a correct way reproduce all participating physical
processes. Nevertheless, quite valuable results can come out of the
physical models, especially when the limitations of the models are
considered in a proper way. Qualitative rather than accurate quanti-

tative results are, however, to be expected.

More quantitative results can be obtained if numerical models are
applied together with the physical model tests. By doing so one can
estimate the scale effects caused by distortion. Very little has been
presented in literature concerning the evaluation of model tests even
if some model-prototype comparisons are given. In this work an
attempt is made to determine the effects of distortion in physical
model tests, where it is assumed that the common practice of mod-

elling with the Froude and Reynolds scaling is applied.
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2. IMPORTANT PROCESSES. THEORY, REPRODUCIBILITY,
AND EFFECTS OF DISTORTION

2.1 Introduction

As has been shown earlier, the spread and temperature decrease

of a warm-water surface discharge is very complicated, since
several different physical processes are involved. Correct repro-
duction of these processes in hydraulic models requires that differ-
ent scaling criteria are simultaneously satisfied. Mainly due to lim-
ited laboratory space, physical models of the overall spread of cool-
ing water generally have to be distorted, that is designed with exag-
gerated depths. Such a distortion will affect the model results in
various ways. For different outlet conditions the effects of distor-
tion will be evaluated in later chapters by means of analytical and
numerical models as well as laboratory and field investigations of

warm-water surface discharges.

Before entering into these analyses we will discuss separately each
basic process involved and its reproducibility in distorted models.
This will be done by inspectional analysis. As pointed out earlier,
it is assumed that the modelling is done according to Reynolds,
Froude, and densimetric Froude modelling criteria as is common

practice. In the analyses the following notation is used:

= geometric scale (model length/prototype length)
index indicating horizontal property

= index indicating vertical property

|2 TR I = S
i

= index indicating model to prototype ratio of

parameter

If lh and 7\V are the geometric scales in the horizontal and ver-
tical direction, respectively, Froude and densimetric Froude scal-

ing (Equations (1.2) - (1.5))then gives:

u, = hrl /2 . 7\&/2 (horizontal velocity relation), (2.1)

Apr = 1 (density deficit relation), (2.2)

g.=u_- A_ - A_= 7\3/2= A, (volume flux relation). (2. 3)
r r v h v h ) ’ ’

Each basic process will here be treated in the following way:
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Theories and equations describing the process are presen-
ted.
Scaling criteria for correct reproduction are developed.

Effects of distortion are estimated.

The processes treated are:

Three-dimensional jet diffusion
Two-dimensional jet diffusion

Vertical entrainment in stratified flow
Buoyancy spread

Convective heat transport by ambient flow
Horizontal ambient diffusion

Vertical ambient diffusion

Heat transfer to the atmosphere

The effects of distortion presented here are given for each process
separately. In practice, several processes will simultaneously be
involved. Nevertheless, the results will be valuable in the following
ways:

They give a better understanding of the problem.

They may be used to evaluate results of investigations in

distorted models where only one or a few processes are

of significance.

They may serve as design tools for physical models of

warm-water discharges.

They form a basis for checking whether effects of

distortion are reasonable when estimated by other

methods in this work.

2.2 Three-dimensional jet diffusion

In cases where the outlet velocity of a cooling-water discharge is
high and the water depth large the cooling-water flow will be simi-

lar to a three-dimensional jet.

Submerged nonbuoyant jet

Submerged nonbuoyant three-dimensional jets in stagnant infinite

ambient fluid have been thoroughly studied, both theoretically and



25.

experimentally. The basic theories and references can be found in
Abramovich (1963). For the present study, however, the well-
established equations describing gross behaviour of the jet are

sufficient. The following equations are taken from Abraham (1963).

u D
M o= 5.2 2 (2.4)
u s
o !
P2
u -7 (5)
= e ; (2.5)
u ,
m
c D
m _. 5g_0% (2.6)
c s
o
r 2
c -0.7-77 (E)
= = e (2.7)
c
m
a = S
T 0.32 5 (2.8)
o o}
where
Do = diameter of outlet
s = coordinate along jet centre-line from outlet
r = radial coordinate perpendicular to centre-line
u, v centre-line velocity
u = local velocity
u, = outlet velocity
Cm = centre-line concentration (of tracer or discharge itself)
¢ = local concentration
¢, *© outlet concentration
q = jet volume flux
4y ~ discharge volume flux

The above equations are valid outside the zone of flow establishment
i.e. at a distance greater than 6.2 DO from the outlet (Figure 2.1).
The zone of flow establishment is not treated here because of its

slight interest in over-all modelling of warm-water flow.

The decrease of velocity and concentration along the centre-line is
rapid close to the outlet and slow further away as seen in Figure
2.2.
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Figure 2.1 Definition sketch of three-dimensional jet.
The flow has a rotational symmetry.
After Albertson et al. (1950).
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Figure 2.2 Velocity and concentration decay along
centre-Line of a three-dimensional jet.
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The lateral distribution of the concentration, ¢, is given by
Equation (2.7). In discussions of scale effects it is, however, more
convenient to use the parameter Ac/c , defined as the area limited
by a given isoconcentration line in a plane through the centre-line.
By using Equations (2.6) and (2.7), one may develop the following

expression for this area,

2

A e e ®
c/eq DO\/O.’Y- 77
(2.9)
5.6(:0/0
C

. [D% n (70-5.6)-11{1% d(g’.)
0

This equation has been solved numerically and is well approximated

by the expression

A
c/e, 2
% - 2.7 (2 (2.10)
D c
o

Of course, this equation is not valid for values of c/cO close to 1.0,
where the zone of flow establishment constitutes a great part of the

area in question.

Jets with rectangular outlets

The presentation has so far been restricted to jets with circular
outlets. Jets discharged through rectangular outlets are, however,
of greater interest. As long as the width-to-height ratio does not
differ too much from unity, the centre-line velocity decayisindepen-
dent of outlet shape, which has been shown experimentally by
Yevdjevich (1966) and theoretically by Stolzenbach and Harleman
(1971 a).

Starting from the differential equations of continuity and momentum,
Stolzenbach and Harleman developed the following equation for veloc-

ity decay far from a rectangular nonbuoyant submerged jet,
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u H BO ‘
= 7.2 O.....__J (2.11)
u s
o]
where o '
Ho = height of outlet

1

BO width of outlet.

This equation has been compared with the experimental data from

Yevdjevich in Figure 2.3.

0.2
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0.05 |

002 |

L 1 |l
T
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0.01 } — S/'HoBo

Figure 2.3 Centre—~line velocity decrease for nonbuoyant
Jets with rectangular outlets, according to
Stolzenbach and Harleman (1971a) with experi-~
mental data from Yevdjevich (1966), where
1,0 € Bo/Ho < 94,

A simple way to develop almost the same equation as the one by
Stolzenbach and Harleman is to replace the diameter in Equation

(2.4) with an equivalent diameter, D giving the same

equivalent’
circular area as the rectangular outlet area in question,

[H B
= 2 Oﬂo (2.12)

Dequivalent
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The centre-line velocity decay will then have the form

u JH B
-7 29, (2.13)
uo s

In the analysis leading to Equations (2.11) and (2.13) different
similarity profiles of velocity are assumed, which makes the con-

stant differ. This slight difference is, however, of minor interest.

Since the centre-line velocity decayis insensitive to outlet shape, it
seems reasonable to assume that this is also the case for the other
parameters suchasgthe centre-line concentration decay, volume flux,
and lateral distribution of velocity and concentration. Replacing the
diameter of Equations (2.6), (2.8), and (2.10) with expression (2.12)

gives

- 6.3 9 (2.14)

(2.15)

Ac/co ) c, 2 H_
———-:B—T," 3.4 (—6-—-) ° ?O‘ (2.16)
(o}

In Equation (2.16) the area, Ac/c , is divided by the outlet width,
o)
Bo’ squared to make the equation dimensionless and well suited for

inspectional analysis.

Surface nonbuoyant jets with rectangular outlets

The presented equations have so far little relevance to surface dis-
charges. The equations can, however, easily be transformed to be
valid for surface nonbuoyant jets. This is done by assuming an
equivalent fictitious, discharge above the water surface and applying
the equations for the combined discharge with the outlet dimensions
2H,e Bo‘

For a rectangular nonbuoyant surface discharge, the following

equations are thus approximately valid,
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u \/HOBO
Moo g9 199 (2
u s
(o]
r2
17 (L)
u S
= e (2
u
m

Ao g9 209 (2.
C s
(o]
.2
-0.7 77 )
_.9_._ = e s (2
C
4 = 0.2 B (2
dq JVH_ B,
Ac/cO c, 2 Hy
= 6.8 () ¢ = . (2.
Boz ¢ Bo

L17)

.5)

18)

.19)

20)

The equations given above are well suited for inspectional analysis.

In their development, rough assumptions have been made, and the

constants may be incorrect. This is, however, of no importance

in

this analysis as long as the relations between the different parame-

ters and the outlet dimensions are correct in principle.

Reproducibility

Correct reproduction of a three-dimensional jet in a physical model

requires that:
The flow is fully turbulent

Geometric similarity exists between the model and the

prototype

The first condition has been studied by Pearce (1966) and Ungate
(1974). Pearce found by visual observations that the jet obtained
fully developed turbulence if

u D

Re = ““QTQ“ ~ 3000 (2.

21)
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Ungate measured the dilution of the jet and found that the gross be-

haviour of the jet was independent of Reynolds number if

Re > 1500 (2.22)

These investigations were made for submerged jets with no boundary
affecting the flow. Application of these criteria to warm-water dis-
charges, where boundaries are affecting the flow, must be done
carefully. Model tests of discharges from Forsmark Power Station
(Swedish State Power Board, 1972) have shown that a small change
in outflow direction can significantly change the whole flow pattern.
If a jet flow in a model is not fully developed and therefore mean-
dering, this can change the flow pattern in the same way as a change
in the outflow direction. Therefore, physical models of warm-water

discharges should be based on Equation (2.21).

The condition of geometric similarity means that the vertical and
horizontal scales are identical. To illustrate this, we will use
Equation (2.17). A transformation of this equation to model condi-

tions gives with the vertical scale, A - and the horizontal scale,

)\h’
u H B A
=2) = 9.6 (w-gmi’—) A Y (2.23)

Thus, for equivalent points along the jet centre-line, the velocity

decay is scaled according to
u 1/2 -1/2
(=) = A, - A (2.24)

u v h

o r

Of course, this expression has to be equal to unity for correct re-
production. This means that the geometric scaling has to fulfil the

condition

A, = A

Y N (2.25)

Effects of distortion

In a distorted model the depths and bottom slopes are exaggerated
and thus )\V/ )\h> 1. How such a distortion affects the reproduc-
tion of jet behaviour is treated here with the equations developed

for a surface jet with rectangular outlet. As given above, the centre-
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line velocity is scaled according to the relation

u
(=) = A 5/2

M (s (2. 24)
The velocity in a distorted model will be too great by a factor of
7\;/2 ?C‘hl/z. By comparing Equations (2.17) and (2.18), we find
that the same condition will hold for the centre-line concentration,

which is thus too great by a factor of 7\3772- A ;11/2.

The volume flux of a jet increases according to Equation (2.19),
which will be scaled as
1 -1
(L) = AP <. (2.25)
o

r

The jet volume flux in a distorted model will thus be too small and

wrong by a factor of 7\%1/2 7\‘—/’1/2‘

For the dimensionless presentation of areas within isoconcentration

lines, according to Equation (2.20), the following expression for the
scaling will hold,
A
c/e -1
o, _ . (= 1) (2.286)
.

B r
o

The area within a given isoconcentration line is in a distorted model
too large by a factor of A - 7\1,11.

The vertical penetration of the surface jet is studied by means of

Equation (2.5), but Equation (2.7) could be used as well. Equation
(2.5) can be written as
Inu_ /u

Tl (2.27)

r==s

The vertical penetration of the jet can be represented by the verti-
cal distance, Zp, from surface (centre-line)toa point having a ve-
locity of a given fraction of the surface velocity, i.e. a given value
of ﬁl-lr; Defined in this way, the penetration is directly given by
Equation (2.27). The equation is made dimensionless by being di-

vided by the outlet height Ho’ giving
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Zp s In u_/u
o T N — (2.28)

(o] (o]

In a distorted model this representation of the penetration gives the

following scaling

Z
(_FI..E) = lh-hv (< 1). (2.29)
o r :
The vertical penetration is thus too small and wrong by a factor of
-1
Ay

Summary

The jet characteristics are incorrectly reproduced in a distorted
physical model. The theoretical effects of distortion are summa-
rized in Table 2.1,

Table 2.1 Summary of effects of distortion on a nonbuoyant

surface jet.

Parameter Scaling factor Comment
. . 1/2 -1
Centre-line velocity um/uO 7\v/ © Ay /2 Too great
Centre-line concentration \ 12 A -1/2 Too great
c_Je v h
m’ o
-1
Volume flux q/qo )\h . )‘v Too small
Areas within given iso- 1
concentraztion lines Ao A Too great
c/e /o
. . -1
Vertical penetration Zp/Ho Ay A Too small

In the analysis it has been assumed that the jet characteristics have
been studied far away from the outlet so as to avoid the zone of flow
establishment. The main interest is thus concentrated on the over-

all spread of warm water. The temperature of the warm water can

to some extent be considered a tracer and thus be evaluated as a

concentration. This gives the deduction a more obvious connection
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to warm-water surface discharges.

2.3 Two-dimensional jet diffusion

Two-dimensional jet diffusion can be an important diluting process
for warm-water surface discharges. If the flow is limited by the
water surface and a shallow bottom or a strong density interface, it

can have the character of a two-dimensional jet.

Theory

The basic theories of the two-dimensional jet are found in Abramo-
vich (1963). In this analysis, however, the well-established equa-
tions describing the gross features of a two-dimensional nonbuoyant
jet in a stagnant ambient fluid are sufficient. The following equations

are taken from Abraham (1963):

u B_ 1/

= 237 (2) (2.30)
[¢]

2

U P00/ (2.31)
m

c B 12

_c.i?_ = 2.06 (=>) (2.32)

-50-3 (y/s)

= = e (2.33)
m

qi_ = 0.59 (B-E—)l/z, (2.34)
o} o

where BO = width of slot

s = coordinate along jet centre-line

y = coordinate perpendicular to centre-line

u, centre-line velocity

u = local velocity

u, = discharge velocity

c, - centre-line concentration

c = local concentration

c = discharge concentration
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q
9

jet volume flux per unit height

discharge volume flux per unit height

The flow is considered two-dimensional in the horizontal plane

(ys-plane) with no changes in the vertical direction. (Figure 2.4).

Figure 2.4 Velocity or concentration distribution of
a two-dimenstonal jet.

The equations are valid at a distance greater than 5.6 Bo from out-
let. Closer to the outlet there is a zone of flow establishment as
for the three-dimensional jet. The velocity and concentration pro-
files are bell-shaped according to Equations (2.31) and (2.33). The
centre-line velocity and concentration decay follow the inverse
square root of the distance from the slot as seen from Equations
(2.30) and (2.32). (Figure 2.5).

As for the three-dimensional jet, the area, A , limited by the
c/e,

isoconcentration line C/Co’ has been formed. An approximate ex-

pression for this area has been obtained by numerical integration

and has the form

A
c/eg e, 4
- = 1.56 (=) (2.35)
B c

o}
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Figure 2.5 Velocity and concentration decay along

centre-line of a two-dimensional jet.

Reattachment of two-dimensional jets

Influences of confined ambient fluid and ambient cross currents are
more easily treated for two-dimensional jets than for three-dimen-

sional jets and are therefore presented here.

The two-dimensional jet in an ambient fluid with an adjacent or an
inclined wall has been studied by Borque and Newman (1960) and
Sawyer (1963). The reattachment to an adjacent wall is shown in
Figure 2.6. From Figure 2.7 it follows that the reattachment dis-
tance is a function of slot width and distance from slot to adjacent
wall. The reattachment distance for a jet to an inclined wall is a

function of angle and slot width.

Reattachment to a wall can also occur if there is a crossflow bend-
ing the jet as seen in Figure 2.38. Mikhail et al. (1975) have studied
this problem and have shown the eddy height to be a function of the

momentum flux ratio, (Figure 2.9).
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Figure 2.6 Definition sketch of reattachment of a
two-dimensional jet to an adjacent wall,
adapted from Borque and Newman (1960).
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Figure 2.7 Reattachment distance for a two-dimensional

Jet reattaching to an adjacent wall, adapted

from Borque and Newman (1960).
are defined by Figure 2.6.

Variables

37.
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Figure 2.8 Definition sketch of reattachment of a two-
dimensional jet caused by a crossflow,
adapted from Mikhail et al. (1975).
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Figure 2.9 Eddy hetght as defined by Figure 2.8 for a
two~dimensional jet in a crossflow, adapted
from Mikhatl et al. (1975).
Reproducibility

The two-dimensional jet can be reproduced in a physical model
under the following conditions:

The jet flow is fully turbulent

Geometric similarity in the flow plane exists

between prototype and model

As far as the author knows, there are no special investigations

made concerning the critical Reynolds number for fully developed
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turbulence in a two-dimensional jet. It is, however, reasonable to
base the critical Reynolds number on the three-dimensional jet flow

experiments. Thus, the following condition has to be fulfilled:

u_ -4 Rh
Re = —2 %~ 3000, (2.36)
v
where Rh = hydraulic radius.

Equations (2.30) - (2.35) and Figures 2.7 and 2.9 show that the

gross behaviour is the same in model and prototype as long as there
is geometric similarity in the plane of flow between model and pro-
totype. This is easily shown if one use Equation (2.30) as an exam-

ple,

u Bo 1/2
F(;— = 2.37 (—E—) (2.30)

Transformation to rhodel scale is made by multiplying the length
coordinates with the horizontal length scale giving the identical
equation. Thus the velocity decays in a correct way in the model
irrespective of the vertical length scale. Looking at Figure 2.7 and
2.9, one can see that all dimensionless parameters are identical

for model and prototype conditions and thus give correct modelling.

Effects of distortion

The assumptions given earlier have been for a purely two-dimen-
sional jet. A real warm-water discharge can, however, never be
fully two-dimensional. But it can have a two-dimensional character
if it is limited by the water surface and a shallow bottom. In such
a flow the velocity will decrease towards the bottom because of the

friction.

As long as the flow has the same two-dimensional character in
model and prototype, it can be well reproduced in a distorted model.
The distortion means, however, that all slopes are exaggerated.
Therefore, there is a risk that the flow will separate from the bot-
tom which would give the flow quite a different character in the dis-

torted model than in the prototype (Figure 2.10).
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Prototype

Figure 2.10 The two-dimensional flow of the prototype
can change character in a distorted model
with exaggerated slopes.

Reattachment to a wall is caused by low pressure between the jet
and the wall. If the jet separates from the bottom, this low pres-
sure will disappear, and the whole flow pattern becomes different.
For the two-dimensional jet to be correctly reproduced, the bottom
slopes of the model must be small enough to prevent separation of
the jet flow. No rules of thumb can be given for this. It is, how-
ever, important to keep the bottom slopes of the model as small

as possible.

2.4 Vertical entrainment in stratified flow

The increase of volume flux of turbulent jets is caused by inflow or
entrainment of ambient water. For a warm-water surface jet the
vertical entrainment of ambient water is affected by the density
differences that reduce vertical entrainment. Even if there is a
drastic reduction of entrainment because of density differences,
the vertical entrainment is still important. The buoyancy of the

surface flow leads to a much larger horizontal extension than verti-
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cal extension of the flow, which makes the area available for verti-
cal entrainment much larger thanthe area available for horizontal

entrainment.

Theory

The vertical entrainment is here simplified to a two-dimensional
flow in the vertical plane. The warm-water flow is limited by the
water surface above and below by an infinite, denser fluid at rest
(Figure 2.11).

Ue 5 APy Ug
/ As v
H / q+Aq ”®
° g ot e
T4 4 ¢ 4
Velocity profile Pt Sos
or density deficit Aq Entrainment
z profile
Figure 2.11 Definition sketch of vertical entrainment

in stratified flow.

Under these conditions the entrainment is expressed in the follow-

ing way:

dg _

S @ - ug, (2.37)
where ,

g = volume flux per unit width

s = length coordinate

o = entrainment coefficient

u_= velocity at water surface

S

With a constant entrainment coefficient, Equation (2.37) is consis~
tent with the equations for two-dimensional flow. Buoyancy, how-
ever, strongly influences the entrainment coefficient. The para-
meter normally used to described this, is the gross Richardson

number, Ri, giving the relation between buoyancy and inertia for-
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ces.
g._é}.p_ « h

Ri = “—*—2—““—“, (2-38)

where h = height of upper layer

U = mean velocity of upper layer
Ap = mean density deficit of upper layer
p = density of lower layer,

Ottesen Hansen (1975) has shown that the entrainment in a two-
layered flow very much depends on how the turbulence is generated.
The turbulence is generated at the interface between the upper and
lower layer if the only external forces actiﬁg on the flow are due to
pressure gradients. This case has been studied in the laboratory
by Ellison and Turner (1959) for supercritical conditions of the
upper flow and by Ottesen Hansen and Pedersen in Ottesen Hansen
(1975) for subcritical conditions. (Supercritical, FA> 1, and sub-
< 1, conditions in two-layered flow are analogous to

A
the same terms of open channel flow, that is F>1 and F< 1, re-

critical, F

spectively.)
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Figure 2.12 Engrai?ment coefficitent as a function of
F,“ = == from Ottesen Hansen (1975).
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The experiemental results by Ottesen Hansen and Pedersen are given
in Figure 2.12. For high values of Ri, i.e. buoyancy being impor-
tant, the following expression is given for the entrainment coeffi-
cient:
_ -3 -1
a= 210 Ri . (2.39)
The entrainment coefficient has a maximum value o = 0,075 for

nonbuoyant (neutral) conditions.

Reproducibility

As can be seen the entrainment coefficient is a function of the di-
mensionless parameter Fn (or Ri). The physical modelling is made
so that the densimetric Froude number is equal in model and proto-
type and then also the Richardson number is equal. The entrainment
coefficient will therefore be the same as long as the other parame-

ters are correctly reproduced.

The main interest is, however, not the entrainment coefficient but
the entrainment itself and how it is scaled in a physical model. The
entrainment is given by Equation (2.37) and with the scales 7\h, )\V
and the scaling of entrainment coefficient o = 1.0, the following

expression for entrainment scaling is given
S5 1R
(da), = A, Ay (2.40)
According to Figure 2.11, the following condition must hold for
correct scaling of volume flux per unit width,

Ay 9y T A%y .
ap  ap T AQ (2.41)
P P P

This leads directly to the following condition for scaling of the en-

trainment,

(da), = a,. (2.42)

The volume flux per unit width must be scaled as velocity times
vertical distance giving the following scale condition for correct

reproduction
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3/2

v (2.43)

(da), = A

Thus a correct reproduction of the vertical entrainment requires

the horizontal and vertical scales to be equal.

Vertical entrainment in a distorted model

If all other parameters are assumed to be correctly scaled, the
vertical entrainment in a distorted model will be wrong by a factor
of ?\h« 7\;1 according to Equations (2.40) and (2.43). Because
the flow increase is incorrect, the velocities and the density deficit
will be incorrect. The governing parameters for the entrainment
will thus be changed and therefore also the entrainment. The prob-
lem is too complex to be solved generally, but two extremes can

easily be calculated and these are:

Strongly stratified flow with an entrainment coefficient

of practically zero.

Nonbuoyant flow with an entrainment coefficient
equal to 0.075.

When the entrainment coefficient is equal fo zero, there will be a
constant flow, which will be correctly reproduced according to the
scale laws used. It should be pointed out that this presumes the

friction between the upper and lower layers to be negligible.

For the nonbuoyant case, where the entrainment coefficient is con-
stant, the flow will be a two-dimensional jet in the vertical plane
with the centre-line at the water surface. The volume flux can then

be written as

q - [_s
= = 059\ oy (2.44)

o o
where s = length coordinate
HO = height of outlet
q = volume flux per unit width

outlet volume flux per unit width

o]
[}
1
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According to this equation, the relative volume flux will be scaled
as

() = NPT (< (2.45)

or

Because of the dimensionless representation, Equation (2.40) should
for correct reproduction be equal to unity. Far from the outlet,
where Equation (2.44) is valid, the volume flux in a distorted model
will be wrong by a factor of 7&&/2 ?\;1/2. The entrainment is thus
too small. The velocity and concentration at the water surface will
be too small. The velocity and concentration at the water surface
will be too great because of the reduced entrainment, while the ver-
tical penetration, as for three-dimensional surface jets, will be too
small. These effects can be deduced from the equations for velocity

and concentration having the forms:

s . 2.37\['2"(3)1/2. (2.46)
uo s

Ho1
;S_ - 2.06V 2 (—2) /2, (2.47)
(o]

2
c =50 % ('g—)
L= e . (2.48)
c
s
If the same technique is used as before, these equations give the

following effects of distortion:

12

-1
12,512 (o)

Surface velocity is wrong by a factor of A
L 12 ,-1f2
Surface concentration is wrong by a factor of 7\V . )\h =1).

Vertical penetration is wrong by a factor of )‘h' k;l

=1).
It should be kept in mind that these calculations are made under the

assumption of no density difference.

In the more realistic case, where density differences are present,
there will be a better reproduction of vertical entrainment than the
one given above. This can be seen from the Richardson number.
With the assumption that depth, velocity, and concentration(the con-
centration is proportional to the density deficit) of the surface layer

are scaled according to the given discussion, the scaling will have
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the form

W= AL . ADR (2.49)

v "M, (2.50)

h = )\h. (2.51)

This leads to the following scaling of the Richardson number:

.~ y3/2 -3/2
er )\h S . (2.52)
This means that Ri will be too small, and thus the entrainment coef-
ficient increases by the distortion. Because the vertical entrainment
is too small in a distorted model, the increase of the entrainment
makes the agreement between the distorted model and the prototype

better when density differences.are present.

Summary

The effects of distortion on vertical entrainment is given in Table
2.2.

Table 2.2 Summary of effects of distortion on vertical entrain-
ment.
Parameter Density effects Density effects
dominating negligible

Surface velocity good agreement 7\&/2 1;11/2 (too great)
Surface concentration good agreement 7\&/2 )\;11/2 (too great)
Vertical penetration good agreement )\h 7\;1 (too small)
Volume flux good agreement Ay 7\;1/2 (too small)

2.5 Buoyancy spread

A warm-water surface jet spreads more laterally than vertically.

This is mainly due to buoyancy spread. The importance of this pro-
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cess depends on longitudinal velocity, density deficit, and geometric
dimensions of the flow. The lateral extension can be 10-100 times
larger than the vertical extension as found experimentally by Tamai
et al. (1969) and Stefan and Schiebe (1970). The over-all spread of
discharged warm water can thus significantly be affected by buoyan-

cy spread.

Theory

The simplest case of buoyancy spread is when a buoyant homoge-
neous surface layer is spread unidirectionally over a quiescent

fluid of large vertical extent (Figure 2.13).

Uy
—
A}
h P
u=0
pelp
Figure 2.13 Definition sketch of unidirectional

surface buoyant flow.

Excluding all shear stresses one can write the front velocity, Uf,

as (Abbot 1961):

U, = (g.%ﬁ).h)l/z (2.53)
Larsen and Sérensen (1968) adopted this expression for calculating
the spread of a buoyant surface layer passively transported by an
ambient current. The increase in width was given by a vectorial
addition of the ambient and the lateral (buoyant) velocities. A similar
approach has been used in the numerical models by Prych (1972 a)
and Odgaard (1975). Mean values have in these models been used
for velocity, depth, and density deficit of the surface jet. Although
the basic equation is written for a homogeneous layer, the applica-

tions seem reasonable.
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Reproducibility

As seen from Equation (2.53), the scaling of buoyancy spread fol-
lows the basic scaling according to Froude densimetric scaling.

However, viscosity must not influence the spread.

The influence of viscosity on buoyancy spread has been studied for
lock exchange flow by Barr (1967) and Frazer et al. (1968). With the

notation of Figure 2.14 the viscous effects can be estimated from

Figure 2.15.
Gate removed at time 1=0
p p+Ap Hg
time t=0
T/ 77777 777777777777 777777 TI77 777777777777 7777777777777/7/7777 7/
< Lt
=
]
|
l
p |
p+ Ap Hf
: time t=Tf
]

FTTTTTTITTT777777777777 77777 777777777 77777777777 77777777 7777777777

Figure 2.14 Definition sketch of lock exchange flow.
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The horizontal lines indicate a relationship

9)1/2

Lf/Tf = constant - (Hf. .

Pg-P
p

Spread of buoyant layer, with notation from

49.

In the right hand part of the diagram the lines are horizontal, which

means that the phenomenon is independent of viscosity. Here the

mean velocity of the density front can be expressed as,

L 1/2
f _ Ap
*Tﬂf = constant - (ng?) s

with the notation of Figure 2.14.

(2.54)
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Ackers (1969) defined the zone where viscous effects are negligible

by the expression

P
Lf' v > 150, (2.55)

This expression should be satisfied in a physical model. Since it is
derived for lock-exchange flow, it will be difficult to apply it to

warm-water spread.

In summary:

Buoyancy spread can be modelled accurately in a

distorted model.

Fully turbulent conditions must be present in model tests.

2.6 Convective heat transport by ambient flow

Warm water flowing into a moving ambient water body is diluted’
and receives successively the same velocity and direction of flow
as the ambient water. This convective transport is of great impor-
tance for the temperature distribution of the far-field. Of course,
convective transport of warm water is present also in the near-field,
but it is included in the jet characteristics and therefore not treated

separately.

The ambient currents must thus be properly reproduced in a model
of the over-all spread of warm water. This is made by Froude mod-

elling as will be seen later.

Theory

The spread of heat in a stationary ambient flow can be described by

the equation of heat conservation (Ditmars 1971):

J9H oH oH oH
att +u 3 t + v 3 t+w at =
x J z (2. 56)
oH 0H oH
0 oty @k e 8 og
5% By B )+ay(Ky ay) + o K 57 ),
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where Ht = heat content above some datum
t = time coordinate
X,¥,2 = Cartesian coordinates, z vertically upwards
u, v, w = velocities in x,y, and z-directions, respec-
tively
KX, Ky,KZ = eddy diffusion coefficients in x,y, and z~-

directions, respectively.

This equation can be transformed to express excess temperature.
This is done by first writing a similar equation valid for ambient

undisturbed conditions,

aHa aHa aHa aHa
+ + =
3T u 5% v 3y +w 5z
(2.57)
oH oH oH
9 a 3 ay, 9 a,
Ix (Kx ax )+ oy (Ky 3y ) oz (KZ 0z
where Ha = heat content of undisturbed ambient fluid.

By subtracting this equation from (2. 56), one obtains an equation ex-

pressing excess heat content, i.e. Ht - Ha is given.

Within the small temperature ranges normally present, the excess

heat can be expressed as a linear function of excess temperature:

H, -H, =p-C - T, (2.58)

where Cp specific heat of water

T

excess temperature.

With p and C_ as constants an equation for excess heat content can
be directly transformed to be valid for excess temperature,
oT oT aT y oL

5{ + u—é—i-l*v?y—-i-\‘ »aE-

(2.59)

The convective transport is governed by term two to four in this
equation, while the terms to the right of the equal sign express

diffusion.
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It is obvious that the velocity field must be properly reproduced for
the temperature spread to be modelled correctly. The basic govern-
ing equation for fluid movement is the Navier-Stokes equation. In a
Cartesian coordinate system with the z-axis directed vertically up-

wards, it has the form (Daily and Harleman 1966},

ou , ,Qu, , Qu, . 9u _
. a
2 2
:_i§£+J_(azu+ o’u . 9u,
GES P g2 ay2 352
v v Qv v _
o ekt ey T e (2.60 b)
2 2 2 '
= _lgp_+l{a V+ a v'|~ a V)
PRY P gy? ay2 3.2
ow, LW, , W aw_ _
at+ ax+vay+waz
2 2 2
1
=-g~———a—§—+1'—<a‘§+agv+ 8 %) (2.60 ¢c)
P A P dy dz

where 1 = dynamic viscosity.

For free surface flow, where the pressure can be considered hydro-

static, the pressure terms can be expressed as,
dz

_,%% - pg axs’ (2.61 a)
oz

22 - g 5 (2.61 D)

-g-l—;— = -pg, (2.61 ¢)

where Z = elevation of the water surface.

The Navier-Stokes equation will then have the form,
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ou , ,0u, Bu, . Ou.
at ax = ay Z
(2.62 a)
=g azs+_1]__(82u+ aqur azu)
ox p 5;7 ay oz
av v v ov _
et Uzt V== + W =
t 9x ay z (2.62 b)
1 @l gy ey,
3y P ax® 3y’ oz
aw ow aw aw _
et Ut VS—tW— =
ot ox 9y 87 (2.62 c)
1 9%w ., 8%w ., 8w
ot )
P ax dy oz

This equation has no general solution. For evaluating scaling crite-

ria it is, however, very valuable.

Reproducibility

Froude and Reynolds scaling criteria are developed by making the
Navier-Stokes equation dimensionless, and the following dimension-

less parameters are used as in many textbooks:

. = X Y . -z, s
o- T Yo T o T so = T,
(2.63)
u = u v = _X_ W :__“_'r_ t :_t_.._;".__
o U o U o U o 9]
where L = constant representative length
U = constant representative velocity
With this notation Navier Stokes equation will have the form,
au au du du
3w Vo By Yo B,
o *o ° 9, ° 09z,
(2.64a)
2 2 2
- . 8L azs+1](auo+auo+auo)
2 i’ 2 ’
U ax, pLU axoz ayo azf
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° +u O+ v W ° =
ot 00X o 9y o Jz
° ° ° ° (2.64b)
2 2 2
_ gL 9z, (axo avo+av0)
U Y, pLU 8x2 3 2 82(2)
dw awo aw aw
at * Yo axo Yo ayo Yo azo -
(2.64 c¢)
62w a?‘w azw
o, o . o)
oLLU ' 2 2 2
ox Ay dz
o o o

For this equation to have the same solution for model conditions as
well as prototype conditions the following well-known criteria must
hold:

(gL - gI—' I = F T o= 1/2

U )NI- (U2)P M- © * (2.89)
._:[1_- = —— =

(pI U)NI (leU) Re;\[ ReP. (2.66)

The last criterion is replaced by the normal criterion

Re > ReC (2.67)

M r’

Ackers (1969) gave the following value of the critical Reynolds

number: _
U. 4Rh
Re (7 ————) = 2400, (2.68)
cr v
where U = mean velocity of section
Ry = hydraulic radius (approximately equal to water depth).

As the equation is given here, the boundary condition of bottom geo-
metry must be similar in model and thus the model must be undis-

torted. The boundary condition of bottom friction is also of interest.
The head loss being approximately equal to friction loss can simply

be described by the friction formula
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1 U

Sf: f'z;—R—‘h—z-—g—‘, (2.69)

"

where Sf friction slope

i

friction factor.

The friction slope must be the same in model as in prototype, which

directly leads to

f =1.0. (2.70)

If the flow is a fully rough turbulent flow, the friction factor is a
function of relative roughness alone, which gives the condition for

modelling surface roughness:
kr = )‘v (2.11)

where k = equivalent sand roughness.

Effects of distortion

As before, the Navier-Stokes equation (2.62) is used for the ana-
lysis. Since the effect of distortion is sought, different representa-
tive parameters for velocity and length must be used in the verti-
cal and horizontal directions. The parameters used for making the

equation dimensionless are thus:

. = X -3 . =2 . =28
o L~ Yo © T o D so D
(2.72)
u = ._.9.._ v = X_. w = w t = te U
o U o U o W o L
where L = representative horizontal length
D = representative vertical length
U = representative horizontal velocity
W = representative vertical velocity

The Navier-Stokes equation will then have the dimensionless form,
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du iy auo y auo W'LW auo i}
at 0 9% o ady U-D "o gz
2 2
9z g u d°u
. gD S0 o o
it e ) + (2.73 a)
U o) Ix ady
, o o
2
M- L 3 Yo
R 7
p-U-D dz
0
ov . v, y vy WL av :
at 0 9x 09y U-D "o 0z
o o
2 2
dz a v 0°v
-_8b S0 1 (0 Oy (2.73b)
U}‘“““ ayo p-U-L ax2 ayg‘
2
ML 0 v,
+ 2 7
p-U-D azo
Ow 'y ow 8w0+ WL ow i
at, 09X o 3y, U-D "o dz
2.73¢c)
2 2 2 (
0w 0w 9w
- L o, o)+"T]=L o

(
P UL 7 5 . 3
BXO ayo p-U-D” Bz

In the same way as before the Froude criterion is developed and
also a slightly modified Reynolds eriterion, however, being the

same in principle:
g- D N - - 12
Ea) =g Fy=Fp U™ Ay (2.74)

Horizontal velocities are thus scaled as the square root of vertical

length scale. In addition to these criteria the following condition

must hold,

WL WL
( )y = (ws) (2.75)
U-D 0D’
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With the given Froude modelling of horizontal velocities, the follow-

ing modelling condition must hold for vertical velocities:

_ o 3p -1
W= A ay (2.76)

Compared with horizontal velocities, the vertical velocities must

be exaggerated by a factor equal to the distortion X v’ 7\h .

By studying the flow in a distorted model, one can find out if this

condition is fulfilled. The following assumptions are made:

The main flow is horizontal and correctly reproduced.

The vertical velocities are generated by the flow

adapting to the bottom configuration.

If these assumptions hold, the vertical velocities will automatically
be exaggerated in the same way as the bottom slope, that is by a

factor of )\vn lh

The discussion above is based on oversimplified assumptions but

shows that flow conditions can be properly reproduced in distorted
models. This seems reasonable for the problems here, where the
main velocities are horizontal. The exaggerated slopes can, how-
ever, give flow separation in a distorted model that is not present

in an undistorted model or prototype (Figure 2.16).

v v

. e
—_— .
W

Flow in undistorted model or prototype Flow in distorted model

Figure 2.16 Flow separation can occur due to exaggerated
slopes in distorted models.
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Bottom friction is also important for the flow. The friction slope is
again given by Equation (2. 69):
=2
~ 1 U

Sf’*f"lr—]‘n’. -z—g—. (269)
The energy slope of a distorted model must be exaggerated in the
same way as the bottom slopes. The hydraulic radius, Rh, is as~
sumed to be equal to or proportional to the water depth, i.e. a ver-
tical length parameter. This leads to the following condition for the

friction factor scaling,

-1

v’ )‘h . (2.77)

fr = Sfr-: A
The friction factor must thus be exaggerated in a distorted model
compared with that of an undistorted model. The surface roughness
must be increased, but there is no general way of doing it. In most
cases the roughness of a distorted model is adjusted by trial and
error until a good reproduction of the prototype flow field is gener-
ated.

The bottom surface that in prototype is mainly horizontal will be-
cause of distortion be more vertical in a distorted model. This
change of geometry can significantly change the velocity distribu-
tion as shown in Figure 2.17 (Stolzenbach and Harleman 1971 b).

Prototype Umax
P : _ ¥

T e ey

I A\ W/ \\\\\,/\\\ NNV

Lines for points with equal velocity

Lines for points with

u
equal velocity max

Figure 2.17 Velocity distribution in prototype and in
a distorted model, after Stolzenbach and
Harleman (1971b).
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2.7 Horizontal ambient diffusion

In the far-field of a warm-~water discharge, dilution of warm water
is mainly due to ambient diffusion. In this chapter only horizontal

diffusion will be discussed. The diffusion of a tracer (heat) passive-
ly transported by an ambient homogeneous current is treated, while

effects of vertical diffusion and buoyancy spread are excluded.

The characteristics of diffusion are more or less unique to each
receiving body of water. For open channels the diffusion is mainly
caused by turbulence generated by bottom friction. The diffusion

is then characterized by friction and water depth. In large lakes

and open seas, however, the turbulence is to a great extent gener-
ated by energy input from the wind. This leads to quite another be-
haviour of the diffusion, The diffusion characteristics of a receiving
body of water can thus vary and must be determined by field meas-
urements if considered of great importance for the prediction of

warm-water spread.

Governing equations

The governing equation for diffusion of excess temperature is given

earlier by Equation (2.59):

9T , 8T, 8T .,  OT _
8 L), 8 0T, 8 g oF
5% (KX aX)+ 3y (Ky ay)-i-»az((z aZ) (2.59)

General solutions of this equation are so far not available. Some
solutions to very simplified cases exist, and these are of great
theoretical interest here even if for practical predictions of warm-

water spread they are too simplified.
The following assumptions are made to get a simple governing
equation:

The conditions are steady-state

The velocity U is homogeneous and unidirectional in

the x-direction
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Vertical diffusion is negligible
Liongitudinal diffusion is negligible

Buoyant spread is negligible.

With these assumptions Equation (2.59) reduces to

aT
=2 (K-S, 2.18
7y &5 55! (2.78)

oT 3

U 3 =

W

The solution of this equation depends on the behaviour of the diffu-
sion coefficient K_. Therefore, this coefficient will be discussed

before any solutions of the equation are given.

Horizontal diffusion coefficient

The diffusion coefficient in the horizontal direction depends on how
the turbulence is generated. Uniform flow in prismatic channels is
the simplest case. Bottom friction generates the turbulence giving
a lateral diffusion coefficient as follows (see for instance Prych
1970):

Ky = o oucd, (2.79)
where oy = constant depending on channel shape

u, = (g-d- S)l/2 = shear velocity

d = water depth

S = bottom slope in flow direction

The constant o . varies with the channel depth-to-width ratio,

1
with o, decreasing for this ratio increasing (Okoye 1970) (Figure
2.18).

1

In a straight channel with groins, these are generating the main
turbulence. The lateral diffusion coefficient can then be written as
follows (Holley and Abraham 1973):

K = a_,Ud (2.80)
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Pigure 2,18 Dimensionless lateral mixing coefficient as
a function of channel geometry (Okoye 1970).
where Oy 7 constant
U = mean velocity
d1 = local depth.

In other water environments, where the turbulence is generated by
wind stress at the water surface, the lateral diffusion coefficient
will behave in quite another way. Large lakes and open seas are
examples of such water environments. Here the diffusion coeffi-
cient normally follows the 4/3 power law (see for instance Okubo
and Ozmidov 1970):

K = a, 1%/° (2.81)
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i

where ot3 constant

1 = dimension of the studied plume or marked cloud

Okubo (1971) found by studying field measurements that the 4/3
power law holds within some ranges of magnitude of cloud dimen-
sions (Figure 2.19).

10 100m tkm {¢] 100 1,000 10,000 km
105 T T T T T ‘j
K !
K . R
(m&/s) o "01d" Dalo
4 = " "0
1o o "New Data -
e Schuert (1970)
1031 4
i
]
102} 4
ot} 4
10° 4 -
7/

e J
102} i

103 i 1 1 1 L

io! 102 103 104 105 108 107
Ltm)
Figure 2.19 Horizontal diffusion coefficient for large

lakes and oceans as a function of scale of
diffusion (Ckubo 1971).

Kullenberg (1974) found the 4/3 power law to hold as a mean value.
The power could, however, vary between 1.1 and 1.6 for individual
measurements. It should also be pointed out that the size of the

plume or cloud must be smaller than the largest eddies for the 4/3
power law to be valid. As seen by the scatter of data, the diffusion

characteristics can not be determined from literature with any con-
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fidence. Therefore, prototype measurements must be made so that

the diffusion coefficient of a receiving water body can be determined.

Solutions of the simplified diffusion equation

Solutions of Equation (2.78) exist for some initial conditions and

characteristic behaviour of the diffusion coefficient. Brooks (1960)
has presented solutions with initial conditions, making the problem
well suited for this model scale analysis. The assumptions are that

(see also Figure 2.20):

The concentration or heat represented by the temperature
is conservative, which means no heat transfer to the

atmosphere.
The surface layer has a vertically constant temperature.

The surface layer has a constant thickness, that is no
buoyancy or vertical diffusion affects the temperature

distribution.

The current velocity is unidirectional and constant at all

depths (U m/s in x-direction).

The source at x = 0 has a constant temperature TO over the

whole height and width of the surface layer.

The release is continuous and steady-state conditions are

present, prescribed for Equation (2.78) to be valid.

Y

/
I
0 Tl T ) b
— Dby X
LINE / ZL\
SOURCE 7/

Figure 2.20 Definition sketch of the lateral diffusion
problem solved by Brooks (1960) - plan view.
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The solutions for excess temperature and plume width are as fol-

lows for different characteristic behaviour of the diffusion coeffi-

cient:
Ky = Kyo‘
=T Tb2 1p
v = orf (gr—3)
o yo
24K__-x 1f2
b _ yo
"b_" - (1 + 2 )
o)
o}
b 4/3
Ky = I{yo' GE—;_) M
T 1/2
Tm = erf 3/2 ) ) /
o 8K _ -x
(1+ —I) -1
Ub
o
. BIC, - x 3/2
——6— = (l R 2 ) 3
o) Ub
o)
where bO = width of line source
b = 2: J? G y with Gy as the variance of lateral
temperature distribution
Kyo = lateral diffusion coefficient at source.

(2.82)

(2.83)

(2.84)

(2.85)

The temperature decay as a function of distance according to Equa-

tions (2.82) and (2. 84) is given in Figure 2.21, while plume width

according to Equations (2.83) and (2. 85) is given in Figure 2.22.
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Figure 2.21 Temperature decay according to Lquations (2.82),
- . — b ,4/3 ;
Ky—KyO and (2.84), Ky_Kyo . (—2-7—0-) (Brooks 1960).
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Figure 2.22 Lateral plume spread according to Equations (2.83),
4/3

Ky:K 0 and (2.85), K =K o (—%«) (Brooks 1960).
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Reproducibility

For a correct reproduction of lateral diffusion the following condi~
tions must be fulfilled as can be seen directly from Equations (2.82)
-(2.85), which are presumed to be valid:

The lateral diffusion coefficient at the source must be

scaled to give ( Kyo * ) =1

UbO r

The lateral diffusion coefficient is related to the scale of

diffusion in the same way in model and prototype.

The first condition gives the following scale condition for the diffu-

sion coefficient:

® ) = a2y

yo! . v h (2.86)

The second condition can be fulfilled when the turbulence is genera-
ted in the same way in model and prototype. This is the case for
open channel flow, which will be discussed here. The wind stress
generating turbulence in large lakes and open seas is, on the other
hand, almost impossible to reproduce in a model. Therefore, the
scaling in that case is not discussed here. Models for such receiv-
ing water bodies must be carefully calibrated against prototype data

to give good reproduction of lateral diffusion.

The diffusion coefficients for flow in prismatic channels and in chan-
nels with groins have been given by Equations (2.79) and (2.80). Ac-
cording to these equations, the ordinary model technique gives the
following scaling of the lateral diffusion coefficient for a prismatic
channel:

7\3.)\_1/2 (2.87)

(K,), = (ay) ;

y'r r’

and for a channel with groins:

7\ 3/2

(K. = (ag).e Ay (2.88)

y'r
These scalings and the prescribed scaling condition of Equation
(2.86) give directly that the model must be undistorted for a correct

reproduction of lateral diffusion.
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Lateral diffusion in distorted models

As above, the lateral diffusion in prismatic channels and in channels
with groins will be discussed. These problems are directly solvable
concerning effects of distortion and as before, the scaling condition

described by Equation (2. 86) is presumed to hold.

At first we look at prismatic channels, where the scaling of lateral
diffusion is given by Equation (2.87). In a distorted model the later-
al diffusion coefficient is thus (al)r« 7\3/2 A 1;3/2 too great. As can
be seen from Figure 2.19, (a l)r is of the order of unity but de-
creases slightly when distortion increases. The diffusion coefficient

will thus be of the order of ?\5/2 )\};3/2 too great.

It is, however, not the constant itself that is of interest but the dilu-
tion and lateral spread caused by the lateral diffusion. These effects
in a distorted model can be studied by means of Equations (2.82)and

(2.83). The temperature decay will be scaled as follows:

TUb 2 1/2
f )
T er K x
=) - _vo M (2.89)
or U b“ 12
erf (rgp—)
yo© P

For small values of the argument of the error function, the function
is approximately equal to the argument. Thus for large values of x,

Equation (2.89) can be replaced by the following expression

T TJ—rl /z(bo)
r

() = = o (2. 90)
(0] r yo . Xr

With the scaling of the diffusion coefficient according to Equation
(2.87) the following expression will hold for centre-line temperature

far from the source:

T a1k
L R N e (2.91)
o r

With ( ocl)r being close to unity the centre-line temperatureina dis-

torted model is wrong by approximately ?\\;3/4«= )\}?/4 and thus too

small,
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The width of the plume is according to Equation (2. 83) modelled as
follows:

24 K__-x 1/2
__vyo_ (2.92)

Far from the source, that is for large values of x, the following

approximate expression holds:

( b (Kycu)lr('2 Xr'l /2 (
) = J . 2.93)
bo r Ul/z(b )
r ‘o'r

Again using Equation (2. 87), one may develop the following scaling

for lateral spread:

) = (apH?e

or r

3/4  -3/4 (2. 94)
.

A

Thus the width of the plume will be too large by approximately

34 -3/4 . . .
Ay Ap if (al)r is assumed equal to unity.

For a channel with groins the diffusion coefficient is scaled accord-
ing to Equation (2.88). With the same arguments as above the follow-

ing scaling willhold for centre-line temperature and plume width:

T -1/2
() - (a2>r/ Ao (2. 95)
o r
1/2. _1/2 -1/
) “(ay) Ay (2. 96)

Holley and Karelse (1974) have reported a model investigation where
lateral diffusion for flow in a channel with groins was studied. The
model tests were performed in one undistorted model and one dis-
torted model. Comparisons of prototype and model measurements
gave the result that lateral diffusion was well reproduced in the un-
distorted model, while scale effects occurredinthe distorted model.
This latter model had a horizontal scale of 1:100 and a vertical scale
of 1:40. The model results showed a lateral spread of 1.5 t0 2.0
times greater than the prototype results. These numbers agree well

with the distortion effects as given by Equation (2. 96):
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29 = (ay),- 207 1002 = 16 ()2, (2. 97)

2
or r

where (az) can be expected to be close to unity.
r

Summary

The effects of distortion on lateral diffusion have been discussed.

This discussion has been limited to uniform flow in prismatic chan-
nels and channels with groins since these are the only cases, where
it is possible to treat the problem theoretically. The derived effects

are as follows:
Prismatic channel Channel with groins

T ‘1/2 3/4 _ 3/ -1
Excess temperature (-,f—m—) (al Av - An ((12) . 7\“1/.2 )\1/2
o r r \2 h
far from source (too small) (too small)
12 4 1/

Plume width (b/b ) (c)) L2304 ”3/4 (a2 3

o'y r 2T v h
far from source (too great) (too great)
2.8 Vertical ambient diffusion

Vertical diffusion as well as horizontal diffusion is an important
mixing process in the far-field of a warm-water discharge. The ver-
tical diffusion is, as a rule, less effective than the horizontal diffu-
sion. In the ocean for a nonbuoyant tracer this leads to a horizontal
extension that is of the order of 30 times greater than the vertical
one (Csanady 1973). For channel flow this difference is, however,

much less,

Theory

The basic governing equation is Equation (2.56), which for a tracer
has the form:

dc ac dc dc
3t "Ue TVayt W ar

(2.98)
- —~§——(K 90, 0 (x

dc ) dc

y oy’ 0z
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This equation can be simplified under the following conditions:
Uniform flow velocity
Coordinate system moving with the flow velocity

Concentration is int(%gr%toed over the horizontal plane

which defines o J J ¢ dx dy

-00 -00

No sink or source of tracer.

If these assumptions are made Equation (2. 98) can be written as

follows:

9¢ - 3 9c
5= (K, 52 (2.99)

ol
ol

For an instantaneous point release at the water surface and a con-

stant diffusion coefficient the solution has the form

1 22

c = W ° exp~(4KZt), (2.]00)

with the initial conditions

c=0 for z7 0

¢c—-00 for z=20

0
JEdz=1/2
o

c(z) = A(0)
(A(0) is a Dirac function.)

This solution will form the basis upon which effects of distortion on
vertical diffusion will be determined. First, however, the vertical

diffusion coefficient, KZ, will be discussed.

Vertical diffusion coefficient

The vertical diffusion characteristics depend on the characteristics

of the receiving water body, especially density stratification and
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generation of turbulence.

Stratification reduces the vertical diffusion as well as the vertical
entrainment discussed earlier. Modelling of stratification in estua-
ries is as a rule done by introducing obstacles into the flow to in-
crease friction and diffusion until good agreement is reachedbetween
model and prototype. This is not possible to treat theoretically and

ig therefore not included in this analysis.

In large lakes and in the open sea the turbulence is mainly generated
by wind stress at the surface. This gives a diffusion coefficient that
decreases significantly with depth. Csanady reported a typical num-
ber of 3+ 1077

0 - 0.3 m and a number of 5 - 10~

mz/s for the diffusion coefficient at the depth of
4 mz/s for a depth of several
meters. Such a phenomenon can not be reproduced in a model and

will therefore not be treated here.

The vertical diffusion coefficient for flow in prismatic channels can

be considered constant over depth and has the form (Ditmars 1971),

K, = agu d, (2.101)

where as = constant.

In this case the turbulence is generated by bottom friction. Effects
of distortion will be studied on the basis of the diffusion coefficient

following Equation (2.101).

Reproducibility

Modelling of vertical diffusion in a correct way requires that Equa-
tion (2.100) has the same form in model and prototype. The exponent
of the equation must be identical for both prototype and model con-

ditions, which leads to the following relation

_(Kfy_T = 1 (2.102)

This gives the scale condition

5/2 -1

(Kz)r = A N (2.108)
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The vertical diffusion for flow in prismatic channels will according:

to Equation (2,101) be scaled as follows:

2 -1/

(K,) Ny © Ay (2.104)

z B (CIB)

r r

For the two expressions (2.103) and (2.104) to be equal, an undis-

torted model is required.

Vertical diffusion in distorted models

In a distorted model-the distortion leads to a vertical diffusion coef-
ficient that is wrong by a factor (C{S)f . 7\‘;1/2- )\Q/Z as can be seen
from Equations (2.103) and (2.104). This means that the vertical pene-
tration(Zp)r defined as the depth of a given fraction of surface con-

centration is modelled as follows:

(Z_ ). = A_.(a

/A 5 1/4
p'r g (ag) - AT Kh/. (2.105)

The vertical penetration defined in this way should for correct re-
production be scaled as the vertical scale and is thus wrong by a factor

-1
of (a3)r- 7‘v /4- 7\;/4, where (ccS)r could be expectedtobe close tounity.

The vertical penetration will thus be too small in a distorted model
of flow in prismatic channels. This can also be expected in other
water environments where bottom friction generates turbulence as
can be the caseinshallow coastal areas. It should be pointed out that
the effects of distortion in this caseare small compared to effects

of other phenomena such as three-dimensional jet diffusion and hori-

zontal ambient diffusion.

2.9 Heat transfer to the atmosphere

Heat transfer to the atmosphere is the ultimate sink of the heatadded
to the water environment by a cooling-water discharge. The impor-
tance of this process to the physical modelling varies from case to
case. If mixing between warm water and ambient water is efficient,
the heatloss withinthe area of interest for modelling may be small,

10% or less of the discharged heat. In such a case the process is of
minor interest for the modelling. If, however, mixing is poor, the
heat loss may be significant, because the surface temperatures will

be high, leading to heat loss to the atmosphere that significantly de-
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creases temperature. In this case heat loss must be considered in

the choice of model scales.

The equations describing heat transfer to the atmosphere are com-
plicated but can within a limited surface temperature range be line-
rized and are then well suited for describing the heat loss due to

excess temperature of the water surface.

Theory

Several different physical processes are participating in the heat
transfer through the water surface. Syntheses and simplifications
of these processes have been presented by Milanov (1969), Stolzen-
bach (1971), and Paily et al. (1974). In the following presentation

the outline of Paily et al. is followed.

The heat transport between the atmosphere and a water surface can
be divided into incoming and reflected short-and-long-wave radiation
and heat loss due to evaporation and conduction (see Figure 2.23).

The heat transfer to the atmosphere can be written as follows:

#° = bt ber  Fpa T et ow PR (2.106)
where ¢* = net heat loss to the atmosphere

¢ri = incoming short-wave radiation

¢rr = reflected short-wave radiation

¢ba = atmospheric long-wave radiation

¢br = reflected long-wave radiation

gﬁbW: long-wave radiation emitted by water surface

$ = heat loss due to evaporation
¢H = heat loss due to conduction (or heat gain).

bri ¢ba

Water %Q%Q?WWML

surface =

Figure 2.23 Rate of heat exchange between a water surface
and the atmosphere.
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Here, as in many other works, the meaning of heat loss is the rate
of heat transfer per unit area from the water surface to the atmos-
phere.Inthe actual application the process is estimated as a mean

value over a period of weeks or months.

Only the last three terms of Equation (2.1086) are functions of water-
surface temperature, while the terms describing incoming and re-
flected radiation depend on atmospheric conditions. Since the inter-
est is concentrated to heat loss due to excess temperatures alone,

the radiation terms will be excluded in the following presentation.

The long wave emission of the water surface, ¢bw’ follows the law

of Stefan-Bolzman:

4

Bow = ey O(Tg+237)7, (2.107)
where ¢ = the emissivity of water surface
G = Stefan-Bolzman constant
Ts = temperature at water surface (OC).

The heat loss due to evaporation, ¢E’ is a function of water tem-
perature, air temperature, vapour pressure of air, and wind velo-

city. In a simplified form it can be written as

¢E= pL(TS) - B, (2.108)
where p = density of water

L(TS) = latent heat of vapourization

B = volumetric evaporation rate per unit area,

The flux of heat advected by the evaporated mass of water is con-

sidered negligible compared to the heat loss by evaporation. Within

a limited range of temperature the latent heat of vapourization I(T )
s

can be considered constant.

The evaporation, E, depends on air vapour pressure and saturation
vapour pressure corresponding to the water surface temperature as

well as the turbulent diffusion transport above the water surface

E = N.V,, (eS - eaz)‘ (2.109)
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where N = evaporation coefficient (can be a function of wind
velocity)
Vaz = wind velocity at level z above water surface
€., = air vapour pressure at level z
e, -~ saturation vapour pressure corresponding to water

surface temperature, T
The evaporation heat loss can then be written in the following way:

b = PL(T ) N- V(e - eg,). (2.110)

The conductive heat transport is considered to be a fixed ratio of the

heat transport by evaporation:

¢H=R~¢E, (2.111)

P T -T_.
where R =C ﬁ%@ (—E—z»:—é—fir—) (Bowen’s ratio)
C = Bowen s constant
p, = air pressure in mb
aip" air temperature
e, = saturation vapour pressure corresponding to Tginmb
e, = vapour pressure of air corresponding to Tair and

relative humidity.

Several models have been developed to reduce Equation (2.106) to a
constant term and a term linearly increasing with the water surface

temperature.

The constants of the equations vary with water surface temperature,
wind velocity, relative humidity, and air temperature. The greatest
influence on the heat exchange coefficient is the wind velocity. The
most popular model seems to be the Edinger-Duttweiler-Geyer

model, also called the equilibrium temperature model

§ = K(Tg-T (2.112)

E)J
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i

where K heat exchange coefficient
TS = water surface temperature
T, = equilibrium temperature that is the water surface

temperature giving zero net heat transport.

According to this equation, the excess heat causes an increase of
heat transfer to the atmosphere that linearly depends on the excess

temperature of the water surface.

The given equations are determined for prototype conditions. The
heat losses under laboratory conditions are of great interest as well.
Stolzenbach and Harleman (1971 Db) give a typical number for K of
20-30 kcal/mzh °c tor laboratory conditions. This number should be
compared with a typical number of 30-50 kcal/mzh °c for prototype

conditions.

Reproducibility

For correct reproduction of surface heat loss, a distorted model is
as a rule required. The scale condition for the heat exchange coeffi-
cient is developed by comparing advective heat transport with sur-
face heat loss. If there is correct scaling of temperature and velo-
city distribution, the following scaling of advective heat transport
holds:

(Advective heat transport) =
r (2.113)

_ _ 3/2
= TLru A Ay T Ay 0 Ay

The heat loss to the atmosphere will with the same assumptions be

scaled as follows:

(Surface heat loss)r =
(2.114)

Correct reproduction of surface heat loss requires that surface heat
loss constitutes the same rate of the advective heat transport in both
model and prototype. This means that surface heat lossand advective

heat transport are scaled in the same way, which gives the following
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scale condition:

_ 3/2 -1
K.= Ay A, (2.115)
As stated earlier, typical values of the heat exchange coefficient K
are in the prototype 30-50 (l<:ca1/m2h OC) and in the model 20-30
(kcal/mzh OC) , which gives the following normal conditions for the

heat exchange coefficient:

0.4 <K <1 (2.116)

If Kr is within these limits, a distorted model is as arulerequired

for correct reproduction of heat transfer to the atmosphere.
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3. EFFECTS OF DISTORTION EVALUATED BY MEANS OF
ANALYTICAL SOLUTIONS OF SURFACE BUOYANT JET
PROBLEMS

3.1 Introduction

Analytical solutions of surface warm-water discharge problems

are rare compared with the number of numerical models developed
during the last 5-10 years. The analytical solutions reported by
Stolzenbach and Harleman (1971 a), Engelund and Pedersen (1973),
Pande and Rajaratnam (1975a), and Engelund (1976) are presented
here for the evaluation of the effects of distortion. The different
theories include buoyancy effects in different ways, in which a large
Richardson number indicates great influence of buoyancy. These »

solutions are schematized in Table 3.1.

Stolzenbach and Harleman have made an analytical solution of a non-
buoyant surface jet discharged through a rectangular outlet. The
solution is in accordance with the solutions of submerged jets as
shown in Section 2.2. Pande and Rajaratnam achieved the same
results, using a similarity analysis for what they call "'small"
Richardson number flow. However, they neglect all effects of buoy-

ancy and are thus treating the nonbuoyant case.

Engelund and Pedersen have made a similarity analysis for small
Richardson number flow where they include buoyancy effect in the
lateral momentum equation. So do Pande and Rajaratnam for what
they call "'moderate' Richardson number flow. As can be seen from
Table 3.1 their analysis give exponents in the dependence of dis-
tance from outlet that are indefinite. If, however, the entrainment
principle with a constant entrainment coefficient, is added to their
analysis, their results will be similar to the solution given by Enge-

lund and Pedersen.

Both Engelund for moderate and Pande and Rajaratnam for ''large'’
Richardson number flow include in their analyses buoyancy in the
lateral and the longitudinal momentum equation. Engelund directly
and Pande and Rajaratnam indirectly include buoyancy effects on the
entrainment in the vertical direction. Also in this case Pande and

Rajaratnam end up with results that are indefinite.
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To use the given solutions for evaluating scale effects in distorted
models, we must know the influence of the shape and dimensions of
the outlet. This is earlier analysed and discusse only for the non-
buoyant case and in a rough way by data fitting for theories of Pande
and Rajaratnam. For the other cases we must add some reasonable

assumptions to be able to evaluate the effects of distortion.

It must also be considered that these evaluations are valid only as
long as the model and discharge conditions are similar to those on
which the analyses are based. That means that the receiving water
bodies should be quiescent, homogeneous, and "infinite'' with negli-
gible influence of the bottom onthe flow of warm water. Thisis, how-
ever, seldom the case in practical applications. Still the analyses
are valuable for comparisons with scale effects calculated by means

of numerical models.

3.2 Nonbuoyant surface discharge

The theory developed by Stolzenbach and Harleman (1971 a) for non-
buoyant surface jets discharged through rectangular outlets has
partly been presented earlier in Section 2.2. Based on experimen-
tal data, they state that the theory is valid for discharges with den-
simetric Froude numbers greater than 15, which means that the
Richardson number must be of the order 1/200 or less. The results
of Pande and Rajaratnam are in principle similar to those of Stolzen-
bach and Harleman but aré without any information concerning the

influence of outlet shape or range of validity.

Far from the outlet the equationsbfor centre-line velocity and temper-

ature have the form

u / HoBo

- - 9.9 - (3.1)
o
T [ H B
m _ g5 1 0O (3.2)
T ’ X ’
fo) .
where Tm = centre-line excess temperature

=
i

outlet excess temperature.
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The width B and thickness H vary linearly with distance from outlet:
B = C,+ x (3.3)
H = C, - x, (3.4)
where C1 and C2 are constants.

The effects of distortion are evaluated in the same way as in Chapter

2, which leads to the same results as given in Section 2.2.

G2 o= AR (3.5)
o r
T
o r
BI‘ = )“h (3.7)
HI‘ = ')\h. (3.8)

Equations (3.5) and (3. 6) directly give the result that centre-line
velocity and excess temperature in a distorted model are too great
by a factor of 7\3/2 7\};1/2. The width is modelled correctly. A
correct modelling of thickness should be the same as the vertical
scale so the thickness is modelled wrong by a factor of 7\\;1 lh’ and

thus it is too small.

A summary of the scale effects for a nonbuoyant surface discharge

in a distorted model is thus as follows:

The centre-line velocity is too great by a factor of )\3/2 7\;11/2

12 -1/

The centre-line temperature is too greatby a factor of)\v Ap,

The width is correct
The thickness is too small and wrong by a factor of }\\;1 IS

The scale effects are valid far from the outlet, where effects of the

zone of flow establishment are negligible as described in Section 2. 2.
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3.3 Small Richardson number flow

Engelund and Pedersen (1973) presented a similarity analysis of a

buoyant surface jet at small Richardson numbers. In their analysis
they include buoyancy effects in the lateral momentum equation but
neglect them in the other governing equations. For the entrainment
coefficient to be independent of buoyancy, the local bulk Richardson

number should be less than 0.1. The analysis results in the follow-

ing equations:

m
. = (TT (3.9)
o
Tm x -5/3
= = (_E_) (3.10)
o
H _ x
D T (3.11)
7/3
B _ .12 x
—]-1:— = Rlo (—L—) s (3 12)
and as an additional result they get
el _
where I. = a horizontal characteristic length.
D = a vertical characteristic length.
e = entrainment factor.

Here it is not possible to introduce any model scales into the equa-
tions since the horizontal and vertical lengths L. and D are unknown
functions of velocity, volume flux, and density deficiency. We in-

stead introduce a control section in the flow as a reference section,

thus giving the following equations.

bm Ly (3.14)
e %, '
T, < 53

T, o e
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H _ X
T~ ° 5 (3.186)
c c
/3
B _ /x
5 - %{__), (3.17)
[ c

where index ¢ indicates values of the control section.

It should be pointed out here that for a given warm-water flow with

a given density deficit and a given velocity, there only exists one
pair of B and H that satisfies the given equations. In & model the flux,
the density deficit (temperature), and the velocity are modelled ac-
cording to the Froude scaling. After an initial zone close to the out-
let the flow will theoretically follow Equations (3.9) - (3.13) and
more or less be independent of outlet shape. The control section is

thus supposed to be outside the initial zone.

By using Equations (3.9) - (3.17) together with the relationships

(Tm) H
c e
Ric To D
o (3.18)
o (um)C 9
(——2)
o

q~H:B-u_, (3.19)
one can write the following equations for HC, BC and X,

H, = Cy o 2 (Tm):/5 (3.20)

B, = Gy qcs/5 (um)c_l (Tm)i/S (3.21)

e 7 CS B.qCZ/5 (Tm);l/S. (3.22)

By using the expressions for volume flux, temperature (density defi-
cit), and centreline velocity of a given section in the developed flow,

one can describe the flow parameters as functions of x, where origo
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is defined by the given section and Equation (3.22). Equations (3.14)
- (3.17) thus give

u
2= ¢ qf/g (Tm)'l/3 <o (3.23)
m’e c
Tm c. g 2B p Y3 5P (3.24)
‘ijc 7 qc m’ x )
23 _ -1/3
B = Cy(ry) ol'F (um)c/ X1 (3.25)
3e
H = _5_9. . x. (3.26)

Now we can develop the effects of distortion after making the follow-

ing assumptions:

In model and prototype the flow is developed in the sense
that the flow follows Equations (3.9) - (3.13).

The centreline velocity and temperature together with
volume flux of the control section are correctly modelled

with respect to Froude modelling.

Density difference is a linear function of temperature

and scaled 1:1.

Effects of distortion are studied far from the control
section so that the difference in the location of origo in

model and in prototype is negligible.

With these assumptions the scaling according to Equations (3.23) -

- (3.26) is as follows:

u

(o) = Ay . (3.27)
m'e
Tm -1

(T )r = Ay * Ay (3.28)



B.= Ay * Ap (3.29)

(3.30)

Equations (3.27) and (3.28) directly give the result that centre-line
velocity and excess temperature in a distorted model are too great
by a factor of xv . 7\};1. The Widthland thickness are underesti-
mated and wrong by a factor of X\ v A s @S can be seen from

Equations (3.29) and (3. 30).

The results given above show that, according to this theory, the
effects of distortion are greater than for a nonbuoyant jet. This is
in conflict with the results of scale effects for nonbuoyant jets,
buoyancy spread, and buoyancy effects on vertical entrainment as
presented in Chapter 2. According to these analyses buoyancy spread
is correctly reproduced and the vertical entrainment in a distorted

model is also better reproduced than for the nonbuoyant case.

The theory seems doubtful in the assumption that buoyancy is affect-
ing lateral spread and not the vertical entrainment. This has re-
sulted in a width that increases with the 7/3 power of distance com-

pared to 1 st power for the nonbuoyant case, which seems too great.

The authors give a local bulk Richardson number of 0.1 as an upper
limit for the theory to be valid. Stolzenbach and Harleman give an
outlet densimetric Froude number of 15 as the lower limit for the
nonbuoyant theory to be valid, which is equivalent to a Richardson
number of 1/200. This number could be expected to be the lower
value for small Richardson number theory to be valid, giving the
range of validity as 0.005 <Ri < 0.1. As can be calculated from
Equation (3.18), the Richardson number increases with the 8/3
power of the distance from origo. If this fact is taken into account,

the theory seems to have a very small range of application.

In spite of the doubts and limitations given above, the theory and
evaluation of distortion effects are presented because of lack of other

representative theories.
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3.4 Moderate Richardson number flow

Both Pande and Rajaratnam (1975 a) and Engelund (19876) use a simi-
larity analysis to develop the equations describing the flow for dis-

charges of warm water at a moderate Richardson number.

In his analysis Engelund includes effects of buoyancy in the equations
of lateral and longitudinal momentum as well as in the expression for
vertical entrainment, while Pande and Rajaratman in their analysis
include the effect of buoyancy in only the lateral momentum equation.
However, they fit their theory to experimental data (Pande and Raja-
ratnam 1975b), and this can indirectly add other buoyancy effects to

the results.

Pande and Rajaratnam in their theory end up with the following set of

equations
u 2/3 + c4)
D (X ! (3.31)
(o]
T -2+ ¢,)
2~ ) 1 (3.32)
(6]
(4/3+¢,)
B _ (.5_4/ 1 (3.33)
(o]
C
- (3.34)
(o]

where ¢y = constant.

As can be seen, their results are indefinite but by comparing their
theory with experimental data they found the following equations to

be valid:

" -2/3
X
_mo ) (3.35)
Y5 \/HOBO
T -2/3
S e — (3.36)
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4/3

B X

2 (3.37)
o o

H

kﬁ;u constant. (3.38)

In their comparison Pande and Rajaratnam use a set of data from
only 5 tests where the Richardson number at the outlet varies from
0.15 to 1.14 and the aspect ratio (BO/HO) is 1 and 3. This set of
data is used for both moderate Richardson number flow, Ri = 0.15,
0.35, and 0.56 and large Richardson number flow, Ri = 0.79 and
1.14. The data set is too small to confirm the theories. Therefore
the theory of Engelund is used in the further analysis. His firstorder
theory results in the following set of equations: (His second order
theory is not presented here, since the results are not suited for the

analysis of scale effects.)

‘m @‘—)—7/9 (3.39)
u T, ’

(]

m (if?/g (3.40)
T T ‘

(@]

13/9
B N\/Rio if_) f (3.41)
1/9

H p

T =) (3.42)

and as an additional condition

7 eOL

3 D ° 1, (3.43)
where e, = entrainment factor corresponding to a Richardson

number of one,

As can be seen the equation of Pande and Rajaratnam are comparable
with the equations of Engelund. As in the theory of Engelund and
Pedersen, there exists only one pair of B and H that for a given set
of data for flow, temperature, and velocity satisfies the theory, i.e.

Equations (3.39) - (3.43). A control section is therefore introduced.
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The equations describing the flow will then have the following form:

u -’7/9
m . X
(um = (—}—{Z—) (3.44)
R e
T x )~7/9 3. 45)
o TS |
C
13/9
B _ X .
Rl 24
1/9
H _
= - (_;_e) ) (3.47)
C C

The parameters Bc, HC and x, can be obtained as functions of

(T_), (u.) andq_ if we use equations (3.39) - (3.43) together
m c m c C

with the relation of the Richardson number of the control section

Ric and of the section where x = L, - Rio, respectively:

(Tm) H
c . <
Ri TO Ho
- 5 (3.48)
(u )
c
2
u
o)
qNBoH-um. (3.49)

Then the parameters of the control section will have the form

s -1 3/7
By = Cragll(uy) (T (3.50)
_3/7
H, = Cpo qfﬁ (um)‘i/7 (r,) (3.51)
"6/7 1/7 [~
x, = Cll'qfﬁ (um)C (Tm)c - (3.52)

Introducing these expressions into Equations (3.44) - (3.47), one
obtaing the following expressions for velocity, temperature, width,

and thickness of the flow:
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u _ 4/9 -2/3 19 -1/9
‘?rln)c = Cyy- qc/ (um)c/ (Tm)c/ < (3.53)
T 1/9
m_ 49 23 (i 7/9
(’r_[‘_;jc C13 qC (um)c ( m)c X (354)
2/9
B = C, qc—l/Q(um)(;-l/3 (T, £13/9 (3. 55)
C
~29/63
H = Cy¢ qcz/g ( )2/3 T / 19 (3.56)
C . C

Now we can develop the effects of distortion after making the follow-

ing assumptions:

In model and prototype the flow is developed in the sense
that the flow follows Equations (3.39) - (3.43).

The centreline velocity and temperature together with
volume flux of the control section are correctly modelled

with respect to Froude modelling.

Densgity difference is a linear function of temperature

and scaled 1:1.

Effects of distortion are studied far from the control section
so that the difference in the location of origo in model and

prototype is negligible.

With these assumptions the following scaling will be present in a

distorted model:

u

(my e = 15/3- 7\};1/3 (3.57)
m'e

T

(77 )r * )\\}/3 xh"l/S (3.58)
m-e
_ 1343

B, = A, Y (3. 59)
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g = 2B Khl/S. (3.60)

From these equations it can be seen that the effects of distortion are

as follows.

The centre-line velocity iswrong by a factor of
)\\}/& )\h—l/S (too great)

The centre-line temperature is wrong by a factor of

1/3 -1/3
Ayt )\h (too great)

The flow width is wrong by a factor of A ‘;1/3- 7\&/3

(too small)

The thickness of flow is wrong by a factor of 7\\;1/3 7\];/3

(too small).

This evaluation is valid only as long as the theory is valid, which
according to Engelund is for a Richardson number greater than 0. 1.

An upper limit is not given.

3.5 Large Richardson number flow

Pande and Rajaratnam (1975 a) presented an analysis for large

Richardson number flow. Their theoretical results are as follows

u < -1/3

S &3 (3.61)

T -(2/3+¢c,)

m 2

SIS (%,) (3.62)
o

B X

=~ (3.63)
o

H x O2

T - &) (3.64)

where c, = constant.
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Their comparison with experimental data gives the following result:

u X -1/3
e () (3.65)
Yo J H B,
T « -2/3
~ ) (3.66)
To JHB_
g N EX“ (3.67)
o] (o]
%— = constant. (3.68)
]

As pointed out in Section 3.4 the results have not been properly
verified by experiments. Therefore, it is of little value to use

their results for further analysis.

3.6 Conclusions

Scale effects have been evaluated by means of different theories with
different influence of buoyancy. In the theories the ambient water
has been presumed to be quiscent, infinite, and homogeneous with
no ambient diffusion. The theory of Stolzenbach and Harleman for
nonbuoyant flow and the theory of Engelund for moderate Richardson
number flow both seem to be based on a good theoretical ground.
The other theories seem to include too rough assumptions to give a

good basis for evaluation of distortion effects.

The effects of distortion that can be used with any confidence are
thus as follows:

Nonbuoyant flow Moderate Richardson

number flow

s . 12, -1p 13 4 -1f3
Centre-line velocity 7\v ° xh | )‘v o A h
(too great) (too great)
. 12 4 -1p 13 -1/3
Centre-line temperature A _’" )\h I v A h

(too great) (too great)
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Flow width 1 (correct) A -173, A 13
v h
(too small)
. -1 AB L 13
Thickness of flow A, ?\h Ayt Ay

(too small) (too small)
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4. EFFECTS OF DISTORTION CALCULATED BY MEANS OF
NUMERICAL MODELS

4.1 Numerical models used in the calculation

Effects of distortion in physical models are in this chapter calcu-
lated by numerical experiments using the PSD model (Shirazi and
Davis 1974) and the Prych model (Prych 1972 a). These numerical
models have been chosen in correspondence with an evaluation of
mathematical models made by Dunn et al. (1975). They found that
the PSD model was one of the two best models in predicting the
general plume characteristics of warm-water discharges and also
that the Prych model was best in calculating plume characteristics

for laboratory conditions.

Method of calculation

The calculation has been made by using the models with input data
simulating distortion. Since this is done numerically, no general
expressions for effects of distortion can be given as was done in
Chapters 2 and 3. The simulation of distortion is done by comparing
two calculations where all input parameters, except outlet width,
are identical and using outlet width as horizontal parameter and
outlet height as vertical length parameter. Here a distortion of two
is chosen, and the effects are obtained by dividing the results from
one calculation by the results from another having twice as large
outlet width. If no effects of distortion are present, this is given

by the number one in this representation.

Effects of distortion for other distortions thantwoare simply ob-
tained by taking the effects for a distortion of two raised to the
power of the second logarithm of the actual distortion. Thus the
effects of a distortion of 8 are obtained by taking the third power

of the effects of a distortion of two.

The parameters that are studied here for effects of distortion are

Areas within isotherms
Centre-line excess temperature

Thickness of warm-water flow.
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4,2 The PSD model calculation

Together with the theoretical concepts and the program listing,
Shirazi and Davis also present an extensive amount of calculations
in diagram form. The diagram parameters are dimensionless with

the following notation employed in this chapter

A = B_/H_ = aspect ratio of outlet
o K . .
K* = ——= = dimensionless surface heat exchange
pec_u s
p o coefficient
_ vV . . .
R = o relative ambient velocity
o}
V = velocity of ambient flow.

In the diagrams of Shirazi and Davis the horizontal length parameter
is s/V HyB,» which made it necessary to transform the data to the
more convenient parameter s/BO. The diagram presentation was
originally for the aspect ratios 1, 5, 10, and 15. Here the effects

of distortion are studied by comparing results from aspect ratios

1-2, 3-8, and 8-16, making inter- and extrapolations necessary.

The effects of distortion are examined for areas within isotherms,
centre-line excess temperature, and depth of warm-water flow. The

different discharge conditions are

Ambient velocity perpendicular to ambient current
(R =0.01, 0.1, and 0.3)

Outlet densimetric Froude number FA =2,4,6, and 10

Effects of distortion on areas within given isotherms

The calculation is here made for areas within isotherms, with the
areas measured in the unit outlet width squared. In Figures 4.la-c
the effects of distortion on varying isotherms of excess tempera-
ture and different Froude numbers are given. No significant influ-
ence of having small or large aspect ratios could be seen from the

data, so these are not represented in the figures.

Figure 4.1 a has data for an almost quiescent ambient fluid, R =

= 0,01, while Figure 4.1b and c represent data for R = 0.1 and 0. 3.



95.

In the figures the effects of a distortion of two according to the non-

buoyant theory (Section 2.2) are presented, i.e. A v le = 2,

The general impression of these figures is that the effects of distor-
tion are greater for high than for low densimetric Froude numbers,
as could be expected from the discussions of Chapters 2 and 3. The
more jet-type the warm-water flow is, i.e. high densimetric
Froude number and close to the outlet, the greater the effects of
distortion are. For the low densimetric Froude numbers the effects
of distortion are even less than one. This is probably due to the in-
fluence of ambient diffusion that in the PSD model gives principally
the same kind of effects of distortion as in channels with groins, as
presented in Section 2.7, i.e. an overestimation of horizontal ambi-
ent diffusion. These effects are, as pointed out in Section 2.7, not

general, and the given results should thus be used with care.

Effects of distortion on centreline excess temperature

A calculation of effects of distortion on centreline excess tempera-
ture is given in Figures 4.2 a-c. In the figures the effects of distor-
tion according to Engelund s moderate Richardson number theory
(Section 3.4) are given, i.e. A% 2B = 213 -1 26 The
corr{;;ponding number for nonbuoyant jet theory is A \}/2 . 7\;/2 =

2 = 1.4,

For low densimetric Froude numbers the distortion seems to have
very small effects. For high densimetric Froude numbers the ef-
fects of distortion are greater, especially for high ambient velocity
and far from the outlet. In Figure 4.2 c data for FA =10 and S/BO>
> 20 is not present because this information was not available in
the diagram presentation of Shirazi and Davis. The effects of dis-
tortion could, however, be expected to be greater with F, = 10 than

F, = 6 as in the other figures.
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Figure 4.1a

Effects of a distortion of two on areas
within isotherms. Calculation made with
the PSD model data. The corresponding
effects according to nonbuoyant jet theory
are also given.
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Figure 4.1c Effects of a distortion of two on areas

within isotherms. Calculation made with
the PSD model data. The corresponding
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are also given.
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Figure 4.2 a-c  Effects of a distortion of two on centre-~line excess
temperature at given distances from discharge. Cal-
culation made with the PSD model data. The corre-
sponding effects according to Engelund’s moderate
Richardson number theory are also given.
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Effects of distortion on thickness of warm water flow

An examination of the effects of distortion on thickness of warm-
water flow showed that the effects varied very little with distance
from the outlet and also with outlet shape. The data presentation

of Figure 4.3 is therefore based on mean values of effects of distor-
tion for distances from the outlet of 10 to 40 B0 and for the aspects
ratios A = 1-2, 3-6, and 8-16. For low densimetric Froude num-
bers the effects of distortion are less than for high ones, where the
correspondence with Engelund” s moderate Richardson number the-
ory is good. As can be seen, the thickness of the warm-water flow

in a distorted model will be too small.

H H
( HO)A:n/ ( HG)A=2|’I
1.24
R=001 Xx
R=0.1 o
1.14 R=03 A
1.0 ¢ } . : - F,
2 4 6 8 10
o]
X
A
0.91
s} X
XA o
0.8l Engelund’s theory A §
Figure 4.3 Effects of distortion of two 57@ thickness of warm-

water flow. Caleulation made with the PSD model
data. The corresponding effects according to
Engelund’s moderate Richardson number theory are
also given.



101,
Remarks

The PSD model is basically a jet-type integral model but also ambi-
ent diffusion is included. Discharges with as low densimetric Froude
numbers as two are hardly considered as jet-type discharges and
therefore the corresponding results are unreliable. Far from the
outlet the flow becomes less and less jet-type even when the outlet
densimetric Froude number is high. The ambient diffusion becomes
more and more important the further away from the outlet the flow
is studied. As discussed in Sections 2.7 and 2.8, there is no general

way of treating ambient diffusion.

The PSD model works well for high ambient velocities, but problems
occur for low ambient velocities. Therefore, Shirazi and Davis
partly based their diagram presentation on extrapolated data. If the
given remarks are taken into account, the results of the evaluation
using the PSD model must be considered as just a rough guideline

of what the effects of distortion are like for different parameters.
Especially for low densimetric Froude numbers of the outlet, low
ambient vélocities, andlocations far from the outlet, the results

must be considered uncertain.

4.3 The Prych model calculation

The Prych model has been chosen partly because it reproduces
laboratory data well and partly to avoid the difficulties that arise
when ambient diffusion is included. To treat ambient diffusion cor-
rectly, one must have prototype data as discussed in Sections 2.7
and 2.8. No general way of treating ambient diffusion is thus availa-
ble. Therefore, it is better to exclude it in the numerical model,
which is done here. The data chosen for this calculation are for a
discharge of 4 m height and outlet widths of 1,2,4,8,16, and 32 m
corresponding to aspect ratios 1/4 - 8. Initial density deficit is

2 kg/m3 and Froude densimetric numbers are 2,4,8, and 16, corre-
sponding to outlet velocities of 0.56 to 4.5 m/s. Ambient velocity
was 0.2 m/s and perpendicular to the outlet velocity. Heat transfer

to the atmosphere and ambient diffusion were zero.

The input data cover realistic discharge data for real plants under
summer conditions in Sweden. No transformation to model scale

has to be done since the Prych model with the given input data works
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in accordance with the Froude modelling law.

The effects of distortion are obtained for a distortion of two by com-
paring results for aspect ratio 1/4 with 1/2, 1/2 with 1 ... to 4 with
8. All horizontal distances are measured in the unit outlet width and
all vertical distances in the unit outlet height as in the analysis
using the PSD model.

Effects of distortion on areas within isotherms

Areas within isotherms measured with the unit outlet width squared

are studied, and effects of distortion have been calculated.

In Figure 4.4 the effects of distortion are given as mean values for
distortion with aspect ratios varying from 1/4 to 8. The effects are
given as a function of excess temperature for different outlet den-
simetric Froude numbers. The effects of distortion are greater for
high densimetric Froude numbers than for low ones and decrease

also with decreasing excess temperature.
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Figure 4.4 Effects of a distortion of two on areas

within <sotherms as a mean value of aspect
ratios A = 1/4-~8 for different Zsotherms.
Calculation made with the Prych model.
Nonbuoyant jet theory gives a corresponding
number of 2.0.
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The effects of different outlet shapesare shownin Figure 4.5, where
the points represent mean values for effects of distortion over the
range of 0.2 - 0.6 of excess temperature, T/To. The effects of
distortion are greater for low aspect ratios than for high ones, which

is especially significant for low densimetric Froude numbers.
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1.4 4
X
1 o X
O F=2 x
1.2 4 Fa= 4 o
Fa=8 A
1 F,216 @
1.0 ¢ | : f {— N
/4 112 i 2 A
Figure 4.5 Effects of a distortion of two on areas within

Zsotherms as a mean value for the relative
excess temperatures T/T, = 0.2-0.6. Calculation
made with the Prych model. Nonbuoyant jet theory
gives a corresponding number of 2.0.

Effects of distortion oncentre-line excess temperature

The effects of distortion on excess centreline temperature have been
examined at different distances from the outlet in Figure 4.6 and for

different aspect ratios in Figure 4.7.
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Figure 4.6 Effects of a distortion of two on centre-line

excess temperature as a mean value of aspect
ratios A = 1/4-8 at different distances from
outlet. Calculation made with the Prych model.
The effects according to Engelund’s moderate
Richardson number theory are also given.

In Figure 4.6 each point represents a mean value of effects of dis-
tortion corresponding to aspect ratios A = 1/4 - 8. The figure shows
that effects of distortion are greater close to the outlet than far
away and that they are greater for high densimetric Froude numbers
than for low ones. The latter fact is also shown in Figure 4.7, where
the points represent mean values of effects of distortion for dis-
tances of 20 to 120 times outlet width. For small numbers of aspect

ratio the effects of distortion are greater than for large ones.
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Figure 4.7 Effects of a distortion of two on centre-line

excess temperature as a mean value al distances
s/B = 20-120 for different aspect ratios.
Calceulation made with the Prych model. The
effects according to Engelund’s moderate
Richardson number theory are also given.

Effects of distortion on thickness of warm-water flow

The effects of distortion on thickness of warm-water flow are given
in Figure 4.8 at distances from the outlet of 20, 30, 40, 60, 80, and

120 times outlet width. The points represent mean values for aspect

ratios from 1/4 to 8 and show that the effects of distortion in gener-

al are less than unity, thus giving results of measurements in dis-

torted models that are too small. The effects of distortion are most

significant close to the discharge. For high densimetric Froude

numbers the effects also differ more from unity than for low densi-

metric Froude numbers.
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Figure 4.8 Effects of a distortion of two on thickness of
warm-water flow as a mean value of aspect ratios
A = 1/4-8 at different distances from the outlet.
Caleulation made with the Prych model. The effects
according to Engelund’s moderate Richardson number
theory are also given.
Remarks

Like the PSD-model, the Prych model is basically a jet-type model
and since the flow for a densimetric Froude number of 2 hardly can
be considered of jet-type the corresponding results are uncertain.
The treatment of the jet development zone is a very criticized part
of the model. There are thus reasons to be wary of all results
close to the discharge, which also means those for high excess

temperatures.

Ambient diffusion is important far from the discharge. The effects

of distortion are calculated here with consideration only given to
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Figure 4.9 Effects of a distortion of two on thickness of

warm-water flow as a mean value for distances

of 20-120 times outlet width for different aspect
ratios. Caleulation made with the Prych model.
The effects according to Engelund’s moderate
Richardson number theory are also given.

effects of the jet diffusion and the buoyancy spread. The given dia-

grams thus give only a rough idea of the effects of distortion.

4.4 Conclusions

The effects of distortion have been calculated by means of numeri-
cal models for warm-water discharges. A corresponding analysis

was made in Chapter 3, where analytical models were used. The
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results of the calculations using different models will be compared
here. The parameters that can be compared are those for centreline
excess temperature and warm-water flow depth. Since the results
of numerical models show a significant dependence on densimeitric
Froude number and aspect ratio, the comparison will be made for

mean values of a set of data according to Table 4.1.

Table 4.1 - Effects of a distortion of two calculated by means

of theoretical models.

Theoretical model Centre-line excess Thickness of warm-
temperature water flow

Nonbuoyant jet 21/2 =1.4 27l = 0.5
Moderate Richardson 1/3 _ : -1/3 _
number flow (Engelund) 2 =1.26 2 = 0.8
PSD F.=2-4
R=0.1 A®- 1_16 0.95 - 1.05 0.87 - 0.97
PSD F,=6-10
Ro01 AD- 116 1.0 -1.25 0.80 - 0.85
Prych F,= 2-4

AA: 1/4-1 1.04 - 1.17 0.88 - 0.99
Prych FA: 2-4 0.92 - 1.04 0.96 - 1.12

A= 2-8
Prych F,= 8-16

AA= 1/4-1 1.13 -1.30 0.75 ~ 0.92
Prych F,= 8-16

AA: 9-8 1.08 -1.10 0.91 - 0.97

The nonbuoyant theory gives, as expected, results that show greater
effects of distortion than other theories. The theory for moderate
Richardson number flow by Engelund and the Prych model for large
densimetric Froude numbers and small aspect ratios give results

that are quite similar.
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For physical modelling of a surface warm-water discharge with a
densimetric Froude number of 10-15 and a deep receiving water
body it is reasonable to believe that the effects of distortion are of
the correct order as given according to the theory by Engelund or to
the Prych model. The calculations using the PSD model are, as

pointed out earlier, less reliable.
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5. EFFECTS OF DISTORTION DETERMINED BY MEANS
OF LABORATORY EXPERIMENTS

5.1 Laboratory investigations of surface warm-water jets

During the last decade several investigations of surface buoyant jets
have been made, covering different numbers of aspect ratio, outlet
densimetric Froude number and relative ambient velocity. In most
of the studies the temperature along the jet centre-line has been the
main parameter investigated. Most of the data have been collected
and presented by Shirazi (1973).

There exist only a few investigations where the aspect ratio is the
only parameter varied making it possible to use the data for a de-
termination of effects of distortion in a way similar to what was
done in Chapter 4. Besides, the available data are not presented
in a form suitable for such a determination. Thus a transformation

of the length parameter to the unit outlet width has been done.

The investigations used in this determination are listed in Table 5.1
together with the most important discharge parameters. All data

are for a deep receiving body of water with no influence from the

bottom.
Table 5.1 Laboratory investigations used for determination
of effects of distortion.
Source Densimeiric Aspect Rel ambient Fig. Comment
Froude ratio current
number
Stolzenbach 1.03 2.44 0 5.1 Weighted to give
and Harleman 1.83 2.30 0 " F,=1.4 and A=2.4
(1971a) 1.42 0.46 0 "
- 4.4 5.8 0 5.2 Influence of varying
5.22 2.36 0 " densimetric Froude
6.53 1.56 0 " number present
6.60 0.51 0. "
Carter and 9.90 1.94 0.32 5.3 The ambient current
Regier (1974) 9.66 0.974 0.28 " L to discharge flow
11.34 0.396 0.22 "
Wiegel et al. 22-28 10 0 5.4 Data from several
(1964) 22-28 4 0 " different measure-

ments
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The data are presented in diagrams with log-log scales for relative
centre-line excess temperature, T/To, versus distance from outlet,
S/Bo‘ Data for the core region of the jet have been excluded. Data
points obviously falling outside the normal spread of data have also
been neglected. Such points have been marked by a parenthesis.
For each group of data a straight line has been fitted using the
method of least squares, and these lines are used for the determi-

nation of effects of distortion.

The experimental results presented in Figures 5.1 - 5.4 represent
different distortions. The effects of distortion determined here are
all transformed to hold for a distortion of two so that a comparison
with results from Chapter 4 is made possible. An example showing
how this is done is taken from Section 5.3. The experiment with
FA = 6.60 and A = 0.512 may be regarded as a reproduction of the
experiment with FA = 6.53 and A = 1.56 at a distortion of
1.56/0.512=3.1. For the centre-line excess temperature at a dis-
tance of 20 BO from the outlet, the effects of distortion lead to a
temperature that is too great by a factor of 1.22. The number of
times a distortion of two must be applied to give a distortion of 3.1
is 21og 3,1. If the effects of adistortion of twoare calledx, then the

effects of a distortion of 3.1are givenas x210g3' 1

, andin this case
this number is equal to 1.22. The effects of a distortion of two are

accordingly calculated to be 1.13.

5.2 Laboratory data for FAN 1.4

In Figure 5.1 the data for FA = 1,03 and A = 2,44 have been plotted
with the data for FA = 1,83 and A = 2,30, and the line fitted to these
sets of data is presumed to represent FA =1.4and A =2.4. The
scattering of the data is small enough to justify this approximation.
A comparison of this line with the line fitted to the data for FA =1.42
and A = 0,46 shows that the centre-line temperatures are almost
the same in both cases, although a distortion as large as 5 is pres-
ent. This also seems likely considering the low value of the densi-
metric Froude number indicating that buoyancy is important. This
means that the vertical entrainment is reduced and relatively un-
important unlike what is the case for a nonbuoyant jet (see Section
2.4).
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The agreement is good between this experimental result and that
based on calculations using the Prych model. For FA =2 and A =
= 0.5-2 a distortion of two gives a centre-line excess temperature
that is too great by a factor of 1.07 (see Figure 4.7). For FA= 1.4
this number is probably very close to 1.00. (Nonbuoyant jet theory
gives a centre-line excess temperature that is too great by a factor

of 1.41.)

T/ T,
1.0 1

0.5

0.1 .

F=103  A=2.44
005 I~ o = 1. = -
Fy=1.83 A=2.30} Falh  A22.4 e

Faz 142 A =046 O e

002 + -

0.01 L L L ! 1 I L ! s/B,
1 2 5 10 20 50 100 200 500 1000

Figure 6.1 {Centre~line excess temperature versus distance

from outlet for Fa= 1.4, A= 2.4,and F = 1.42,
Az 0.46 comparable to a distortion of 6. Data
from Stolzenbach and Harleman (1971 a).

5.3 Laboratory data for FA?'- 6

In Figure 5.2 the data for densimetric Froude numbers 4.4, 5. 22,
6.53, and 6. 60 with the aspect ratios 5.8, 2.36, 1.56, and 0.51,
respectively, are presented. As can be seen the temperature de-
crease for FA = 4.4 is quite different from that of the others, which
probably is due to the difference, however small, in the densi-
metric Froude number. This set of data is therefore excluded in

the analysis.
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The experiment with FA = 6.53 and A = 1. 56 reproduces the experi-
ment with FA = 5,22 and A = 2,36 at a distortion of 2.36/1.56 =1.5.
This distortion and possibly the variation of F/_\ malke the centre-
line excess temperature too great by a factor of 1.16 - 1,23 at a
distance of 10-50 BO from the outlet. For a distortion of two this

result corresponds to a factor of 1.29 - 1.42.

The experiment with FA = 6,60 and A = 0.51 reproduces the experi-
ment with F , = 6.53 and A =1.56 at a distortion of 1.56/0.51 = 3.1,
which results in a centre-line excess temperature that is too great
by a factor of 1.22 - 1.38 at a distance of 20-50 B, from the outlet.

For a distortion of two the corresponding number is 1.13 - 1,22,

As reported in Chapter 3 nonbuoyant jet theory gives a centre-line
/2 1.41 for

a distortion of two, and Engelund s moderate Richardson number

excess temperature that is too great by a factor of 2

theory gives a corresponding number of 2 1/3 . 1.26. The results
T/ Ty
1.0 {or—(A) T T
(x)
05 =
0.2 |- 4
.8
01 ® |
005 Fir b0 A=580 e |
Faz5.22 A=236 O=e=
Fa=6.53 A=156 [le=oe
Fx=6.60 A=0512 geeeeee
002 -
0.01 L ! L I 1 1 | L SIBQ
1 2 5 10 20 50 100 200 500 1000
Figure 5.2 Centre~line excess temperature versus distance

from outlet for Fy=4.4, 5.22, 6.53, and 6.60,
and A= 5.80, 2.30, 1.56, and 0.51, respectively.
Data from Stolzenbach and Harleman (1971 a).
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obtained using the Prych model (Figure 4.7) show for FA = 6 and

A =1/2-2, a centre-line excess temperature that is too great by a
factor of approximately 1.1. The experimental determination of
effects of distortion as a mean value agrees very well with the the-
oretical evaluation using Engelund’s theory. The nonbuoyant theory
gives, as indicated by the low value of the densimetric Froude num-
ber, effects that are too large, while the calculations using the

Prych model give effects that are too small.

5.4 Laboratory data for FAx 10

In Figure 5.3 the data for FA = 9,90, 9.66 and 11,34 with A = 1.94,
0.974, and 0.396 are presented. The experiments are performed
with a perpendicular ambient current having a relative velocity,

V/uo, of approximately 0, 3.

The experiment with FA =9.66, A =0,974, and V/uO = (0,28 repro-
duces the experiment with F, = 9.90, A =1.94, and V/u_ = 0.32 at
a distortion of 1.94/0.974 =

line excess temperature that is too great by a factor of 1.31 -1, 33

A
2.0. The distortion leads to a centre-

at a distance of 5-100 BO from the outlet,

The experiment with FA =11.3, A =0.396, and V/uo = 0.22 repro-
duces the experiment with FA = 9,66, A=0.974, and V/uO = 0,28
at a distortion of 0.974/0.396 = 2.46. This distortion leads to a
centre -line excess temperature that is too great by a factor of

1.0 - 1.44 at a distance of 10-100 Bo from the outlet. The corre-
sponding factor for a distortion of two is 1.0-1.32, As seenin
Figure 5.3, the slope of the line representing the data for FA= 11.3
is steeper than the slopes of the other lines, which is due to the
somewhat higher densimetric Froude number and possibly also the
lower relative ambient velocity. Increasing densimetric Froude
numbers mean that the slope of the line representing centre-line
excess temperature increases until the nonbuoyant case is reached
for which the siope is 1:1 (see Figure 2.2). This effect makes the

last determination less reliable.
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Figure 5.3 Centre-line excess temperature versus distance

from outlet for Fp=9.90, 9.66 and 11.34 and
A=1.94, 0.974 and 0.396 respectively,with
relative ambient velocity R=0.3.

Data from Carter and Regier (1974).

The agreement between effects of distortion on centre-line excess
temperature as evaluated using Engelund's moderate Richardson
number theory and the first experimental determination made here
is good, 1,26 compared with 1.31-1.33. The relatively high densi-
metric Froude numbers make the flow more like a nonbuoyant jet,
making the evaluation using nonbuoyant jet theory, 1.41, agree bet-
ter than for discharges with low densimetric Froude numbers. The
effects of distortion calculated with the Prych model (Figure 4.7)
give a centre-line excess temperature that for FA =10and A =1 is
too great by a factor of 1.13 taken as a mean value at distances of
20-120 BO from the outlet.
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5.5 Laboratory data for FA::. 25

In figure 5.4 the data for FA = 22-28 and A = 10 and the data for
FA = 22-28 and A = 4 are presented. Both sets of data represent
several experiments, which explains the spread of the data. The
experimental measurements are taken from Shirazi (1973) and not
from the original reference, Wiegel et al. (1964). Two points in
Figure 5.4 that obviously do not correspond to the others have been
excluded. These points have also been excluded by Tamai et al.

(1969) in another diagram presentation of the same set of data.

The experiment with A = 4 reproduces the experiments with A = 10
at a distortion of 10/4 = 2.5. This distortion leads to a centre-line
excess temperature that is too great by a factor of 1.11-1.35 at a
distance of 10-50 Bo from the outlet. For a distortion of two the
corresponding number is 1.08 -1.25. A diagram representation of
the same data by Wiegel et al. (1966) gives a centre-line excess
temperature that is 1.15 too great for a distortion of two. The de-
termination made here is uncertain because the spread of data is
great compared with the difference between the two lines used for

the determination.

The agreement is bad between this determination of effects of distor-
tion, 1.08 - 1,25, and the theoretical evaluations using nonbuoyant
jet theory, 1.41, and Engelund’s moderate Richardson number the-
ory, 1.26, and also compared with the calculations using the Prych
model in Figure 4.7, giving 1.08 for FA =16 and A = 4, For

FA = 23 the calculation with the Prych model should, however, give
a greater number. In Figure 4.7 the effects of distortion decrease
significantly with increasing aspect ratio, and this relation leads
to the nonagreement between the experimental determination and
the theoretical evaluations of the effects of distortion. With respect
to the large densimetric Froude number, nonbuoyant jet theory is
otherwise likely to give a result that agrees well with the experi-

mental determination.
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Figure 5.4 Centre-line excess temperature versus distance
from outlet for Ez22-28 and A= 2.5 and 10.
Data from Wiegel et al. (1964).
5.6 Conclusions

The results of the analysis of laboratory data that has been made in

this chapter are shown in the following table together with the corre-
sponding results using nonbuoyant jet theory, Engelund”’s moderate

Richardson number theory, and the Prych model.

For a low densimetric Froude number (FAé 2) effects of distortion
are small or negligible according to the experimental determination
as well as the calculations using the Prych model. The evaluations
using nonbuoyant jet theory and Engelund” s moderate Richardson
number theory are not applicable to this case and would give effects
of distortion that are far too great.
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Table 5.2 Effects of a distortion of two on centre=line
excess temperature T/T .

FA 1.4 FA'G‘ FA 10 FA 25

A=0.5-2.4 A=0.5-2.4 A=1.0-1.9 A=4-i0

Laboratory ~ 1.0 1.1-1.4 ~1.3 1.1-1.2
Nonbuoyant jet 1.41 1.41 1.41 1.41
theory

Engelund s moderate 1,26 1.26 1.26 1.26
Richardson number

theory

The Prych model 1.07 1.1 1.13 1.08

(Figure 4.7 showing (for F
mean values for
s/BO=20—120 )

A:z) (for FA:IG)

For a densimetric Froude number of 6 to 10 the evaluation using
Engelund”s theory gives results that agree well with the experimen-
tal determination, while the nonbuoyant theory gives too large effects
of distortion. The calculations using the ‘Prych model give effects

of distortion that are too small.

For a densimetric Froude number of 25 and an aspect ratio of 4 to
10, the experimental determination gives effects of distortion that
are smaller than the effects evaluated with nonbuoyant jet theory and
Engelund’s theory. The calculations using the Prych model, al-
though giving too small effects, indicate that a large aspect ratio

decreases the effects of distortion.
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6. MODEL-PROTOTYPE COMPARISONS

6.1 Introduction

In this chapter the effects of distortion are studied by comparisons
of model and field measurements of cooling-water discharges. Such
comparisons do not give the effects of distortion separately but also
other effects of incorrect scaling such as influence of laminar flow,
incorrect modelling of ambient diffusion, and inconsistent currents
of model and prototype. The effects of distortion are unfortunately

impossible to separate from the other effects of modelling.

Presentations of model and prototype measurements of warm-water
surface discharges are few, and for the available cases the data on
discharge conditions are often incomplete. Besides the spread of
the measured data is often great in model as well as in prototype,

making the comparisons uncertain.

An example showing the difficulties in a model-prototype comparison
(Figure 6.1) is taken from an investigation of cooling-water dis-
charges in Hong Kong Harbour (Ackers 1969). The model scales
are 1:250 horizontally and 1:50 vertically giving a distortion of 5.
Model measurements were made for a stationary cross-current,
while the prototype measurements were made during the correspond-
ing tidal phase having similar currents. The discharge from plant A

is 2.4 mS/s and from plant B 6.8 mg/s.
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Fig. 6.1 Temperature distribution at Hongkong Harbour

according to the prototype and the model measure-
ments. Observe the different rveproduction in the
model of the two discharges.
Adapted from Ackers (1969).
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A comparison of model and prototype measurements gives directly
the inconsistent result that for one discharge the model gives too
large a spread of warm water while for the other discharge it gives
a spread that is too small. As no detailed outlet data are given, it
is impossible to give an explanation of the phenomenon, but one

theory is that outlet B is submerged.

6.2 Model-prototype comparison for Berkeley Power Station

Ackers (1969) and Ackers and Jaffrey (1973) have presented a model-
prototype comparison for the discharge from Berkeley Power Station
(300 MW) on the Severn Estuary. The discharge of 28 mS/s is situ-
ated behind a baffle wall that effectively reduces initial momentum
(Figure 6.2). The model scales are 1:480 horizontally and 1:60 ver-
tically, giving a distortion of 8. According to the authors the model
reproduces both the currents and the water-level fluctuations of the

tidal estuary.

For the area inside the baffle wall the geometry governs to a great
extent the flow, which will be of an irregular three-dimensional
nature. How the distortion affects this kind of flow is impossible to

foresee.

When the warm water leaves the area inside the baffle wall the di-
rection of flow is completely changed, and the initial momentum is
lost. The flow is thus in the far-field. The processes governing the
spread of the warm water are then heat transfer to the atmosphere,
buoyancy spread, convective heat transport,and horizontal and ver-
tical ambient diffusion. The measurements shown in Figure 6.2 in-
dicate that the areas within isotherms are small enough for surface
heat transfer to be negligible. Buoyancy spread (Section 2.5) can
theoretically be modelled in a distorted model. This is also the
case for convective heat transport by ambient currents (Section 2. 6)
especially after calibration in model against prototype measure-
ments. The modelling of ambient diffusion is on the other hand much
affected by a distortion (see Sections 2.7 and 2.8). In the present
case the turbulence is probably generated by friction against the
bottom. The horizontal ambient diffusion will then be too great in a
distorted model, giving too large a lateral spread and too low a

centre-line excess temperature of the warm water. The vertical
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Figure 6.2 Temperature survey at Berkeley Power Station.

Comparison of prototype and model results.
Adapted from Ackers (1969).

ambient diffusion, on the other hand, will be too small in a distorted
model, giving too high a centre-line excess temperature. The ef-

fects of distortion on the horizontal ambient diffusion are, however,
much greater than on the vertical one, which means that the centre-

line excess temperature will be too low in the distorted model.

The conclusions that theoretically can be drawn for the far-field are

thus:
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In the model the warm water will flow in the same way

as in the prototype.

In the model the warm water will spread too much in the

lateral direction.

In the model the centre-line excess temperature will be too

small.

In the model the vertical spread will be too small but this

effect is less pronounced.

The conclusions made are mainly based on equations and relations
for stationary conditions, while the model-prototype comparison is
made for unsteady conditions. In principle, this fact will not change
the conclusions. The boundary condition in the form of warm-water
flow into the far-field should, however, be the same in the model
and in the prototype. This isnot the case here, but as can be seen in
Figure 6.2, the differences between model and prototype measure-
ments in the far-field are much too great to be caused by only the

difference in the spread inside the baffle wall,

The comparison of model and prototype measurements gives the

following results:
Near-field

Inside the baffle wall the warm-water flow in the model is

wider than it is in the prototype.

Far-field

The main flow pattern is the same in the model and in the
prototype.
The centre-line excess temperature is too low in the model.

The lateral spread is too great in the model.

The theoretical conclusions and the model-prototype comparison
agree well. The conclusion regarding vertical spread cannot be
checked, since the only data that are given are the surface tem-
peratures. Unfortunately, there are insufficient data from the model
and the prototype to make a quantitative estimation possible, but as

can be seen, the qualitative agreement is good.
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6.3 Model-prototype comparisons for Ringsend and

Pigeon House Power Stations, Dublin

Ackers (1969) and Ackers and Jaffrey (1972) have presented two
model-prototype comparisons for two discharges in Dublin Harbour.
The model scales are 1:300 horizontally and 1:50 vertically, giving
a distortion of 6. The tide as well as the salinity distribution caused
by a river outflow in the harbour is reproduced in the model. The
model roughness is adjusted to reproduce measured vertical and
horizontal salinity gradients in the harbour. The capacity of the
power stations is 35 and 88 MW, respectively, probably giving dis-
charges of 1.5 mg/s and 3.5 mB/s. Unfortunately, no details of the
discharge structures are given. However, the outlet of the

Pigeon House Power Station is situated in a local basin and the in-
flow velocity into the main harbour basin is low, thus making the
densimetric Froude number low. As indicated by the temperature
measurements shown in Figure 6.3, the densimetric Froude number
for the other discharge should also be low, since the lateral spread

is large close to the discharge.

1f the outlet conditions are as assumed, the near-field for each dis-
charge can be modelled accurately in a distorted model as discussed
in Section 5.2 for the laboratory experiments with FAz 1.4. The
near-field is, however, small. In the far-field the agreement be-
tween the model and the prototype very much depends on how ambient
diffusion is reproduced, while, like in the preceding Section, the
buoyancy spread is assumed to be correctly reproduced and the heat
transfer to the atmosphere is considered of minor importance. In
this casethe model has been adjusted to reproduce both the tidal
currents and the salinity gradients. Therefore, both currents and
vertical and horizontal ambient diffusion are correctly reproduced.
The agreement between the model and the prototype is therefore

expected to be good.

The model and prototype measurements are given in Figure 6. 3.
The temperature spread is measured at a depth of 1.2 m below the
water surface at two different tidal stages. The areas within iso-
therms are determined, and the relation between the model and the

prototype measurements are given in Table 6.1.
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Figure 6.3

Comparison of model and prototype measurements
with the temperature rise in °F above background.

Temperature measured at a depth of 1.2 m.
a) High water, b) Low water.
Adapted from Ackers (1969).
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Table 6.1 Model-prototype comparison of areas within

isotherms, Dublin Harbour.

Excess temperature Area in model Area in model
' °m Area in prototype Area in prototype
Figure 6.3a Figure 6.3Db

9 - 0.16
8 - 0.36
7 - 0.58
6 1.02 0.70
5 0.91 -

4 1.53 -

3 2.13 1.17
2 1.56 0.88

The model-prototype comparisons of areas within isotherms can be

summarized as follows:

The main flow pattern in the model agrees well with that of

the prototype.

The areas within isotherms in the model agree well with

those of the prototype for excess temperatures of 2-6°F.

The areas within isotherms in the model do not agree with
those of the prototype for excess temperatures higher than

GOF, which give too small areas in the model.

The theoretical estimation of the accuracy of the model results
agree well with the model-prototype comparisons, except close to
the outlets. More information about the outlet structures must, how-

ever, be available before this disagreement can be explained.

The model-prototype comparisons show that a good picture of the
warm-water spread can be achieved in a distorted model if the model
is calibrated to reproduce the ambient diffusion correctly. It may
also be pointed out that the warm-water spread cannot be calculated
by any of the numerical models recommended by Dunn et al. (1975).
A problem with two interacting warm-water plumes is so far too

complex to be solved theoretically.
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6.4 Model-prototype comparison for Pacific Gas and Electric

Company s Pittsburg Power Plant

Hindley et al. (1971) have presented a model-prototype comparison
for a discharge from a 1320 MW power plant in Pittsburg, just below

the confluence of the Sacramento and the San Joaquin rivers.

The model scales are 1:1000 horizontally and 1:100 vertically, giv-
ing a distortion of 10. The warm water is in the prototype discharged
through several pipes of 0.6 - 2.5 m diameter spread over 30 m of
the shore. In the model, however, the discharge structure consists
of one single pipe, giving a densimetric Froude number of 5 for the
prototype discharge of 30 mg/s. A shallow area close to the outlet
and a wooden barrier 200 m out from the shore-line are not modelled
in detail. By calibrating the model against prototype measurements
the tidal currents as well as the salinity distribution are accurately

modelled according to the authors.

The modelling of the near-field is as explained made in a very rough
way. The near-field is probably small because the river currents
influenced by the tide are strong. According to the measurements
the areas influenced by increased temperatures within the modelled
area are so small that the rate of heat transfer to the atmosphere

is just a few percent of the discharged heat rate. As before, the
buoyancy spread is assumed to be correctly modelled. By the cali-
bration the currents as well as the ambient diffusion are well repro-
duced. If the warm-water spread is correctly modelled where the
far-field starts, the warm-water spread in the far-field will be

accurately modelled.

The model-prototype comparisons are made separately for ebb,
flood, and slack tide. The measuring technique is infrared photo-
graphy in model as well as in prototype with a possible inaccuracy

of 0.5 - 1.0°F of the surface temperatures. Areas within isotherms
for the relative excess temperature are plotted for several measure-
ments in model and in prototype, and a best fit line is computed and
drawn for each set of points by the authors (Figure 6.4). These
lines are used for the model-prototype comparison of the areas
within isotherms shown in Table 6.2. The model data cover only
relative excess temperatures of 0.3 or greater, limiting the compar-

ison to this range.
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Model-prototype comparison of areas within
isotherms for discharge from Pacific Gas and
Electric Company’s Pittsburg Power Plant.
Adapted from Hindley et al. (1971).
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Table 6.2 Model-prototype comparison of areas within

isotherms, Pittsburg Power Plant.

Relative temperature Area in model/Area in prototype
T/TO Ebb tide F}ood tide Sl_ack tide
Fig. 6.4a Fig. 6.4b Fig. 6.4c
1.14
1.12
1.12 1.88 2.25
1.10 1.05 1.38
0.3 1,11 0.88 1.12

As an average, the agreement between the model and the prototype
measurement is good. The spread of the data is, however, great.
The good agreement for large excess temperatures is surprising
considering the rough way of modelling the outlet conditions and the
bottom topography. The modelling of the far-field is good, taking

the great distortion of 10 into consideration.

6.5 Model-prototype comparison for Power Plant at the
US East Coast

Neale and Hecker (1972) have presented a model-prototype compari-
son for a discharge from a 510 MW power plant in a tidal river at
the US East Coast. The warm water is discharged through three
different pipes with orientation according to Figure 6.5 and with a
flux of 6-7 mg/s each. The outlet velocities are approximately 0.9
m/s. Two of the outlets are submerged 2-3 m. The water depth is
given by Figure 6.5. The river flow is predominantly tidal with an
amplitude of 1 m. River velocities reach 0.6 m/s as maximum

flood or ebb current.

The model is constructed using a horizontal scale of 1:400 and a
vertical scale of 1:80, giving a distortion of 5. The heat transfer

to the atmosphere considering the model and prototype weather con-
ditions is well reproduced with this scaling according to the authors.
Because an excessive dilution of the warm water is obtained with
the normal scaling of the outlets, the outlet velocities are reduced.

It is very likely that this phenomenon is due to the submergence of



129.

iz

\ <:::::ji~jﬁfif£pn§INﬂiT o
e
8

ARRANGEMENT OF COOLING WATER STRUCTURES
PLANT A

Figure 6.5 Bottom topography and arrangement of cooling-—
water structures of power plant A.
Adapted from Neale and Hecker (1972).

the outlets, which, however, is not treated in this investigation.
According to the authors excessive dilution in the near-field has
been observed during studies in distorted models of both surface and

submerged discharges.

The adjustments of the outlet conditions and the submergence make
a theoretical estimation of the effects of distortion for the near-field
of little interest. The disagreement between model and prototype

for this region is just stated as a fact.
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The model thus reproduces the warm-water spread in the far-field.
The heat transfer to the atmosphere is correctly modelled as is the
buoyancy spread. The tidal currents are calibrated in the model
against prototype measurements and are thus correctly reproduced.
The modelling of ambient diffusion and the roughly modelled spread
in the near-field will thus be the causes of non-agreement between
the model and the prototype. The ambient diffusion is probably
caused by friction against the bottom since the tidal currents are
strong. According to Section 2.7, the lateral ambient diffusion in
this case will be overestimated in a distorted model. The vertical
ambient diffusion will be underestimated according to Section 2. 8.
The lateral spread of the warm water will therefore be too great
in a distorted model and the vertical spread too small. The incor-
rectness of the warm-water spread in the near-field will propagate

into the far-field.

At different tidal stages model and prototype measurements are
made. In general, the model gives excessive dilution close to the
discharge, in spite of the reduced discharge velocities, and gives
too great a lateral spread for the low excess temperatures. An
average picture for the whole tidal cycle is given in Figure 6.6,
where the increased dilution close to the outlet is seen as well as
the overestimated lateral spread for low temperatures. The areas

within isotherms are determined and compared for the model and

the prototype measurements in Table 6. 3.

~_

a) PROTOTYPE - SURFACE TEMPERATURES

Figure 6.6 Comparison of average tidal temperature rise
(°F)-plant A. Adapted from Neale and Hecker (1972).
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Table 6.3 Comparison of average tidal temperature rise
(OF)—plant A, US East Const.

Excess-temperature Area in model/Area in prototype
°F
4 0.3
2 1.3
1 1

The qualitative estimation of the effects of distortion agree well
with the result from the model and the prototype measurements.

- In spite of the too small area within the 4°F-isotherm in the model,
the lateral spread is increased to be of the order two times too great
for the 1°F-isotherm. The lateral ambient diffusion is obviously

too great in the distorted model. Unfortunately, no information on

the vertical spread is given.

6.6 Model-prototype comparison for Madison Gas and

Electric Company Plant, Lake Monona

Silberman and Stefan (1970) have presented data of Niemeyer (1969)
on model-prototype comparisons of centre-line velocities for a
warm-water discharge from a 190 MW fossil fuel power plant. The
cooling water is discharged through two separated channels. The
water depth is of the order of 1 m out to 90 m from the shoreline,
where the depth increases rapidly. Ambient currents are wind-
driven and weak. The model scales are 1:100 horizontally and 1:15

vertically, giving a distortion of 6.7.

The measured centre-line velocities are of the order of 0.1 m/s
compared with the ambient velocity of 0.06 m/s. The model-proto-
type comparisons are thus for the near-field. If the outlet conditions
are known, it is possible to estimate the effects of distortion. This
is not the case here, but still some theoretical conclusions can be

drawn.

For the shallow area out to 90 m from the outlet the warm-water

flow will probably be of a two-dimensional nature. The effects of
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distortion will therefore be very small according to Section 2.3. For
the area outside this region the flow will change to a three-dimen-
sional character. How the effects of distortion affect the flow in the
model are according to Chapters 4 and 5 depending on the outlet
conditions (see Section 5.6),

If the outlet densimetric Froude number is low (FAs 2)

the effects of distortion are small.

If the outlet densimetric Froude number is high but still

finite (F, = 6 - 25), the estimation using Engelund”s
moderate Richardson number theory is good. In this
13

case the theory gives 6.7 = 1.9 too high centre-line

velocities in the distorted model.

If the outlet densimetric Froude number is infinite, i.e.
the discharge is nonbuoyant, the three-dimensional jet
theory (Section 2.2) is applicable, giving centre-line

velocities that are 6. '71 = 2.6 times too high.

The estimations discussed above are, of course, not applicable
immediately after the warm water leaves the shallow area. There
will instead be a successive transition from the effects of distortion

of the shallow area to one of the estimations given above.

The model-prototype comparisons are made for measurements of
centre-line velocities from both discharge channels at two different
occasions in the prototype. The prototype conditions were repro-
duced in the model and two sets of model measurements were made
for each prototype situation. The total data set is here given in

Table 6.4 with model data transformed into prototype conditions.

The velocity decay a‘long the centre-line is also represented graphi-
cally in Figure 6.7. For each of the prototype cases and for the
corresponding two model tests, regression lines are drawn on log-
log paper and these lines are used for the model-prototype compari-
son. As can be seen, the two model tests for each prototype test
differ remarkably. It is, however, evident that the velocity is too
high in the model. As an average, the centre-line velocities in the
model are 1.3 - 1.7 times too high with the low number 60 m from
the outlet.
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Table 6.4 Model-prototype comparisons of centre-line

velocity, Lake Monona

Simulations of 1966 07 08 field data

Livingston discharge 2.8 m3/s Blount discharge 2.6 m3/s

Field Model 1 2 Field Model 1 2
Dist. Vel. Dist. Vel. Vel. Dist. Vel. Dist. Vel. Vel.
m m/s m m/s m/s m m/s m m/s m/s
62 0.141 61 0.16 0.18 57 0.257 61 0.24 0.24
93 0,107 91 0.13 0.16 86 0.135 91 0.18 0.22
125 0.089 122 0.11 0.14 113  0.097 122 0.08 0.19
155 0.083 152 0.10 0.14 177 0.083 183 0.08 0.12
183 0.08 0.09 240 0.076 244 0.08

Simulations of 1966 08 30 field data

Livingston discharge 2.7 ms/s Blount discharge 1.1 ms/s

Field Model 1 2 Field .Model 1 2

Dist. Vel. Dist. Vel. Vel, Dist. Vel. Dist. Vel. Vel.

m m/s m m/s m/s m m/s m m/s m/s
61 0.187 61 0.12 0.23 61 0.110 61 0.17 0.21
91 0.143 91 0.10 0.21 91 0.051 91 0.13 0.20

120 0.105 122 0.09 0.18 122 0.048 122 0.10 0.19
147 0.091 152 0.09 0.16 152 0.046 152 0.08 0.14
173 0.088 183 0.08 0.12 183 0.030 183

As pointed out earlier the outlet conditions must be characterized
before a theoretical estimation of effects of distortion on centre-line
velocity can be made. It is also assumed that the centre-line veloci-
ty and the centre-line excess temperature behave in the same way.
Then the slopes of the regression lines in Figure 5.1 - 5.4 can be
compared with the slopes of the lines in Figure 6.7. These compar-
isons give the result that the slopes in Figure 6.7 agree well with
the slopes in Figure 5.2 and 5.3, indicating that the outlet densi-
metric Froude number is of the order of 6-10. The estimation of
effects of distortion using Engelund”s theory should therefore be

applied.
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In the shallow area the agreement between the model and the proto-

type is fair giving a centre-line velocity that is too high by a factor

of 1.3. According to the theoretical estimation, no effects of dis-

tortion should occur. The disagreement is, however, not too great.

Outside the shallow area, the centre-line velocity should successive-

ly increase to be too high by a factor of 1.9 according to the esti-

mation using Engelund’s theory. The agreement is good with the

model-prototype comparison giving a successive increase up to the

number 1.7,
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6.7 Model-prototype comparison for Ingd Power Plant

Kuuskoski (1974) has presented investigations of cooling-water dis-
charges in model and prototype from Ingd Power Plant, Finland.
The 250 MW power plant discharge is 8 mg/s. The plant is situated
in a nontidal bay. The water depth close to the outlet is 4 m and
increases rapidly to 14 m. No information on outlet velocity is
given, but the velocity seems to be low. The ambient currents are
small and mainly wind-driven in the prototype, while no ambient
currents are present in the model test. The model has a horizontal

scale of 1:450 and a vertical scale of 1:60, giving a distortion of 7.5.

With a low outlet velocity the warm-water spread will mainly be
governed by ambient currents and ambient diffusion but also by the
heat transfer to the atmosphere. In the model tests no ambient cur-
rents and no ambient diffusion are present. The warm water will
then flow over the ambient water in a thin surface layer that is lami-

nar except close to the outlet.

The dilution with ambient water will be drastically reduced by the
flow being laminar and by the absence of ambient diffusion. These
effects are so strong that they will overshadow the effects of distor-
tion. The areas within isotherms are thus expected to be much too

great in the model.

One model and two prototype measurements of surface temperatures
are given in Figure 6.8. As can be seen from the prototype measure-
ments, the influence of the wind and consequently the wind-driven
currents is great. The lack of ambient currents in the model thus
makes a correct reproduction of the warm-water spread impossible.

This fact is clearly demonstrated in Figure 6. 8.

6.8 Model-prototype comparison for Oskarshamn Nuclear

Power Plant, Sweden

A model investigation of cooling water spread from the Oskarshamn
Nuclear Power Plant has been presented by Rahm and Higgstrom

(1976). The investigation treats discharges from the present values
of 22-50 mB/s up to a possible future value of 250 m3/s. Prototype

measurements have been performed by the Swedish Meteorological
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inga Power Plant
Model test
Discharge 8m3/s

i To= 10.8°C
I

ingd Power Plant
Field measurements 1974-07-12
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v Ingd Power Plant
Field measurements 1974-08-23
Discharge 8 m3/s
& - 9.30
[ To' 9.3 C
"P/‘ }
Figure 6.8 Comparison of model and prototype measurements

of surface temperatures. Ingd Power Plant
(Finland). Adapted from Kuuskoski (1974).
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and Hydrological Instxtute (Bergstrand, 1972-1977) for discharges

of 22 mg/s and 50 m /s with a temperature increase of 10 °c.

The cooling water is led into a small bay with a sound slowly ex-
panding towards the sea. When the warm water flow leaves the sound,
the width is approximately 60 m and the densimetric Froude number
is close to one. The area is nontidal, and currents are predominant-
ly wind-driven with velocities of the order of 0.1 - 0.2 m/s. During
the summer period the upper 10-15 m of the sea has almost uniform
temperature and salinity distributions, however, the shallow areas
in the archipelago can have a higher temperature. Outside the ar-

chipelago the water depth is 10 m or more.

The physical model is constructed with a 1:400 horizontal scale and
a 1:50 vertical scale, giving a distortion of 8. The bottom roughness
is increased by gluing 0.005 m stones on the bottom. Ambient cur-
rents parallel to the shore-line are reproduced, but density strati-

fications are not considered.

Close to the sound, where the densimetric Froude number is one
the physical model can reproduce the warm water spread with accu-
racy according to the theoretical and experimental results summa-
rized in Section 5. 6. Because the outflow velocity is small (~ 0.3
m/s), the ambient currents, the ambient diffusion, and the buoyancy
spread will soon govern the spread of the warm water. Heat trans-
fer to the atmosphere is for the area studied just a few percent of
the rate of discharged heat. Assuming as before that buoyancy
spread is correctly modelled the agreement between model and
prototype will depend on the reproduction of the ambient currents
and the ambient diffusion. The ambient currents are wind-driven
and the velocities as well as the directions of the currents can
therefore vary. At a depth of 10 m the velocities were in 40 % of
the measurements less than 0.03 m/s. The surface currents paral-
lel to the shore-line are, however, predominant and reproduced in
a roughly correct way. The ambient diffusion is in the prototype
generated by the wind, while it in the model is generated by bottom
friction. There are, however, no determinations available of the
diffusion characteristics of the ambient water in the prototype.
Therefore no estimations can be made of the effects of distortion

in the far-field.
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Model-prototype comparisons are available for discharges of 22
mS/s and 50 m3/s. For the 22 m3/s discharge the prototype con-
ditions only rarely were the same as those reproducible in the model.
Comparisons for these cases have been presented by Rahm and Hagg-
strém (1976). The results are similar to the results for 50 ms/s
presented here but based on fewer prototype measurements. For
the discharge of 50 m3/s the prototype conditions during several
measurements have been similar to the conditions reproduced in

the model. No detailed current measurements were, however,
made in the prototype. Therefore, the comparisons have been made
for situations in the model and inthe prototype where the main am-
bient current has had the same direction. Thus two prototype and
three model measurements for NE ambient current have been aver-
aged and compared and also seven prototype and two model measure-
ments for SW ambient current. The averaging has been done by
fitting a straight line to the data on a log-log paper using the method
of least squares. The parameter studied is the areas within iso-

therms represented in Figure 6. 9.

In Figure 6.10 one model and two prototype measurements are shown
as examples of a discharge of 50 m3/s. The somewhat higher tem-
peratures naturally occurring in the shallow archipelago of the
prototype make it difficult to distinguish the temperature pattern
caused by the warm-water discharge from that of the natural tem-

perature.

TFor a SW ambient current the model gives areas within isotherms
that are 1.5 - 3 times the prototype areas in the relative tempera-
ture range 0.5 - 0.2 and for a NE ambient current 1 - 5 times the
prototype areas in the same temperature range. The spread of data

is large, but still the tendency seems clear.

Since the reproduction of ambient diffusion is not made properly

and is not even determined in the prototype, it is impossible to esti-
mate the effects of the modelling. Very close to the sound the agree-
ment between the model and the prototype measurements is good,
which is due to the fact that the outlet conditions are correctly mod-
elled.
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Comparison of model (o) and prototype (x) measure-
ments of areas within isotherms for NE and SW ambient
currents. The straight lines are fitted to data by
the method of least squares.
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7. DISCUSSION OF RESULTS

7.1 Effects of distortion in summary

In the present investigation effects of distortion in physical models
of warm-water discharges are obtained by theoretical and numerical
analyses and by determination from laboratory experiments. The
results are also discussed and applied to some model-prototype
comparisons. The different methods of obtaining the effects of dis-

tortion have their specific limitations:

In Chapter 2 the most important processes affecting the
warm water spread are studied. The effects of distortion
are evaluated for each process separately, which is impor-
tant and increases the understanding of the problem of
physical modelling. Direct applications of these results are,

however, rarely possible.

In Chapter 3 the effects of distortion are obtained using
analytical solutions to surface warm-water discharge
problems. In these theories the ambient water is assumed

to be quiescent and deep. Ambient diffusion is neglected.

In Chapter 4 the effects of distortion are calculated using
numerical models. These models are only applicable to
discharges in deep receiving bodies of water but both
ambient currents and ambient diffusion are included in the
models. In the calculations using the Prych model the

effects of ambient diffusion have, however, been excluded.

In Chapter 5 the effects of distortion have been determined
from laboratory experiments with surface discharges of
warm water. The ambient water has been deep and in most

of the experiments stagnant.

In Chapter 6 the results obtained in Chapters 2-5 have been
discussed and applied to model-prototype comparisons of
cooling-water discharges, including all processes normally

affecting a warm-water flow.

Each of the methods of investigating effects of distortion has thus a
limited application. The different methods give, however, results
that point in the same direction and taking the investigation as a

whole, some conclusions can be drawn with confidence. This is done
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for two separate cases:

One where jet diffusion is the most important process, i.e.

studies of the near-field.

One where ambient diffusion and convective transport with
ambient currents are the most important processes, i.e.
studies of the far-field.

As in earlier chapters, the effects of distortion are in general dis-

cussed for a distortion of two.

Modelling of the near-field

Most of the theoretical estimations of effects of distortion in this
investigation are for application in the near-field of a surface warm-

water discharge in a deep receiving body of water.

The parameter for which the best theoretical and experimental base
is present is the centre-line excess temperature. For the parame-
ters areas within isotherms and thickness of warm-water flow, the
effects of distortion are to a great extent obtained from the calcula-
tions using the Prych model. The parameter centre-line velocity is
here as in most theories of surface jets assumed in principle to

behave in the same way as the centre-line excess temperature (see

Chapters 3 and 4).

For discharges with a small outlet densimetric Froude number

(FAg 2) the effects of distortion on centre-line excess temperature

(and centre-line velocity) are small. This is shown by the laboratory

experiments in Figure 5.1 and by the calculations using the Prych
model in Figures 4.6 and 4.7. An explanation of this result is given
in a very simplified way. In the near field the spread of the warm
water is governed by jet diffusion, which can be divided into verti-
cal and horizontal entrainment, and by buoyancy spread. Of these
processes the horizontal entrainment (Section 2.3) and the buoyancy
spread (Section 2.5) can theoretically be reproduced correctly in a
distorted model. The effects of distortion in the near field are thus
dependent on the reproduction of the vertical entrainment. A small
densimetric Froude number indicates that the buoyancy effects are

strong compared with inertia forces. For this case the vertical en-
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trainment is small and the reproduction good according to the
Summary of Section 2.4. Thus for a discharge with a small densi-
metric Froude number, the near-field can be modelled with accura-

cy in a distorted model.

For discharges with a large outlet densimetric Froude number, the
buoyancy effects are less pronounced, and therefore the vertical
entrainment will be incorrectly reproduced in a distorted model.
The effects of distortion on the centre-line excess temperature (and
centre-line velocity) will thus be significant and will increase with
increasing outlet densimetric Froude number until the nonbuoyant
case (FA = ) is reached. For this case the effects of distortion on
centre-line excess temperature (and centre-line velocity) give
values that are too great by a factor of 21/2 = 1.41 according to
Section 3.2. In the intermediate case (~6 < FA< ~ 25) the experi-
mental results of Chapter 5 agree with the analysis using Engelund s
moderate Richardson number theory (Section 3.4), giving a centre-
line excess temperature (and centre-line velocity) that is too great
by a factor of 21/3 = 1.26. This agreement is good for an aspect
ratio of the outlet of approximately one. The calculations using the
Prych model indicate that the effects of distortion decrease with

increasing aspect ratio (Figure 4.7).

Of the model-prototype comparisons presented in Chapter 6, only
the investigation from L.ake Monona (Section 6.6) is applicable to
the near-field. The comparison is made for centre-line velocity.
Close to the outlet the ambient water is shallow, and after 90 m,
the depth increases rapidly. In the shallow area the vertical entrain-
ment is reduced compared with deep-water conditions. The warm-
water flow will therefore have a two-dimensional character and can
thus be reproduced in a distorted model (Section 2.3). The model-
prototype comparison gives for this area a centre-line velocity that
is too large by a factor of 1.3, which for a distortion of 6.7, is a
good agreement. In the deeper part the centre-line velocity should
be as much as 6. 71/3= 1.9 too great according to the analysis using
Engelund's moderate Richardson number theory. The model-proto-
type comparison gives a number increasing from 1.3 to 1.7 in this
area, showing that the theoretical estimation using Engelund' s

theory is reasonably good.
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For discharges with a small outlet densimetric Froude number

(F,< 4) the effects of distortion on the areas within isotherms are

of the order of 1.3 too large in a model with a distortion of two
according to the Prych model calculations. The isotherms con-
sidered are for excess temperatures, T/To, 0.3 or less (Figure
4.4). For discharges with an outlet densimetric Froude number
close to one, the agreement between model and prototype can be ex-
pected to be better. However, ambient diffusion will affect the re-
sults for low excess temperatures, and this effect is not included

in the calculations. For discharges with a large outlet densimetric
Froude number (FA = 8-16), the calculations using the Prych model
give areas within isotherms that are too great by a factor of 1.5.
The Prych model gives results of centre-line excess temperatures
that under the same outlet conditions underestimate the effects of
distortion. This is also likely to be the case here. However, the
analysis using nonbuoyant jet theory (Section 2.2) gives areas within
isotherms that are too great by a factor of 2. 0. Because the buoyan-
cy effects are not included the effects of distortion are overesti-
mated. Therefore, it is reasonable to expect the effects of distortion
on the areas within isotherms to give a factor of 1.6 - 1.8 too great

values,

The thickness of warm-water flow can for discharges with a small

densimetric Froude number (F, € 4) be expected to be almost cor-
rectly reproduced in a distorted model like the other parameters.
This holds also as an average according to the calculations using the

Prych model (Figures 4.8 and 4.9).

For discharges with a large outlet densimetric Froude number

(F, = 8-16), the thickness is wrong by a factor of 2’1/3 =0.8
according to the evaluation using Engelund” s moderate Richardson
number theory (Section 3.4). This result is in agreement with the
calculations using the Prych model for FA = 8-16 and aspect ratios
of the order of one or less (Figure 4.9). For a larger aspect ratio
the corresponding number is closer to one. For the non-buoyant
case the thickness of the warm water flow will be one half of the

correctly modelled value.
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The flow path of the warm water has not been treated earlier in this

study. This can easily be done by using the numerical models, but
no general figures can be obtained in this way because the curva-
ture depends on the outlet conditions as well as on the ambient cur-
rent velocity. Some qualitative estimations can, however, be made.
A change of the direction of the warm-water flow is caused by en-
trainment of ambient water having another direction of flow. If the
centre-line excess temperature is too high the entrainment of am-
bient wateris too small. Therefore the change of direction of flow
will be too slow and the warm water will flow out too far from the
shore. This is the case for discharges with a large densimetric
Froude number. If, on the other hand the entrainment is correctly

modelled, the direction of flow is correct.

The influence of the bottom on the effects of distortion has been dis-
cussed in Sections 2.3, 2.6 and 6.6. In general, the influence of
bottom geometry will increase the reproducibility of the warm-water
spread in the model. Special effects such as separation of the flow
from the bottom can because of increased slopes occur in a distorted

model and may not be present in the prototype.

Modelling of the far field

In the far-field the most important processes affecting the warm-
water spread are ambient diffusion, convective transport with am-
bient currents, and heat transfer to the atmosphere. The effects

of distortion on these processes are evaluated in Sections 2.6 - 2. 9.
The physical modelling of the far-field as a whole has also been
treated in the model-prototype comparisons presented in Sections
6.2, 6.3, 6.4, 6.5, 6.7, and 6.8. In the comparisons of Sec-
tions 6.2 - 6.5 the ambient currents are tidal and thus nonstationary.
This does not, however, in principle change the conclusiéns drawn

even if these are based on theories for stationary conditions.

The reproduction of ambient currents in the models has been done
properly except for the Ingd investigation (Section 6.7). In this in-
vestigation the weak ambient currents were not modelled, which
made the agreement between the main temperature spread in the

model and in the prototype very poor. In the other cases where am-
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bient currents were modelled, the main flow pattern of the warm
water was fairly well reproduced even if the excess temperature

of the warm water was incorrect.

The physical models of Dublin Harbour (Section 6.3) and Pittsburg
Power Plant (Section 6.4) were adjusted to reproduce the tidal cur-
rents as well as measured salinity profiles. The ambient diffusion
was thus correctly modelled. The agreement between the model and
the prototype measurements was therefore good in these cases in
spite of a distortion as large as 6 and 10, respectively. In the phys-
ical models of the Severn Estuary (Section 6.2) and a river at the
U.S. East Coast (Section 6.5), the bottom roughness was adjusted
so that the tidal currents were correctly reproduced. The ambient
diffusion was in these cases caused by bottom friction, and accord-
ing to Sections 2.7 and 2.8, the lateral spread will be overestimated
and the vertical spread underestimated under this condition. The
model-prototype comparisons show clearly that the lateral spread
was overestimated. The available data permitted no determination
of the vertical spread giving no possibility to control the evaluation
of Section 2.8. In the model-prototype comparison in the Oskars-
hamn investigation (Section 6.8) the ambient diffusion of the proto-
type was due to wind effects, while the ambient diffusion in the
model ‘was due to bottom friction. Unfortunately, no measurements
of the ambient diffusion were made in the prototype. Too large a

lateral spread of the warm water occurred in the model.

The heat transfer to the atmosphere has in most of the model~proto-
type comparisons been considered of little importance for the warm-
water spread, but in one case (Section 6.5) it has been correctly
modelled according to the theories of Section 2.9. Incorrect repro-
duction of heat transfer to the atmosphere can, however, be treated
by estimating the heat transfer under both model and prototype con-
ditions and by correcting the model results accordingly. In this case
the difference in temperature caused by the incorrect modelling

must be small enough for the difference in buoyancy to be negligible.
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7.2 Recommendations for physical model investigations

For prediction of the spread of warm water from a thermal power
plant different numerical models as well as physical models are
available. According to Dunn et al. the best numerical models give
excess *emperature areas which are up to five times too large or
too small, Of course, the accuracy will increase with greater ex-
perience and improvements of existing numerical models and also

when future, more correct models are available.

According to the present study, a near-field physical model with,
as an example, a distortion of eight gives excess temperature areas
which at worst are four to six times too large for a discharge with
a high outlet densimetric Froude number and a deep receiving body
of water. An even better agreement between a physical model and
the prototype is obtained for discharges with low outlet densimetric
Froude numbers and for shallow receiving bodies of water, where
the bottom affects the flow, which so far is impossible to reproduce
practically in a numerical model. Of course, the effects of distor-
tion can be reduced by decreasing the distortion. However, this
possibility is limited by the fact that the modelling must be done

under turbulent conditions as pointed out in Chapter 1.4.

For the far-field the agreement between the physical model and the
prototype depends very much on the reproduction of ambient diffu-
sion. Much more attention must be paid to this problem than has
been done so far. Thus the agreement between the model and the
prototype spread of warm water can be improved significantly if the
diffusion in the prototype is measured and the model is calibrated
against these data. The agreement between numerical model calcu-
lations and the prototype will probably also be improved if "correct"
ambient diffusion coefficients are used in the calculations. As
pointed out in Section 1.3 the most reliable numerical models are
based on the entrainment theory and are thus mainly applicable to

the near-field even if ambient diffusion is included in the models.

The predictions of the spread of warm water using a physical model
seem to give results that are much more accurate than results ob-
tained by numerical model calculations even if the physical model
is heavily distorted. In cases where the bottom will affect the

warm-water flow significantly, a physical model is necessary. The
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disadvantages with a physical model are, thatitis more expensiveand
time-consuming than a numerical model. However, the costs are
as a rule, small compared to the costs of field measurements,

which are necessary irrespective of which type of model is used.

For the choice between a physical or a numerical model athorough
study of the aims of the prediction is necessary. Who are the users
of the results? How are the results to be used? What are the prob-
lems of the receiving body of water? How accurate a resultisneces-
sary? ete...... If with this background a physical model is chosen,
it should be in combination with a numerical model. To form a ba-
sis for the design work of the physical model, predictions of the
warm-water spread should be made with the numerical model. Cal-
culations of effects of distortion can be done before the model is
designed as well as afterwards for transformation of physical model
data into prototype conditions. Extreme situations can also be calcu-

lated as a supplement to the tests in the physical model.

The effects of distortion can in the specific case be calculated more
carefully than was done in Chapter 4 where the presentation had a
general character. An example how this is done and how the physi-
cal model data are transformed into prototype conditions is taken

from the Oskarshamn investigation (Rahm and Higgstrdm 1976).

A proposed outlet construction for a discharge of 130 mg/s gave an
outlet velocity of 2 m/s and a water depth at the outlet of 6 m. This
gave an outlet densimetric Froude number of 6. The water depth
outside the outlet increased rapidly to 10 m or more. The spread

of the warm water was studied in a physical model with the horizon-
tal scale of 1:400 and the vertical scale of 1:50, giving a distortion
of 8.

In the model the warm water had a thickness corresponding to 4-5
m a few hundred metres from the outlet and was thus unaffected by
the bottom. The Prych model was chosen for calculating the effects
of the physical modelling because it was considered as one of the
best numerical models at that time (1974) and also was verified by
Weil (1974). The outlet conditions given above were similar to the
basic conditions for the Prych model, i.e. jet-like flow (FA~ 6) and

a deep receiving body of water. The calculation of the warm-water



149.
spread was done with model data as well as with prototype data as
input. A comparison of the results gave the effects of the distortion.
For the most important variables, areas within isotherms, thickness
of the warm-water flow, and the curvature of the warm-water centre-

line the following results were obtained:
Areas within isotherms were as an average 3-4 times too
great in the physical model (Figure 7.1).

Thickness of warm-~water flow was in the physical model

too small by a factor of 2/3.

The warm water will flow at a distance from the shoreline,

which was 1.3 - 1.4 times too great in the physical model.

AreaM/AreaP
g 4
Ambient current 0.1m/s
5 Ap=2.0 kg/m3
Discharge
. | Velocity : 2m/s
Volume flux 250 m3/s == =
130 M3/5 emvemem
3 100 m3/s
2 1 e
1 L
oL 4 4+ +—+—+ L.y
5 4 3 2 1 0 T
Figure 7.1 Model-prototype comparison of areas within

isotherms for different discharges as cal—
culated by the Prych model. Adapted from
Rahm and Haggstrdm (1976).

A widened basis for the transformation of the physical model results
into prototype conditions was achieved by a comparison of model
and prototype results for a discharge of 22 mg/s. In this case the

outlet densimetric Froude number was one and the outlet velocity
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of the order of 0.3 m/s compared with the ambient currents of 0.1
m/s. The most important governing processes for the over-all
spread of warm water were convective transport with ambient cur-
rents and ambient diffusion. The ambient currents were modelled
in a roughly correct way, while no estimation of the modelling of
ambient diffusion was present. The model-prototype comparisons
gave results that were similar to those presented in Section 6.8

for a discharge of 50 mS/s. As an average the areas within iso-
therms were 3-4 times too great in the model. The thickness of the
warm-water flow could not be determined in the prototype because
there was a small natural temperature gradient. Also, the positions
of the surface isotherms were uncertain because of the natural hori-

zontal temperature gradients in the prototype.

The scale effects estimated by the two methods gave approximately
the same result. The calculated effects of distortion were therefore
used for a transformation of the temperature spread for the dis-
charge of 130 mg/s with the proposed outlet structure. The surface
isotherms are shown in Figure 7.2 both as measured in the model

and after transformation into prototype conditions.

The transformed temperature pattern is, of course, not correct in
detail but gives a result that is better than both the direct model
measurement and calculations using a numerical model. Considering
the spread of data that is present for prototype measurements (Fig-

ure 6.9), the accuracy of the transformation seems sufficient.

In the reported example the influence of the bottom was negligible.
In cases where the bottom significantly affects the warm water flow
the numerical models will not be of much help since they cannot re-
produce such effects. The bottom effects will, however, as a rule
increase the agreement between the spread in the distorted model
and in the prototype. Thus the agreement between model and proto-
type is probably better for the Forsmark investigation (Swedish State
Power Board 1971) than for the Oskarshamn investigation (Rahm
and Higgstrom 1976), since the former site is in a shallow archi-
pelago where the bottom configuration is very important for the flow

of warm water as well as for ambient currents.
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Model measuresments Measuresments transformed
1000 m to protolype conditlions

Relative excess temperatures T/T,

04 e
03 ———-
02 -~
0.1
Warm water discharge 130 m3/s
Oullet velocity 2m/s
Pigure 7.2 Excess temperature T/T  as measured in model and

after transformation into prototype conditions for
a discharge of 130 m3/s.

7.3 Further research

The physical modelling technique of surface warm-water discharges
fails mostly in the reproduction of the ambient diffusion but also in
the reproduction of the near-field for discharges with high densi-
metric Froude numbers. Improvement of the physical modelling
technique can be made mainly by paying special attention to the
modelling of ambient diffusion as discussed earlier. For better

results in the near-field undistorted models are necessary.

A better evaluation of the effects of distortion and the whole problem
of modelling warm-water surface discharges can be done in the fol-

lowing ways
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By comparing more results from model and prototype

measurements.

By improving the numerical model technique making

possible better estimations than those in Chapter 4.

The number of model investigations is great, but the follow-up with
prototype measurements is bad. Thus the model-prototype compa-
risons that are presented in the available literature are few, and
they also give incomplete information on outlet conditions. There-
fore, more model-prototype comparisons for different conditions
of outlet and ambient bodies of water can give a much better under-

standing of the distortion problems.

By improving the numerical model technique, one could also improve
the predictions\df warm water spread in physical models. The calcu-
lations of effects of distortion could be done more accurately but

still in the same way as in Chapter 4. It seems, however, that the
possibility to calculate complex prototype situations with the bottom
affecting the warm-water flow lies in the distant future. Therefore,
judgement based on the results and methods presented in this in-
vestigation is necessary when predictions of warm-water spread
from surface discharges are made from measurements in physical

distorted models.
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