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ABSTRACT

Downstream of an effluent discharge to a river there
may be a region (called the 1limited use zone) where
concentrations for various water quality parameters meet
effluent discharge standards but do not meet receiving water
quality guidelines. There is interest in maximizing the
dilution in the region near the outfall (the near field) so
that the extent of the river which exceeds receiving water
quality guidelines is minimized. Jet discharges normal to
the direction of flow are a simple and effective means to
maximize this dilution. In addition to shortening the length
of the limited use zone, jet discharges also provide the
benefit of a more reliable design for dealing with buoyant or
non-"uoyant effluents,

The overall objective of this dissertation is to provide
a basis for designing effluent diffusers in rivers T1ie work
focusses on turbulent Jjet discharges in crossflows.
Available literature is reviewed to provide a description of
the phenomena and a starting point for this work. Laboratory
work by others has been examined and utilized where possible.
A photographic investigation has been carried out to indicate
the location, width and thickness of jet discha.ges in deep
and shallow crossflows. A field study has been carried out
to measure the dilution of various jet discharges in a real
river. The field work has been augmented by a laboratory

investigation which covers a wider range of discharge



conditions. Based on this work, relationships have been
developed for the dilution of jet discharges in crossflow.
The results of the field work have been used to verify the
wide applicability of the laboratory work.

In addition to the near field mixing phenomena, mixing
in the far field has been investigated. The two dimensional
dispersion equations have been examined in a manner which
provide a quantification of the extent of the limited use
zone for 1line source outfalls. Finally, a case history is
presented as an example of the application of the findings of
this work. This application is particularly relevant to
Alberta due to the recent construction in this province of

four new pulp mills over the past three years.
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CHAPTER 1

INTRODUCTION

1.1 Geperxal Discuasion

Rivers have long been used by mankind for the disposal
of wastes. This practice recognizes and takes advantage of
the assimilative capacity of the natural environment. The
wastes of civilization enter river systems as both diffuse
and point source loadings. The extent of these loadings has
grown in North America over the past century in conjunction
with the increases in urbanization and industrialization.
Some of the consequences of these developmental activities
include an increase in the pollutant loadings on the major
river systems and the introduction of significant loadings to
many other smaller streams. As a result of this pollution
potential, and the growing concern about it, more effort is
needed in developing and implementing advanced wastewater
treatment and discharge facilities.

In recent years, the number of contaminants in the
environment and the concern about the health risk have
increased dramatically. There are now over 30,000 chemicals
in use in Canada (Environment Canada, 1988a). This widescale
use and disposal of potentially hazardous materials poses new
problems in the evaluation of a receiving stream’'s
assimilative capacity. In addition to the consi-d~ration of

the physical condition (e.g. temperature, suspended solids
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and turbidity) and biological processes (e.g. biochemical
oxygen demand and dissolved oxygen), the more subtle effects
of toxic and carcinogenic chemicals must also be considered.
Experiences in Canada and Alberta to date indicated that our
rivers have been able to assimilate the wastes from municipal
and industrial activities with varying degrees of success.
However, public opinion is clearly moving to favour higher
levels of protection.

Out of concern for the risks to the environment, the
provincial and federal governments in Canada have
environmental departments whose mandates are to ensure the
protection of the environment. To achieve this objective for
rivers, environmental department responsibilities include:

a) setting effluent standards for municipal and industrial
water uses,

b) monitoring and setting monitoring requirements for
existing effluent discharges,

c) reviewing and approving effluent discharges proposed by
municipalities and the various industries,

d) setting receiving stream guidelines, and

e) investigating watercourses to determine their condition
and assimilative capacities.

In assessing the assimilative capacity of a receiving
stream, there are many processes that can occur. These
include:

a) mixing,

b) dilution,



¢) sedimentation,
d) adsorption/ desorption,
e} absorption,
f) organism die-off,
g) chemical reactions,
h) biological processes (assimilation, biodegradation and
bioaccumulation), and
i) heat loss prccesses (evaporation and radiation).
In this dissertation, it is the mixing phenomena which

are f interest.

1.2 Guidelines and Standazds for Stream Rxotaction
The development and application of sound receiving

stream guidelines are fraught with difficulty. Strachan

(1986) indicated that the development of guidelines seems to

be a never ending process. Many reasons for this can be

given: |

a) the number of chemicals found in the environment is

growing,

b) there are sometimes a number of states for a given

chemical or slightly different chemical compounds in the same

family (having varying characteristics) to be considered,

c) the knowledge on the effects of these chemicals on the

environment is not complete,

d) each receiving stream has a wide range of aquatic species

at various life stages aﬁd experiences a wide range of flow

conditions,



e) the ability to detect many of the chemicals of concern in
the environment is constantly improving: however, these
detection limits sometime fail to identify 1levels in the
receiving stream at which there may be some subtle effect,

£) synergistic or antagonistic effects of more than one
chemical in the discharge are difficult to quantify, and

g) backgrourd levels for some chemicals in the receiving
stream sometime exceed the receiving stream guidelines (which
raises the questions: is the impairment too subtle to notice;
ox, is the guideline too conservative).

It is important to note that there are several terms
used in water quality studies when dealing with limits on
effluent discharges or chemicals in the environment:
criteria: scientific data evaluated to derive the
recommended limits for water uses;
water quality guideline: numerical concentration or
narrative statement recommended to support and maintain a
designated water use;
vater quality objective: a numerical concentration or
narrative statement which has been established to support and
protect the designated uses of water at a specified site;
vater quality standard: an objective that is recognized
in enforceable environmental control laws of a level of
government.

These definitions were used by the Canadian Council of
Resource and Environmental Ministers (CCREM, 1987) in their

efforts to develop a set of water quality guidelines for



Canada. These guidelines are intended to be applied to
receiving streams based on knowledge of the chemical,
physical and biological characteristics of the water body and
the behaviour of the substance once it has been discharged.
The objectives set are usually based on the most critical use
of the affected reaches. In addition to the Canadian
guidelines, a number of provinces have their own receiving
water ¢« 1idelines (Alberta Environment, 1977; Northwest
Territories Water Board, 1981; and Saskatchewan Environment
and Public Safety, 1988).

The limits on concentrations in the receiving stream are
usually called objectives or guidelines as they are general
requirements. Setting standards for the receiving
environment is not common as it is difficult to monitor (with
dilution, the chemicals become harder to detect) and
difficult to enforce (non-compliance may be temporary or the
result of several dischargers). Fortunately, standards on
the effluent discharge from a municipality or a particular
industrial facility can be monitored and enforced more
effectively.

Effluent discharge standards are often based on the
principles of Best Practical Technology (the most commonly
used and economical in-plant environmental control practices
and effluent treatment technologies). Increased concern for
the environment has resulted in new industrial facilities

being pressured to make use of Best Available Technology



(the most sophisticated and effective protection and
treatment technologies). Reasons for this would include:

a) concern about the cumulative effects of loadings on
receiving streams by multiple dischargers,

b) concern about the more subtle effects of certain
chemicais, and

c) desire for a greater level of protection.

Environmental protection can be achieved with effluent
standards based on technologies provided that the standards
are also evaluated considering the entire river system, all
flow conditions, all water users and all effluent
dischargers. These considerations and the concerns of the
public have manifested themselves in Alberta by the recent
recommendation not to proceed with Alberta-Pacific Ltd.'s
proposed bleach kraft pulp mill on the Athabasca River
(Alberta-Pacific Environmental Impact Asssessment Review
Board, 1990).

Effiuvent discharge standards are usually less stringent
than receiving stream guidelines as the effluent discharge
has not received the benefit of the major assimilative
process in a river system (i.e. dilution). Inherently, the
philosophy of effluent discharge standards and receiving
stream guidelines allows the discharge of chemicals at
concentrations which could potentially be hazardous. As the
comnlete mixing of an effluent discharge in a receiving
st =2am takes a considerable distance to occur, there 1is a

possibility for undesirable conditions within the mixing



zona extending for some distance downstream of the outfall.
Further knowledge on the concentrations within the mixing
zone is needed to deal with this cornrcern. As a result of
this concern, the International Joint Commission (1981) has
indicated a need for more knowledge of mixing processes and

standards relative to conditions within the mixing zone.

1.3 Mixing Rhegomena

Many effluents do not meet all receiving stream
guidelines at the point of discharge. Dilution occurs within
mixing zone and the concentrations of a particular parameter
will decrease as the flow progresses downstream. With
appropriately set effluent standards, the concentrations
downstream of some point in the river will satisfy the
receiving stream guidelines. This concept implies that there
may be a region within the mixing zone, termed the limited
use zone by Gowda (1980 and 1984), where the receiving
stream guidelines are not met. As a result, it is important
that the extent of this adversely affected region be known.
Similar to the regions described by Yotsukura and Sayre
(1975), three different zones of mixing exist downstream of
an outfall (Figure 1.1):
a) the near field mixing zone,
b) the far field mixing zone, and
c) the subsequent dilution zone.

These zones are described in the following.



1.3.1 The Near Field Mixing 2Zone

Near field mixing is of importance for many effluent
discharges. It is in the near field mixing =zone that
vertical mixing is achieved. In the case of passive plume
discharges (i.e. where the discharge velocity is low and the
buoyancy is essentially the same as that in the receiving
stream), vertical mixing is established within a distance of
50 to 100 times the river depth (Yotsukura and Sayre, 1976).
For an effluent whose density is significantly different from
the density of the river, this distance can be much greater.

Conditions in the near field mixing zone are important
as this region is relatively short and concentrations rapidly
decrease. Some or all of the near field mixing zone has been
termed the dinitial dilution <zone by A. A. Aquatics
Research Limited (1987). The provision of some minimum
degree of dilution in the vicinity of the outfall (i.e. the
initial dilution zone) is now necessary to satisfy some of
the new provincial water quality guidelines.

For a neutrally buoyant effluent discharged with
negligible momentum from the river bottom, the mixing process
is first dominated by the turbulence of the river in the
vertical direction. The average verticul dispersion
coefficient (ey) can be quantified according to Jobson and
Sayre (1970) by:

ey = 0.067 U« h (1.1)
where U. is the shear velocity of the flow, and h is the

local depth of flow.



For a bottom discharge, the vertical mixing length (Xy)
can be determined from Fischer et al (1979):

Xy = 0.4 u h? / ey (1.2)
where u is the local depth-averaged velocity of flow.

Based on eguations (1.1) and (1.2), rivers in Alberta
have vertical mixing lengths in the order of 20 m to 200 m at
mean annual flow conditions (Table 1.1). These lengths are
in the order of 35 to 100 times the river depth, which is in
keeping with that suggested by Yotsukura and Sayre (1976).

This vertical mixing condition may not occur for all
effluent discharges as the neutral substance assumption is
not satisfied by all effiuents. This would be particularly
important for effluents of high density being discharged from
the bottom of the river. Here, the effluent would tend to
stratify on the river bottom.

A high velocity jet discharge can be used to overcome
this density related problem (Figure 1.2). If the effluent
is discharged through one or more high wvelocity ports,
vertical mixing can be achieved more quickly than with
passive plume discharges in spite of any density difference.
As a result, improved mixing in the near field can be
achieved,

A jet discharge can also shorten the length of the
vertical mixing zone and, hence, the initial dilution =zone.
For a jet discharge, it is the turbulence generated by the
effluent discharge that dominates the mixing. This is an

important consideration in designing an outfall as it is the
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jet turbulence (not that of the river) which is under the
control of the designer. Mixing occurs in a jet discharge as
it entrains the fluid from the surrounding environment. This
mixing phenomenon is effective when the jet discharge
velocity is greater than several times the receiving stream
velocity. The effects of a well designed jet discharge can
extend downstream for a distance of 20 to 40 times the
diameter of the jet. In this region, initial dilutions in

the order of 20:1 can often be accomplished.

1.3.2 The Far Field Mixing Zone

The far field mixing zone extends downstream from the
section where vertical mixing has been established. For a
discharge source which does not occupy the entire width of
the river (i.e. a point source outfall or an effluent
diffuser across part of the river) the mixing becomes two
dimensional. The effluent is gradually mixed with the river
until, at some point, all concentrations across the width of
the river are approximately equal. The wvariation of
concentrations within the far field mixing zone can be
estimated by analytical methods outlined by Yotsukura and
Cobb (1972) and others.

In the far field, mixing processes are dominated by the
turbulence of the river. Mixing in this region is controlled
by the transverse dispersion coefficient (ez). The

transverse dispersion coefficient can be quantified according
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to Fischer et al (1979 as a function cf the shwar velocity
and the hydraulic depth of the river cross-sectior H):

e, = s {1.3)
Fischer et al (1979) indicated that the dispersion constant
(k) has a typical value :f about 0.6. Studies by Beltaos
(1978a, 1979, and 1980) indicate that the dispersion constant
for Alberta rivers 1s usually in the range of 0.3 to 1.0.

Similar to eqguation (1.2), Fischer et al (1979)
indicated that the theoretical mixing length (Xyn) for a bank
discharge can be estimated by:

Xm = 0.4 U W2 / e, (1.4)
where U is the average velocity of flow, and W is the average
river width.

For rivers in Alberta, the theoretical mixing zone
lengths are in the order of 30 km to 425 km (Table 1.1).
These theoretical lengths are in the order of 400 to 1400
times the river width. In actual fact, the presence of
bends, mid-channel islands and other channel irregularities
will shorten these lengths considerably. Notwithstanding,
the information in Table 1.1 indicates that the length of the
mixing zone is about three orders of magnitude greater than

the length of the initial dilution zone.

1.3.3 The Subsequent Dilution Zone
The subsequent dilution z2one extends downstream of
the mixing zone for as far as the effluent concentrations are

detectable. In this 2zone, 1i1urther mixing occurs as the
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streamflow increases due to tributary inflows and diffuse

lateral inflows.

1.4 Study oObjectives

The present body of knowledge for far field mixing in
rivers is quite large. Elhadi et al (1984) provide a review
of mixing processes which includes 80 references on the
subiject. Gowda (1980 and 1984) presents procedures to
assess the limited use zone for bank outfalls based on the
analytical equations for transverse mixing in the far field.

Although the understanding of far field mixing is not
yet complete, there is presently a greater need to know more
about the initial dilution zone. This is important in the
river environment as a significant degree of mixing can be
achieved within a distance that is in the order of 1/1060 of
the mixing zone length. In recognizing this potential, the
Northwest Territories Water Board (1981) limit the extent of
this zone to 100 m downstream of the outfall and no more than
1/3 of the riv:: width. The control of the length of the
initial dilution 7-ne to occupy only a fraction of the mixing
zone requires more knowledge of mixing processes in the near
field. The overall objective of this dissertation is
to provide a means to quantify conditions within an
initial dilution gzone astablished using a jet diffuser
outfall.

Jet discharges into c¢rossflows have been studied

previously in the context of V/STOL (vertical/sh.. : r~akeoff
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and 1landing) aircraft, atmospheric emissions and ocean
outfalls. These studies have examined velocity fields,
turbulence and, to a lesser extent, concentrations in a
variety of discharge conditions. They all have been carried
out in free streams of great depth. In evaluating jet
discharges into river systems, it is necessary to know the
erfect that the depth of flow 1as on mixing efficiency. In
this regard, a number of specific research objectives were
establishad:
a) to quantif s the <centreline position and bhoundary
locations for deep and shallow water jet discharges,
b) to quantify the dilution achieved by jet discharges,
c) to verify the dilution relations by means of field and
laboratory work, and
d) to develop procedures for application in the design of
jet diffuser outfalls.

In this dissertation, availableAliterature on simple
jets and jets in crossflow are first reviewed to provide a
description of jet mixing phenomena and a starting point for
this work. Laboratory work by others 1is examined and is
utilized where possible. A photographic investigation has
been carried out to indicate the location, width and
thickness of jet discharges in deep and shallow crossflows.
A field study has been carried out to measure the dilution of
various jet discharges in a real river. The dilution data
from this work are compared with laboratory studies of jet

dilution to determine coefficients for simple dilution
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eqguations. This field work has been augmented by a
comprehensive laboratory investigation of jet dilution in
crossflows which identifies a more general dilution equation
and indicates the effects of shallow flows.

In addition to this treatment of the near field mixing
phenomena, work has been carried out on mixing in the far
field. The two dimensional dispersion equations have been
examined in a manner which will provide a quantification of
the extent of the limited use zone for line source outfalls.

Finally, a case history is presented to give an example
of the application of the findings of this work. This
knowledge was applied to an outfall built for Daishowa Canada
Ltd.'s Peace River pulp mill on the Peace River in 1988.
This application is particularly relevant to Alberta as it is
one of four new pulp mills constructed over the past three
years in this province. Prior to 1988, there were on ;, ‘wo

pulp mills in Alberta.
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Chapter 2

A REVIEW OF LITERATURE ON JETS IN CROSSFLOW

2.1 General

Society's interest in jets and buoyant jets is mainly
related to the aviation industry (e.g. jet engines, turbines,
V/STOL aircraft) and the environment (e.g. discharges to the
atmosphere and the ocean). According to List (198.), in his
review of the mechanics of jets and plumes, the earliest
published work on the subject was by Young (1800) who
indicated that the included angle of a turbulent jet was
independent of the jet velocity. List's review indicated
that a considerable research effort has been spent examining
the characteristics of jets and plumes in the region near
(i.e. within a distance of a few diameters downstream) of the
nozzle. He also laments that little effort has been expended
on examining the characteristics of the distant regions of
these discharges. Examining List's review further indicates
that, of his 154 references, fewer than 20 deal with jets or
buoyant jets in crossflow.

Sherif and Pletcher (1989) indicated that most of the
literature on jets and buoyant jet discharges in crossflow
can be classified as experimental, analytical or
computational. In this chapter, previous experiment _
investigations of these discharges will be described. :

basic components of jet flow will be examined and, although
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the focus will be on jets in crossflow, the nature of simple
jets will also be described. In addition, information on
buoyant jet discharges will be provided to allow the
discrimination between momentum dominated and buoyancy
dominated discharges. Although it is expected that well
designed effluent discharges in rivers will be momentum
dominated due to the shallow nature of rivers, criteria for
determining when a discharge is dominated by momentum or
buoyancy are necessary. Finally, wvarious analytical and
computational investigations of jet discharges in crossflow
will be identified to indicate the direction of this area of

research.

2.2 Experimental Investigations

Almost all of the relevant 1literature for ijets in
crossflow has been published since 1950. This coincides with
the initial interest in V/STOL (vertical/short takeoff and
landing) aircraft. Most of the initial studies were
conducted using pitot and static tubes to measure the total
and dynamic pressure heads in the jet discharges (Table 2.1).
Many cof these investigations have been carried out in wind
tunnels. Ruggeri et al (1949) examined the penetration
(outer boundary) of jet discharges in a wind tunnel for
various orifice shapes. They found that the penetration data
could be best explained when the orifice diameter was
corrected, to account for the vena contracta, using the flow

coefficient. Jordinson (1956) measured total head
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distributions for three jet discharges in crossflow and
indicated the jet centreline location by the points of
maximum pressure. Fearn and Weston (1974 and 1979) conducted
several investigations of jets in crossflow at the Langley
V/STOL wind tunnel. Their work examined the velocity and
pressure distributions in jet disclarges having velocity
ratios (& = Uy,/U, where U, is the velocity of the jet
discharge and U is the crossflow velocity) of 4 and 8. The
primary focus of their work was the examination of the vortex
properties of the jet discharges.

Experimental work using water as the medium has also
been conducted using pitot or Prandtl probes to measure the
Pressure and velocity distributions in the flc . Gordier
(1959) measured the total pressure distribution of jet
discharges in a water duct and found them to be similar to
those found in previous studies for air jecs. Rajaratnam and
Gangadhariah (1980) measured the velocity and piezometric
pressure distributions for a ser'es of four jet discharges in
a water flume, Measurements were made for distances along
the curvilinear axis of 0.25 < &/d < 58. From these data,
they identified relationships for the centreline profile, the
shape of the deflected jet, the velocity distribution and the
mass and momentum fluxes of the discharges,

Measurements by hot-wire anemometry during the 1960's
added new information on jet discharges. The hot-wire
experiments allowed the velocity profiles, the location of

the jet centreline, the turbulence structure, the vortex
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structure, and the temperature distributions in the flow to
be measured. Keffer and Baines (1963) examined the velocity
and turbulence characteristics of several air jet discharges
in crossflow. Their data provided information on the ijet
centreline location and on the turkulence characteristics of
these discharges. Moussa et al (1977) examined the near
“ield cf a jet discharge into a crossflow in detail,
describing the vorticity (I') of the jet and its wake, the jet
boundaries and the velocity distributions within. The jet,
which had a velocity ratio of 3.5, was examined for a
distance downstream of one nozzle diameter (d) and vertically
for up to 4.5 d. Andreopoulos and Rodi (1984) examined three
jet discharges with low (0.5, 1 and 2) velocity ratios.
Their work gave information on the three mean velocity
components, the three turbulent shear stresses and the
turbulent kinetic energy profiles. Measurements were made as
far as 10 d downstream.

The availability of laser Doppler anemometry (LDA) in
the mid 1970's allowed a new wave of investigations to be
carried out, taking advantage of the new system's
capabilities of non-intrusive measurement. Experiments using
LDA could provide all of the same measurements as hot-wire
anemometry except for temperature. Kotsovinos (1975)
conducted one of the earlier investigations on velocity and
turbulence distributions in plane jet discharges in water.
Crabb et al (1981) were the first to use LDA to investicate

the turbulence characteristics of jet discharges in
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crossflow. They also used helium tracer techniques to

provide some limited concentration data. One notable finding

of their work was that the motion of the two vortices could

be detected even in the two weak jets (@ = 1.15 and 2.3)
examined.

Numerous photographic studies have beer carried out to
assist in the understanding of jet discharges. Photographic
analysis allows the observation of the structure of jet
discharges as well as the quancification of jet boundary and
jet centreline locations. Photographic analysis formed a
large part of the work by Gordier (1959) to quantify the jet
outer boundary locations and the widths of jet discharges
into crossflows in a water flume. Pratte and Baines (1967)
conducted a notable investigation using an o0il aerosol to
determine the centreline location, the width and thickness of
air jet discharges in a crossflow. Margason (1968) did
similar work using water vapour for the flow visualization.
Crowe and Riesebieter (1967) wused smoke to identify the
centreline position and spreading rate of air jet discharges
in crossflow. Wright (1977a) photographed dye discharges in
a water flume,. Abdelwahed and Chu (1978) used photographic
methods to investigate the characteristics of bifurcating
jets and buoyant jet discharge in crossflows.

Sherif and Pletcher (1989) indicated that studies
investigating the mean temperature and concentration fields
are not as numerous as those examining the velocity field. A

number of studies using temperature and other tracers have
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been carried out to provide knowledge on the dilution of jet
and buoyant jet discharges in quiescent ambients (these are
described in Chapter 4). Of the 33 experimental studies of
jet discharges in crossflow identified in Table 2.1, only 8
provide significant analyses of temperature or concentration
distributions.

Patrick (1967) provided a thorough investigation of both
the wvelocity and concentration distributions of Jjet
discharges in crossflows. He used nitrous oxide (NO2) as a
tracer and presented relations for the dilution of the axial
centreline concentration. The dilution was found to be a

function of the dimensionless distance along the jet

centreline (E/4d) . Patrick's work covered distances
downstream as far as §/d = 50 and dilutions as high as 100:1.
Fan (1967) investigated the dilution of buoyant ijet
discharges in crossflow. He used a conductivity meter to
determine the concentrations within thé flow field resulting
from the injection of a salt solution through an orifice

towed along a stationary flume. Fan examined discharges

having velocity ratios of 4 < & < 16 and densimetric Froude
numbers of 10 < Fo < 80. He found that the jet mixing was
dominated by self-generated turbulence for aistances of up to
x = 250 d.

Ramsey and Goldstein (1971) examined the temperature
distribution for air jet discharges with low velocity ratios

(¢ = 0.1, 0.5, 1.0 and 2.0). They measured the temperature

profiles over a distance of x = 10 d and found that the two
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weaker jets remained attached to the wall. The strongest jet
had clearly separated from the wall.

Kamotani and Greber (1972a) examined two heated air jet
discharges at higher velocity ratios than were investigated

by Ramsey and Goldstein. Kamotani and Greber found that the

vortex structure of the weaker jet discharge (& = 3.9) did
not become established. The stronger jet discharge (o = 7.7)
exhibited the twin vortex structure typical of jet discharges
in crossflow, The centreline temperature was found to

decrease as a function of &/d. The decrease was faster for

the weaker jet initially but, as the discharge approached
E/d = 70, the two jets had about the same dilution.

Chu and Goldberg (1974) conducted an investigation on
the location and dilution of buoyant jet discharges in
crossflow. They used photographic analysis and salinity
measurements to evaluate the results of their theoretical
analysis. The analysis indicated that the jet dilution
component could be related to the distance downstream by a
two-thirds power law. Although the dilution of purely
momentum jets were not analysed, their data tended to support
this relation in the momentum dominated region.

In addition to conducting photographic work to determine
jet centreline location, Wright (1977a) measured the dilution
of jet and buoyant jet discharges in crossflows, some of
which were stratified. Wright used Rhodamine B Extra dye and
fluorometric analysis equipment to measure the concentrations

for various discharge conditions. He also developed a light
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probe (making use of a laser light generator, a photo
detector and a logarithmic amplifier) as another means to
measure concentration. The results of Wright's work include:
a) relationships for the jet centreline location (yc) as a
function of the distance downstream from the jet nozzle (x),
b) relationships for jet and buoyant jet dilution as a
function of the vertical position ahove the bed.

Andreopoulous (1983) investigated the temperature,
velocity and turbulence characteristics for two weak jet
discharges. Their work indicated that jet dilution was
proportional to the square root of the distance downstream
(i.e. Co/Cp = (x/d)~1/2) and was independent of the velocity
ratio.

Abdel-Gawad and McCorquodale (1985) conducted a
laboratory examination of wall and surface jets discharging
perpendicularly into a half-trapezoidal channel. They
measured the velocity, concentration and temperature
distributions for several discharge configurations. They
found that the dilutions for the horizontal outfalls were
about one-half that determined by Rajaratnam and Gangadhariah
(1980) for vertical jet discharges into crossflows. Although
the dilutions achieved with the horizontal outfalls were less
than those for the vertical jet discharges, they were about

twice that for simple jet discharges into quiescent ambients.
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2.3 Rescription of Jat Discharges

2.3.1 Jet Discharges into a Quiescent Ambient

A jet discharging into a quiescent ambient has two
distinct zones of flow (Figure 2.1). The first is the
potential core. As the discharge exits from a well
designed nozzle, it will have a nearly uniform velocity over
the entire exit area. There will be little turbulence in
this essentially potential flow. As the flow enters the
receiving water, tremendous shear occurs at the interface.
Turbulence is generated and increases in magnitude and extent
as the flow advances into the ambient. At some point, all
evidence of potential flow disappears at the tip of the
potential core. This region has also been called the szone
of flow establishment (ZFE) by others (Albertson et al,
1950; Abraham, 1960; Hirst, 1972). The length of this region
has been indicated to be about 6 d by Albertson et al (1950),
Abraham (1960), Rajaratnam (1976), and others.

Beyond the potential core is the second region of flow,
termed the zone of established flow (ZEF). The velocity
and concentration along the centreline decrease linearly with

distance (Rajaratnam, 1983):

Um _ d
Uo = 6,13 < (2.1)
Cm _ d
Co = 5,34 % (2.2)
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where: Uy 1is the jet velocity at the nozzle,
un is the centreline velocity at a section,
X is the distance from the nozzle to the section,
d is the jet nozzle diameter,
Co is the concentration at the jet nozzle, and
Cm 1s the centreline concentration at a section.
The radial distributions of longitudinal velocity and

concentration for a jet are self-similar in the ZEF:

u _ T
U exp { 1ln2 (b) } (2.3)
f; exp {-—an (ﬁ)} (2.4)

where: up is the maximum velocity at the section,

u 1is the velocity at a point,

r 1is the radial distance to the point,

b is the jet half-width at the section,

Cm is the maximum concentration at the section,
¢ 1is the concentration at a point, and

k is the diffusion coefficient ratio.

For a circular turbulent jet discharge ir a quiescent
ambient, the jet half-width (the distance from the
centreline to the point where the velocity is one half the
centreline value) grows in proportion to the distance from

the nozzle (as was qualitatively observed by Young in 1800):

b = 0.096 x (2.5)
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The Jjet half-width for concentration also grows in a linear
fashion but at a faster rate proportional to the diffusion
coefficient ratio (i.e. b = 0.096 k x).

The diffusion coefficient ratio has been determined to
have a constant value over the length of the jet of about
1.17 (Hinze and van der Hegge Zijnen, 1949; Forstall and
Gaylord, 1955; Rajaratnam, 1983). Work by Shaughnessy and
Morton (1977) indicates that the diffusion coefficient ratio
may vary, being lower near the jet outlet and increasing
slightly as the discharge progresses into the ambient.

Equations (2.1) through (2.5) have been developed based
on experimental and analytical procedures. .These equations
indicate that, as the flow progresses along the ZEF, the
magnitude of the velocities and concentrations decrease and
the discharge is dispersed into the ambient. They are
appropriate for circular turbulent jet discharges. Fischer
et al (1979) indicated that most jets, depending on the
initial velocity profile, will be turbulent when the jet

Ug d
Reynolds number (Rj = —%7— - where Vv is the kinematic

viscosity) has a value of 2000. All jet discharges will be

turbulent for Ry > 4000.

2.3.2 Jet Discharges in Crossflow
A circular jet discharge into a crossflow of infinite
depth begins in a similar fashion to the simple jet but

experiences three zones of flow (Figure 2.2):
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Potential Core
The potential core begins similarly to that described
previously for jet discharges in quiescent ambients.
However, due to the increased shear that the crossflow exerts
on the jet, the length of this region is less. A number of
investigators have examined the length of the potential core
of jets in crossflow (Pratte and Baines, 1967; Keffer and
Baines, 1971; Hirst, 1972; Stoy and Ben-Haim, 1973;
Rajaratnam and Gangadhariah, 1980). Their measurements
indicate that the potential core length (lc) varies with the
velocity ratio, being in the order of 1 to 4 times the jet

diameter when o < 10 (Figure 2.3). Stoy and Ben-Haim

presented an equation for the potential core length:

(2.6)

1 -1,
Lo 5exp{193}

Hirst (1972) developed a method for predicting the length of
the zone of flow establishment for discharges to quiescent,
mcving and stratified ambients. Hirst also presented an
empirical equation which correlated well with the results of

his analysis and the experimental work of others:

Qb

= 6.2 exp fiiﬁﬂ (2.7)
o

It would be difficult to accurately determine a relation

for 1lc based on these data as the potential core lengths have
not been consistently determined. Many have been determined

based on extending the centreline velocity profile back to
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the point where (up/Uo = 1) on a log-log plot (Figure 2.4).
This method tends to overestimate 1. as the velocity profile
varies in a non-linear fashion near the potential core.

Another interesting feature of the potential core is
“hat it can be displaced downstream by the crossflow. This
is due to the difference in pressure that occurs between the
upstream and downstream sides of the jet as the free stream
flows past the quasi-solid cylindrical jet near the nozzle.
For jets in weak (i.e. @& < 2) crossflows, this offect is
significant (Platten and Keffer, 1971). This phenomenon can
also been observed in the velocity profile measurements of
Kamotani and Greber (1972a). Rajaratnam (1976} indicates
that the potential core remains aligned with the jet axis for
a > 4,
Zone of Maximum Deflection

The zone of maximum deflection is the transition between
~he potential core (which is oriented along the jet axis) and
the vortex zone (when the jet discharge is almost parallel
with the crossflow). In the zone of maximum deflection, the
jet is deformed from its original circular shape to a kiudney
shaped cross . -~tion. This is because the upstream outer
layers of the jet lose their velocity through the entrainment
of free stream fluid. The deformed jet comprises a pair of
attached counter-rotating vortices. Fearn and Weston (1974)
indicated that the magnitude of vorticity (and, hence, the
extent of the kidney shape) generated is a function of the

jet's diameter and XLnitial velocity. Moussa et al (1977)
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indicated that the interactions at the interface of the jet
and the crossflow also generate vortices which shed and flow
in the wake downstream of the ijet.

As the Jjet progresses through the zone of maximum
deflection, it grows due to further entrainment of the free
stream fluid. During the progression, the total flow rate of
the jet increases while the maximum velocity and
concentration decrease. This =zone extends along the
curvilinear jet axis for a dimensionless distance (§/d) of 15
to 20. This zone is important when considering the location,
the velocity distribution and the concentration distribution
within the jet discharge.

Vortex Zone

In the vortex 2zone, the 3jet direction and the Ijet
velocities are similar to those of the free stream. The jet
maintains its two distinct vortices in this zone. Pratte and
Baines (1967) and Fearn and Weston (1979) indicated that the
vortices begin to dominate the discharge starting about
x = 10 d downstream of the discharge nozzle. They indicated
that these vortices have been cbserved as far as 1000 d
downstream of the jet nozzle. Abdelwahed and Chu (1978)
indicated that the vorticity is not preserved in the vortex
zone flow but decreases as the discharge progresses
downstream. This has also been indicated by Fearn and
Weston (1974 and 1978).

The dilution of the discharge is dominated by vortex

entrainment in this region. Examination of the entrainment
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velocity and dilution curves for the jet region and vortex
zone in the work of Kamotani and Greber (1972a) indicates
that the dilution in the vortex zone will be less than the

initial region of the jet discharge.

The quantirication of the nature of jet or buoyant jet
discharges in crossflow begins with the determination of a
number of basic length scales. These have been identified by

Wright (1977a), Fischer et al (1979) and List (1982):

- ,"n
volume length scale: lg = ;é%g =va = 2 d (2.6)
M3/4 Uo al/4 T
buoyancy length scale: 1y = pl/z = JET = 2 Fo d (2.7)
Ml/2 T
momentum length scale: l, = —7;' = Z ad (2.8)
, _ B _g'U A wald
buoyant jet length scale: 1, = 03 = 03 = Fo2 d (2.9)
T 42 . oL
where: Q = 2 Uo is the initial volume flux,
M= Uy Q is the initial momentum flux,
B =g'Q is the initial buoyancy flux,
g' =g P7Po is the apparent gravitational constant,
Po
g is the gravitational constant,

is the density of the ambient,

Po is the density of the discharge, and

= JET_E 1s the densimetric Froude number.
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The first two length scales relate to buoyant IJet

discharges in a gquiescent ambient. They indicate when a
discharge is jet-like or plume-like (the two extreme cases):
lo >> 1y - the flow is momentum dominated (jet-like),
lg << 1y -~ the flow is buoyancy dominated (plume-like).
Most discharges are affected to scme extent by both momentum
and buoyancy ({(i.e. buoyant Jjets). In the initial region of
any discharge (i.e. y < 10 1l,) the flow characteristics will
be influenced mainly by the geometry of the outlet. In the
subsequent region, buoyant jet discharges will be affected by
both momentum and buoyancy (initially behaving first like a
jet, then like a plume). Based on work by thsovinos {1978)
it can be determined that a buoyant jet discharge will be
equally affected by momentum and buoyancy effects at a
section located x/d = 2 Fo from the outlet.

The latter two length scales (1, and 1l,) can be used to
identify the various zones of flow for jet and buoyant jet
discharges in crossflow:

Im >> 1y - jet effects dominate the discharge: then:
y < 1c - flow partially develops (potential core),
y < 1, - flow is dominated by the jet, and
y > 1, - flow is dominated by the crossflow.

1y, >> 1, - buoyancy effects dominate the discharge; then:

< 1lg - flow develops (nozzle effects govern),

< 1, - flow is dominated by the jet,

Y
Yy
y < 1lp - flow is buoyancy dominated (rising), and
Y

> 1p the flow is dominated by the crossflow.
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The length scales have been used in dimensional analysis
to develop fundamental profile, velocity, and concentration
relationships (Wright, 1977a). They also can be used to
determine which processes govern for a given discharge. As
an example, consider a high temperature effluent being

discharged to a northern river in winter:

effluent temperature: 30 ¢C
discharge velocity: 3 m/s
nozzle diameter: 0.15 m
river temperature: 0 °oC
river depth: 3m
river velocity: 0.5 m/s

The densimetric Froude number and the length scales for this

discharge condition are:

Fo = 38.1

lo =0.13 m
le = 0.53 m
1y = 5.38 m
lp, = 0.80 m
ly, = 0.07 m

The discharge is momentum dominated since the momentum length
scale is much greater than the buoyant jet length scale (i.e.
lp >> 1p) . The discharge is developing in the initial region
(y < 1¢ = 0.53 m). Jet effects next govern for y < 0.80 m,
then the crossflow begins to dominate the discharge for

y > 1l,. The discharge is not significantly affected by
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buoyancy since the depth of the river is less than the
buoyancy length scale (i.e. 1ly > D).

From these considerations, it can be seen that most
effluent discharges to rivers can be designed, using Jjet
diffusers, to eliminate any undesirable effects of dernsity

stratification.

2.5 Analytical and Computational Investigations

Many attempts have been made to provide a quantitative
description of jet and buoyant jet discharges in crossflow.
These have taken the form of empirical relations (based on
dimensional analysis and experimental investigation),
analytical approaches (which yield either closed form
solutions or require numerical methods) and turbulence
models.

Rajaratnam (197€6) presents seven empirical relations
which have been developed by others and describes four
analytical methods used to quantify 3jets in crossflow.
Wright (1977a) presents a review of dimensional analysis and

the results of 16 analytical approaches to the problem.

2.5.1 Empirical Methods

Empirical approaches have usually involved dimensional
analysis in conjunction with experimental measurements. Many
of the early investigations focussed primarily on the
location of the jet centreline (yc). They usually presented

the results of their work in a dimensionless form:
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Ie x
q ~ cod (d)b (2.10)

where a, b and ¢ are constants.

Many of the investigations have attempted to determine the
most appropriate dimensionless form for data presentation.
The work of Pratte and Baines (1967) appears to be the first

to use the form:

de. c(—x-)b (2.11)
o d o d

This form of relation provides the most universal explanation
of the location of jets in crossflow. Figures 2.5 and 2.6
present data from selected experimental investigations to
indicate the nature of the information they provide. The
computed velocity centreline locations, using the equation
from Rajaratnam and Gangadhariah (198la), are also shown to
indicwe the type of predictions achievable. The equation,
presented in Table 2.2, has been modified by the writer to
include a simpler function for the empirical factor (B) in
order to facilitate its application.

Wright (1977a) provides one of the more detailed
investigations of jet and buoyant fjet discharges in
crossflow. He used dimensional arguments to identify two
regions of flow for jet discharges in crossflow - the
momentum dominated near field (MDNF) and the momentum
dominated far field (MDFF). He also developed relationships
for the dilution ratio (So = Co/Cn) for these two flow fields

(Table 2.3). The exponents in his relationships are fixed,
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due to the results of his udimensional arguments, leaving only
one coefficient to be determined for each relation. Wright
similarly presented relationships for the two flow fields for
buoyant jet discharges in crossflow (i.e. BDNF and BDFF).
Wright's experimental work focussed on providing values
for the coefficients. In some cases the coefficients were
found to vary slowly as a function of one of the scaling
parameters (e.g. in the case of the jet centreline location,
C; and Cz are slowly increasing functions of @). Careful
examination of figures 2.5 and 2.6 support this - the trend

line for the latter would have higher values.

2.5.2 Analytical Methods

Analytical methods to determine the path of a discharge
in a crossflow have been developed in a number of different
ways:
Kinematic Methods

Kinematic methods involve some method of geometric
superposition of the two interacting flows. These metl¥ s
have been put forth in the earlier works of Abramovich and
others. Abramovich indicated that several attempts were made
in the 1930's at this type of solution. However, the
conclusions of Abramovich (1963) and of Vizel and Mostinskii
(1964) are that these solutions are only appropriate for
ideal fluids and show poor agreement with experimental

values.
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Dynamic Methods

Dynamic methods are based on the analysis of the forces
exerted on the jet by the free stream. These methods equate
the normal component of the drag force to - e centrifugal
force of the jet (based on the jer's radius of curvature) .
They also usually assume that the mbomentum of the jet in the
vertical direction is preserved. Many analyses have been
developed based on these premises (Table 2.2). The list in
Table 2.2 is only partially complete as it does not include
many of the solution procedures for buoyant jet discharges.
Wright (1977a) has a more complete compilation of these.

Dynamic methods usually result in closed form solutions.
One of the main difficulties with the dynamic solutions is
that the drag coefficients required to establish the force
balance must be unrealistically high in order to properly
predict the jet trajectory in the zone ¢f maximum deflection.
The problems often continue in that, after the drag
coefficients have been defined for this zone, the procedures
do not perform well in the far region where the curvature is
much less.
Integral Methods

Integral methods involve specifying the equations for
the conservation of mass, momentum, energy and pollutant.
These equations are inteqrated across a section normal to the
jet trajectory under the assumption that all turbulent
transport vanishes at the jet boundarv (Wright, 1977a). This

method was proposed by Morton, Taylor and Turner (1956) for
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buoyant jet discharges to . . essent stratified ambient. It
has alsLu keen used later in the analysis f buoyant jevs in
crossflow,

All integral analyses make use of an entrainment
function to provide the source of free stream fluid for the
buoyant jet's growth as the discharge progresses into the
flow. Most make the assumption of a hydrostatic pressure
distribution throughout the flow field. As a result, they do
not include the pressure drag considerations which are
fundamental to the dynamic solutions. Fan's (1967) analysis
and that by Chan et al (1876) are integral procedures which

also include drag forces.

2.5.3 Turbulence Modelling

The discharge of jets or buoyant jets into receiving

waters are slender shear flows. These are complex free
turbulent flows. The governing equations for turbulent flow
are called the Navier-Stokes equations. Rodi (1980)

indicated that there are numerical procedures available to
solve these equations but the storage and computational
requirements for solution are too great for such methods to
be of interest. As a result, simpler models of turbulent
flow have been sought.

One of the most frequently used simplications to the
Navier-Stokes equations is the statistical approach of time-
averaging the equations and assuming that the fluctuations

are small relative to the mean values, The subsequent
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equations are called the Reynolds equations and describe the
mean characteristics of the flow (i.e. velocity, pressure,
temperature and concentration). These simplifications also
ra2quire certain assumptions on the turbulent transport of
mass and pollutant. The simplifications have been found to
be reasonable for many aspects of slender flows. Part of
this success is due to the relative transport of material;
List (1982) indicates that the mean flow is responsible for
about 85% of both the momentum flux and the pollutant flux
for jet discharges into a gquiescent ambient.

As the nature of a turbulent flow gets more complex
(e.g. a jet in a crossflow), the flow gets more difficult to
quantify with the simpler analytical methods discussed in
Section 2.5.2. Analytical methods are also of limited use if
the main interest is in the turbulence characteristics of the
flow. In such circumstances, the investigation can proceed
in one of two directions: experimental work and/or turbulence
modelling.

Turbulence models require the specification of =&
mathematical model of the turbulent transport processes so
that the related terms can be computed at all parts of the
flow. Rodi and Svrivatsa (1979) developed a procedure for
analysing a jet in a ducted crossflow which greatly reduced
the computational requirements. Their model was fully three-~
dimensional in the vicinity of the jet discharge nozzle, but

was two-dimensional downstream. In an intermediate region,
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the equations were three-dimensional for pressure but were
two dimensional for all other parameters.

Rodi (1980) identifed several other turbulence mnodels
which could be considered. He indicated that two-equation
k-€ model was much superior to the simpler turbulence models
and required only marginally more computational resources.
Hossain and Rodi (1982) presented even more complex
turbulence models (two forms of the k—-€ model and an algebraic
stress/flux model) and applied them with good success to Jjet
and kuoyant jet discharges in a quiescent ambient.

As the interests £9or most environmental problems
(particularly for effluent discharges to rivers) are in the
characteristics of the mean field, tu:rbulence modelling has
not yet found wide acceptance. However, the interest in
turbulence modelling will grow in the years to come. There
will be interest from other areas of environmental science
(such as atmospheric emissions - this area would have a
greater need for knowledge on the nature of the fluctuating
flow). The anticipated increase in computer capabilities
will facilitate the more sophisticated numerical analyses,
making their application more pragmatic. Finally, the
continued public pressure for more knowledge on environmental

issues will demand more sophisticated solutions.
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Figure 2.2 Jet Discharge into a Crossflow
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CHAPTER 3

A PHOTOGRAPHIC ASSESSMENT OF CIRCUL: . JET DISCHARGES

IN CROSSFLOWS OF FINITE DEPTH

3.1 Geperal

Many investigations have been carried out identifying
the location of circular Jjet discharges in crossflows of
infinite depth. Most of these investigations have concerned
themselves with the 1location of the points of maximum
velocity and have defined the jet centreline by these. Some
of the more notable studies of this kind have been discussed
in Section 2.

The Jjet centreline can be identified by several criteria
(Figure 2.2):
a) the points of maximum velocity,
b) the points of maximum concentration, and
c) the midpoint between the inner and outer boundaries.
These centrelines are not necessarily coincident. Patrick
(1967) compared jet centrelines determined from the location
of maximum concentrations with centrelines determined from
photographic analysis. He found that che maximum
concentration centreline was higher than that determined by
visual methods. Also, the relations Patrick presented for
the jet centreline indicate that the velocity centreline is
higher than ¢the concentration centr=mline (Table 2.2).

Kamotani and Greber (1%972a and 1972b) measured velocity and
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temperature (the latter being analogous to concentration)
profiles for two heated jet discharges. They found that the
velocity centreline was located higher than the temperature
centreline.

Velocity measurement investigations provide useful
information on the dynamic structure of the jet but, for
environmental purposes; they do not provide as much useful
information as photographic analysis or concentration
measurements would. Photographic analysis allows the
boundaries of the jet to be clearly defined whereas velocity
measurements must define the boundaries by the locations of
points where the velocities are a small fraction of the
maximum velocity (ignoring the fact that the diffusion of a
tracer 1is greater than the diffusion of momentum).
Photographic analysis can also be conducted for a greater
distance downstream cf the jet discharge. The studies on jet
centreline location by velocity measurements have been
conducted for distances of up to x = 45 d (Table 2.1).
Pratte and Baines (1967) conducted a photographic study
investigating jet centreline locations for distances of up to
X = 1200 d and three others photographically examined buoyant
jets in crossflow for distances exceeding 100 d.

The review of the literature indicated that no equations
exist to describe the bulk properties of vertical jet
discharges in crossflows of finite depth. A quantification
of these attributes is of importance for most natural rivers

as their depths are relatively small. Depth becomes an
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important factor for the spreading and mixing of high
momentum jet discharges.

This chapter describes a photographic study which was
carried out to determine the characteristics of Jets
discharging in crossflows of finite depth. The configuration
examined is representative of a single port on a diffuser
cutfall structure discharging upward into the river from the
bed. A comprehensive photographic analysis of thirteen jet
discharge conditions allowed relations to be developed
describing the jet penetration distance, the jet centreline
profile and the terminal levels of the jet boundaries. The
data have also heen used to develop equations for the plan
view width and the thickness of the jet. The results are
evaluated in light of earlier photographic works, the most
significant of which are studies by Wright (1977a), Pratte

and Baines (1967) and Gordier (1959).

3.2 Previous Investigations

3.2.1 Profile Equations

There are many equations reported in the literature
describing the location of circular jet discharges into
crossflows of infinite depth. Rajaratnam (1976) described
seven different closed form equations that have been
reported. Wright (1$77a) identified sixteen solution
procedures, presented in the literature, for buoyant and non-

buoyant Jjet discharges into a crossflow. Most of these



(9]
g

-

analyses have considered the jet centreline as beiny defined
by the points of maximum velocity at successive sections.
These studies have often also involved the measurement of
velocities throughout the jet; most have used air as the
fluid.

Photographic studies have also been used to identify the

location of deflected jets (Table 3.1). In these, the inner

and the oute: = ... .'es are found by measurement and the
visual jet <centrs @ is determined by the midpoint
between these . - . Such a study was carried out by Pratte

and Baines (1967) for jets of an oil aerosol discharging into
a wind tunnel. They found that the location of the inner and
outer boundaries {yi and yo) and of the jet centreline (y¢),
which was defined to be halfway between, ran be expressed by

the equations:

;"Ld = 1.15 (ﬁf‘ze (3.1)
&YSE = 1.76 (;x_d)o.za (3.2)
-bg - 2.35 (&x—d)°'28 (3.3)
[0 4

where: d 1is the jet nozzle diameter,

x 1is the distance downstream from the jet nozzle,

o 1is the velocity ratio (o = Uy,/U),
Uo is the jet discharge velocity, and

U is the crossflow velocity.
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These relations were developed from data where & had a range

of 5 to 35 and where aﬁg had a range of 0.1 to 300.

Wright (1977a) conducted photographic experiments for
rcth buoyant and non-buoyant jets discharging into uniform
and stratified crossflows. Wright determined the jet
houndaries by drawing the most representative curve through
the inner and outer boundaries of a single photecgraph for
each run. The jet centreline was determined by the midpoint
between the two. The effects of parallax and refraction were
eliminated by scaling the distances relative to registration
marks on the front and back of the flume walls. Wright did
this analysis for 60 discharges into unstratified crossflows
where buoyancy had varying degrees of influence. Forty-two

of these runs indicated some influence by the momentum of the
jet discliarge. His data covered values of o from 0.8 to 116

and values of ;ig from 0.04 to 22.

Based on dimensional arguments, Wright indicated that
non-buoyant Jjets discharging into a uniform crossflow exhibit
two distinct regions of flow: the momentum dominated near
field (MDNF) and the momentum dominated far field (MDFF).
These are not to be confused with the near field and the far
field of the mixing zone described earlier in Section . and
by Yotsukura and Sayre (1976). Wright's MDNF and MDFF relate
to the region dominated by the jet discharge and would be the

initial portion of what Yotsukura and Sayre called the near

field.
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For a Jjet discharging into a uniform crossflow of

infinite depth, Wright argued that the jet centreline in the

MDNF would be a function of the distance downstream and the

momentum length scale (1l = YR/4 o d):

Yo _ X \1/2
- o (lm) (3.4)

Wright presented values of the coefficient C;, determined
from the analysis of his photographic data, on a plot of C;
versus lg/lp (where 1l =‘J;72 d, and is called the initiail
volume flux length scale - it should be noted that 1/l = Q).
From Wright's data, it can be seen that the coefficient Cj is

dependent on @; Wright's data can be fitted by the equation

(Figure 3.1):

2.2
Ciy = 2.0 - w2/3 (3.5)

Changing the form of equation (3.4) to:

He _ o (—-"—1/2 (3.6)
a d Lo d

results in a new coefficient (Cl):

2.07
o2/3

Cl = 1.88 - (3.7)

Wright also argued that the equation form for the jet

centreline location in the MDFF would be:
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e _ ¢, (i)m (3.8)

Wright presented values of the coefficient Cp, determined
from the analysis of his photographic data, on a plot of C»

versus 1lg/lp. Again, a dependency on a could be found;

Wright's data can be fitted by the equation (Figure 3.2):

Cr, = 0.89 al/6 : (3.9)

Changing the form of equation (3.8) to:

B (—’5—)1/3 (3.10)
o d o d

results in a new coefficient (C2):

c2 = 0.82 al/s (3.11)

In order to determine the jet centreline location using
the latter equation forms, the appropriate centreline
equation (3.6) or (3.10) 1is wused in conjunction with
corresponding coefficient equation. Since the flow passes

through the MDNF first, the appropriate centreline equation

is tne one which gives the lower value of J&:.
a

The point at which the transition between the MDNF and
MDFF occurs can be determined by equating equations (3.6) and

(3.10):

c1 (—5—)“2 = 2 (—1‘--)1/3 (3.12)
o d



which gives:
X _ [(C2\ <y
o d = c1 (3.13)

Substituting equaticons (3.7) and (3.11) for Cl and <2 gives:

X 0.44 o5/6 \6
(3.149)

a d \@s/3 - 1.10

Values computed from equation (3.14) for the boundary
between the MDNF and the MDFF for deep water jet discharges
are shown on Figure 3.3. For jets discharging into design

conditions in most receiving streams (where & would
k2 between 3 and 10) it can be seen that the MDNF occcupies a
small portion of the flow field.

Wright also made concentration measurements on a series
of 20 non-buoyant jet discharges into unstratified crossflows
(Figure 3.4). Almost all of these discharge conditions were
limiced to the MDNF. The velocity ratios for these runs were
in the range of 20 to 35. These data indicate that the
concentration centreline is located about 20% higher than
that predicted by his visual centreline equations.

Gordier (1959) measured the jet penetration (i.e. the
outer boundary) for jets discharging into a crossflow from
the bottom of a water tunnel. The Jjets were discharged
through nozzles mounted flush with the channel bottom. The
outer boundary was identified by either injecting dye into
the jet (in the nozzle supply line) or into the crossflow

upstream of the jet nozzle. Gordier's data were presented on

1o

a plot of the outer visual boundary ( g’ based on the average
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of 4 photograpbs) versus the distance downstream from the
upstream edge of the jet nozzle (o Vx/d). For low velocity

ratics (a £ €), the functional relation indicated by the plot

N
- .

do o g 90 (X3 (3.15)
o d o d

Gordier's data appears to have identified only the MDFF in
that the exponent for the outer boundary profile equation is
1/3. His data alsc indicate that the Jjet profile coefficient
in equation (3.10) has a dependency on . For a = 8,
Gordier's data indicate that the coefficient has a value of
1.82 and, for a = 13.2, the coefficient has a value of 1.92.
Margason (1968) took photographs of jets discharging
into a wind tunnel at various angles to the crossflow. He
presented photographs of 23 jets discharging at 90° to the
crossflow. Margason introduced water vapour into the jet
discharge to allow the visualization of the jet boundaries.
Margason indicated that the jet centreline for his jet

discharges could be represented by the equation:

deo - 4 59 (—5—)1/3 (3.16)
a d o d

In examining Margason's photograpks (and by his own
discussion of his work), the relation is only generally
representative. For several of the photographs, the visual
centreline appears to be significantly different from the

predicted location. Thus, although the form of equation
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(3.16) and the earlier equations can be seen to be generally
applicable to ijets over a wide range of crossflow conditions,
the coefficient and the exponent cannot be considered to be
fixed quantities. Clearly, other factors are providing
Ssecondary effects on the profile and boundary locations of
jet discharages into crossflows.

Crowe and Riesebieter (1967} developed a model for a jet
discharge i-%o a crossflow . °-d on momentum considerations.
They also conducted experi..ntal work in a 250 mm wide by
700 mm high wind tunnel using smoke as a tracer to identify
the jet centreline and jet boundaries. They introduced smoke
through a smal’ tube to the centre of the jet at the nozzle
exit in order to identify th=: 3jet centreline. They
introduced smoke through a second tube at a lateral distance
from the nozzle centreline of z/d = 0.35 as a means to
approximate the jet width. Photographs from the side and
from above were used to determine the coordirates of the
centreline profile and the width of the jet based on these
smoke traces. Although this procedure allowed Crowe and
Riesebieter to develop relations for jet width to incorporate
into their model and centreline profile data to verify theilr
model, the range of their photographic data was limited to
the potential core region and not much beyond.

Chu has been involved in three investigations which have
made use of photographic aralysis (Chu and Goldberg, 1974;
Abdelwahed and Chu, 1978; Chu, 1985). In all of these works,

the jet boundaries were determined from the mean position
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indicated by four photographs. In his 1974 work, Chu

verified the 1/3 power for the MDFF. The coefficient CZ was

found to have a wvalue of 1.44. His 1985 work focussed on
oblique jet discharges (i.e. not at 90° to the flow). In
this work, Chu found C2 = 1.81. The 1978 work was

interesting in that it dealt with buoyant jet discharges
which were severely affected by the water surface (i.e.

bifurcating buoyant jets).

3.2.2 Width and Thickness Equations

The cross-section of a circular jet discharging into a
crossflow differs from that for a simple ijet ;n that it has a
major axis and a minor axis due to the kidney shape that
develops (Figure 2.2). The widths of a jet in each of these
directions (W, for the plan view width, and Wy for the side
view width or jet thickness) were determined by Pratte and
Baines (1967) to be functions of the distance downstream from

the jet nozzle:

W .
=z _ j 54 B4 (3.17)
a d (@ d

W

Ly g g (2Y0H (3.18)
a d o d

Pratte and Baines also presented the jet width as a

function of the distance () along the Jjet's visual

centreline axis:



W
Mz s[5 Y303 Gl
o d ad
Wy § V.333

= 1.11( ) (3.20)
o d o d

This equation form allows for a better comparison with simple

-

jet discharges (assuming the equivalency of & and x).

Gordier (1959) measured the maximum plan view jet width

for Jjet discharge conditions of ® =4, 6 and 8. The

relationship he determined can be expressed as:

W
2 . 1.2 0.04 (X039 (3.21)
7 d o d

For &« = 8, the term 1.2 a0-04 pecomes 1.30. Equation (3.21)
can then be seen to be similar in form to equation (3.17)
from Pratte and BRain=s, It should be noted ﬁowever, that
even though Gordier measured the maximum jet width (while
Pratte and Baines measured the average width), Gordier's

relation gives widths which are about 15% smaller.

3.3 Effects of a Finite Fxee Stream Dapth

3.3.1 General

The work discussed previously did nnt address che
effects that a finite depth of the free stream might have on
the IJet. The ratios of the free stream depth to the jet
diameter (D/d) for the work of both Pratte and Baines (1967)

and Wright (1977a) were large. Values of D/d for jet
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discharges that would be typical of rivers at design low flow
conditions are in the order of 15 to 30. Only the work of
Gordier (1959) had values near this range (Table 3.1).

As the jet discharge approaches the water surface, the
jet would feel a force due .o a portion of its own weight as
water flowing over the jet's outer extremity tries to advance
apbove the water surface. This force would limit the vertical
growth of the jet. The outer I 'ndary of the Jjet would be
limited to a maximum value det:  'wuined by the depth of the
free stream. The inner boundary &..© the jet centreline would
be limited to values which are scmrewhat less than the outer
boundary.

The width of a jet may also be affected by the effects
of a finite free stream depth. With the restriction on the
vertical growth of the jet, there would be a tendency for the
jet to grow faster in the lateral direction than if the free

stream were deeper.

3.3.2 Dimensional Considerations

This analysis considers circular non-buoyant jets
discharging vertically from the bed into a horizontal
crossflow of uniform density. The jet flow is assumed to be
fully turbulent so that the effects of viscosity can be
ignored. In addition, the turbulence of the crossflow is
assumed to be small relative to that of the jet (i.e. jet

turbulence dominates in the region that is being analysed).
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The parameters of interest for jets discharging into
crossflows of finite depth are the jet velocity at the nozzle
(Uo), the jet nozzle diameter (d), the free stream velocity
(U and the depth of the free stream (D). Wright (1977a)

indicated that it is advantageous to use the kinematic fluxes

® d? Ug
of mass (Qo ——jr——ﬁ and momentum (M = Uy Qo) as the
variables for characterizing a non-buoyant Jjet. Thus, a

general dependent variable (such as the centreline location,
the inner or outer boundary locations, the width or the
thickness of the jet) can be found to be a function of the
following independent variables:

¢ = f (Qo, M, U, D) (3.22)

These independent variables have units as follows:

Qo L3 -1

M L4 T-2
18] L T-1
D L

As the four variables have units of length and rime
only, the Buckingham © theorem indicates that there will be
4 - 2 = 2 dimersionless groups of the four variables. If the
mass flux is disregarded as a minor influence (except ne)r
the source) the first relevant length scale is the momentum

length scale:

1/2
m = == - \r/4ad (3.23)
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For fL << 1 (where y 1is the vertical distance above the jet
m

nozzle), the jet will rise almost vertically as the jet

momentum dominates the flow. For X 5> 1, the momentum of

1
the crossflow dominates and the Jjet will move nearly
horizontally. These are the limiting conditions typical of
jets discharging into crossflows of infinite depth.

The depth of the flow can be combined with the momentum

length scale to form the dimensionless group:

1m Vr/4 o d

T - p (3.24)

This relative jet strength parameter (or, alternatively,

a d
D

) characterizes the jet flow condition by comparing the

jet strength to the depth of flow.

A similar case could be made for the dimensionless group
a? d
D

as being the measure of relative jet strength. This

parameter can be developed by taking the ratio of the jet
momentum flux to the momentum flux of the crossflow (for a

cross-section of dimensions d by D).

3.3.3 Flow Fields for Jets Discharging into
Crossflows of Finite Depth
Examination of the data from the experiments conducted
at the University of Alberta laboratory and intuitive
arguments can be used to indicate that there are five zones

of flow for jets discharging into crossflows of finite depth
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(as opposed to the three zones discussed earlier for jets
discharging into crossflows of infinite depth):
Potential Core

The nature of this region is the same as that for
crossflows of infinite depth as the length scale of the
potential core is significantly less than the depth of the
rossflow. This can be inferred considering the work of
Pratte and Baines (1967) and others (discussed in Secticn 2)
where the length of the potential core is less than 4 d for
velocity rativs of less than 10. Thus, v <4 d <15 d < o
and, therefore, y << D).
Momentum Dominated Near Field

This region is the same as Wright's MDNF, where the jet
centreline can be represented by either of equations (3.4) or
(3.6). In this region, the jet flow experiences the effects
of the crossflow but still does not feel any surface effects.
Momentum Dominated Far Field

This region is the same as Wright's MDFF, where the jet
centreline profile can be represented by either of equations
(3.8) or (3.10). The MDNF and the MDFF, when considered
together, are analogous to the zone of maximum deflection
discussed in Section 2. In the MDFF, the jet again does not
feel any surface effects.
Surface Dominated Field

The surface dominated field (SDF) is the transition
between the MDFF and the Jjet terminal level region. The

surface of the crossflow is felt by the jet in this zone even
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though the outer extremity of the jet may not have reached
the surface; entrainment i1s inhibited due to the limited
amount of flow above the jet. As a result, the growth of the

jet 1i:; at a slower rate than the 1/3 power indicated in

{

equations (3.8) and (3.10). The equation for the surface

dominated field is:

Te  _ 3 (——x)“ (3.25)
ad o d

The coefficient (C3) and the exponent (m) for the SDF are
expected to be functions of the relative jet strength.
Terminal Level Region

Experimental observations at the University of Alberta
laboratory indicated that, after the jet discharge 1is
deflected by the free stream and is flowing nearly parallel
with the free stream, the jet reaches a relatively stable
position in the flow. The Jjet maintains this terminal
level for some distance downstream until it is gradually
dispersed by the turbulence of the free stream. This
terminal level concept does not follow from momentum
considerations or the observations of jets discharging into
crossflows of infinite depth. However, by considering the
jet momentum and the weight of some portion of the water
above the jet as it tries to advance above the water surface,
a force balance could be achieved. With a finite depth, the
water surface is an obvious limitation to the advance of the

jet across the crossflow. Like the centreline location in



the SDF, the terminal levels are also expected tc¢ be a

function of the relative jet strength parameters.

3.4 Expeximental Setting

3.4.1 Facilities

The experiments were conducted in a rectangular water
channel at the University of Alberta's T. Blench Hydraulics
Laboratory. The channel has a length of 17.6 m, a depth of
0.60 m and a width of 1.22 m. The flow was supplied to the
channel from a head tank, through screens and a rounded
channel entrance which evenly distributed the flow in the
channel. The Jjet nozzle was located in the channel f.oor,
midway across the channel, and about 7.8 m downstream of the
entrance. The depth of the flow could be controlled by a
tailgate &t the downstream end of the channel and the flow
rate by a throttling valve and a bypass valve on the
recirculating pump's discharge. The free stream flow was
measured by a 200 mm diameter Foxbocro magnetic flow meter in
the pump discharge line. Flow rates of up to 83 L/s could be
achieved in the channel.

The jet flows were produced by a small pump which took
water from the chaanel's head tank and pumped it into a
smaller head tank which was elevated about 4 m above the
channel. The flow from the jet head tank to the jet nozzle
was controlled by a Brooks (model 1114-10H4A1lA) rotameter

which could measure flows from 4.0 L/min to 40.0 L/min. The
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pump capacity limited the jet flow rate to a maximum of 13.5
L/min. For smaller jet flows, the excess flow was returned
to the channel's head tank by means of an overflow from the
jet head tank.

The jet flow was conveyed from the jet head tank to the
jet nozzle through 25 mm diameter plastic and copper piping.
Specially designed and fabricated converging jet nozzles were
inserted into this piping at the outlet. As a result, the
jet diameter needed no correction factor applied to account
for the vena contracta. The outlets of the jet nozzles w:.e
made flush with the channel floor.

The jet was coloured by the introduction of Cochineal
food colour into the plastic piping petween the jet head tank
and the rotameter by gravity (the dye tank was elevated above
the jet head tank). This dye has a specific gravity of 1.020
at a temperature of 16.5°C. As the dye was significantly
diluted before being discharged into the free stream, density

effects could be considered negligible.

3.4.2 Photographic Analysis

At least six photographs were taken of each jet
discharge condition both from the side and from above.
Typical photographs for the jet viewed from the side are
shown on plates 3.1 and 3.2. The dimensions of the side view
photos were scaled by calipers relative to a 20 mm square
mesh grid which was photographed when located in the water

along the jet centreline prior to the experiment. This
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procedure eliminated the need to calculate parallax and
refraction corrections for these measurements. Measurements
of the outer and inner jet boundaries were taken every 17 mm
for the first 50 mm and then every 25 mm to a total distance
of 450 mm downstream of the jet nozzle. The profile data for
the runs illustrated on plates 3.1 and 3.2 are shown on
figures 3.5 and 3.6. The jet centreline 1location was
determined as the midpoint between the inner and outer IJet
boundaries at each station.

The widths of the jet, as seen in plan view, were
measured relative to a 50 mm square grid painted on the floor
of the channel. Typical photographs for the jet, viewed from
above, are shown on plates 3.3 and 3.4. Measurements were
taken from six photographs of each run. Knowing the cameré
location, the depth of flow and the jet centreline location,
the jet width readings were corrected for parallax and
refraction. Corrections were also made for parallax and
refraction to determine the exact station of each width
reading. The total width data for the runs illustrated on
plates 3.3 and 3.4 are shown on figure 3.7.

The measurements were input to a micro-computer
spreadsheet program for processing, checking and summarizing.
The 90% confidence interval limits for each determination of
the Jjet boundary position were computed. Generally, the
averages of the six readings were sufficient to keep the 90%

confidence interval within +/- 10% of the computed average.
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Most of this variation is due to turbulence and not due to

measuring error.

3.4.3 Experimental Error and Variance

There were a number of sources of error to be considered
in the laboratory analysis (Table 3.2). In the table, _he
measuring precision is indicated along with the range of
values measured during the course of the experiment and the
estimated probable error.

The probable errors were considered to be greater than
suggested by the measurement precision. The depth of flow
and the jet positions were always scaled to the nearest mm
but the estimated accuracy is +* 2 mm. This results in large
error potential for the inner jet boundaries of the weaker
jets. This error was much less than the variability of the
jet position due to turbulence (see figures 3.5, 3.6 and
3.7). The éix photograph averages reduce the measuring error
and variation due to turbulence considerably.

An indication as to the significance of the number of
photographic measurments has been presented on Figure 3.8.
This has been carried out assessing the inner boundary of Run
1232 in the terminal level region. Although only six
photographs had been taken of each run, the photographs
between x = 302 mm and x = 452 mm have been assumed to be
independent measurements of the same mean value. Accepting
this, the mean, standard deviation and 95% confidence

interval has been computed for the addition of each



76

successive photograph from n = 2 (at x = 452 mm) to n = 42
(at x = 302 mm) .

From Figure« 3.8 and the earlier photographs it can be
seen that <ix photographs are sufficient to approximate the
mean position at a station. The appropriate number to
accurately identify the mean position would initially appear
to be about 20. However, considering that much of the
variance is due to turbulence, a lesser number would suffice.
This work is concerned with the variation of the boundary
location, the width and the thickness as functions of the
distance downstream and not at a specific distance. As a
result, regression analysis was used to develop the
relations, significantly improving the accuracy. In this
manner, photographic data can be used to provide a valuable

quantitative analysis of jet flow.

3.5 Results and Analysis

3.5.1 Conditions Investigated

Jet profiles and widths were measured at two flow depths
(174 mm and 298 mm) and for two Jjet nozzle diameters
(11.0 mm and 12.7 mm). The depth to diameter ratios (D/d)
examined were 15.8 and 23.5 (tables 3.3 and 3.4). The free
stream flow rates were 50 L/s at 174 mm depth and 47 L/s, 80
L/s and 83 L/s at 298 mm depth. The jet flow rates were

varied to obtain a range of 2.32 to 13.05 for the jet

velocity ratio (). A total of 13 different flow conditions
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were examined (Table 3.3). The profile and width data
(corrected for parallax and refraction where necessary) are

summarized in Appendix A.

3.5.2 Jet Strength and the O(nset of Surface Effects

Experimental observations at the University of Alberta

1
indicated that, for = < 0.38 {or

D < 0.34), the outer

D
boundary of the Jjet does not reach the surface of the free

stream and the major portion of the jet is unaffected by the

finite depth of flow. Jets where < 0.34 will be

D
termed deep water jets in this dissertation.

a d
For 5 > 0.34, the outer boundary of the jet

approaches and c¢ontacts the surface of the free stream and

the effects of the finite depth are significant. Jets where
a d

o> 0.34 will be termed shallow water jets in this
dissertation.

With respect to the second relative jet strength
parameter, the experimental observations at the University of

Alberta indicated that surface effects were dominant when
o d
D

> 2.5.

The jet discharge conditions analysed by Wright (1977a)

were examined to shed further light on these relative

strength parameters. Wright made 42 runs for jet dlscharges
which were significantly affected by the jet momentum. In
o d

the case of the parameter only one run would be

D [4
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classified as a shallow water jet discharge. In the case of
a? d

the parameter D’ 14 of the 42 runs would be classified as

shallow water 3jet discharges. As Wright would have made

adjustments to avoid having one third of his runs extending

the full depth of flow, it seems likely that the jets did not
o d
D

do so. As a result, & case for the parameter can be

made indirectly. However, the selection of the appropriate
relative jet strength parameter should be more directly
determined. In the following assessment, both parameters are

examined as the means to characterize the discharges.

3.5.3 Comparison of Deep Water Jet Profiles With
Previous Study Results

The boundary and profile data for the deep water jets
were plotted for comparison with the results of previous
photographic studies (figures 3.9, 3.10 and 3.11). The
location and downstream distances were made non-dimensional
by dividing by oo d. This comparison is made to put the data
observat.ons into context with the previous work prior to
more detailed examinination of the jet centreline in the
various flow fields.
Inner Boundary Location

Profiles of the inner boundary indicate that bottom
effects were present in the weaker jet discharges (Figure
3.9). The three runs (1236, 1231 and 2111) with wvelocity

ratios less than 3.8 had lower profiles than the other four



runs which had velocity ratios greater than 4.1. This may be
the result of reduced entrainment on the underside of the jet
in the vortex region as the floor restricts the supply of
water from the free stream. Another interesting feature of
the inner boundary of the weaker jets was the tendency of the

jet profile to dip toward the channel bottom over the reach

X
where ;—g was between 8 and 12. No reason for these

observations could be found.

The profiles of the stronger jets did tend toward a
single line. However, the equations developed by Pratte and
Baines (1967) predicted higher values than were observed.
Outer Boundary Location

The outer boundary profiles for ali seven of the deep
water jet discharges tended to conform to a single trend line
(Figure 3.10). The outer boundary equation by Pratte and
Baines (1967) resulted in predictions which were again higher
than indicated by these data. The outer boundary relation
presented by Gordier (1959) better represents the data.
Centreline Profiles

The centreline profiles for all seven of the deep water
jets tended to conform to individual straight lines on the
dimensionless log-log plot (Figure 3.11). The locations
predicted by the centreline equations of Pratte and Baines
(1967) and Margaso: (1968) were once again higher than the
observations. The data also indicate that there 1is a

tendency to higher profiles for jets with higher velocity
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ratios (e.g. compare the profiles of runs 1236 and 1234 on
the figqure). This observation supports the trend for the
coefficient values (C; and C2) in Wright's MDNF and MDFF

equations being increasing functions of «.

3.5.4 Centreline Profiles - Jet Penetration

For a jet discharging into a crossflow, the jet
penetrates vertically into the flow before -deflecting
downstream. In studies using velocity measurements to
identify the jet location, this penetration distance 1is
usually repres~nted by the maximum extent of the potential
core. However, for a photographinc study, a broader
definition is necessary as the potential core cannot be
identified quantitatively from photographs. The jet
penetration is the maximum distance (y) ﬁeasured at the
centreline of the jet nozzle (i.e. x = 0). One half of this
distance would approximate how far the jet centreline
penetrates the flow at x = 0. A strong correlation was found
to ex%st between the jet centreline penetration distance
(Yp) and the relative jet strength (Figure 3.12). The data

were fitted by the equation:

= 0.53 — (3.26)

Examination of equation (3.26) indicates that Jjet

penetration is actually independent of the flow depth in the
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a d
range of discharges investigated (_T; < 0.6) and a simpler

relation exists:
Yp = 0.53 a d (3.27)
It should be noted that the regression analyses were
carried out to establish all of the relations determined from
the photographic data. Coefficients of deterwmination and

tests for signific .n-e are documented in Appendix B.

3.5.5 Centreline Profiles - Momentum Dominated
Near Field
Values for the coefficient Cl in equation (3.6) for the
MDNF were determined from the photographic data (Figure

3.13). The data were fitted by the equation:

Cl = 0.72 af0-.52 (3.28)

The values indicated by equation (3.28) are larger than those
determined by equation (3.7) using Wright's data. They are
about 33% higher for the runs where a reasonable amcunt of

data have been used to establish a value for Cl (2 < a < 4)

and about 75% higher for the runs where there is a paucity of
data (10 < o0 < 13).

The reason for the larger values fnr the coefficient C1
could be the velocity distribution in the vertical dimension.
In Wright's experiments, the crossflow velocities were
uniform as he towed the jet nozzle along a channel to

establish his crossflow. In this study, a distinct velocity
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distribution (low near the bed and maximum at the surface)
existed due to the boundary layer in the flume. The flume
conditions for this study would allow the jet to penetrate

“arther, resulting in the higher values for Cl.

3.5.6 Centreline Profiles - Momentum Dominated
Far Field
Values for the coefficient C2 in equation (3.10) for the

HDFF were determined from the photographic data (Figure

3.14). The data were fitted by the equation:
c2 = 1.01 a0.22 (3.29)
. a d
Correlations to the relative jet strength parameters (—?; and
a? d .
D-) were also tried but the dependency on 0 was greater.

The values for C2 indicated by eguation (3.29) are
larger than the values indicated by equaticen (3.11) based on
Wright's data. They are about 30% higher throughout the
range investigated herein. This again could be attributed to

the different velocity distributions for the crossflow.

3.5.7 Centreline Profiles - Surface Dominated Field

A coefficient (C3) and an exponent (m) are needed when
using equation (3.25) to det - rmine the location of the jet
centreline in the SDF. The relations between these and the
relative jet strength parameters are illustrated on figures

3.15, 3.16 and 3.17.
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The coefficient (C3) appears to be independent of all
parameters when the jet strength is high (i.e. the shallow
vater Jjet cocndition). However, some dependency on the

velocity ratio was noted for the weaker flow conditions; the

coefficient for these conditions was found to be given by:

C3 = 0.86 ab-28 (3.30)

This dependency was not as strong as those observed for the
other coefficients. Examination of equation (3.30) indica*es
that it is applicable for velocity ratios as high as o = 6.3.
Above this value, the constant value of C3 = 1.44 applies.

The profile exponent (m) was €uund to be strongly
dependent on both relative jet strengtfi parameters (figures
3.16 and 3.17). The data indicated two distinct regions that
had to be evaluated separately. The first region is for what
are termed transition zone jets. For jets in this region,
the surface effects are not felt as strongly; the values of
the exponent for the weaker jets (i.e. ones that approach
deep water jet conditions) are near 1/3 (as indic-ted by
Wright). For the transition zone jets, the profile exponent
gradually decreases with increasing relative jet strength.

The data for the exponent in this region were fitted by the

equations:
1.2 o d
m = 0.34 (1 - -“—7;——*) (3.31)
) (a2d/o) 3 32
m = 0,29 - 27 (3.32)
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These equations are valid until the pcint where the relative
jet strength is sufficient for the outer boundary of the jet

to reach the water surface. These equations indicate that

d a2 d
this point occurs at about D = 0.35 and D

= 2.7 (which

are similar to the observed values of 0.34 and 2.5,
respectively) .

As the relative jet strengtn continues to increase (i.e.
going into the shallow water Jjet region), the exponent
decreases rapidly. The data for the exponent in this region

were fitted by the equations:

a d -1-8

m = 0.03 (—Er) (3.33)
o2 dy "0

m = 0.51 (——B—) (3.34)

3.5.8 Terminal Levels

After the Jjet discharge was defiected by the free
stream, and flowing essentially parallel with the free
stream, the jet would reach a relatively stable position in
the flow. The jet would maintain this position for some
distance downstream until it was gradually dispersed by the
turbulence of the free stream. The heights of the outer and
inner jet boundaries in this equilibrium condition were
measured for each run ({(Figure 3.18). It was found that the
equilibrium position (expressed in dimensionless form as Y/D)

was a function of the relative jet strength.
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Zxamination of the data indicates that the terminal

levels for the inner boundary (Yj), the centreline (Y.) and
the outer boundary (Yo) increase with the relative jet
strength. Considering the first relative 1jet strength

parameter, the terminal level data were fitted by the

equations:

Y_ [a d1.30
5‘ = 1.55 D) (3.35%)
—DQ = 1.u6 (—D—) (3.36)
Y o d0.73
—DQ = 2.18 (——D-) (3.37)

The terminal level data were fitted equally well using
relations based on the second relative jet strength parameter

(Figure 3.19):

Y az d0.74

—; = 0.22 (—5—) (3.38)
2 4\0.46

Y a2 d

-If = 0.47 (——-D—) (3.39)
2 0.37

Y a2 d

§ = 0.71 (——D—-) (3.40)

At some degree of relative Jjet strength, the jet
encountered the surface of the free stream and could not
advance further (this study is not concerned with jets which
break through the water surface as they are of no interest

for effluent discharges into rivers). As the jet strength
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increased further, the centreline and the inner boundary also
reached their maximum values. These maximum terminal
levels, and the minimum jet strength at which they occurred,

are outlined in Table 3.E.

3.5.9 Terminal Level Distance

It is desirable to know the distance downstream of the
jet nozzle to the point where the terminal level has been
reached. As the jet is bent and approaches the terminal
level asymptotically, this location was not easy to
accurately identify. Relations for the jet centreline
terminal level distance (Xc) as a function of the relative
jet strength parameters were sought (figures 3.20 and 3.21).

The relationships determined were:

% o g\-1-41
&J: = 0.85 (—E;) (3.41)
X az d -0.77

a—gc—i = 7.38 (——5-) (3.42)

These relations should be used for approximation purposes
only. The profile and terminal level equations discussed
earlier should be used to more precisely determine the jet

location.

3.5.10 Flow Field Boundaries
The equations that have been presented in the previous

paragraphs can be manipulated to identify the boundaries
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between the various flow fields. Plots similar to that
develcped earlier for Wright's deep water jets (Figure 3.3)
can be developed for transition zone and shallow water jets.
The first boundary to consider is between the MDNF and
the MDFF. The location of this boundary can be determined by
using equations (3.6) and (3.10) to obtain equation (3.13).
Substituting equation (3.28) for Cl and equation (3.29) for

C2 gives:

(3.43)

x_ _ (1.01 a®2¥¢ 5 g
o d 0.72 952 al.3

The second boundary to consider is between the MDFF and
the SDF. The location of this boundary can be determined by

using equations (3.10) and (3.25) to obtain:

% 1/3 x M
c2 (— = C3 (3.44)
a d o d
which gives:
1/(1/3-m)
3
a—xa = '\55) (3.45)

Using equation (3.29) for C2 and equation (3.30) for C3 (up
to a maximum value of C3 = 1.44), the boundary between these

two zones is given by:

X 0.86 0-28\1/(1/3-m)
(1.01 aO.ZZ)

1/¢1/3-m)
- (0.85 a0.0G) (3.46)
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where m is given by equactions (3.31) and (3.33) or equations
(3.32) and (3.34).
Equation (3.46) is applicable for o < 6.3. For higher

values of a, C3 = 1.44 and equation (3.46) becomes:

x_ l—.‘Ql/(l/3-m) (3.47)
o d (ao.zz) ‘
The third boundary to consider is between the SDF and
the terminal 1level region. This boundary can be estimated
using equation (3.41) or equation (3.42).
These relations have been determined for D/d = 15 and
D/d = 25 (figures 3.22 and 3.23). Examination of the plots
indicates that the MDNF occupies a relatively small portion
of the jet discharge; it does not extend more than about
three times the Jjet nozzle diameter downstream (i.e.

x = 3 d). The MDFF exists downstream for a distance of about

I

X 0.5 o d before reaching the SDF. This is true for
o > 4.5; at lower values of a, the jet conditions change from
the MDNF to the SDF directly. This is likely due to the low
values for the relative jet strength in this region. The
exponents in the SDF for these jets will be close to the 1/3

power for the MDFF jets (distinguishing between the two is

more difficult in this region).

3.5.11 Jet Widths
The jet width (as seen in plan view) data were separated

into two groups for assessment:
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a) jets not experiencing surface effects (figures 3.24 and

3.25), and
b) Jjets experiencing surface effects (Figure 3.26).

The transition between these two ¢ Jups began at a relative

. aZ d
jet strength of about D = 2.

The data for the deep water jets (Figure 3.24) ‘ere
first examined relative to the width equations of Pratte and
Baines (1967) and Gordier (1959). Their width relations were
developed to describe the jet width as a function of the
distance downstream of the discharge nozzle. Gordier's
equation provides a better fit to the data than the relation
developed by Pratte and Baines.

The jet width data were examined in more detail to
determine relations for the jet width as a function of the

distance along the jet axis (§). As correlations for the

width data were much superior for the second relative jet

o d
(

strength parameter —p /! the jet width relations will be

discussed in terms of this parameter only.
a? d
D

Jet discharges with low values of were found to

behave 1like deep water jets, Examination of the data
indicated that the growth of the jet width is proportional to
the square root of the distance along the & axis (Figure
3.25). Although this appears to contradict the cube root
proportionality indicated by Pratte and Baines (1967) in

equation (3.19), it should be noted that their data covered
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values of ——g between 3 and 300. Examination of their data
o

for values less than 20 (the upper limit investigated in this
study) confirms the square root proportionality. Their data
indicate that the transition between the two regions appears

to occur at “—E values of about 10. The data obtained in
04

this experiment did not go sufficiently far downstream to
confirm this.
Coefficients of propertionality for each run were fitted

to develop a jet width equation of the form:

1/2
Wz
= C4 —S— (3.48)
o d o d
o? d .
For deep water jets ( D < 2), the coefficient (C4) can be

estimated by (Figure 3.27):

o? d
8 D
o d

D

(3.49)

Jet discharges with values of > 2 (i.e. transition

zone and shallow water jets) behave similarly to deep water
jets only near the jet nozzle (the region of the jet flow not
experiencing surface effects). This region was found to be

confined to values of &SE < 1.5 (Figure 3.26). The jet width

in this region still holds to the square root proportionality

with the coefficient again being defined by equation (3.49)
ol

D

to a limiting wvalue of 0.66 for > 3.5. However, for
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o q > 1.5, the jet width grows much faster than equations

(3.48) and (3.49) would indicate; a further jet width
function for the region dominated by surface effects is
necessary.

The water surface restricts the height of the jet for
shallow water jets. This forces the width of a shallow water

jet to grow much faster than that for a deep water Jjet

(Figure 3.26). The rate of growth was found to be
a? d
proportional to the relative jet strength ( D ) in a form
similar to that for deep water jets:
W 7 ] n
—2 = 5 3 (3.50)
o d o d;

In equation (3.50), the coefficient (C5) was also found to be

given by equation (3.49), reaching a limiting value of 0.53
a? d
for -3 > 4.5. The exponent (n) was found to be given by:

a? d
n = 1D (3.51)
o2 d
for wvalues of D > 2 (i.e. for the transition and shallow

water jet regions).

After a period of rapid expansion, described by
equations (3.50) and (3.51), the growth rate of the jet width
decreased (Figure 3.26). This may have been due to wall
effects from the flume. This is not considered likely as the
greatest measured jet width (635 mm) was significantly less

than the flume width (1220 mm). It is more likely due to a
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significant decrease in Jjet entrainment as the jet velocity
has declined considerably and approached that of the
crossflow at this point. The data for the four strongest

jets were examined and the maximum ——g value where equations
o

(3.50) and (3.51) were applicable were noted. The point
where limiting conditions are apparent can be estimated by:
& 22 D

= £ (3.52)
ad ¢’ d

3.5.12 Jet Thickness
After a sufficiently large distance downstream of the
jet nozzle, the jet thickress (Wy) can be approximated by the
difference between the inner and outer jet boundaries:
Wy = Yo — Yi (3.53)
This is because the jet axis is nearly parallel with the x
axis. However, near the nozzle, the Jjet axis is at a large
angle with the x axis and the correct value for the jet

thickness (normal to the jet axis) is given by:
Wy = cos 0 (yo - vyi) (3.54)

A value for the anale (0) can be determined from the

derivative of the centreline profile equation:

tan 8 = S¥ . d—(—y—c—) = L 3 (—5—) (3.55)
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where C3 and m are the coef: cient and exponent in the SDF
equation (these could also be Cl and 1/2 in the MDNF equation

or C2 and 1/3 in the MDFF equation). Thus:

m-1
® = arctan (C3 m (—5—) ) (3.56)
ad

These corrections were made to the measured boundary data
from this study (figures 3.28 and 3.29).

The only previous photographic analysis of jet thickness
(Wy} for jet discharges into crossflows was carried out by
Pratte and Baines (1967). The jet thickness equation (3.18)
from Pratte and Baines, expressing the jet thickness as a
function of the distance downstream of the jet nozzle, was
found to predict higher values than the thicknesses observed
in this study (Figure 3.28).

Pratte and Baines also developed a relation for the jet
thickness as a function of the distance along the jet
centreline. Equation (3.19) indicates that the thickness
grows proportionately with the 1/3 power of this distance.
The jet thickness data from this study (Figure 3.29) were
found to be reasonably well represented by this relationship.

g

Near the jet nozzle (i.e. for &-g < 2.8), Pratte and Baines

indicated another relationship for the jet thickness:

1.35%
é—"‘; = 0.39 (E%) (3.57)
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For the data from this study, a similar, but higher, trend
was observed near the jet nozzle.

From an analysis of the corrected thickness data, the
form of equation for the thickness of deep water jets was

found to be:

W
—~ = b6 (LT (3.58)
a d o d

The values for the coefficient (C6) were found to have a
dependency on the velocity ratio which was unique to each
depth ratio (Figure 3.30). The values for the exponent (p)
were also found to have a dependency on the velocity ratio
which was unique to each depth ratio (Figure 3.31). The
coefficient and exponent relationships for the two depth
ratios examined in this study share common values when the
velocity ratio has values in the order of 5 to 6.

Examination of the thickness data for a typical shallow
water jet (Run 2113) in comparison with a typical deep water
jet (Run 1234) indicates that the thickness of a shallow
water jet grows until a limit is reached (Figure 3.32). This
limiting thickness is reached as the jet approaches its

terminal level.



3.6 Conclusions

a) Earlier work by others describing circular jet discharges
into crossflows of infinite depth has identified three zones
of flow:

- the potential core,

- the zone of maximum deflection, and

- the vortex zone.

This work has identified five zones of flow for circular et
discharges into crossflows of finite depth:

- the potential core;

- the momentum dominated near field,

- the momentum dominated far field,

- the surface dominated field, and

- the terminal level region.

b) Equations of the form:

y _ X _\exponent
)

= coefficient [—
ad

are useful in evaluating the position of jet dlscharges into
crossflows. From the examination of the data of other
researchers in conjunction with those irtained in this
dissertation, it is apparent that nsecondary effects are
present for both deep water jet as shallow water jet
discharges. As a result, neither the cocefficient nor the

exponent can be expected to have constant values.



96

c) This work utilized statistical analysis of boundary
positions measured directly from six photographs of each run.
Several of the previous studies by othars made their
measurements from boundaries drawn through a single
photograph for each run; only two have evaluated more than a
single photograph for each run. Turbulence provides
significantly greater variance in the observed boundary
position than did measuring error. It is estimated that up
to 20 photographs would be needed to eliminate the effects of
variance due t¢ turbulence and provide an accurate
determination of thne jet boundary position at each station.
In this work, this problem was overcome by conducting
regression analysis through up to 20 jet boundary positions

{each based on & six-photograph average).

d) As the potential core cannot be measured in a
photographic investigation the jet centreline penetration

distanca was quantified:

Yo = 0.53 ad (3.27)

For the vange of relative jet strengths investigated
od . ,
(—E; < 0.6) r this distance was found to be independent of

the depth of the crossflow.

e) Similar to the work of Wright (1977a), the =zone of

maximum deflection was found to be comprised of two jet



O
~J

dominated regions: the momentum dominated near fiuld
(MDNF) and the momentum dominated far fisld (MDFF). The
position of the jet centreline in the MDNF was found to be

described by an equation of the form:

Yo o g (X2 (3.6)
o d o d

For the MDNF, the coefficient (Cl) was found to be given by
equation (3.28).
The position of the jet centreline in the MDFF was found

to be described by an equation of the form:

Yo _ o (—"—-)“3 (3.10)

ad o d
For the MDFF, the coefficient (C2) was found to be given by

equation (3.29).

£) Surface effects result in the suppression of the rate of
progression of the jet across the flow. As a result, the
exponent in the surface dominated field (SDF) centreline
location equation is less then both the value of 1/2 for the
MDNF and the value of 1/3 for the MDFF. The position of the
jet centreline in the SDF was found to be described by an

equation of the form:

= ¢3 [ (3.25)
o d a d
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For the SDF, the coefficient (C3) was found to be given by
equation (3.29) up to a maximum value of 1.44. The exponent

(m) was found to be given by equations (3.31) and (3.33).

g) After the jet passes through the first four zones of
flow, it was observed to reach a relatively stable position.
This position was maintained for some distance until it was
dispersed by the turbulence of the fre. stream. The position

of these terminal levels were found to be described by

equations (3.35); (3.36) and (3.37). These equations are
Y4 Y

applicable up to maximum values of }? = 0.6, 7? = 0.8 and

Y

Ef = 1 The jet centreline and boundaries did not advance

beyond these limits for the values of relative Jjet strength

examined.

h) The MDNF was found to occupy a relatively small portion
of the jet discharge; it did not extend downstream by more

than about x = 3 d (figures 3.22 and 3.23). The MDFF was

found to extend to about x = 0.5 o d for jets where O > 4.5.

At lower values of o, the jet conditions changed from the

MDNF to the SDF directly.

i The plan view widths of the 3jet discharges were not
a? d
D

ly affected by the finite depth of flow for < 2.

widths of these deep water jets were found to be

described by an equation of the form:
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W 1/2
—& = 4 5 (3.48)
a d o d

For deep water jets, the exponent (1/2) is a constant. This

is similar to that illustrated by the data of Pratte and

Baines (1967) for ;—g < 10. The coefficient (C4) was found
o be given by equation (3.49) to a minimum value of 0.66.

3) When &—E < 1.5, the plan view widths for transition

a?
D

zona jets and shallow water Jjets (i.e. when > 2)

we > found to to be similar to those for deep water jets.

§

..en ——g > 1.5, the plan view widths for transition zone jets
o

and shallow water jets were found to grow at significantly
higher rates than the 1/2 power indicated for deep water jets
‘Figure 3.26). The widths of these jets were found to be

described by the equation:

n
Bz _ C5 (—g_) {3.50)

o d o d

where the coefficient C5 is given hy eguation (3.49) to a
minimum value of 0.53 and the exponent (n) is given by

equation (3.51).

k) The thickness (side view projection) of the deep water
jet discharges were found to be slightly overestimated by

equation (3.18) from Pratte and Baines (1967). The observed
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thicknesses of the deep water jets were found to be given by

equations of the form:

W

— = 6 5 (3.58)
o d a d

where the coefficient C6 and the exponent (p) are indicated

on figures 3.30 and 3.31, respectively.

‘ . o d ol d
l) Two relative jet strength parameters |——— and )

D D were

identified in this section as dimensionless groups suitable
for quantifying the effects of a finite free stream depth on

jet discharges into crossflows. Examination of the work of
oad

Wright (1977a) indicated that the parameter Y is preferable

for describing the Jjet centreline profiles. Although the
analysis of the data in this work corroborated this, it was

found that the surface effects could also be correlated to
o? d)

the latter parameter —

D for the SDF and the terminal

level region. Additionally, the correlation of the jet width
o? d
D

relations to were found to be superior. Further work is

required to identify the relative importance of these two

parameters.
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Table 3.2 Measurement precision and experimental error
photographic investigation

Estimated
Experimental Probable
Measurement Precision Values Error (% %)
depth of flow (mm) 1 174 to 300 <1
jet position (mm) 1 9 to 298 1 to 20
flume flow (L/s) 0.1 47 to 83 1 to 2
jet flow (L/min) 0.25 4.0 to 12.8 2 to 6
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Table 3.5 Maximum terminal levels and minimum jet strengths

Maximum Minimum Relative
Bouadary Terminal Level Jet Strength
Y o d o? d
D D D
Inner (Yj) 0.6 0.48 3.9
Centreline (Y¢) 0.8 0.41 3.2
Outer (Yo) 1.0 0.34 2.5
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Plate 3.1 Typical side view photograph for Run 1232

o d

o = 0.18); minimal surface effects are present.

Plate 3.2 Typical side view photograph for Run 1136
o d
—— = 0.46)

D ; surface effects are significant.
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Plate 3.3 Typical plan view photograph for Run 1232

o d
(—B—'= 0.18) ; minimal surface effects are present.

Plate 3.4 Typical plan view photograph for Run 1136

o d
(_5_ = 0.46); surface effects are significant.
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CHAPTER 4

A FIELD STUDY OF JET DILUTION IN A RIVER

4.1 Geneazal

Maximizing dilution is one of the primary objectives in
the design of an outfall structure. The work in this chapter
focusses on the development of dilution equations to quantify
mixing in the near field of an effluent discharge.

Discharges in receiving waters are a turbulent flow
phenomena that can have a wide range of geonietrical
configurations. Even in the restricted sense of effluent
discharges in rivers, there are a large number of conditions
to be considered (Table 4.1). The discharge may be non-
buoyant, more dense or less dense than the receiving stream.
The discharge may be perpendicular to, parallel with or at an
inclined angle with the streamflow direction. It may be
discharged vertically from the bottom, laterally from the
side or in some other combination of location and direction.
In addi’’on to density differences, the receiving stream
could app:ar infinitely deep to the discharge or it may exert
wall effects or effects due to its finite depth. The
velocity of the receiving stream relative to the discharge
velocity is also an important factor; a crossflow enhances
.the turbulence and, hence, the dilution of the discharge.

The sections in this chapter discuss the literature
which deals with the diluticn of jet and buoyant jet

discharges in quiescent ambients and the dilution of jet
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discharges in crossflows. This literature provides the
foundation for the axial dilution relationships developed in
this investigation. The work also presents the results of a
field program which was carried out to provide information on
the dilution of jet discharges in a natural river. The
analysis of the field and laboratory data results in the
development of simple dilution equations which cover a wide

range of discharge conditions.

4.2 Jat Dischaxges in a OQuiescent Ambient

The discharge of a turbulent axially symmetrical jet in
an infinite homogeneous quiescent ambient .is one of the
simpler jet discharge conditions to assess. Yet, in spite of
the apparent simplicity, the analysis of this turbulence
problem requires a vigorous effort to describe all of the
characteristics of the flow. A number of papers have
addressed (amongst other flow characteristics) the
concentration distribution of a pollutant or tracer in such a
discharge (Hinze and van der Hegge Ziinen, 1949; Forstall and
Gaylord, 1955; Kristmanson and Danckwerts, 1961; Becker et
al, 1967; Patrick, 1967; Birch et al, 1978:; and Rajaratnam,
1979) . Through the use of laboratory experiments, sometimes
in conjunction with mathematical analysis, these researchers
established that the dilution of the effluent concentration
along the jet centreline could be estimated by fairly simple

expressions (most of which are linear).
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Hinze and van der Hegge 2ijnen (1949) simplified the
hydrodynamic equations for momentum, mass continuity and
pollutant conservation to determine the following relation
for the axial dilution along the jet centreline (Figure 2.1):

Co/ Cmn = 0.190 x/d + 0.15 (4.1)
where: Co, is the concentration at the jet nozzle,
Cm is the maximum concentration in a section,
X 1s the distance to the section, and
d is the diameter of the jet nozzle.

This, and the subsequently described dilution equations,
are not applicable in the potential core. In the potential
core region, the centreline concentration remains unchanged
from the concentration at the nozzle. Equation (4.1)
indicates that the potential core has a length of about
4.5 d; the axial dilution (Co/Cp) has a value of 1 in this
region. The relation in equation (4.1) was developed based
on concentration data for a gas tracer in an air jet measured
by Hinze and van der Hegge Zijnen (Figure 4.1).

Forstall and Gaylord (1955) examined the diffusion of
jet discharges in water using salt (a 1% solution for the
discharge) as a tracer. They found that the axial dilution
could be expressed by:

Co/ Cm = 0.192 x / d (4.2)

Kristmanson and Danckwerts (1961) used photographic
methods to define the boundaries and dilution of an alkali
jet discharging into an acidic water ambient (Table 4.2).

They found that the axial dilution could be estimated by:
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Co/ Cqh = 0.209 x/ d (4.3

Becker et al (1967) used a light-scatter technique to
measure the mean concentrations and the turbulent
concentration fluctuations for an air discharge marked with
an oil aerosol. The axial diluticen relation estabi:shod in
their work is:

Co/ Cnh = 0.185 x/d - 0.44 (4.4)

Experimental work for the dilution of a free jet was
reported by Patrick (1967) to result in an axial dilution
relation of:

Co / Cm = 0.112 (x / d)1-18 (4.5)
Patrick's is the only work which indicates a non-linear
dilution relation for simple jet discharges.

Rajaratnam (1979) derived a dilution equation using the
Integral Method. The relation for the axial dilution that he
found was:

Co/ Ch = 0.187 x/ d (4.6)

The data for simple jet discharges from Hinze and van
der Hegge Zijnen (1949), Forstall and Gaylord (1955), Becker
et al (1967) and Patrick (1967) have been plotted for
comparison (Figure 4.1). All ofi tne data indicate little
dilution up to the end of the potential core region. The
data also indicate that (within experimental error) a single
function could well represent the axial dilution relation in
the region beyond the potential core.

Regression analyses of ithe data beyond the potential

core indicate that the axial dilution illustrated by the four
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data sets can Dbe represented by the following power law

relation:

Co / Cmn = 0.210 (x / d)0.966 (4.7)
A linear relationship can also be fittec ¢ “he data:

Co/ Cqh = 0.194 x / d (4.8)

These regressions confirm the linear dilution relationship
for jet discharges into quiescent ambients. Equations (4.7)
and (4.8) also indicate that the potential core region has a

length of about 5.1 d.

4.3 p t Jet piscl . oui ¢ Ambient

The dilution of buoyant discharges in quiescent ambients
has received considerable interest over the years (Hinze and
van der Hegge 2Zijnen, 1949; Abraham, 1960; Kamotani and
Greber, 1972a and 1972b; Birch et al, 1978; and Kotsvinos,
1978) . This dilution phenomenon is one of the primary mixing
mechanisms for ocean outfalls. Hinze and van der Hegge
Zijnen (1949) have presented data for a heated air Jjet
discharge with a 30° C temperature excess (Figure 4.2 and
Table 4.3). Abraham (1960) measured the dilution of pure
water discharges into brine solutions of various densities.
Kamotani and Greber (1972a and 1972b) measured the
temperature decrease along the axis of a heated air jet with
a temperature excess of 183° C. Birch et al (1978) presented
dilution data for a methane jet discharge in air using a
Raman spectrometer. These data show that buoyancy will

result in increased dilution relative to simple jet
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discharges. They also indicate that a non-linear dilution
equation is likely.

The experiments ccnducted by Abraham (1960) confirmed a
dilution relation of:
Co / Cm = 0.103 Fo~2/% (x/d + 2)5/3 (4.9)
where Fo is the densimetric Froude number of the discharge:
Fo = _Jo (4.10)
£7Po d
Po

g

where: Uy is the velocity of the discharge,

g is the acceleration due to gravity,

p 1is the density of the ambient, and
Po is the density of the discharge.

Kotsovinos (1978) presented a more comprehensive

dilution equation for jet/plume discharges:

x\ \1/3
Co / Cm = 0.205 A (ﬁ)( 1 + 0.246 (ﬁ)‘ Fo2 J (4.11)
Qoo Y1/3
where: A = o ,
Oo
Ooco is the ambient thermal expansion coefficient, and
0o 1is discharge thermal expansion coefficient.
For simple jevs, where A = 1 and Fo, = o, equation (4.11)
becomes:

Co / Ch = 0.205 x / d (4.12)
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With x/d sufficiently large, the momentum effects are
negligible and equation (4.11) can be simplified to represent
the dilution of pure plumes:
Co / Cm = 0.128 Fg~2/3 (x/d)5/3 (4.13)
Examination of equation (4.11) 4indicates that the
dilution of a jet/plume discharge initially behaves like a
jet. The flow will be primarily Jjet-like until about
x/d = Fo/2. As the jet/plume progresses further upward, both
jet and buocyaniy processes affect the mixing. Beyond a
distance of abour x/d = 6 Fg, the dilution is primarily due

to buoyancy effects.

4.4 Jet Discharges in Crossflow

Although a number of papers have investigated the
location and the velocity distribution of jet discharges in
crossflow, few have addressed the concentration distribution
of a pollutant or tracer in this type of discharge (Figure
2.2). Patrick (1967), Kamotani and Greber (1972a and 1972b)
and Wright (1977} haw® all conducted experimental work for
various forms of Jjet and jet/plume discharges. Work on
relative mass (or volumetric) flux (which is similar to axial
dilution) has been conducted by Rajaratnam and Gangadhariah
(1980).

Patrick (1967) carried out concentration measurements
fcr non-buoyant jet discharges in a 150 mm by 450 mm wind
tunnel (Table 4.4). The jet nozzles were mounted flush with

the 150 mm wall and discharged normal to the direction of the
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flow. Anzlysis of the concentration field was conducted
using a nitrous oxide tracer. Twelve concentration profiles
were measured for three 3jet nozzle diameters (3.25, 6.48 and
10.0 mm); the velocity ratio (@) for the flows ranged from
6.6 to 45.0.

Patrick fournd that, for any given jet discharge, the
axial dilution could be related to tne distance along the
curvilinear jet axis (§ - defined by the maximum
concentrations) by a simple power law relation:

Co / Cn = a (& / a)b (4.14)
Patrick found that his data could be adequately described if
the exponent (b) had a constant value of 1.18 and the
coefficient (a) had values given by:
a = [exp (7.8 p - 1.856)]1.18 (4.15)
In equation (4.15) the parameter p is the inverse of the
velocity ratio (i.e. p =1/ a). When p = 0, the ijet is
discharging into a quiescent ambient; here, equations (4.14)
and (4.15) combine to yield equation (4.5).

Kamotani and Greber (1972a and 1972b) measured the
longitudinal and transverse distribution of velocity,
temperature and turbulence intensity for heated air
discharges in a 710 mm square wind tunnel. In addition to
the measurements of the free jet indicated on Figure 4.2, the
axial decay of the temperature with distance along the jet
axis for two jet discharges was presented. These jets had
velocity ratio values of 3.91 and 7.72. As there was a

temperature difference of 178° C at the jet nozzle, some
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buoyancy effects were likely present in these discharges.
From the information presented, the densimetric Froude
numbers for these discharges were estimated to be in the
range of 120 to 360 (Table 4.4).

Kamotani and Greber observed that the axial dilution is
faster for jets in a crossflow than for the equivalent free
jet. They found that the dilution near the nozzle was more
rapid for the weaker jets (i.e. low a values). However,
further along the Jjet axis, there appeared to be little
difference between the dilutions achieved by the two jets,
although the dilutions achieved with crossflow discharges
were both superior to that for the free jet.

Wright (1977a and 1977b) conducted experiments for
buoyant & ‘. non-buoyant discharges in stratified and non-
stratified crossflows. Wright's experimental arrangement
involved towing the discharge orifice along the top of a
stationary tank of water (with a width of 610 mm and a depth
of 550 mm). Only a small portion of Wright's work was
devoted to non-buoyant jet discharges in unstratified
crossflows. Three series of runs were made with velocity
ratios of 20.5, 30.0 and 36.2.

For the momentum dominated near field, Wright indicated

an axial dilution relation of:

S
Se Qo _ cy & (4.16)
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where: So is the dilution ratio (Co/Cm).,
Qo 1is the discharge flow rate,
U is the velocity of the crossflow,
lm is the momentum length scale for the jet,
Ye is the vertical distance above the bed, and
C3 1is a coefficient.
Wright (1977b) indicated that the coefficient (C3) had a
constant value of about 0.35. Thus, the dilution of a jet
discharge in the MDNF of a crossflow can be expressed as a

function of the vertical coordinate by:

Co / Cm = 0.395 X(f (4.17)

Wright 1likely chose to relate the dilution to the
vertical coordinate in his work as his investigation was
developed for the study of ocean outfalls (where the primary
direction of flow is in the vertical direction). To be more
useful for discharges in rivers, this dilution relation
should be presented as a function of the downstream
direction. In order to do this, the equation for the

location of the concentration centreline must be introduced:

ﬁ = C (lim)l/z (4.18)

Noting that Wright's (1977a) concentration data (shown on his
Figure 5.16) supports a constant value of 2.35 for C1,

equation (4.18) can be rearranged to:
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%Q = 2.21 o*’? (ﬁ)”?‘ (4.19)

Combining equations (4.17) and (4.19) the dilution in the
MDNF, based on Wright's work, would be:

x x

1/2
Co / Cmh = 0.873 (75—) (4.20)

Beyond the momentum dominated near field is what Wright
termed the momentum dominated far field. Here, Wright

indicated that the axial dilution relation would have the

form of:
So Q Ye'\é
20 =
- lm? Cq (lm) (4.21)

Wright (1977b) indicated that the coefficient (C4) had a
constant value of 0.14. Therefore, the dilution of a jet

discharge in the MDFF of a crossflow can be expressed as:

Co // Cm = 0.178 (&)2 (4.22)

To present this dilution relation as a function of the
downstream direction, the equation for the concentration
centreline in the MDFF must be introduced:

Yo _ X \1/3
1. - Co (lm) (4.23)
Wright's concentration data (shown on his Ffigure 5.17),

coupled with similar data from Fan (1967), support the

following relation for Cj:

Sz = 1.21 al/6 (4.24)



151

Incorporating eguations (4.23) and (4.24) into equation
(4.22) the diluticen in the MDFF, based on Wright's work,

would be:

a x\/3
C~r/ Ch = 0.223 (‘a—)z (4.25)

An interesting revult of examiring equations (4.20) and

(4.25) 1is that jet dilurion appears to be a function of ax/d.

The dilution appears co be governed by the square root
function until ax/d = 3600. This distance parameter has
never been suggested before in the 1literature reviewed.
Examination of the dilution data of Wright and others (where
presented as a function of x/d) indicate some validity for
this relation (Figure 4.3).

Rajaratnam and Gangadhariah (1980) quantified the
relative mass flux for discharges in a crossflow using water
as the medium. They found that the relative mass flux of a
jet discharge with a velocity ratio of a = 23.4 was
represented by the equation:

m/ m, = 0.42 & / d (4.26)
where m is the mass flux at a distance € and mg is the mass
flux at the jet nozzle. In comparison, they indicated that
the relative mass flux for a jet discharge into a quiescent
ambient can be expressed by the relation:

m / m = 0.32 x/d (4.27)
Equation (4.27) has been derived by Albertson et al (1950)
and has been verified experimentally by Ricou and Spalding

(1961) . From equations (4.26) and (4.27) it can be inferred
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(assuming the equivalency of & and x) that a jet discharge in

a crossflow mixes more efficiently than a jet discharge into
a quiescent ambient.

Rajaratnam and Gangadhariah also examined the relative

mass flux of other jets with lower velocity rat. s (2.73,

4.52 and 7.05). They found the relative mass flu to be a
non-linear function:

m/ mg = 0.54 (§/ d)l-22 (4.28)

Equations (4.26) and (4.28) indicate that the axial dilution

of a Jjet in a crossflow is even more efficient for lower

velocity ratios. This is similar to the findings of Kamotani

and Greber (1972a and 1972b).

4.5 Experimental Arxangement

Field tests were carried out to determine the dilutions
which could be achieved in a natural river. The main
objective of the program was to obt&in more data on the
dilution of jet discharges in crossflows. Other objectives
were to determine how well laboratory work could be scaled up
to prototype conditions and to examine the effects of a

finite depth of flow on jet mixing.

4.5.1 River Conditions

The experiments were conducted in the Lesser Slave River
in northern Alberta (Figure 4.4). The Lesser Slave River is
a relatively deep river which drains Lesser Slave Lake to the

Athabasca River about 70 km away. Although the Lesser Slave
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River meanders in an irregular fashion, it has a number of
features which made it attractive for the field program:

a) The flow rate is relatively steady since a major portion
of the discharge is outflow from Lesser Slave Lake (the
river's mean annual flow rate is 53 m3/s) over a weir. This
meant that the crossflow would be reasonably steady during

the period that concentrations within a given jet were being

sampled.
b) There are almost no bars or vegetative growth in the
river. These features meant that the occurrence of

additional turbulence due to bed forms would be minimized.
c) The channel cross-section is well defined, deep and
narrow. At the mean annual flow rate, the river has a
surface width of 48 m, a hydraulic depth of 1.90 m and an
average velocity of 0.58 m/s. This meant that a significant
crossflow depth and velocity could be achieved.

A preliminary field program was conducted on 28 April
1988 to select the reach for the jet dilution field
measurements. The site selected was near the left bank of
the Lesser Slave River about 100 m downstream of the river's
confluence with the Saulteaux River. The Saulteaux River is
a tributary of the Lesser Slave River. The confluence is
located about 21 km downstream from the outlet of Lesser
Slave Lake. During the field trip, the Lesser Slave River's
cross-section was surveyed at four locations about 20 m apart
with a Raytheon depth sounder to confirm the uniformity of

this relatively straight reach. Velocity measurements were
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made using a Gurley velocity meter to identify the strength

of the crossflow.

4.5.2 Equipment

A considerable amount of field equipment had to be
designed, fabricated and assembled prior to the second field
trip on 13 to 16 June 1988 (Figure 4.5; plates 4.1 and 4.2).
First, two 1200 mm by 2400 mm platforms were fabricated.
Each platform had a steel bracket on each of the corners to
hold a 50 mm diameter steel post which had a length of about
4 m. The posts had holes drilled 100 mm apart to allow them
to be pinned to the platform and to allow the height to be
adjusted to match any unevenness of the river bed. The
platforms were floated into position, about 1500 mm apart,
with the aid of a boat and the posts were then driven about
300 mm into the gravel river bed to provide a stable base for
the jet discharge equipment and the scientific equipment.

The jet discharge equipment (Plate 4.1) comprised a 1/2
horsepower submersible sump pump (with an 11.6 amp, 115 volt
electric motor) which was hung from the side of the platform
and into the river (this pump nad a flow capacity of up to
340 L/min). A 75 mm diameter Haliburton turbine flow meter
and a 50 mm diameter gate valve were used to measure and
control the pump's flow rate. Copper tubing and polyethylene
piping (50 mm in diameter) connected the pump discharge to
the jet nozzle. All bottom jets discharged with their

outlets 150 mm above the river bed. Two outlet sizes were
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used: the 50.4 mm diameter outlet was the same size as the
copper discharge tubing, while the 34.5 mm diameter nozzle
was a 50 mm by 32 mm copper reducer.

Rhodamine WT was the tracer dye used in this study.
This dye was manufactured by duPont of Canada Ltd. and was
supplied as a 20% solution. Rhodamine WT has a specific
gravity of 1.19. The dye was mixed in 100 L batches in a
plastic garbage pail to achieve jet nozzle concentrations in
the order of 70 ppb to 250 ppb, depending on the jet dilution
expected (density difference would not be a factor at these
neozzle concentrations).

The dye was introduced int~ the jet discharge line by an
ISCO peristaltic pump whi.: : .4 generate a flow rate
(regardless of the discharj- .=-.!, of 2.9 L/min. The length
of the discharge pipeline (a.out 3 m) was sufficient to allow
complete mixing of the dye before the nozzle outlet.

The sampling line was comprised of copper and surgical
rubber tubing (Plate 4.2). A 2 m length of 13 mm diameter
copper tubing, with a 13 mm by 9 mm reducer soldered to one
end, was bent so that concentration samples would be taken
from a relatively small portion of the flow about 100 mm
ahead of the vertical position of the sampler. The sample
was conveyed a further 2.5 m through surgical rubber tubing,
drawn by another ISCO peristaltic pump. The sample was then
discharged through a Turner Model 10 Field Fluorometer
equipped with a continuous flow cuvette system, After

passing through the fluorometer, the sample flow was
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discharged to the surface of the river well away from the
jet.

All power to the system was supplied by a 2000 Watt
(16.7 amps at 120 volts) gasoline powered electrical
generator. The power to the scientific equipment was passed
through a voltage equalizer to minimize the voltage

fluctuations in this equipment.

4.5.3 8Sampling Procedures

Sample readings were taken by selecting the appropriate
range on the fluorometer and recording the instrument's
reading in a field book. The readings were also recorded on
a strip chart recorder for later evaluation in the office.

In operation, it would take about 10 s to 15 s for the
flow from a new sampling point to pass through the tubing and
the fluorometer. A further 4 s was allowed after selecting
the appropriate fluorometar scale to allow the instrument to
register readings in the selected range. The strip chart
recorder was then run for about 15 s while the fluorometer's
scales were read and recorced in the field book. The 15 s
reading was found to be of sufficient duration to allow a
reasonable time-averaged concentration to be made.

The concentration fluctuation of the measurements
varied, being small in the middle of the jet (where the
concentrations were high) and great at the periphery (where
concentrations were low). A sample averager, comprised of a

300 mm length of 50 mm diameter plastic piping, was used as a
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means cf time averaging the sample for Jet 1. It was found
that, although the fluctuations were reduced somewhat, the
time between samples had to be large in order to ensure that
the sample averager was sufficiently flushed between sampling
points. As it was easy enough to time average the strip
chart traces when they were made without this device, the
sample averager was not used for the other three jets.

Rhodamine WT dye is visuvally detectable in clean (tap)
water at concentrations of 10 ppb. The Turner fluorometer
can measure concentrations of Rhodamine WT as low as 0.01
ppb. During the 28 April 1988 field trip, a 20 L sample of
Lesser Slave River water was taken to calibrate the
fluormeter and to measure the background fluorescence back at
the laboratory. The laboratory work indicated that this
river water had a background fluorescence of 0.044 ppb
(Figure 4.6) .

Background fluorescence had a greater impact on the
concentration readings during the June field trip. It was
found that the river's background fluorescence levels of 0,2
ppeb to 0.8 ppb were much higher than those measured in April.
This was probably due to the greater microbiological activity
- the water temperature in April was close to freezing while
the water temperature in June was about 15° C. The
background fluorescence varied throughout the day but showed
no consistent trend either temporally (i.e. time of day) or

spatially (i.e. near the bed versus near the surrace).
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Concentration distributions were measured for three jets
discharging from rthe bottom of the river and for one jet
discharging from the side. For the bottom jet discharges,
concentrations were measured at three sections. For each
section, a vertical concentration profile was first measured
at the jet centreline and then a horizontal concentration
transect was measured at the depth where <-he vertical
concentration profile was at a maximum. This was followed by
two further vertical concentration profiles, measured on
either side of the first vertical, to more completely
describe the concentration field at the cross-section, In
addition to the concentration measurements throughout the
jet, readings were taken at the beginning and the end of most
transects with the dye supply shut off in order to estimate
the level background fluorescence (all readings presented in
this work have had background fluorescence deducted).

Concentratiuns were sampled at four sections for the
side jet discharge. Only one profile and one transect were
measured for each section. First, the horizontal transect
was sampled at the same elevation as the jet nozzle and, more
or less, verpendicular to the jet centreline. Next, a
vertical concentration profile was sampled at the location of

the maximum concentration in the horizontal transect.

4.5.4 Experimental Error and Variance
There were a number of sources of error to be considered

in the field program (Table 4.5). No effort to quantify
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these potential errors was made due to time constraints for
the field work. The errors were larger than those typical of
laboratory investigations as the equipment had to be capable
of being transported and installed in a harsher environment.
Based on the field program experience, it can be concluded
that future field work could be conducted with reduced
measurement error for length (this work only used tape
measures for the lateral and downstream distances) and < 5

for flow and concentration measurements.

4.6 Results and Analysis

4.6.1 Conditions Inwvestigated

Ce - r ° “n1s were sampied &t about 300 locations for
the four j=t «.: :harge conditions investigated. These data
(corrected ¢to eliminate background flucrescence) are
presented in Appendix C. The jets had nozzle diameters of
34.2 mm and 50.4 mm and had velocity ratios which ranged from
3.68 to 6.99 (Table 4.6). Concentration measurements were
made as far as 68 £/d downstream of the nozzle. The depth of
flow for the bottom jet discharges was in the range of 762 mm
to 889 mm. The velocity of flow (measured using the CGurley
meter at 0.2, 0.6 and 0.8 times *the depth of flow from the
water surface) had values ranging from 0.79 m/s to 0.88 m/s.

The work presented earlier in Chapter 3 indicates that jets

having values of a-d/D > 0.34 would be affected by a finite
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depth of flow. Based on this, only Jet 2, with od/D = 0.32,

would possibly be affected by the water surface.

4.6... Maximum Concentration Along Jet Axis

Examination of the field test data indicated that a
power law relation could be fit through the data for any
given jet discharge condition (Figure 4.7). This could also
be done using the data from the works of Patrick (1967),
Kamotani and Greber (1972a and 1972b) and Wright (1977). -
power law relation in the form of equation (4.14) was fitted
to the data for each of the simple jets and crossflow Jjets
where concentration measurements had been taken. Values for
the coefficient (a) and the exponent (b) were determined for
28 discharge conditions. The results of the regression
analyses are contained in Appendix B. These regressions
(“awving 0.89 < r?2 < 1.0) all had a high degree of
correlation.

It was found that neither the coefficient nor the
exponent had constant values (figures 4.8 and 4.9). Further
analysis indicated that curves could be made to fit the
dilution equation parameters as a function of p (the inverse
of the velocity ratio). In addition to the previously
mentioned sources for discharges in crossflows, these curves
fit the laboratcry data from Hinze and van der Hegge Zijnen
(1949), Forstall and Gaylord (1955), Becker et al (1967) and
Patrick (1967), for discharges in quiescent ambients, at

p = 0. They also fit the data obtained from the Lesser Slave
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River field program very well. Both the laboratory data and
the field data appear to conform to the same trend lines,
although the overlap is limited to the region around p = 0.15
(00 = 6). For wvalues of p greater than 0.15, the
relationships rely primarily on the field trip data.
Although the jets of Kamotani and Greber are affected vo some
extent by density, they have high densimetric Froude numbers
(indicating that they behave more like a jet than a plume).
The : ;73 also terd to corroborate the trends at high p
value - More field work would be desirable to confirm the
relaticas at the higher p values and to extend the range of
overlap at the lower p values.

The effect of the finite depth ¢ “.ow becomes evident
upon examination of the dilution equation parameters for the
side Jjet discharge (Jet 4 with a = 0.408 and b = 1.086 for
p = 0.148) and for the boumom discharge Jet 2 (with a = 2.567
and b = 0.631 for p = 0.143). If there were no surface
effects, then the dilution equation parameters would be
expected to be the same,. However, the parameters for the
side d. scharge jet (which was unaffected by the finite depth
of flow) fit the trend curves well while those for the bottom
discharge jet did not. The bottom discharge jet exhibited
rapid initial mixing which became inhibited as the jet flow
came into contact with the water surface (Figure 4.7).
Hence, the higher wvalue for the coefficient (a) and the lower

value for the exponent (b) for Jet 2 on figures 4.8 and 4.9.
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The dilution data indicate that Jjets in crossflow are
more efficient at mixing than simple jet discharges. This
was determined by examining the relative dilution of
crossflow jets in comparison with that for a simple jet (i.e.
Co / Cp for the crossflow jet divided by Cy / Cp for a simple
jet) to see the relation between the velocity ratio and the
relative dilution (Figure 4.10).

A strong Jjet discharging into a weak crossflow
(represented on Figure 4.10 by p = 0.1) mixes much like a
simple jet near the nozzle. Then, as the flow progresses
along the axis, the mixing improves due to the effects of the
crossflow. A weak Jjet discharging into a strong crossflow
(represented on Figure 4.10 by p = 0.3) mixes rapidly near
the nozzle, as the crossflow effects are felt immediately,
and then mixes more slowly. The maximum degree of mixing
appears to occur at p = 0.18 when the crossflow jet
consistently has 3.5 times the dilution of a simple jet.
Based on this, it would be best to initially consider a jet
discharge of p = 0.18 (a = 5.6) in the design of outfall
diffusers for discharging to a river.

The majority of the literature examined has evaluated
dilution as a function of either the vertical distance above
the discharge nozzle or the distance along the jet's
curvelinear axis. The distance parameter ¢x/d has been
presented as another possible distance parameter to correlate
jet dilution. Dilution relative to this parameter is

examined in detail in Section 5.



4.7 gonclusions

a) A power law relation, in the form of Co/Cp = a (£/d)P,
cculd be fitted to the concentration data for both the
laboratory studies (by others) and the field work (this
investigation) with a high degree of correlation. The
coefficient (a) and the exponent (b) were found to be

functions of the inverse of the velocity ratio (p = 1l/a) as

indicated on figures 4.8 and 4.9.

b) The dilution equation parameters determined using data
from both previous laboratory investigations and the Lesser
Slave River field program conform to the same trend lines.
The extent of overlap for the laboratory and the field
program data values is limited to :he region in the vicinity
cf p = 0.15. The relationships depend primarily c¢n the
Lesser Slave River field program data for values of p > 0.15.
More field work assessing jets in crossflows ©f these higher
strengths is necessary to better confirm the relationships
for a and b. More field work should be conducted for weaker
crossflows (i.e. at lower values of p) in order to extend the

range of overlap between field and laboratory work.

c) A finite depth of flow can significantly affect the
dilution that a jet can achieve. When the depth is a factor,

the coefficient (a) will be higher and the exponent (b) will
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be lower. This 1is because the Jjet mixes more rapidly
initially <(hence, the high value for the coefficient) and
then mixes more slowly as the jet flow contacts the water
surface (hence, the low value for the exponent). This 1is
exemplified by the dilution equation parameters for Jet 2

indicated on figures 4.& and 4.9.

d) The axial dilution of a jet discharge in a crossflow is
superior to that of a jet discharge in = quiescent ambient.
This observation was made by Kamotani and Greber (1972a and
1972b), was confirmed by the laboratory analysis of mass flux
by Rajaratnam and Gangadhariah (1980), and was confirmed
again by the concentration measurements of th. Lesser Slave
River field program. The axial dilution equa: r parameters
identified in this work indicate that the mix!:: _s the most
efficient (at 3.5 times that for a free jet) when the

velocity ratio is 5.6 (Figure 4.10).



Table 4.1 Characteristics of jet

Characteristic
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‘ischarges in crossflows

Possible Conditions

1. outlet shape

2. outlet streamlines

3. outlet location

4., outlet orientation

5. turbulence of discharge

6. buoyancy of discharge

7. ambient flow direction

8. ambient flow depth

9. relative turbulence
(ambient versus discharge)

plane
circular

nozzle
orifice

bed

side

other (e.g. surface)
vertical angle
lateral angle

low (laminar: Ry < 4000
high (turbulent: Rj > 4000)

non-buoyant (jet)

positive buoyancy (dense jet)

weak negative buoyancy
(jet/plume)

strong negative buoyancy (plume)

guiescent ambient

co-flowing

crossilowing

angled

infinite (deep water)
finite (shallow water)
low

high
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Table 4.5 Measurement precision and experimental error
field dilution study

Estimated
Experimental Probable<

Measurement Precision Values Error (%)
depth of flow (mm) 1 762 to 914 < 3 mm
j2t nozzle diameter (mm) .4 34.5 and 50.4 < 0.5 mm
vertical position (mm) 1 -11 to 904 < 3 mm
transverse position (mm) 3 -48 to 1324 < 6 mm
downstream p-sition (mm) 3 62 to 2064 < 6 mm
jet discharge (L/min) 0.7 235 to 390 < 5%
crossflow velocity (m/s) 0.001 0.790 to 0.884 < 5%
concentration (ppb) 0.01 0.1 to 33.4 < 5%
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Table 4.6 Jet discharge conditions in the
Lesser Slave River field program

Jet 1 2 3 4
Source bottom bottom bottom side
d (mm) 50.4 34.5 34.5 34.5

D {(mm) 889 762 762 914
D/d 17.6 22.1 22.1 n/a
Ug(m/s) 3.255 5.730 4.188 5.324
U (m/s) 0.884 0.820 0.820 0.730
o 3.68 6.99 5.11 6.74
Ry 144,000 173,000 127,000 161,000
Rgq 39,000 25,000 25,000 24,000
0.+d/D 0.21 0.32 0.23 n/a

02d/D 0.77 2.21 1.18 n/a
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Figure 4.4 Lesser Slave River Location Plan
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Plate 4.1 Jet discharge equipment: dye tank with peristaltic
pump connected to discharge line; gate valve, flow meter
and readout/totalizer; pump is submerged off to the right.

Plate 4.2 Sampling equipment: copper and rubber tubing,
peristaltic pump, fluorometer and chart recorder.
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CHAPTER 5

A LABORATORY STUDY OF JET DILUTION IN CROSSFLOWS

5.1 Gepezxal

The literature review and field investigation discussed
previously in chapters 2 and 4 provided much insight on the
dilution of jet discharges i. crossflows. The field work and
the review of other laboratory work indicated that jet
dilution could be quantified by a simple power law relation:

Co/ Cm = a (E/ d)b (4.14)

where: Co, is the concentration at the jet nozzle,

Cm is the maximum concentration in a section,

€ is the distance to the section along the

curvilinear axis,

d 1is the diameter of the jet nozzle,

a is a dilution coefficient, and

b is a dilution exponent.
For jets discharging into crossflows of infinite depth, the
values for the coefficient (a) and the exponent (b) were
found to be functions of the inverse of the velocity ratio
(i.e. p =1/4 = U/U,, where U is the crossflow velocity and
Uo is the jet discharge velocity at the nozzle).

In addition to equation (4.14), other dilution relations
were derived in Chapter 4 based on the work of Wright (1977a
and 1977b) . These were developed to quantify jet dilution
relative to the more appropriate direction for effluent

discharges into rivers (i.e. in terms of the distance
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downstream of the discharge nozzle). These relations

indicate that jet dilution is a function of the dimensionless

downstream distance ax/d4d:

)1/2

Co / Cm 0.873 (ax/d (4.20)

2/3

Co / Cm 0.223 (ax/d) (4.25)

Equation (4.20) was developed for the momentum dominated near
field (MDNF) and equation (4.25) was developed for the
momentum dominated far field (MDFF).

The work in this chapter builds on the findings of
Chapter 4. A laboratory study was carried out to provide
additional information on Jjets having velocity ratios of
o < 10 fi.e. p > 0.10). In addition, the experiment was
carried out for three depth to diameter ratios (D/d) in order
to identify the effects of the finite depth of flow on the

dilution of shallow water jets.

5.2 Experimental Arrangement

5§.2.1 Flume Conditions

The experiment was conducted in a rectangular water
channel at the University of Alberta's T. Blench Hydraulics
Laboratory. The channel was the same one used in the
photographic analysis and is described in Section 3.4.1. 1In
this set of runs, the jet flows were produced by a larger (a
1/3 horsepower Jacuzzi model SP125-JX) pump equipped with a
bypass line and a constaht head tank. The jet discharge

fluid was mixed in a 900 L tank located adjacent to the
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flume. Bypassed flow from the bypass line and overflow from
the head tank returned to this tank. The flow rates of the
jet discharge were controlled by a valve on the bypass line
and a valve between the constant head tank and the jet
nozzle. A Fischer rotameter was used to measure the flow
rate of the jet nozzle.

The jet velocities were determined from the measured jet
flow rates and the jet nozzle diameter. Each nozzle was
machined from a 30 mm long, 25 mm diameter brass plug. The
crossflow velocities were determined from the flume flow
conditions and velocity profiles measured at a vertical near
the jet nozzle. Boundary layer profiles for the flume flow
conditions were measured prior to and after the experiment
using a propeller-type velocity meter (figures 5.1 and 5.2).
Analysis of the turbulent boundary layer, based on the
results of work on flow past a flat plate (Schlichting,
1979), indicated that the boundary layer was fully developed
for the 100 series runs. The analysis also indicated that
the boundary layer for the 200 and 300 series runs was about
40% developed. The measured velocity distributions confirm

that these levels of development have occurred.

5.2.2 Sampling Proceduras

Rhodamine WT was used as the tracer in this study. The
characteristics of this organic dye have been described in
Section 4.5.3. Two Turner model 10 Field Fluorometers,

equipped for flow-through sampling, were used to measure the
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tracer concentrations. Both fluorometers were calibrated to
diluted standards over a range of 0.1 ppb to 150 ppb (Figure
5.3). The initial background fluorescence and that of tap
water were found to be the same since the flume water came
from the municipal water distribution system. Values for
background fluorescence during the fluorometer calibration
were found to be less than 0.1 ppb. Examination of the
calibration plot indicates that the fluorescence measurements
were affected by adsorption onto the tubing in the sampling
lines at concentrations of less than 0.5 ppb. As a result,
the experiments were designed to provide concentration
measurements of more than 1 ppb at all sampled locations. 1In
addition, concentration measurements were made for periods of
sufficient duration to allow the adsorption or desorption
period to be eliminated.

The fluorometer calibration work indicated that the
fluorescence is a linear function of tracer concentration
that covers a range of at least three orders of magnitude.
For all runs, the concentrations in the dye tank (Co) and the
concentrations in the jet discharge (C) were measured with
one fluorometer. This eliminated the need to continually
recalibrate the fluorometexr over the <c¢ourse of the
experiment. As the sump for the flume would gradually become
contaminated with tracer during the course of making a run,
the second fluorometer was used to continuously monitor the
flume background fluorescence. For each run, the two

fluorometers were calibrated to common measurements of
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background fluorescence. In order to minimize the effect of
flume background fluorescence, the tracer concentration in
the sump was never allowed to exceed 15% of the maximum
concentration at a section,

Concentrations were measured at a minimum of eight
points for each section using a 2.44 mm inside diameter
sampling probe. Concentration distributions were first
measured in a vertical line at the flume centreline in order
to find the maximum centreline concentration. Concentrations
for horizontal transects were also measured for sever: of
the more downstream sections to ensure that the concentration
maximum did not shift away from the centreline and to
determine whether or not the jet discharge was bimodal. A
sufficient number of concentration measurements were made to
allow the concentration distribution to be mapped for the
most downstream section of each run in the 300 and 100 series
(figures 5.4 through 5.11).

The turbulence of the jet discharges resulted in
significant concentration fluctuations in the measured
concentration at all sampling points. Concentration
fluctuations at each sampling point were measured and
recorded by connecting the fluorometer output channels to a
two channel chart recorder. The chart data were then
analysed to dr:ermine the time-averaged concentrations. The
magnitude of the concentration fluctuations varied greatly,
being small in the vicinity of the maximum and large at the

periphery of the jet. There was little fluctuation in the
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background fluorescence. The concentrations at sampling
points were recorded for a duration which varied from two to
eight minutes. The duration used was proportional to the
magnitude of the concentration fluctuation. As the focus of
this work was to determine the maximum concentrations, the
low turbulence in the region of the maximums meant that time-
averaging was relatively easy.

Most of the jet discharges shifted to the left (viewing
docwnstream) of the jet centreline due to secondary currents
in the flume. These currents persistently advected the
tracer material to the left by as much as 25% of the distance
along the curvilinear axis. This =2ffect was most significant
for the weaker 3jets in the 200 series runs. Horizontal
transects were made whenever the maximum concentration away
from the jet centreline was expected to be greater than 5%
more thar the centreline maximum. This eliminated any gross
overestimation of the jet dilution at that section.

All of the Jjets were sufficiently weak that the
vorticity did not result in jet bifurcation (the splitting
of the jet discharge into two distinctly separated vortices).
However, two of the jet discharges (runs 103 and 104) were
bimodal (i.e. had two concentration maximums, greater than
the maximum of the centreline profile, which were located
equidistant from the jet centreline). When a jet was found
to be bimodal, additional transects were made to determine
the bimodal peak concentrations as well as the maximum

concentration for the centreline vertical.
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5.2.3 Experimental Error and Variance

There were a number of potential sources of error to be
considered in this laboratory analysis. A summary of these
have been presented in Table 5.1. All measuring errors were
minimal. The depth, the vertical location and the transverse
location were measured with point and traverse gauges,

equipped with verriers, and have the reading precisions

indicated in Table 5.1. The Jjet nozzle diameters were
measured with calipers. The rotameter was calibrated by
timing the filling of a 9.80 L bottle. The crossflow

velocities were determined by depth averag;ng the velocity
profiles (measured at 14 points) at the jet nozzle. The main
source oI error was in the concentration measurements. The
fluorometer calibration indicated that the variation in the
concentration measurements was less than 5% of the expected
(diluted) concentrations. The probable error may be less
than this as some of the indirnated error could be due to the

dilution of the dye in making the standards.

5.3 Rasults and Analyais

5.3.1 Conditions Investigated

Concentrations were sampled at up tc eight sections for
the ten jet discharge conditions investigated. More than
1400 concentration measurements were made. These data

(corrected to eliminate background fluorescence) are
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presented in Appendix D. The jet nozzles used in these runs
had diameters of either 10.7 mm or 19.0 mm (Table 5.2).
Velocity ratios ranged from 1.5 to 10.5 and the depth to

diameter ratios were 15.7, 23.3 and 41.3. Concentration

measurements were made as far as &/d = 107 downstream of the

jet nozzle; values for ax/d ranged from 1.1 to 990.

5.3.2 Maximum Concentrations
Dilution Ratios for Centreline Maximums

The jet discharge concentration (Cp) and the maximum
concentration at each section (Cn) were used to determine the
dilution ratio for each section (So = Co/Cm) . These ratios
were first evaluated in terms of the distance along the
curvilinear axis (§/d) defined by the concentracion maximums
(figures 5.12, 5.13 and 5.14).

The dilution data typically could be represented by a
power law relation like equation (4.14) in the initial stages
of the discharge. However, the dilution in the latter stages
did not increase as rapidly. This is because the initial
stage is dominated by entrainment in the jet discharge which
is similar to {aand more efficient than) that of a simple jet
while the latter stage is dominated by vortex entrainment.
The extent of the jet entrainment =one appears to be
proportional to the velocity ratio. For the runs observed,
the transition appeared to be at values of §/d between 15 and
25. The dilution ratios at the end of this zone had values

in the order of 10:1 to 20:1. The dilution ratios in the
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vortex entrainment gzone tended to converge to some value

at §/d = 100 for each flume flow condition. For the 300
series runs, the dilutions appear to be converging on a
dilution ratio of 50:1 at §/d = 100 (Figure 5.12). For the
100 series runs, the common dilution ratio at §/d = 100 would
be about 30:1 (Figure 5.14).

The general applicability of the power law relation
would be severely limited due to the apparent differences in
the rates of mixing relative to the jet curvilinear axis. As
a result, the dilution data were examined relative to the
downstream distance parameter x/d indicated in equations
(4.20) and (4.25). Presented in this fashion, a more
generally applicable relationship for jet dilution 1is
apparent (figures 5.15, 5.16 and 5.17). The data can be
fitted by a single dilution relation with a high degree of
correlation (Figure 5.18):

Co/ Cm = 1.09 (oax/d)0.56 (5.1)
This relation is valid for dimensionless downstream distances

covering three orders of magnitude (i.e. 1.1 < ax/d < 990) .

Equations (4.20) and (4.25) indicate that the transition
between the MDNF and MDFF would occur at ax/d = 3600. The
dilution data did not extend far enough downstream to allow
the differentiation between these two flow regions. A single
trend line was found for the re.gion examined.

Examination of Figure 5.18 for all of the dilution data
indicates that there are three areas where there is potential

for deviation from equation (5.1):
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a) For the weaker (0d/D < 0.20) jets, there is a tendency to
mix at rates superior to that indicated in equation (5.1) at
the downstream end of the discharge. This is likely because
there is additional mixing due to boundary layer turbulence.

b) The relationship for the nine runs where 1.5 < o < 8.0

conformed to the trend line. The dilution data for the one

run where @ > 8.0 (Run 303, where & = 10.5) indicated that

dilution was less in the initial stages and then tended to
conform to the trend line at higher values of ax/d.

c) Even when the jets became bimodal (i.e. runs 103 and 104)
the centreline maximums still conformed to the trend line.
However, areas of lower dilution existed away from the
centreline in tne vicinity of the bimodal peaks.

The field dilution data from the work described in
Chapter 4 were examined relative to equation (5.1). The
data, having downstream distance values of 22 < ox/d < 408,
have greater scatter than the laboratory data. Although they
corroborate the relation, the field data appear to indicate
greater mixing than the laboratory data (Figure 5.19). This
is likely due to the greater turbulence in the river's
boundary layer.

Bimodal Concentration Distributions

Bimodal concentration distributions were found to exist
only in runs 103 and 104. The only jet strength parameter
which could identify these ocrurrences was 0d/D. This
parameter had values between 0.06 and 0.28 for the eight jet

discharges which remained unimodal (i.e. had only one point
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of maximum concentration located on or near the centreline of
each section). The two runs which did become bimodal had
values of 0.36 and 0.43 for ad/D. As a result, the
transition between unimodal and bimodal jet discharges
appears to be a result of the finite depth of flow, occurring
for ad/D somewhere between 0.28 and 0.36. This corresponds
well with the results of the photographic analysis in Chapter
3 which indicated that surface effects begin to occur when
od/D = 0.34.

Photographs were taken to illustrate the range of jet
discharge conditions examined (plates 5.1 to 5.6). The side
view photographs were taken at a relatively fast shutter
speed (1/30 s) to illustrate the jet position and the
turbulence structure. The jet for Run 101 does not come near
the water surface while, for Run 104, the jet contacts the
surface before x/d = 15, The plan view photographs were
taken with both short and long exposure timer (1/15 s and
15 s) to illustrate the jet turbulence, the mea' jet position
and the jet dilution (the grid size is 50 mm Dy 50 mm). Run
102 was clearly unimodal and Run 104 was clearly bimodal.
These observations required the infcemzti~a provided by the
long exposure time photographs and the w«=ztailed concentration
measurements.

When a jet discharge is sufficiently strong to become
bimodal it does so quickly. For Run 103, the concesntration

distributions at four sections (where 54 < ax/d < 280) were

examired in detail: all were bimodal. For Run 104, three
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secrions (where 41 < ax/d < 99) were examined in detail: all
were bimodal.

It would be expected that the bimodal peak
concentrations at a given section would have equal values.
However, due to the secondary currents inherent in the flume,
the observed bimodal peaks were quite different. The left
peak was always higher than the right peak due to the
leftward bias of the flume. As a result, the bimodal peak
concentration was taken as the average of the two peaks.
There was an insufficient number of bimodal jet discharges
examined to establish a relationship between the jet strength
and the ratio of the bimodal peaks to the centreline maximum.
The measurements for the bimodal distributions indicated that
the average bimodal ratio (the average of the two bimodal

peaks divided by the centreline maximum) was about 1.3 for

Run 103 (ad/D = 0.36) and about 1.5 for Run 104
(ad/D = 0.43). Intuitively, the bimodal ratio would have a
value of 1.0 for all unimodal jets (i.e. where 0d/D has a
value in the order of 0.3) and would increase as the jet

strength increases.

5.3.3 Centreline Profiles

The concentration measurements in the laboratory
provided anocther means to quantify the jet centreline
position (Figure 5.20). The entire data set was fitted by

the equation:
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(5.2)

A _ 1 46 (-X-)0-26
o d o d

This trend line represents the data from the 300 series and

100 series out to afg = 10. Beyond this distance, the

centreline data for the two series begin to diverge with the
centreline being lower for the shallower (100 series) runs.
The suppression of vertical growth of the jets in the 100
series is likely due to the finite depth of flow.

The centreline data for the 200 series runs fall below
the trend line. These centreline observations are likely the
result of the low jet strength (the two runs were the weakest
jets examined). This is to be expected since previous work
discussed in Chapter 3 indicated that there is tendency for
global jet centreline equations to overpredict for weaker
jets.

The centreline positions determined from the field
program (D/d = 18 and 22) were also plotted on Figure 5.20.
They tend to corroborate the laboratory data for the 200

series runs (D/d = 16).

5.3.4 Jet Widths

The width of the jet aischarge is of importance for
setting the Jjet spacing 9»f diffuser outfalls. These
structures typically comprise a number of nozzles discharging
across a portion of the river. The concentration data were
of sufficient accuracy to allow the determination of the jet

widths where the c¢oncentration 1is 50% of the maximum
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concentration at that section (i.e. C/Cm = 0.5). This is
sufficient for setting the spacing of the ijets. The
interaction cf adjacent jets is 1less than what would be
indicated by the superposition of the concentrations of the
adjacent jets (see Appendix E for a < “ailed analysis of jet
interaction).

The width data for both the¢ unimodal and the bimodal jet
discharges were examined as a function of the downstream
distance (figures 5.21 and 5.22). The jet widths can be

quantified by the following relations:

Uz _ 1.20 (<X-)-29 (5.3)
a d ax d
Hz _ 598 & .36 (5.4)
¢ d a d

Both equations (5.3) and (5.4) were found to provide adequate
representations of the data. Although the Jjet widths
observed in the field (taken from the work described in
Chapter 4) exhibited more scatter, they corroborate both of

the relations developed from the laboratory data.

5 Jet Thicknesses
The concentration data were examined to determine the
ickness of the jet discharge at each section between the
points where C/Cy = 0.5 (figures 5.23 and 5.24). Correction
factors, outlined in Secticn 3.5.12, were applied to the jet
thickness data as they were measured in the vertical plane.

This means that the thicknesses indicated on figures 5.23 and
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5.24 are normal to the jet axis and not in the vertical
plane.
The thickness data (as well as the width data in Section
5 3.4) for both unimodal and bimodal jets were examined
relative to the assumption that the centreline maximum was
Cr. For bimodal jets, this would result in thicknesses and
wicths which are somewhat greater than if the bimodal peak
onceatrations were used to determine Cp.
fhe jet thickness for the discharges examined can be

represented by the following relations:

W

Y. _o.78 (—-—x )0'52 (5.5)
a d ad

Wy

oad o d

My

= 0.36 —S—T“ZB (5.7)

0.60 (—5—)"-“ (5.8)
o d

The two pairs of equations were found to provide adequate

Q
o
R
0.

|<s

R
Q.

representations of the data. The equations indicate some
form of two zone growth. 1In the near zone, the growth in jet
thickness is rapid. The thickness is expressed as a function
of the distance downstream by equation (5.5) and as a
function of the distance along the curvilinear axis by
equation (5.7). The thickness does not grow as rapidly in

the far zone and is represented by equations (5.6) and (5.8).
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The transition between the two zones appears to occur at

= = 1 or 7~ = 2.
o o d

The jet thicknesses observed in the field (taken from
the work described in Chapter 4) corroborate both sets of

relations developed from the laboratory data.
5.4 Conclusions

a) The jet dilution data was well represented by a power law
relation along the curvilinear (§/d) axis like equation
(4.14) in the initial stages of the discharge (the jet
entrainment zo..a8). The representation did not hold into
the vortex antrainment zxone where the Jjet effects diminish
and give way to vortex mixing. The transition between these
two zones occurred at values of 15 < €/d < 25 with the length
of the first zone being proportional to the jet strength.
The dilution ratios at the transition were in the order of

10:1 to 20:1.

b) The dilution ratios in the vortex entrainment zone tended
to converge to some value at §/d = 100 for each flume flow
condition. For the 300 series runs (D/d = 41.3), this value
was 50:1; for the 100 series runs (D/d = 15.7), this wvalue

was 30:1.
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c) The jet dilution was more generally represented as a
function of ax/d (Figure 5.18). Equation (5.1) represents
all of the laboratory data for downstream distances covering
three orders of magnitude (1.1 < ax/d < 990). The dilution
data from the field work (Figufe 5.19) corroborates equation

(5.1).

d) The eight jets where 0.06 < 0d/D < 0.28 were found to be

unimodal (i.e. had concentration distributions with single
peaks) . The two jet discharges where ad/D had values 0.36
and 0.43 had bimodal (i.e. twin peaks) concentration
distributions. Although centreline dilution ratios for these
discharges were well represented by equation (5.1), the

bimodal peak concentrations were significantly greater.

e} The bimodal peak concentrations were not identical due to
secondary currents in the flume. The average bimodal ratio
(i.e. the bimodal peak concentration divided by the
centreline maximum concentration) was about 1.3 for

ad/D = 0.36 and 1.5 for ad/D = 0.43. More work is required

to determine a relationship for the bimodal ratio.

£) The concentration centreline can be represented by

equation (5.2) for values of aig up to about 10 (Figure

5.20). Beyond this distance, the centreline profiles were

more significantly affected by the finite depth of flow.
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g) The width of the jet between points where C/Cn = 0.5 is
important for setting the jet spacing in a diffuser outfall.
Available data were used to develop jet width relations
(figures 5.21 and 5.22). Equations (5.3) and (5.4) both

provide adequate representations of the data.

h) The jet thickness data indicate two zones of growth
(figures 5.23 and 5.24). Near the jet nozzle, the growth of
jet thickness is rap .. and faster than that for simple jets.
Further away, the growth in jet thickness 1is slower than the

initial rate. The transition between these two zone appears

i,
ad

to occur at = 1 or = 2



Table 5.1 Measurement precision and experimental error
laboratory dilution study

Estimated

Experimental Probable

Measurement Precision Values Error (%)
depth of flow (mm) 0.1 168 and 442 < 1%
jet nozzle diameter (mm) 0.025 10.7 and 19.0 < 1%

vertical position (mm) 0.1 14 to 431 < 1 mm

transverse position (mm) 0.3 0 to *120 < 1 mm

downstream position (mm) < 1 14.3 to 1026 <1 mm
jet discharge (L/min) 0.05 2.70 to 6.83 < 2%
crossflow velocity (m/s) 0.001 0.120 and 0.171 < 2%
concentration (ppb) 0.01 1l to 141 < 5%
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Plate 5.2 Side view of Run 104 (exposure time
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o d
D/d = 15.7; o = 6.8; — = (0.43.
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Plate 5.3 Plan wview of Run 102 (exposure time = 1/15 s)

o d
D/d = 15.7; o = 4.4; —— = 0.28.

Plate 5.4 Plan view of Run 102 (exposure time = 15 s)
ad
D/d = 15.7; o = 4.4; — = 0.28,.



Plate 5;5 Plan view of Run 104 (exposure time = 1/15 s)

o d
D/d = 15.7; O = 6.8; o = 0.43.

€ -l I

@

Plate 5.6 Plan view of Run 104 (exposure time = 15 s)

a d
D/d = 15.7; o =6.8; ——T/ = 0.43.
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CHAPTER 6

FAR FIELD CONSIDERATIONS

6.1 Genexal

When an effluent is discharged to a river, it is
affected by a number of phenomena which tend to disperse the
discharge. These processes have beeen described in a number
of previous works (Beltaos, 1978a; Fischer et al, 1979;
Hodgson, 1981; Elhadi et al, 1984). The processes include:
advection: the transport of the effluent by the current;
molecular diffusion: the movement of matter on a
molecular scale; these random motions move the effluent from
areas of high concentration to areas of low concentration;
turbulent diffusion: the movement of material due to the
random fluctuations of a fluid in turbulent flow; these
motions also move material from areas of high concentration
to areas of low concentration; in rivers, the dispersive
effect of turbulent diffusion is far more significant than
that due to molecular diffusion;
differential advection: the spreading due to the uneven
advection of the effluent which results from the non-uniform
velocity distributions in rivers; these velocity
distributions can occur due to the vertical velocity gradient
(due to the stream bed alone or in conjunction with an ice
cover) and the transverse velocity gradient which would occur

due to the varying depths across the river's cross-section;
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secondary currents: lateral circulation of the flow, as a
river proygresses downstream, can be induced by the shape of
the cross-section or the curvature of the channel's
alignment; thesz curr ats can advect the effluent across the
width ¢f the river; and

momentum and buoyancy effects: the momentum of the
effluent discharge will enhance the initial mixing of an
effluent discharge; buoyancy has the potential to either
increase or decrease the initial mixing and the vertical
diffusion of the effluent; most far field analyses assume
that buoyancy effects are negligible; means to determine if
this is the case have been presented in Chapter 2.

Because of the number and complexity of these processes, it
is difficult to precisely model river mixing. However, using
a number of simplifying assumptions, a variety of mixing
models have been developed.

The mixing #®:e is the far field region of predominate
interest in most receiving stream assessments. Various
subregions within the mixing zone have been identified by
Gowda (1980 and 1984). In his work, Gowda presented the
concepts of the mixing length, the crossing length, the
limited use zone and the zone of passage. He developed
relations and procedures for determining these for the
particular case of a point source bank outfall The basis
for Gowda's work was the analytical solution for two
dimensional dispersion of a steady state point source

effluent discharge to a receiving stream.
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In this chapter, the analytical solutions co the
dispersion egquations for point sowrce and line source
outfalls are reviewed. These egquations are then used to
provide simple expressions to describe the various regions in
the mixing zone. The concentration distribution equations
for both outfall types are used to extend Gowda's analysis
and to provide simple expressions for the mixing length, the
crossing length and the boundaries of the limited use zone

(Figure 6.1).
6.2 Transverse Mixing Equations

6.2.1 The Governing Eguation
The general three dimensional pollutant conservation
equation for turbulent flows in streams can be written as
(Holley et al 1972; Elhadi et al, 1984):
oC duC . dvC . dwC
ot " ox T3y T oz
%(Dm+£x)g—i -aa;(om+ey)g—§,- + %(Dm+€z)g% (6.1)

where: C 1is the concentration at some point (x,vy,z,t),
t 1is the time,
X 1is the distance downstream of the outfall,
y 1is the distance above the river bed,
z 1is the lateral distance from the reference bank,
u is the local velocity in the x direction,

v is the local velocity in the y direction,



w is the local velocity in the 2z direction,

Dm is the molecular diffusion coefficient,

€x, €y and €£; are the turbulent diffusion coefficients
in the x, y and z directions, respectively.

On the left hand side of equation (6.1) are the unsteady
term and the three convective terms. On the right hand s. ‘.
of the equation are the three diffusive terms which account
for both molecular and turbulent diffusion. This equation

can be simplified by making the following assumptions:

a) the flow conditions of both the strgamcourse and the
. a( )
effluent discharge are steady (1,e. “é:L = 5% = O).
b) the velocity along any streamline (the x direction) 1is
du

constant (i.e. 5; = 0); thus:

uc _ 3, . _ &
ox Y ox ox Y oox

c) the effluent is evenly distributed over the depth in any

vertical in the flow and there are no vertical velocity

: . . 9c ov

components in the flow (i.e. oy = 0; - = 0; dy = 0); trus:

ovC ac av
d) there are no transverse velocity components in the flow

0

(i.e. w = 0; 5§ = 0); thus:

owC ac ow

3z ~ Y tCo = O
e) the flow is turbulent (with turbulent diffusion being

much greater than molecular diffusion):
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€y >> Dm; & >> Dp; and €; >> Dp,
f) the change in longitudinal diff-ion is smal. =~elative to

the convective transport of “he efiluen..

a‘
ga;(ex)a—i' << ug_;C{_

With these six simplifying assumptions, equation (6.1)

becomes:

ug—i = ga;(ez)%;; (6.2)

If both sides of equation (6.2) are integrated with
respect to the depth of flow, the depth-averaged
concentrations (which can be represented by a sample taken at
any depth at a location (x,z) if assumption ¢ holds true) can

be used. Thus:

C -~
hug—,; = é’—z(hez)g—g (6.3)

Yotsukura and Cobb (1972) introduced the streamtube
concept as a means to simplify the analysis. This concept
overcomes the analytical difficulties which arise when a
river has widths which vary over the distance downstream.
With the streamtube concept, the distance across the river is
expressed in terms of the cumulative flow rate (q):

z
q = fhudz (6.4)
0

) dq 9 d

Since: 5; = 32 aq = hu 5& (6.5)

equation (6.3) becomes:

x _ 3 ., ac
ax ~ aq P v & 5q (6.6)
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Yotsukura and Cobb also indicated that the diffusion
factor (K = h? u €;) is reasonably constant across any channel
cross-section. Thus:
Equation (6.7) is a second-order linear homogeneous partial
differential equation. Solutions to equation (6.7) for both
point source and line source outfalls have been presented in
the literature (Yotsukura and Cobb, 1972; Fischer et al,
1979; Elhadi et al, 1984).

Equation (6.7) and its solutions are powerful in that

they provide efficient me¢ans for the analysis of river

mixing. However, some of the assumptions made earlier do not

hold true for all rivers. River cross sections are rarely
rectangular,. As a result, the assumption of a constant
diffusion factor is not 1likely to hold true. Recognizing

this, much of the subsequent work has been directed toward
developing equation (6.6) further for numerical solution.
Yotsukura and Sayre (1976) extended the analysis by
introducing an orthogonal curvelinear coordinate system which

would account for the curvature of bends in a stream. If:

my = 1+

NN

(6.8)
where the sign depends on the direction of the bend, then

equation (6.6) becomes:

g& = 5% my h? u €, g% (6.9)
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Equation (6.9) must be solved numerically. Yotsukura
and Sayre (1976) presented an explicit finite difference
algorithm for solving this equation. This formulation is
relatively easy to program but suffers from numerical
instability unless a very short distance interval is used
(Beltaos, 1978a).

Lau and Krishnappan (1981) presented an implicit finite
difference solution for equation (6.9). They concluded that
including the cross-sectional variation of my h? u can be very
important in determining the concentration distribution.
They also concluded that the inclusion of the longitudinal
variation of the cross-sectional average of €, is more
important than considering €; as variable acress the width of
the section.

Leimkuhler et al (1975) presented one of the earlier
papers on finite element method solution procedures for river
mixing. Solanki (1988) solved equation (6.9) using two new
righer order upwinding elements in conducting his finite
element analyses. He found these models to be superior to
usirg standard linear finite elements or implicit finite
difference schemes. Although the models promise powerful
sirwlation capabilities for river mixing, the computational

vw-quirements for the finite element models were high.

6.2.2 General Dispersion Equations
The governing equation (6.9) for the mixing of an

effluent in a receiving stream has been developed in the
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previous section and by several others (Yotsukura and Sayre,
1976; Lau and Krishnappan, 1981; Elhadi et al, 1984).

Yotsukura and Cobb (1972) and Yotsukura and Sayre (1976)

indicated that, if the quantity my €, u h? has about the same

value over the width of the stream and the channel 1is
essentially prismatic, then equation (6.9) can be simplified

to account for differential advection:
9% - Mx € u h? %2% = D, gi% (6.10)
where D, is the constant of diffusion.

If the diffusion coefficient (€,) is assumed to be
constant within the mixing zone, the constant of diffusion
can be written in terms of the average properties for the

cross section to account for differential advection:

D, = WE UHZ = E, U H2 (6.11)
where: ¥y 1is thw shape velocity factor,

€, is the reach-averaged diffusion coefficient,

U 1is the average velocity for the cross section,

H 1is the average depth for the cross section, and

E, is the transverse mixing (or dispersion)
coefficient for the reach.

In the foregoing, the shape velocity factor is given by:
Q
1 u 3
v= 5 | m (5)2 (%) dq (6.12)
0

where Q is the total flow rate.
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Typical values for Y range from 1.0 for straight wide

rectangular channels to 3.0 or more for highly sinuous

streams (Beltaos, 1978a).

6.2.3 Dispersion Downstream of Point Source Outfalls
The concentration at any point downstream of a point
source outfall can be determined by an analytical solut:on to
rhe differential equation (6.10). For the case of the steady
state discharge of a neutrally buoyant effluent at a point in
a stream flowing at a steady rate, the concentration at any

point downstream can be determined by:

n=+o0

C. 2 :' - (2n+p4-p) 2 - (2n+p.+p) 2
C(o,p) = Cb+——JL" [exp{ (en*ps-p) }+exp{ (2n*ps*p) }] (6.13)
\/4n¢ 49 4 ¢

n=—00

where: C(9,p) is the concentration at location (¢,p).,
Chp is the background concentration,

Ca is the increase in the mixed concentration due

to the effluent:

~
e

C {

T Q+ Q Q

Ce is the effluent concentration,

Qe is the effluent discharge rate,

Q is the stream flow rate,

(0] is the dimensionless distance downstream:
= Ez_i
T w2 u/)

W is the width of the stream,

n is the number of reflections or images,
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P is the location of the point in the cross
section, expressed in terms of relative flow

(i.e. p=q/Q) with respect to the near bank, and

Ps is the outfall location in the cross section.

With equation (6.13), the concentrations can be in mg/L
or any other set of consistently used units. The reference
bank for the dimensionless distances p, pg and q must also be
used consistently.

Aquation (6.13) requires the use of a small number of
images (e.g. it is usually only necessary to evaluate the
summat.ion from, say, n=-3 to n=+3). The equation 1is
applicable for distancas of x > W downstream of the outfall.
This restriction is due to a mathematical constraint; the

computed concentration approaches o as x approaches 0.

6.2.4 Dispersion Downstream of Line Source Outfalls
The concentration at any point downstream of a line
source outfall can be determined by an analytical solution to
the differential equation (6.10). For the case of the steady
state discharge of a neutrally buoyant effluent from a line
source extending a width (w) from the bank into a stream
flowing at a steady discharge, the concentration at any point

downstream can be estimated by:

n=+co
C ({2n+w-p) (2n+w+p)
C(irp) = Cp + ﬁZ[erf{ -\j—— } + erf{ }] (6.14)
2§ V 2§

n=-co
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where: w 1s the outfall width (i.e from p = 0 to p = w), and

€ 1is the dimensionless distance downstream:

If we use the mixing length (X,) for a bank outfall as

the reference length:

Xm =3 g (6.15)

the expression:

E = 2¢ = (6.16)
can be used to provide additional meaning to the denominator
of the erf{ } terms in equation (6.14). Using equation

(6.16), equation (6.14) can be rewritten as:

n=-+oo
c +w-— +
Clx,p) = Cp + 7= erg)ientw-p)| | J(2ntwip) (6.17)
w V2x/Xy, V2x/Xn
n=-oo
In equation (6.17), locations where x/X, < 1 are within the

mixing zone and the concentrations are C(x,p) 2 Cp; for
locations where x/Xp > 1, C(x,p) = Cp = Cp, + C, (i.e. the

river is completely mixed).

6.3 Mixing Lengtbhs

In assessing the environmental impact of an effluent
discharge, one of the most important hydraulic character-
istics of the streamcourse is the distance from the outfall
to the cross section where the effluent has become completely

mixed. This distance is called the mixing length (Xp). The
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reach of the river from the outfall to the sectiocn where
mixing is complete is called the mixing zcne. Witain the
mixing zone the variations in concentration are great o:d,
for a proper environmental assessment, should be considered
in detail.

The analytical equations (6.13) and (6.17) for
concentrations within the mixing zone can be manipulated to
determine the mixing length for point source and line source
outfalls. The criterion to determine when "complete" mixing
has occurred can be defined by the concentrations at the bank
furthest from the outfall (i.e. where p = 1). When the
concentration at the far bank becomes some significant
portion (e.g. 90%, 95% or 99%) of the completely mixed
concentration, then for practical purposes, the effluent can
be considered to be completely mixed. Using this definition

(i.e. 1 - d, where 8§ is the mixing criterion), simple mixing

length equations can be developed.

6.3.1 Point Source Discharges

Using the concentration equation for point source
outfalls (6.13), the ratic of the far bank concentration to
the completely mixed concentration can be written for a

finite number of terms as:

C(q)lp) = Cb
Ca

= criteria = 1 - 9§
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n=+k
- (2n+p.-p) 2 - FD<+D) 2
1 E:[exp{ (2n+pg=p) } . exp{ (4’.‘....‘9 P }] (6.18)
< ano 49 L
n=-k

Expanding the summation terms in equation (6.18) to
determine the concentrations at the far bank (i.e. p = 1)

using the terms from n = -2 ton = +2 (i.e. k = 2) gives:

- -5)2 - -3)2

n = ~2: exp {—lﬁb——l—} + exp {—i%f];——}
3?2 - (pg=1)?

n = -1: exp {——Bi———~} + exp {—i%f:;——}
- -1)2 - +1)2

n = 0: exp {_lfﬁ__l_} + exp {_iEg__l_}
4¢

- +1)2 - +3)2

n = +1; exp {_121____} + exp {-l%f:;——}
- (pg*3)? - (pg+5) 2

e (2 e [

In the above, pg must be less than 1 (it will likely be
less than 0.5). The results of this evaluation will show
that 4 ¢ will have a maximum value of about 2 as x approaches
the end of the mixing zone. As a result, the exp{ } terms
with (pg~5) and (ps+5) in the numerator will approach 0.
Therefore, these terms and all other terms generated by
higher values of n can be ignored. The use of k = 2 is
sufficiently accurate to determine the characteristic lengths
for point source outfalls. Thus, by summing the significant
terms of the expansion, the characteristic length equation

is:



242

criteria = 1 -8 =

- (pg=3) 2 - (pe-1)2 - (pga)? - (pg+3)°
exp ZiPs2l +exp E +ex “igi—'“— +ex _121____1
4 ¢ 4 P4 g P

(6.19)
\r ¢

By setting the value for the criteria to 0.90, 0.95 or
0.99, egquation (6.19) can be solved iteratively to develop a

simple mixing length equation of the form:

Om W2 U

Xm E,

(6.20)

Thus, the mixing length for a point source outfall is a
function of the hydraulic properties of the river (as
indicated in equation 6.20) and the location of the outfall
(Table 6.1).

From the values of the dimensionless mixing leagth (fpm)
indicated in Table 6.1, it can be seen that the mixing length
for a mid-stream outfall is 1/4 that for a bank ocutfall.
However, note that if the outfall is not exactly at mid-
stream the mixing length rapidly increases. The precise
siting of a point source outfall is crucial if the enhanced
mixing suggested by the equations is to be achieved. Siting
an outfall within 5% of mid-stream would result in reducing
the mixing length to about 60% of that for a bank outfall
(Figure 6.2).

The dimensionless mixing length for the 99% criterion is

about 45% greater than that for the 95% criterion. This
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indicates that the mixing in the latter part of the mixing

zone is gradual. Also note that, for a bank outfall, a 98.5%

criterion would give a ¢n value of about 0.5. This supports

equation (6.15) and the validity of the assumption to ignore

the terms for n > 2.

6.3.2 Line Source Discharges

Using the concentration equation for 1line source
outfalls (6.17), the ratio of the far bank concentration to
the completely mixed concentration can be written for a

finite number of terms as:

C(x'p) - Cb

< = criteria = 1 -9 =
a

n=+k

(2rtw= +
2_1_. erfliétw-p)| ] (2ntwip) (6.21)
w a Vex/%, V2x/Xg

n=-k

Expanding the summation terms in equation (6.21) for n = -2

ton = +2 (i.e. k = 2) to determine the concentrations at the

the far bank (i.e. p = 1) gives:

n = =2: erf WS + erf —w=3 = -erfl{—V———
2X/X 2x/

N
x

~
=



N ;
no= +2: Ef_w_3_+erf___WL=erf_3_+w_+erf_5tw__
V2x/X 2x/X 2x/X sz/xm

In the above, w must be less than 1 (it will likely be
less than 0.5). It is also known that the maximum value for
VE;7§; is VY2 which occurs as x approaches the mixing length.
As a result, erf{ } terms with (5-w) and (5+w) in the
numerator will approach a value of 1 and will cancel each
other. Therefore, these terms and all other terms generated
by higher values of n can be ignored. Using k = 2, and by

noting that 2 ¢ = x/Xp, the characteristic 1lengths of the

mixing zone for line source outfalls can be determined from:

erf{3+w -erf{3_w +erf{1+w —erf{l—w
\/4¢} 46 \] 4¢} 40

criteria =1 - § = - (6.22)

Equation (6.22) can be solved iteratively to determine
the dimensicnless mixing length (¢n) for various outfall
widths (Table 6.2). From these values it can be seen that
the mixing length for a line source ocutfall is not much
different from that for a point source outfall until w and pg
exceed 0.2 (Figure 6.2). When a line source outfall extends
to midstream, the mixing length is only about 10% to 15% less
than that for a point source bank outfall. Thus, the value
of diffuser outfalls is not for shortening the mixing length

(it is more for establishing the initial dilution).
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6.4 Crossing Lengtha

For some distance downstream of an outfall, the
concentrations along the shoreline opposite of the outfall
pank will remain at backyground levels. As the plume spreads,
the concentrations along this bank eventually begin to
increase. The distance from the outfall section to the point
where a noticeable increase exists 1s defined as the
crossing length.

The characteristic length equations (6.19) and (6.22)

can be used to determine the crossing lengths for gpoint

source outfal'~ and line source outfalls. The criterion to
determine whei. ‘he plume has crossed to the far bank (i.e.
p = 1) is when concentrations increase to some percentage

(e.g. 10%, S% or 1%) of the ccmpletely mixed concentration
(Figure 6.1). Using this definition (i.e. §, where & is the
mixing criterion), simple relations for the crossing length

can be developed.

6.4.1 Point Source Discharges

For point source outfalls, the crossing length (X¢) can

be determined from:

¢ W2 U
c = E, (6.23)
Using an iterative solution te the characteristic length

equation (6.19), values for the dimensionless crossing length

(¢c) can be determined (Table 6.3 and Figure 6.2). From these
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values, it can be seen that the crossing length for a mid-
stream outfall is 1/4 that for a bank outfall (note that
crossing lengths for point sources near mid-stream are not as
sensitive to the outfall location as mixing lengths are). It
can also be seen that varying the crossing length criterion
changes the crossing lengths significantly as concentrations
are increasing slowly in the vicinity of the crossing point.
From tables 6.1 and 6.3 it can be seen (using the 5% and the
95% criteria) that the crossing length is about 15% of the

mixing length.

6.4.2 Line Source Discharges

The crossing length can be determined for line source
outfalls by using an iterative solution to equation (6.22).
Values of ¢, for line sources of various width (w), extending
from the bank toward the far shore of the stream, were
determined for the three levels of criteria (Table 6.4).
From these, it can be seen that crossing lengths for 1line
source outfalls are greater than those for point source
outfalls. Again, varying the crossing criterion changes the
crossing length significantly. Examination of tables 6.2 and
6.4 indicates that the crossing length to mixing length ratio
of 0.15, determined above for point source outfalls, holds
approximately true for line sources with widths (w) up to
0.2. For outfalls extending further toward midstream, the

ratio appears to be about 0.1.
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6.5 Limited Use Zopne Concepts

6.5.1 Definitions

The limited use zone (LUZ) concept was developed by
Gowda (1980 and 1984) as a means to facilitate water quality
management in receiving streams. The LUZ concept enables a
detailed rational examination of the mixing zone and allows
the development of consistent policy and assessment
procedures. The LUZ concept can facilitate the interaction
between the government and those applying for a permit to
discharge an effluent to a receiving stream.

The mixing zone comprises the zone of passage (Z0P) and
the limited use zcne (figures 6.1 and 6.2). The gzone of
passage is the portion of the width of the river (in terms
of flow) where pollutant concentrations must be within the
limits set out in the receiving stream guidelines (i.e.
C < Cgq). This portion of the river must be preserved as a
suitable habitat for biota. It is necessary to maintain the
ZOP in the receiving stream throughout the year in order to
ensure the safe movement of various species of fishes during
their migration periods. The ZOP should be maintained even
during non-migratory periods so that the enroute environment
is not degraded.

The limited use zxzone is the portion of the width of

the river (in terms of flow) where pollutant concentrations

may exceed receiving stream guidelines (i.e. C > C4). The

maximum width (i.e. p; = q;/Q) of the LUZ is a matter of other



248
environmental considarations and should be designated as
water resource managé.w:nt policy. A width in the range of
0.2 < p; < 0.4 has bewnr considered reasonable in other
applications (Gowda, 1980; SIEC, 1985; Saskatchewan
Environment and Public Safety, 1988).

The 1longitudinal extent of the LUZ must also be
controlled. The LUZ length (Xg) is the distance from the
outfall to the point where the shoreline concentration
reaches the receiving stream guideline (Cg) . The maximum

permissible LUZ length (Xp) 1is prescribed considering both

existing and future water users along the bank (Figure 6.1).

6.5.2 LUZ Boundary (Critical Point) Constraints

The first consideration in outlining the LUZ is to
determine the critical point. For a designated LUZ boundary
(p; = 91/Q), the concentration profile along the boundary will
be at background levels until the plume has spread to the
boundary (Figure 6.3). The concentration will then gradually
increase until it reaches a maximum and afterward it will
gradually decrease to the mixed concentration as the end of
the mixing zone is approached. The critical point is the
point along the LUZ boundary where the concentration profile
reaches a maximum value. Here, the derivative of the
concentration profile is zern (i.e. dC/dx = 0). The

concentration at the «critical point is called the

critical concentration (C;

) and distance from the outfall

to the critical point is called the critical length (X;).
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Point Source Bank Outfalls
For a point source ocutfall discharging to a stre m with
no background concentrations, equation (6.13) can be ritten

to consider a finite number of terms:

n=+k
2 : -(2n+pg-p) 2 - (2n+pq+p) 2
C(dp,p) = wf—__ [exp{ 1 ; } + exp{ 2 ; P (6.24)
4T
n=-k

If equation (6.16) is used to define the distance downstream,
the n = -1 to n = + 1 terms for a point source bank outfall

(ps = 0) along the LUZ boundary (i.e. p = p1) can be written:

A ’ -(2-p;)? -p;? -(2+py) 2
- _j_ —PL ~lemPl)
C{X,p)) ( X/ % ) + 2exp(2 x/%, + exp 2 x/X, (6.25)

Equation (6.25) does not include terms for n = 2 or
higher. It should be noted that x/Xm is always less than 1
in the mixing zone and that p); would usually be in the range
of 0.2 to 0.4. Thus, exp( ) terms with (4-pi) and (4+p1i) in
the numerator approach 0. Therefore, using k = 1 (as in
equation 6.25) would be sufficiently accurate to determine
critical point conditions.

Gowda (1980 and 1984) developed relations for the
critical concentration and the critical length for a point

source bank outfall.

C, = oo (6.26)
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2 w2
Pi W U .
Xp = p12 Xg = T2 E, (6.27)

These can be derived using equ..tion (6.24) and the n = 0
terms only. Confining the analysis to n = 0 is reasonable as
equation (6.27) indicates that the maximum value for x/Xq
would be 0.16 (for p; = 0.4). Examination of equation (6.25)
again indicates that exp( ) terms with (2-p1) and (2+p}) in
the numerator would also approach 0. Thus, equations (6.26)
and (6.27) are sufficiently accurate for application,

Line Source OCutfalls

Expressions to determine the critical concentration and
the critical length can be developed for line source outfalls
from equation (6.17). Writing the equation for the case
where there 1s no background concentration, using the n = 0

terms only, the concentration along the LUZ boundary is:

Cix,pp) = =& |ergl ¥=RLL| . ] (W*PL) {6.28)
2w 2x/ 2%/

The use of the n = 0 terms only is reasonable assuming
that the critical length for line source outfalls is similar
to that for point source bank outfalls. Examination of
equation (6.17) indicates that terms for k = 1 and higher
approach a value of 1 and cancel each other.

The maximum concentration along the LUZ boundary

{p = p1) would occur when dC/dX = 0. Differentiating
equation (6.28) gives (note: é% erf(u) = 2 exp (-u?) %ﬁ and

Vr

erf(-u) = -erf(u)):
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0 Ca ~(py+w) 2] J-(p1+w) VX./2 _ = (p1-w) 2} { Z(P1wW) Xm/z}
Vr w L8 2 w/x, 2 x3/2 e

2 x/%, | 2 x3/2

- Vx. /2 ,
Eliminating Ca {——&—-} gives:

"/';w 2 x3/2

- ) 2 - ~w) 2

Taking the natural logarithm of both sides gives:

2 2
—(p1+w) _ —(p1-w) _
> x/Xm + ln(p1l+w) 2 x/ + ln(p1-w)

Expanding the squared terms and rearranging again will allow

the critical length to be determined:

2 py W Xp py W we u
= 6.29
B E; B (6.29)

where: B is the outfall width factor (B = 1ln(p,+w) -]m(prw))

X] =

The concentration at the critical point can be estimated

by using the wvalue for X)/Xm indicated in equation

(6.29) in
equation (6.28):
c (p,+w) PB/2 - 1/2 _
C, = E& rerf{——i———————} - erf{iEL—ELiz——l (6.30)
[ 2\Np, w 2\p, w )

6.5.3 Shoreline Concentration Constraints

For point source bank outfalls and line source outfalls,

the concentration along the shoreline of the outfall bank is

a maximum at the outfall. The concentration decreases along
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the shoreline until it reaches the mixed concentration at the

downstream end of the mixing zone (Figure 6.3). At some

point along the shoreline the concentration should reach the

receiving stream guideline concentration (Cg). The distance

from the outfall to this point is defined as the LUZ length
(Xg) .

Point Source Bank Outfalls

Although Gowda did address the LUZ length in his work,

he did not develop an explici: +~=lation for this length. A
simplified expression can be « :. .1 for the LUZ length by
writing the first two terms . .+ . = 1) of equation (6.24)

for the concentrations along t.e shoreline (i.e. p = 0):

2 Ca A /x -2 1
C(x,0) = —=2 —f[expw} + 2 exp{—;)i“-‘}_l (6.31)
\jzn

Ignoring the second exp{ } term in equation (6.31) as being

small gives:

c X
C(X,0) =T.'2ﬁé§ -f (6.32)

By definition, when C(x,0) = Cg, x = Xg. Thus, the LUZ length

can be estimated by:

T = |-
Cq) 1.571 \Cs) & E,
Substituting X /X, from equation (6.33) into equation

(6.31) results in:

C Ca\2
c = '1'4235—3‘ ‘\/%[1 + 2 exp {—n (Ei)}] (6.34)
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>
|

9_@2 X [ 93_2 ]2
, = (Cs) —o |1+ 2 exp {—n (Ca)} (6.35)

Equation (6.35) is a more accurate approximation for the LUZ
length.
Line Source Outfalls

There appears to be no way in which to derive an
explicit relation for the LUZ length of a 1line source
outfall. To find the LUZ length, one can derive an
approximate equation for the shoreline concentrations from

equation (6.17):

C 2 + w W 2 - w
C(x,0) = -2 lerfl———=\ + erfl————} - erf S (6.36)
W [ {\]2x/x {sz/x;} { 2x/X ]

To determine X, , equation (6.36) must be solved iteratively

to determine the distance (x) where C(x,0) = Cg.

6.5.4 Determining Allowable Effluent Concentration

Once the critical point concentration (C;) has been
determined, it 1is compared with the receiving stream
guideline (Cg). If it is greater, an adjusted allowable

eZfluent concentration (Cg,) can be estimated from:

C
Cea = Co =2 (6.37)

If the estimated LUZ length (Xg) is longer than the

permissible LUZ length (X then the adjusted allcwable

p)

effluent concentration can be estimated from:



e CiXp, 0) (6.38)
6.6 Conclusions

a) The mixing length (X,) for a point source outfall is
dependent on the hydraulic properties of the river and the
location of the outfall. Although the mixing length for a
mid-stream outfall is 1/4 that for a bank outfall, a mid-
stream outfall would have to be precisely sited in order to
achieve the enhanced degree of mixing suggested. S5iting a
point source outfall within 5% of mid-stream would result in
a mixing length which is about 60% of that for a bank

outfall.

) The mixing lengths achieved by line source outfalls are
about 10% to 15% less than that for a point source bank
outfall. Thus, the value of a diffuser outfall is not for

shortening the mixing length. It is for establishing initial

dilution.
c) Mixing lengths are sensi:ive to the criteria used to
define them. This is because mixing occurs more slowly in

the latter portion of the mixing zone.
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d) The crossing length (X.) for a point source outfall is
about 15% of the mixing length. The crossing length to

mixing length ratio is sensitive to the criterion used.

2) The crossing lengths for line source outfalls are greater
than those for point source outfalls. The ratio of the
crossing length to the mixing length varies from about C.15
for short diffusers to about 0.1 for diffusers extending to

near mid-stream.

f) The analytical equations for the mixing of point source
and line source effluent discharges can be manipulated to
quantify the extent of various subregions within the mixing
zone., One of these subregions, the limited use zone, is of

considerable importance for receiving stream analysis.

g) If a maximum permissible width (p;) is set for the
limited use zone, then the location (the critical length -
X)) of the critical point and the critical concentration

(Cy) at that point can be determined explicitly for both

point source bank outfalls and line source outfalls.

h) An explicit expression to determine the distance that the
limited use zone extends along the shoreline (the LUZ length
- X5) can be derived for point source bank outfalls. This
distance must be determined by iteration for line source

outfalls.



Table 6.1

Location of

Dimensionless mixing lengths (®n) for
point source outialls

Mixing Criterion

Outfall (ps) 0.90 0.9% 0.99
0.0 (bank) 0.304 0.374 0.537
0.1 0.298 0.369 0.532
0.2 0.282 0.352 0.515
0.3 0.250 0.320 0.483
C.4 0.186 0.255 0.418
0.5 (mid-stream) 0.076 0.093 0.134

Table 6.2 Dimensionless mixing lengths () for
line source outfalls
Mixing Criterion

Width of

Qutfall (w! 0.90 0.985 0.99
0.0 (bank) 0.304 0.374 0.537
0.1 0.302 0.372 0.536
0.2 0.297 0.367 0.531
0.3 0.288 0.358 0.522
0.4 0.275 0.346 0.5190
8.5 {(mid-stream) 0.258 0.328 0.493
2.6 0.234 0.305 0.469
0.7 0.203 0.273 0.437
0.8 0.157 0.227 0.391
0.9 0.087 0.151 0.314
1.0 0.0 0.0 0.0

4

S



Table 6.3

Location of

257

Dimensionless crossing lengths (¢.) for
point source outfalls

Crossing Criterion

Gutfall (ps) 2.10 0.05 0.01
0.0 (bank) 0.066 0.055 0.039
0.1 0.061 0.050 0.035
0.2 0.049 0.040 0.027
0.3 0.036 0.029 0.021
C.4 0.025 0.021 0.015
0.5 (mid-stream) 0.017 0.014 0.010

Tahle 6.4 Dimensionless crossing lengths (¢c) for
line source outfalls
Crossing Criterion

Width of

Qutfall (w) 0.10 0.05 0.01
0.0 (bank) 0.066 0.055 0.039
0.1 0.064 0.053 0.036
0.2 0.060 0.048 0.034
0.3 0.052 0.041 0.028
0.4 0.043 0.033 0.022
0.5 (mid-stream) 0.033 0.025 0.016
G.6 0.023 06.017 0.011
0.7 0.014 0.010 0.006
0.8 0.007 0.005 0.003
0.9 0.002 0.001 0.001
1.9 0.0 0.0 0.0
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CHAPTER 7

THE DESIGN OF JET DIFFUSER DISCHARGES IN RIVERS

7.1 Genaxal

The designer of effluent outfall structures for rivers
needs to consider the near field mixing phenomena.
Traditicnally, outfall designs have paid little attention to

this flow region under the assumption that near field mixing

is rapid relative to the mixing zone 1length. wowever, as
effluent standards often permit discharge cc¢: os1trations
which are greater than receiving stream guic¢e .°.=:s, near

field mixing should be an important factor in outfall design.
This is because receiving stream guidelines now often impose
constraints on the ext<n: of the limited use zone. More
importantly, these constraints are more severe than what can
be determined or assured by river (passive plume) mixing
processes.

With this in mind, A. A. Aquatics (1987) developed
procedures for initial dilution =zone analysis. These
procedures were based on knowledge of jet dilution and the
mixing zcne which was available at that time. Several
constraints on jet discharges were identified and simplified
procedures were outlined so that an effective outfall design
could be achieved relatively easily. These concepts were

applied during 1988 in the design cf the diffuser outfall for
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Daishowa Canada Ltd.'s Peace River Pulp Mill on the Peace
River.

In this chapter, the constraints which must be
considered in the design of a jet diffuser outfall are
outlined. These build on the woirk of A. A. Agquatics (1987)
incorporating the additional knowledge developed in this
dissertation. The application of these procedures is then
demonstrated by examining the design of Daishecwa's et

diffuser outfall.

7.2 Constraiant Considerations
The design of an outfall facility requires the
consideration of a broad spectrum of information and
constraints:
a) effluent characteristics
- design flows (initial/ultimate; seasonal variation)
- water quality (effluent standards; expected
performance and variability)
p) river conditions
~ seasonal flows
- extreue flows (for both open water and ice cover
seasons)
- river hydraulics (at outfall site and downstream)
© cross-sectional velocity and depth distributions {at
and near the outfall site)
°© average velocity, depth and width (downstream)

o water levels (rating curves and extreme levels)
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o morphological characteristics (bed and bank material

and erosional characteristics)

c) environmental concerns
- receiving stream guidelines (environmental impacts)
- construction period constraints (fish spawning and
migration periods)
d) construction requirements
- procedures (construction berms or wet trench methods)
- construction period water levels
- costs
e) diffuser design considerations
- cavitation (maximum jet velocity)
- jet nozzle size and flow rate
- jet spacing (interference considerations)
- general and local scour (depth of cover and discharge
port elevations)
- materials of construction (corrosion concerns)
The work in this dissertation covers most of the
activities in item e) above. The following sections provide

a discussion of how the results of this work can be applied

to this design area. In order to develop an unde::tanding of

all aspects of effluent discharges to a river system, the

reader is left to pursue the literature on river engineering,

hydrology, environmental science and other sources.
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7.2.1 Cavitation

Cavitation in a flowinrg fluid is the local vaporization
(i.e. boiling) of the fluid as it encounters a velocity
discontinuity. Such a discontinuity exists at the outlet of
a jet nozzle discharging into a quiescent or moving ambient.
The vapour pcrkets form at random and generate high pressures
(both locally and for a short duration) when the bubbles
collapse. Cavitation first manifests itself in the form of
noise. If jet velocities are increased beyond the level
where cavitaton noise is first noticed, the cavitation can

result in severe physical damsge to the nozzle.

The potentiul for cavitation can be quantified by the
cavitation index (O):

G = PBo T Pv (7.1)
PoUo?/2
where: po is the ambient pressure at the jet nozzle (po=pgH),

Pv is the vapour pressure of the effluent,

Po is the density of the effluent,

p 1is the density of the ambient fluid,

Jo is the jet exit velocity,

g 1s the gravitational constant, and

H 1is the depth of water above the jet nozzle.
Rouse (1953) conducted experiments on cavitation in jet
discharges. For Jjets discharging through nozzles, he found
that intermittent periods of cavitation begin to occur at ©
values as high as 0.7; cavitation noise begins to steadily

occur when the cavitation index has a value of akbout 0.55,
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Subsequent studies on ijets by Rouse (1966) indicated that
cavitation damage to the nozzle is not likely to occur until
the locations of the bubble collapses are in the vicinity of
the nozzle itself. He indicated that physical damage to a
nozzle begins to occur when the cavitation index has a value
of less than 0.2.

In the application of this knowledge to jet diffuser
design, the cavitation index equation (7.1) can be rearranged

to give the maximum allowable jet discharge velocity:

2
H - v 7.2
Uo < ‘\/;o o (p g Pv) ( )

Values for the maximum acceptable Z=2t discharge velocity,

based on eguation (7.2), have been determined for jets
discharging into water of various depths (Figure 7.1). These
are for conditions where the jet and the ambient are at the
same temperature. The velocities are more strongly dependent
on depth than temperature in the range of values expected in
Alberta rivers. The maximum allowable velocities were
between 4 m/s (at 1 m depth) and 18 m/s (at 10 m depth).

For some effluents, any cavitation of the discharge is
undesirable because it may cause foaming at levels where
noise and physical damage do not occur, This would be
particularly important in effluents where foaming agents are
present (e.g. pulp mill effluents). This phenomena has not
been examined in this work. It is an area where experiments

with pulp mill effluents would provide useful information.



[o9]
[o3}
o7

Until such work is done, the cavitation criteria should be

applied conservatively.

7.2.2 Jet Nozzle Size

It would be desirable to maximize the diameter (d) of
the jet nozzle in order to minimize the number of ports in a
diffuser. The first step (setting the maximum discharge
velocity) was discussed in the previous section. After
determining the maximum value for Us, the size and the number
of ports can be determined based on the river's depth and

~locity in the immediate vicinity of the outfall at the

3ign ‘low flow condition. In many environmental studies,

dzsign low flow has been taken to be the seven

2cutive day low flow event which occurs, on average, once

. ten yvears (Nemerow, 1974; Krenkel and Novotny, 1980).

For simplicity, this design low flow event is termed the

7Q010. The objective should be to utilize all of the flow

depth during this low flow condition knowing that, at greater

flow depths and flow velocities that come with higher river
discharges, the dilution will be superior.

The diameter constraint proposed in A. A, BAquatics
(1987) was based on rearranging the outer boundary equation
from Pratte and Baines (1967) so that the jxt did not come
into contact with the water surface. Based on the
experimental and field work described in this dissertation,

the constraints should be:
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a d
" < 0.3 (7.3
2 < o < 8 (7.4)
ln >> 1p (7.95)
1y > H (7.6)

The first constraint better achieves the intentions of A. A.
Aquatics. Based on experimental work, the jet dischargs w411
not interact strongly with the water surface and will tewmain
unimodal as long as equation (7.3) is satisfied. As a
result, the jet centreline diiutions (Co/Cm) predicted by

equation (5.1) can be used:

C a x\0.56
>0 _ z 2
Cn 1.09 ( a ) (5.1)

o d
Bimodal discharges (i.e. where H > 0.3) would also be

acceptable but, the higher concentration at the vimodal peaks
(in the order of 60% to 80% more than the centreline maximum)
must be taken into consideration.

The second constraint relates to two aspects of
applicability. The lower limit of velocity ratio (&) is to
ensure tha® the jet does not remain attached to the river
bed. The upper limit is to restrict the discharge condition
to the range of velocity ratios where the laboratory and
field investigation results were found to be applicable.

The third and fourth cri:ceria relate to the discharge of
thermal effluents. These ensure the prevention of density
stratification. The third criterion ensures that the

momentum of the jet governs the effluent discharge's initial
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dilution. At some point after the jet momentum region, the
mixing then begins to be dominated by the crossflow and,
later, by the vortices in the deflected jet discharge. The
fourth criterion ensures that buoyancy is never the major

factor in the mixing.

7.2.3 Jet Spacing

After the maximum discharge velocity has Dbeen
determined, the nozzle diameter and the number of ports in
the jet diffuser can be selected. The jet spacing must be
determined to ensure that the jets do not significantly
overlap. The spacing should be set so that the desired
degree of dilution (initial dilution zone requirements are
typically 20:1) is achieved downstream each individual port
during the design low flow condition. First, the distance
downstream of the port is determined from equation (5.1).
Then, the 50% width equation is used for the downstream

distance to determine the minimum jet spacing:

W
2 . 1.0 (2)2° (5.3)
o d o d

The peripheries (i.e. where C/Cp < 0.5) of adjacent jets can
overlap as they will not result in any decrease in the
expected dilution prior to that point (Appendix E). Beyond
this point, the flow fields will begin to interact
significantly and the dilutions expected from the analysis of

a single jet could decrease. If there is sufficient width
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available in the river, the port spacing could be increased

to provide enhanced mixing potential.

7.2.4 Other Considerations

Relative to the work covered in this dissertation, there
are two other factors to consider in the design of a jet
diffuser:
dilution in tha far field

The far field dilution will 1likely still be of
importance even if the initial dilution zone objectives are
achieved. The region of influence for the effluent discharge
should be determined. Included in this ana;ysis should he
the contributions from other dischargers in the river system.
dilutions achieved &t other flow rates

The flows in a river system are constantly changing on a
day to day basis. The design of a jet diffuser is based on
the expected effluent discharge conditions at a design low
flow condition. The additional degree of dilution
achieveable at river flow rates greater than this condition
should be quantified. These conditions would be important in
the assessment of long term and chronic efferi's of the
effluent discharge.

There has been some resistance to the use of the design
low flow concept; the rationale being that the ecosystem
will, at some point, experience flow conditions less than the
design low flow. The writer does not condone deviating from

the design low flow concept as there would be no consistent
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basis by which good design could be carried out and
evaluated. However, recognizing that the 7Q10 event is not
the worst event that the ecosystem could experience, the
design of an effluent diffuser should also determine the
consequences of the more severe events. This does not mean
that the water quality guidelines should be blindly applied
(the guidelines are usually designed for the prevention of
chronic effects during sustained exposure). Rather, know-
ledge of the ecosystem and the critical components of the
effluent should be considered. If the effects of the
effluent discharge under the extreme conditions are not

acute, then the discharge should be considered adeqguate.

7.3 Application of Design Principles - A Case History
Over the past five years, Daishowa Canada Company Ltd.
developed a Kraft pulp mill adjacent to the Peace River. The
mill site is located adjacent to the west bank of the river
about 19 km downstream of the Town of Peace River. The mill
is designed to have a pulp production rate of 1000 ADT/d (air
dried tonnes per day). In the future, the mill has the mill
site area and the wood resources to potentially double its
production. Most of the environmental studies were completed
by the end of 1987 and much of the design of the mill was
carried out during 1988. The mill construction was completed

and the mill commenced operation during 1990.
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Effluent Conditions

The mill's effluent diffuser was to consider the
discharge of effluent from both the initial and ultimate pulp
mill configurations. The parameters of importance for
designing the jet diffuser structure were:
effluent discharge rate: Qe = 0.58 m3/s (initial)

1.16 m3/s (ultimate)

temperature of the effluent: Te = 30 °C
The jet diffuser structure was to be sized for the -.itimate
flow rate and the outfall was to be installed initially with

one half of the diffuser ports blinded off.

River Conditions

The Peace River is one of the larger rivers in Alberta.
The river's mean annual flow rate is about 1800 m3/s. Flows
in the river have been significantly modified since the
completion of the W. A. C. Bennett dam in British Columbia in
1972. A hydrologic analysis was carried out and it was found
that the river experiences minimum flows during the months of
September through March. Due to the operation of the danm,
the mean freeze-up date has been delayed by about one month
to December. It is now possible for the winter minimums to
occur during open water conditions.

The relevant river conditions in the immediate vicinity

of the effluent discharge are:
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Characteristic 7010 mean annual
flow (m3/s) 550 1800
section depth (m) 1.84 2.84
secti_n velocity (m/s) 0.82 1.28
section width (m) 364 495
local depth (m) 2.9 4.6
1gcal velocity (m/s) 1.1 1.7

Jat Discharge Location
The Peace River experiences significant ice runs during
pbreak-up in the spring of every year. These ice runs
frequently result in ice Jjam events. Concerns about
potential ice damage to the jet diffuser structure and the
desire to minimize the environmental impact led to the
decision to use a mid-stream diffuser (Figure 7.2). The in-
river portion of the outfall line was 1050 mm diameter steel
pipe which was lined with epoxy enamel and was protected by
a "yellow jacket"” polyethylene wrap with a gunite coating
The outfall structure was fabricated from steel pipe fittings
and was concrete encased once in place (plates 7.1 and 7.2).
Both the pipeline and the outfall structure were installed a
minimum of 2.0 m below the river bed tc protect against
scour. The tops of the jet nozzles were located about 1.0 m
above the river bed to prevent them from being inundated

-

moving bottom material.
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Jat Nozzle Size

The first activitv in sizing the jet nozzles is to
determine the maximum allowable jet discharge velocity.
Using equation (7.2) with winter discharge conditions and
1.9 m of water above the nozzle, a maximum allowable velocity
of 6.4 m/s can be determined. Based on the methods outlined
in A. A. Aquatics (1987}, fourteen 150 mm diameter nozzles
were selected to discharge the effluent at the ultimate flow
rate of 1.16 m3/s. This resulted in a jet velocity of
4.68 m/s and a velocity ratio cf about 4.3, which meets the
criterion of equation (7.4).

This effluent discharge configuration, with ad/H = 0.34,
does not quite meet the criterion outlined in equation (7.3).
The water surface is probably a factor and a unimodal jet
discharge might not occur. For this discharge, the buoyancy
length scale is 1, = 0.010 m and the momentum length scale is
1, = 0.56 m, and the criterion in equation (7.5) is met (i.e.
the jet momentum dominates the discharge). The jet never
becomes buoyancy dominited since 1y = 8.4 m > H = 1.9 m,

satisfying the requirements of equation (7.6).

Jet Spacing

The Jet spacing was selected to be 2.0 m. Equation

(5.3) indicates that adjacent jets would begin to overlap and

result in lower dilution when aﬁg > 27.5 or x/d > 117. This

is equivalent to ax/d = 500 for the 7Q10 flow condition.
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Initial Dilution Assassmant

An initial dilution assessment has been carried out for
the 7010 and the mean annual flow conditions (Figure 7.3).
Equation (5.1) indicates that an initial dilution of 35:1 can
be achieved during the 7Q10 flow condition. This far exceeds
the initial dilution zone requirement of 20:1 for rivers
which has bee: indicated in some water gquality guidelines.

The maximum initial dilution pctential in the Peace
River at this flow condition is 474:1. The maximum dilution
potential in the immediate vicinity of the 26 m wide diffuser
outfall wouid be 71:1. Thus, the jet diffuser ensures that
about 50% of this potential will occur within 18 m of the
cutfall structure.

It is interesting to note that the the jet dilution
projected by equation (5.1) does not utilize as much of the
river when the mean annual flow condition is assessed. The

crossflow dominates the jet (& = 2.8) for this discharge

configuration. For this flow condition, surface effects are
not present (od/H = 0.12 < 0.3) and the discharge is

unimodal. The jets do not significantly overlap until

= = 122 (ax/d = 930). The dilution ratio at this point is

o

about 50:1 or about 30% of the flow in the vicinity of the
diffuser. However, greater dilution than 50:1 should be
expected as the mixing will be enhanced by vertical mixing

due to river turbulence. The data on Figure 5.19 indicate
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that the dilution ecuation makes low predictions for weak

jets at large values of wx/d.

7.4 Conclusi~ns

a) The Peace River outfall was assessed using the design
criteria developed in the earlier sections for jet diffuser
design. The analysis indicates that the jet discharges will
be unimodal and will be dominated by the momentum of the
discharge (i.e. the buoyancy of the 30° C effluent will not

be a factor).

b) The jet diffuser structure ensures that & minimum
dilution ratio ©vf 35:1 1is achieved within 18 m of the
outfall. The initial dilution increases significantly when
the river discharge increases at this site. River turbulence

becomes more of a faccor during these flow conditions.
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Plate 7.1 Jet diffuser outfall on shore prior to launch.

Plate 7.2 Structure being pulled into place along
downstream berm (river flow is right to left beyond berms;.
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Chapter 8
CONCLUSIONS

8.1 Gepnexal

The previous seven chapters have presented discussions
related to numerous aspects of effluent discharges in rivers.
In addition, the results of supplemental statistical and
mathematical analyses and the data from field and
experimental work are presented in the accompanying
appendices. As the subject areas of these topics are
somewhat diverse, conclusions are made at the end of each
chapter where new knowledge has been put forth by the writer.

Effluent discharges in rivers are both a difficult
environmental management problem and a complex turbulent flow
problem. The former has been discussed in the context of
setting a frame of reference for the étudy of the latter.
Although dispersion and dilution are not the primary means
for practising environmental management, they are the primary
mitigative mechanisms once the discharge of a specific
effluent has been committed to. As a result of the
analytical, field and laboratory investigations conducted for
this dissertation, the design of effluent diffusers for
rivers can now be carried out on a rational basis.
Assurances of initial dilutions of up to 50:1 are now

possible within metres of an effluent discharge.
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This chapter summarizes the conclusions of the previous
chapters from a more global perspective. The summary will
highlight areas where significant contributions have been
made . As well, discussion as to where there is a need for

further knowledge is presented.

8.2 Findings

Environmental Context

The complete mixing of an effluent discharge in a river
is ultimately controlled by the turbulence of the river,
However, the mixing in the immediate vicinity of an outfall
(the near field) can be controlled by the design of the
discharge structure. If a jet diffuser outfall is used,
initial dilutions of up tc 50:1 can be accomplished (if there
is sufficient river flow) within metres of the structure,
The mixing in this dinitial dilution %one is important for
receliving stream assessment as the length of the mixing zone
is about three orders of magnitude greater than the length of
the near field.

A jet diffuser outfall can provide a significant degree
of near field mixing and will provide more confidence that
environmental protection objectives are being served than an
outfall which relies solely on river turbulence to accomplish
the mixing. Meeting objective concentrations within the
initial dilution zone js the level of protection that some of

the existing water quality guidelines suggest.
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Photographic Analysis

The review of the literature on jet discharges in
crossflow indicated that no equations exist to describe the
bulk properties of jet discharges in crossflows of finite
depth. A gquantification of these properties is important for
most natural rivers as their depths are relatively small.
This work has identified five zones of flow for circular jet
discharges into crossflows of finite depth:
a) the potential core,
b) the momentum dominated near field (MDNF),
¢) the momentum dominated far field (MDFF),
d) the surface dominated field (SDF), and
e) the terminal level region.
Equations describing the centreline location of jet
discharges have been developed in a laboratory investigation
and have been described in Section 3. Several points are
worth noting:
a) the MDNF and MDFF regions were both observed with the
latter being the more significant,
b) the boundary and centreline equations presented by Pratte
and Baines (1967) tend to predict higher values than were
observed,
c) the centreline relations developed in this work predict
values which are higher than what would be predicted by

Wright (1977a); this may be due to the presence of the



boundary layer in this work and the absence of one in
Wright's work,

d) the relative jet strength parameter ad/D is
preferable for describing the jet centreline location; the

relative jet strength parameter «2d/D is preferable for

describing the jet width.

Field and Laboratory D lution Studies
A power law dilution equation can be fitted to jet

discharges in the jet entrainment =zxoane:

Co / Cm = a (_%”T (4.14)

Values for the coefficient a and the exponent b can be found
for any individual jet discharge. These dilution equation
parameters can be correlated to the inverse of velocity ratio
(p = 1/a) for jet strengths ranging from p = 0 (simple jets)
to p = 0.3 (weak jets in strong crossflows). The parameters
also appear to be sensitive to the relative jet strength

od/D.

Vortices form in the jet discharge at low values for the
velocity ratio (@) but do not separate. The concentration
distributions for these jet discharge conditions are
unimodal. When tithe vortices partially separate, the
concentration distributions become bimidal. When the jet
strength is even greater, the vortices will completely

separate and the Jjet is called bifurcated. In the
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experiments carried out for this work, the occurrence of the
bimodal condition appeared to be more dependent on the
relative jet strength than on the velocity ratio. The

bimodal jets began to occur when ad/D > 0.3.

Jet dilution was found to be a function of the distance
parameter ox/d. This work is the first investigation to
suggest this parameter as a means to describe jet dilution.
This distance parameter allows the jet dilution to be
quantified relative to the more appropriate direction
(i.e. x) for river systems:

a x 0.56
Co/ Cm = 1.09 (j;‘) (5.1)

Equation 5.1 quantifies the jet dilution in both the jet
entrainment and vortex entrainment zones. The equation was
verified by the laboratory experiments for a range of ax/d
covering three orders of magnitude. The relation was also
verified to some extent by the 1laboratory work of others
(Ramsey and Goldstein, 1971; Wright, 1977a; Andreopoulos,
1983).

Field investigations of jet dilution are more difficult
to carry out than laboratory work. However, it is possible
to carry out such scientific investigations in natural
rivers. The field study carried out for this work supported
the dilution relations as well as the location, width and
thickness relations determined from the laborétory studies.

From these field and laboratory studies, it can be concluded
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that laboratory work on jet discharges in crossflow

represents prototype conditions very well.

Far Field Analysis

Siting an effluent discharge structure at the bank of a
river does not provide the best opportusnity for the dilution
of the discharge. Siting the structure at midstream would
result in the shortest mixing zone length, however, a line
diffuser outfall should usually be preferred as it will offer
the best initial dilution zone characteristics.

Determining the mixing szone length is an important
beginning for the assessment of an effluent discharge.
Thevzetical equations to determire the mixing zone length
must be used with care as the configuration of natural rivers
(e.g. bends, slope changes and islands) can significantly
shorten this length. The actual length of the mixing zone is
not a precise dimension as it is sensitive to the criterion
(i.e. 95% or 98% mixed) used. This is because mixing occurs
slowly in the latter part of the mixing zone.

If an effluent discharge dces not meet the receiving
water guidelines at the downstream end of the initial
dilution zone, then the distribution of concentrations within
the mixing zone should ke evaluated using limited use zone
concepts., Gowda (1980 and 1984) provided the initial
presentation of this method of analysis for point source

outfalls. The work in this dissertation extends his work
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plus provides further equations for the analysis of 1line

source outfalls.

Case History

A case history was presented to illustrate the
application of the design princiyp.es developed in this work.
The jet diffuser structure, designed for the discharge of a
pulp mill effluent into the Peace Liver, is able to achieve
an initial dilution in the order of 35:1 for river flows as
low as the 7¢Qi0 flow condition. The djet discharge \is
sufficiently strong that stratification due to density

differences for this 30° C effluent will not be a problem.

8.3 Further Investigation

In conducting an intense examination of a physical
phenomena, it is typical that a number of additional areas of
work become obvious by the time the research has fulfilled
its original objectives. A number of areas that the writer
feels further investigation would provide useful knowledge
are described below. These investigations would extend the

range that one can quantify jet dilution in the near field.

Unimodal, Bimodal and Bifurcated Jets

A better explanation of the various conditions of jet
flow in the vortex entrainment zone 1is desired. A
photographic investigation (using 1long and short time

exposures) c¢ould provide much insight on how the formation of
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unimodal, bimedal and bifurcated conditions depend on the
velocity ratio and the relative jet strength of the jet
discharge. The experimental work should cover a wide range

of parameters:

distance: 0 < x/d < 200
velocity ratic: 2 <o < 12
relative jet strength: 0.05 < ad/D < 0.6

Laboratory Dilution Studies

Two further laboratory dilution studies would help
extend the range of applicability for equation 5.1. The
first should investigate extending the range of equation 5.1
further downstream for unimodal jet discharges. It should
also focus on investigating cross sectional concentration
distributions for bimodal jets in order to develop a relation
for the bimodal ratio. This would allow better predictions
for the dilution of bimodal jet discharges.

The second laboratory investigation should be conducted
to verify the analytical work, presented in Appendix E, on
Reichardt's hypothesis. The work should first be carried out
on multiple jet discharges in a quiescent ambient to verify
the equations established in the appendix,. Then, further
laboratory investigation should be carried out in a crossflow
to determine if the interaction of multiple jets 1is as
expected. This work would require the measurement of both

velocity and concentration fields.
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Foaming of Jet Discharges

In presenting the criteria for determining the maximum
jet discharge velocity, the objective used was the prevention
of jet nozzle cavitation noise. This criteria may not be
sufficiently conservative to prevent adverse environmental
consequences in the case of effluents which have a propensity
to foam. An investigation should be carried out to determine
the relation between the onset of foaming and jet discharge
conditions such as the cavitation index, the effluent's
dissolved air content, the effluent's temperature and other
parameters. Actual treated effluents from municipal and
industrial (e.g. pulp mill) wastewater treatment facilitivs
should be used as well as various concentrations of knowi

surfactants.
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APPENDIX A

DATA SUMMARY FOR PHOTOGRAPHIC STUDY

The following pages present the partially reduced data
for the side view and plan view measurements of the jet
profiles and jet widths examined in this dissertation. For
the jet profiles, the data comprise the station (x), the
computed axis lccation (Ex) for the jet centreline, the six-
photo average for the inner (yi) and outer (yo) jet boundary
locations, the computed jet centreline (y.) location and the
computed jet thickness (Wyi. All measurements are in mm. A
number of other computed parameters describing the jet
profile and other aspects of each run are also presented.

For the jet widths, the data comprise the station (x),
the computed axis location (Ex'), the corrected station (x')
and the six-photo average for the total jet width (Wz). A

number of other computed parameters describing the jet width

and other aspects of each run are also presented.



FILE: PROF

CIRCULAR JETS DISCHARGING INTO CROSSFLOWS OF FINITE DEPTH
PROFILE DATA EXTRACTED FROM RAW DATA FILES

LAST CHANGED (mm/ddyy):

PROFILE DATA

11/13/90

HEASUREMENTS BY:

TIME:

17:48

COWPLTED VALUES
------------------------------ RUN

102
127
1652
177
202
227
252
_77
302
327
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17
34

77
102
127
152
177

104
130
155
180
208
230
256
281
307
332
3§57
383
408
433
459
484

27
52
78

123
148
175
200

6 PHOTO AVERAGES
yi yo yc Wy
0 24 12 24
9 43 26 34
16 58 36 43
17 59 38 42
15 68 42 53
16 79 47 63
17 83 50 66
20 80 55 70
21 87 54 66
20 90 55 70
17 92 55 75
13 91 52 78
11 93 52 83
11 103 57 92
16 100 58 84
15 104 60 88
14 109 61 95
17 112 65 96
18 110 64 92
24 118 71 94
o 37 19 37
13 47 30 34
17 70 43 53
18 74 46 56
21 82 52 61
23 92 58 68
24 99 61 75
25 100 63 75
21 104 63 83
20 104 82 84
25 111 68 87
29 112 70 83
26 122 74 95
27 124 78 97
24 124 74 100
25 133 81 113
27 140 84 113
20 141 81 120
22 157 89 135
21 159 90 138
0 54 27 54
23 67 45 44
38 90 63 54
40 102 71 62
45 115 80 70
47 122 85 75
51 137 94 86
56 136 98 80
586 154 108 96

227

3.39E-06
0.59
1.18
1.78
2.61
3.46
4.31
5.18
6.00
8.85
7.70
8.55
9.40
10.24
11.09
11.94
12.79
13.64
14.49

156.33.

0.00
0.45
0.90
1.37
2,03
2.69
3.34
4.00
4.86
6.32
5.08
8.64
7.29
7.95
8.61
9.27
9.93
10.59
11.24
11.90

0.00
0.32
0.65
0.99
1.47
1.94
2.42
2.90
3.37

0.413
1.1
1.83
2.44
3.30
417
£.02
5.89
6.74
7.59
8.44
9.29

10.14

11.00

11.88

12.70

13.55

14.41

15.28

16.14

0.63
1.03
1.60
2.08
2.75
3.43
4.09
4.75
5.41
6.07
6.75
7.41
8.07
8.73
9.38
10.08
10.74
11.40
12.10
12.78

0.72
0.99
1.45
1.83
2.34
2.83
3.33
3.81
432

1234
3E-G¢
0.2¢
0.51
0.57
0.51
0.54
0.57
0.87
0.70
0.68
0.59
0.45
0.36
0.38
0.55
0.52
0.47
0.57
0.60
0.83
1231
0.00
0.33
0.45
0.48
0.55
0.61
0.62
0.67
0.56
0.53
0.85
0.75
0.68
0.72
0.63
0.86
0.71
0.54
0.57
0.55
1232
0.00
0.44
0.68
0.7¢
0.86
0.90
0.87
1.07
1.1

1236 1236
. 825 0.413
i.4%  0.68
198 1.23
1.8 1.28
2.31  1.4%
2.67 1.6t
282 1.69
3.05 1.86
254 1.82
3.06 1.87
J.12 1.85
3.09 1.77
317 1.76
3.5t 1.94
3.40 198
3.52 2.02
3.69 2.08
3.81 219
3.73 2.17
401 242
1231 1231
0.97 0.49
1.24 0.79
1.83 1.14
1.98 1.22
2.18 1.36
241 1.5
2.861 1.62
2683 1.65
275 1.85
274 1.63
293 1.7
295 1.85
3.20 1.85
3.27 200
327 1.95
3.863 2.14
3.69 2.20
3.70 2.12
413 235
418 237
1232 1232
1.04 0.52
1.27 0.85
1.71  1.19
196 1.36
220 1.53
233 1.61
261 1.79
280 1.83
293 2.02

PENMCE 3y,
Wy/R*d DESCRIPTION
1236 -cccccmae il
0.8255 HODGSON DATA

116 cccececcn canann
1.45 RUN 1236
1.42d 12.7
1.86 D 300
2.13 Yo 0.526
225U 0.226
2.39 R 2.32
2.24 Rd/D 0.098
2.39 RRd/D 0.228
2.53 Yot 114
2.63 Yct 67
2.80 Yit 20
3.12 Xot

2.85 Xc. 500
3.00 Xit

3.21 Ye/D 1.223

3.25 Yel(R .,  2.27
3.13 Xct/(R*d) 16.96
R T RPN
1231

0.97 HODGSON DATA

1.39 RN 123
1.47 d 12.7
1.61 D 298
1.80 Uo 0.658
1.98 U 0.220
1.97 R 2.99
2.198 Rd/D 0.127
2.21 RRd/D 0.381
2.28 Yot 155
2.19 Yet 80
2.51 Yit 25
2.55 Xot

2.83 Xct 535
2.97 Xit

2.98 Ye¢/D 0.302

3.17 Ye/(R'd)  2.37
3.56 Xct/(R*d) 14.09
383 -cececcen coenn-
1232

1.04 HODGSON DATA
0.83 cmccsemnr wmnnne

1.03 AN 1232
1.19d 12.7
1.33D 298
1.42 Uo 0.808
1.64 U 0.220
1.63 R 4.13

1.82 Rd/D 0.178



202
227
252
277
302
327
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17

34

52

77
102
127
182
177
202
227
252
277
302
327
352
377
402
427
452

17
34

77
102
127
162
177
202

252
277
303
328
354
379
404
429
454
479
504

14

40

60

78
104
129
154
179
205
230
255
280
3056
330
355
380
405
430
455
480

35

70

93
113
139
164
191
2186
241
266
262
317
342
368
3983
418
443
469
494
518

29

61

82
101
128
153
179
204
230
285

59
63
64
65
71
70
70
69
73
72
70

18
19
21
25
26

30
32
33
32
33
34
32
29
28
29
31
31
34

34
45
§2
59
61

65
68
65
71
73
73
75

70
70
75
80
79

30
39
45
50
50
55
56
59

151
167
167
170
176
178
182
179
181
189
191

28
53
68
75
81
88
89
94
101
103
107
108
104
110
116
115
119
119
123
126

69

96
116
128
136
144
154
154
161
167
172
179
184
195
200
205
211
217
220
225

58

99
106
119
126
133
135
141
144

1086
110
115
118
123
124
126
124
127
131
131

14
34
43
48
53
57
58

66
68
69
70
69
71
72
71
74
75

80

35
65
81
90
98
102
110
110
114
116
122
126
129
138
137
137
141
146
150
162

29
56
69

85
88
94

100
102

92

94
103
105
108
108
112
110
108
117
121

28
39
49
54
56
63
61

64
69
70
75
75
70
78
87
87
89
89
92
91

69
62
70

77
83
88
89
93
102
101
106
110
120
127
136
141
142
141
1486

58
52
61
61
69
76
78
79

84

3.85
4.33
4.80
5.28
5.76
6.23
6.71
7.19
7.66
8.14
8.62

0.00
0.41
0.83
1.27
1.88
2.48
3.09
3.70
4.31
4.92
5.53
6.14
6.75
7.36
7.97
8.57
8.12
9.79
10.40
11.01

0.00
0.25
0.51%
0.78
1.15
1.52
1.90
2.27
2.64
3.02
3.39
3.76
4.14
4.51
4 A9
5.¢6
5.63
6.01
8.5u
8.75

0.00
0.30
0.59
0.91
1.34
1.78
2.21
2.85
3.08
3.52

4.80
5.29
5.77
6.25
6.74
7.22
7.69
8.17
8.65
9.13
9.61

0.26
0.98
1.45
1.90
2.53
3.14
3.75
4.37
4.99
5.60
6.21
8.82
7.43
8.04
8.65
9.26
9.87
10.48
11.09
11.70

0.84
1.04
1.38
1.69
2.08
2.46
2.85
3.22
3.60
3.97
4.36
4.74
5.11
5.50
5.87
8.25
6.62
7.00
7.38
7.78

0.44
1.07
1.43
1.77
2.23
2.67
3.12
3.55
4.00
4.43

2.88
3.00
318
3.24
3.35
3.40
3.46
3.41
3.45
3.81
3.65

2111
0.67
1.30
1.65
1.83
1.97
2.15
2.16
2.30
2.48
2.54

2.81
2.82
2.53
2.68
2.83
2.78
2.89
2.91
3.00
3.08
1233
1.04
1.44
1.73
1.92
2.04
2.18
2.30
2.30
2.41
2.49
2.57
2.87
2.74
2.91
2.98
3.08
3.15
3.24
3.20
3.37

2112
1.02
1.43
1.73
1.84
2.07
2.20
2.31
2.35
2.48
2.51

1.76 RRA.D 0.727
1.79 Yot 150
1.97 Yct 131
2.00 Yit 72
2.00 Xot

2.06 Xct 414
2.13 Xit

2.10 Ye/D 0.440

2.08 Yc/(R*d) 2.50
2.24 Xct/(R*d) 7.89
< B L
2111

0.67 HODGSON DATA
094 ---crmenn ol

1.19 AN 2111
1.32d 11.0
1.38D 174
1.53 Uo 0.877
1.49 U 0.235
1.56 R 3.73
1.69 Rd/D 0.238
1.70 RRA/D 0.880
1.84 Yot 125
1.83 Yet 79
1.71 Yit 33
1.89 Xot

2.13 Xct 488
2.12 Xit

2.18 Yc/D 0.454

2.18 Yc/(R*d)  1.92
2.23 Xct/(R*d) 11.40
222 --ccneeen aaaann
1233

1.04 HODGSON DATA
0.93«ccvmcaen caunns

1.05 RN 1233
1.18d 12.7
1.16 D 298
1.24 Uo 1.i58
1.32 U 0.220
1.32R 5.27
1.39 Rd/D 0.225
1.52 RRdA/D 1.184
1.51 Yot 225
1.58 Yet 152
1.68 Yit 79
1.798 Xot

1.90 Xct 505
2.02 Xit

2.11 Ye/D 0.510

2.12 Ye/(R*d)  2.27
2.10 Xct/(R*d)  7.54
P T
2112

1.02 HODGSON DATA
0.91 -ccrrrne coennn

1.08 AN 2112
1.06d 11.0
1.200 174
1.33 o 1.227
1.35U 0.2356
1.38R 5.22
1.43 RA/D 0.330

1.47 RRd/D 1.723
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227 280 56 144 100 88 395 487 098 250 1.74 1.53 Yot 172
252 305 57 153 105 986 439 531 099 26€ 1.83 1.67 Yct 121
277 330 58 157 108 99 482 575 1.02 273 1.87 1.72 Yit 70
302 358 59 164 t12 105 526 6.19 1.03 286 1.94 1.83 Xot
327 381 61 165 113 104 £69 663 1.06 288 1.97 1.82 Xct 465
352 408 61 170 115 109 6.13 7.07 106 2985 201 1.90 Xit
377 434 66 171 119 105 6.56 750 1.15 298 207 1.83 Ye/D 0.695
402 456 64 169 117 105 700 794 111 294 203 1.83 Ye¢/(R*d) 2.1
427 481 66 171 118 10§ 743 838 1.14 298 2086 1.83 Xct/(R*d) 8.10
452 506 70 172 12t 102 7.87 882 122 3.00 211 1.78 ceccmmee mnennn
1234 1234 1234 1234
0 44 0 87 44 87 0.00 0.76 0.00 1.02 0.51 1.02 HODGSON DATA
17 78 35 112 74 78 0.20 0.9t 041 132 0.86 091 --oemmmce cmeeen
34 108 55 140 98 85 040 126 u.65 165 1.15 1.00 RUN 1234
52 129 68 152 3110 83 0.61 152 080 1.78 1.29 098d 12.7
77 161 85 174 130 89 090 189 1.00 205 1.52 1.05D 298
102 188 90 187 138 97 1.20 220 1.08 219 1.62 1.13 Uo 1.474
127 214 90 202 146 112 1.49 28t 1.0 237 1.1 1.31 U 0.220
152 239 91 212 152 122 1.78 281 1.0R 243 1.78 1.43 R 6.7
177 264 91 215 153 124 208 310 1.0, 252 1.79 1.45 Rd/D 0.286
202 290 91 222 156 131 237 340 1.08 260 1.83 1.54 RRA/D 1.918
227 315 88 229 158 141 266 369 103 269 1.86 1.66 Yot 264
252 340 92 233 163 141 296 399 1.08 274 1.91 1.65 Yot 185
277 385 96 231 164 135 3.256 428 113 271 1.92 1.59 Yit 106
302 380 98 237 168 139 3.564 458 115 278 1.97 1.63 Xot
327 418 105 254 179 149 3.84 490 123 2988 210 1.75 Xet 402
352 443 106 261 183 1565 417 520 1.24 306 215 1.82 Xit
377 468 104 262 183 158 4.4. 549 122 3.07 215 1.85 Ye/D 0.821
402 493 106 284 185 158 472 579 124 310 217  1.88 Yc/(R"d) 217
427 519 115 268 190 151 501 6.09 135 3.12 223 1.77 Xct/(R*d) 4.72
452 545 110 258 184 148 §30 638 1.20 3.03 218 174 c-vecmcen cnvnns
1235 1235 1236 1235
0 56 0 112 56 112 0.00 0668 0.00 1.11 0.58 1.11 HODGSON DATA
17 9N 41 133 87 92 0.17 091 040 132 0.88 092 -----c-vn cennns
34 121 58 165 112 107 0.34 121 058 1.64 1.11 1.06 RN 12356
52 146 76 181 129 105 0.52 145 076 181 1.28 1.05d 12.7
77 173 81 198 138 117 0.77 172 0.80 197 1.39 1.16 D 298
102 200 91 209 150 118 1.02 199 090 208 1.49 1.18 Uo 1.737
127 227 99 219 158 120 1.26 2268 098 218 1.58 1.20 UV 0.220
162 253 100 229 165 129 1.561 251 100 228 1.64 1.28 R 7.91
177 278 100 236 168 136 i.76 277 099 235 1.67 1.35 Rd/D 0.337
202 303 105 236 171 130 201 302 105 235 170 1.30 RRd/D 2.666
227 329 105 253 178 149 226 328 1.04 252 1.78 1.48 Yot 289
252 355 108 264 186 156 251 354 108 263 1.85 1.58 Yet 201
277 380 112 264 188 152 276 3.79 1.12 263 1.87 1.51 Vit 113
302 405 106 265 186 158 301 404 108 263 1.85 1.58 Xot
327 431 98 277 188 179 3.286 429 098 276 1.87 1.78 Xct 397
352 456 103 283 193 179 350 454 1.03 281 192 1.79 Xit
377 482 113 289 201 176 3.75 480 1.12 287 200 1.75 Ye/D 0.874
402 507 114 294 204 180 400 505 1.13 2982 203 1.79 Yc/{R*d) 2.00
427 533 113 289 201 175 425 530 113 287 200 1.75 Xct/(R*d) 3.85
452 558 106 288 187 182 450 555 1.08 .87 1.96 1.82-c-vcemen connnn
2113 2113 2113 2113
0o 35 0 70 35 70 0.00 035 0.00 095 0.48 0.95 HODGSON DATA
17 73 40 99 69 59 0.23 099 054 134 0.94 0.79 ---vvvmve cacnnn
34 97 52 118 85 686 046 131 070 180 1.15 0.90 AN 2113
52 116 59 128 93 69 0.70 158 0.79 1,73 1.28 094d 11.0
77 144 65 145 105 79 1.04 195 0.8 196 1.42 1.07D 174
102 170 70 155 112 85 1.38 230 094 210 1.52 1.16 Uo 1.578
127 195 74 159 117 84 1.72 265 1.01 215 1.58 1.14 U 0.235
152 221 75 1686 121 91 208 299 1.02 225 1.63 1.23 R 6.71
177 246 75 172 124 98 240 333 1.01 233 1.87 1.32 R4/D 0.424
202 27 75 173 124 97 2,74 367 102 234 188 1.32 RRd/D 2.846
227 296 76 174 125 98 308 401 103 238 1.70 1.32 Yot 174
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252 321 81 174 128 93 3.41 435 110 236 1.73 1.26 Yet 129
277 348 €4 174 129 90 3.75 469 1.13 236 175 1.22 Vit 84
302 371 85 174 130 89 409 503 1.16 236 1.76 1.20 Xot

327 398 84 174 129 90 443 537 114 238 1.78 1.21 Xct 264
352 421 84 174 129 e0 4.77 570 113 2136 1.75 1.22 Xit

377 446 84 174 129 90 5.11 604 1.14 238 1.75 1.2% Ye/iD 0.741
402 471 84 174 129 90 545 638 1.14 236 175 1.22 Yc/(R*d) 1.75
427 496 83 174 128 91 579 6.72 1.12 238 1.74 1.24 Xct/(R*d) 3.58
452 521 80 174 127 94 6.12 7.06 1.09 236 1.72 1.27 «-ceeeeis L.

2114 2114 2114 2114

0 46 0 93 46 93 000 063 000 103 0.51 1.03 HODGSON DATA
17 88 47 122 85 75 018 098 052 135 094 083-----no. ...,
34 114 62 147 108 85 0.38 1.27 o069 163 t.16 0.94 RUN 2114
52 137 72 166 119 94 0.58 152 0.79 184 1.32 1.05d 11.0
77 163 79 172 126 92 085 181 088 190 1.39 1.02D 174

102 183 87 174 131 87 1.13 209 0.98 183 1.45 0.96 Uo 1.929
127 214 91 174 133 83 1.41 237 1.1 193 1.47 092U 0.235
152 238 84 174 134 80 1.69 265 1.04 193 1.48 0.89 R 8.20
177 264 93 174 134 81 198 293 1.03 193 1.48 0.89 Rd/D 0.518
202 289 90 174 132 84 224 320 1.00 1t.93 1.47 0.93 RRJ/D 4.251
227 314 93 174 133 81 252 348 103 193 1.48 0.90 Yot 174
252 339 92 174 133 82 279 3.76 1.02 193 1.47 0.91 Yct 134
277 364 92 174 133 82 3.07 403 102 193 1.47 0.91 Yit 93
302 389 91 174 132 83 3.35 4.31 1.0t 193 147 0.92 Xot

327 414 88 174 131 86 3.63 459 097 193 1.45 0.96 Xct 137
352 439 89 174 132 85 3.90 487 0.99 193 1.48 0.94 Xit

377 464 93 174 133 81 4.18 514 103 193 1.48 0.90 Ye/D 0.787
402 489 95§ 174 1358 79 446 542 105 1.93 1.49 0.88 Yc/(R°d) 1.48
427 514 99 174 136 75 473 570 1.09 193 1.51 0.84 Xct/(R*d) .52
452 539 100 74 137 74 5.01 588 110 163 1.52 082------oo. ...

1136 1138 1138 1136

o] 756 0 149 75 149 0.00 0.83 0.00 1.09 0.54 1.09 HODGSON DATA
17 121 50 187 118 137 0.12 ds8s 0.36 1368 0.88 LI
34 161 88 220 154 131 0.25 117 084 160 1.12 0.96 AN 1138
52 184 104 232 168 128 0.38 1.34 0768 1.89 1.22 ¢.93d 12.7
77 22z 123 271 197 148 0.56 182 0650 1.98 1.44 1.08D 298

102 250 128 290 209 161 0.74 182 093 2.11 1.52 1.18 Uo 1.388
127 276 138 296 217 158 0.93 2.01 1.01 2.16 1,58 1.15U 0.129
162 302 148 298 223 150 1.1 220 1.08 217 1.82 1.10R 10.81
177 327 148 298 223 150 1.29 238 108 217 1.2 1.08 Rd/D 0.4861
202 352 153 298 228 145 1.47 256 .11 217 1.64 1.08 RRd/D 4.980
227 377 156 298 227 142 1.85 275 1.14 217 1.85 1.03 Yot 298
252 402 159 298 229 139 1.84 293 1,18 217 1.86 1.01 Yet 235
277 427 158 298 228 140 2.02 3.11 1.1§ 217 1.68 1.02 Yit 172
302 452 160 298 229 138 220 329 117 217 1.67 1.01 Xot

327 477 166 208 232 132 238 348 121 217 1.69 0.96 Xct 354
352 502 169 298 233 129 256 366 123 217 1.70 0.94 Xit

377 527 171 298 235 127 275 384 125 217 171 0.93 Ye/D 0.789
402 552 170 258 234 128 293 402 124 217 1.70 0.93 Yc/(R*d) 1.71
427 577 173 298 235 125 311 421 128 217 1.7 0.91 Xct/(R*d) 2.58
452 603 177 298 238 121 3.20 438 129 217 1.73 088 ----co-nn ...,

2118 2115 2115 211§

0 58 0 115 58 115 0.00 042 000 1.08 0.54 1.08 HODGSON DATA
17 102 49 149 99 100 016 098 048 140 0.93 CO4 --vvvnn Ll
34 128 69 167 118 98 032 120 064 157 1.10 0.92 RN 2115
§2 148 78 174 128 96 049 138 073 163 1.18 0.90d 11.0
77 173 87 174 131 87 0.72 162 082 1.683 1.22 0.820 174

102 198 896 174 135 78 098 186 080 163 1.27 0.73 Uo 2.280
127 223 99 174 136 75 118 209 092 183 1.28 0.71 U 0.235
152 248 101 174 138 723 .42 233 095 163 1.29 0.68 R 9.70
177 273 108 174 140 68 1686 256 099 1863 1.31 0.64 Rd/D 0.613
202 298 105 174 140 69 1.89 280 098 1.83 1.3t 0.85 RRd/D 5948
227 323 104 174 139 70 213 3.03 098 1.83 1.30 0.85 Yot 174

252 348 102 174 138 72 236 327 096 163 1.20 0.87 Yct 138
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277 374 100 174 137 74 260 350 093 163 1.28 0.70 Yit 102
302 399 98 174 136 76 283 374 092 1163 127 0.72 Xot
327 424 102 174 8 72 3.06 397 0685 163 1.29 0.68 Xct 147
352 449 939 174 7 78 3.30 420 093 163 1.28 0.70 Xit
377 474 100 174 .37 74 353 444 093 163 1.28 0.70 Ye/D 0.793
402 409 97 174 136 77 3.77 467 091 163 1.27 0.72 Yc/(R*d) 1.29
427 624 98 174 1368 76 400 491 092 1.63 1.27 0.72 Xct/(R*d) 1.38
452 548 95 174 13§ 79 424 514 089 163 1.28 074 c-cvmecen aieann
1135 1135 1135 1135
0 92 0 184 92 184 000 086 000 111 0.56 1.11 HODGSON DATA
17 138 49 221 135 172 010 083 0230 133 0.8t 104 -vcecvnen coanns
34 188 96 267 181 171 0.21 113 058 161 1.09 1.03 RN 1135
§2 215 114 290 202 175 03t 130 068 1.76 122 1.068d 12.7
77 245 137 298 218 161 0.46 148 083 180 1.31 0.97D 298
102 272 160 298 229 138 062 164 097 180 1.38 0.83 o 1.684
127 297 168 298 233 130 0.77 179 1.02 ¢80 1.41 0.78 U 0.129
152 322 170 298 234 128 092 194 102 180 1.41 0.77R 13.05
177 348 178 298 238 120 1.07 210 107 1.80 1.44 0.72 RA/D 0.556
202 373 183 298 240 115 122 225 110 180 1.45 0.70 RRd/D 7.258
227 398 184 298 241 114 1.37 240 111 180 145 0.69 Yot 298
252 423 186 298 242 112 1.52 255 112 180 1.46 0.68 Yct 242
277 448 185 298 241 113 1.67 270 111 180 1.46 0.68 Yit 185
302 473 186 298 242 112 1.82 285 1.12 180 1.46 0.68 Xot
327 498 187 298 243 111 197 300 1143 1.80 1.48 0.67 Xct 235
352 523 188 298 242 112 212 315 112 180 1.46 0.68 Xit
377 548 188 298 242 112 2.27 331 112 180 1.48 0.68 Yc/id 0.812
402 573 186 298 242 112 243 346 112 180 1.48 0.68 Yc/[R*d) 1.46
427 5908 184 298 241 114 258 361 111t 180 1.46 0.69 Xct/(R"d) 1.42
452 623 184 298 241 114 273 378 111 180 1.46 069 ----ccven coennn
MAX 623 187 298 243 184 15.33 16.14 2115.00
MIN 12 0 24 12 24 0.00 028 000 0.87 0.34 0.64

NOTES: x 1S DISTANCE DOWNSTREAM FROM CENTRE OF THE JET NOZZLE.
Ex IS DISTANTE ALONG AXIS FOR THE SIDE VIEW MEASUREMENTS.
yi 1S DISTANCE #ROM FLUME BED TO LOWER JET BOUNDARY.
yo IS DISTANCE FROM FLUME BED TO UPPER JET BOUNDARY.
yc 1S DISTANCE F*'OM FLUME BED TO JET CENTRELINE (COMPUTED).
Wy IS SIDE VIEW J&T WIDTH (COMPUTED JET THICKNESS).

d IS JET NOZZLE DISMETER (CONVERGING NOZZLE DESIGN).
D IS FLUME DEPTH.

Uo IS JET NOZZLE VELOCITY.

U IS FLUME VELOCITY.

R IS VELCCITY RATIO (Uo/U).

Yot IS OUTER BOUNDARY TERMINAL LEVEL

Yct IS CENTREUNE TERMINAL LEVEL.

Yit IS INNER BOUNDARY TERMINAL LEVEL.

Xct IS DISTANCE TO CENTRELINE TERMINAL LEVEL.

ALL DISTANCES ARE IN mm; ALL VELOCITIES ARE IN mvs.



CIRCULAR JETS DISCHARGING INTO CROSSFLOWS OF FINITE DEPTH

V/IDTH DATA EXTRACTED FROM RAW DATA FILES

11/13/%0

MEASUREMENTS BY: JOHN HODGSON

17:53

Wz RUN
/R*d DESCRIPTION

FILE: WID
LAST CHANGED:
WIDTH DATA
6 PHOTO AVERAGES
X Ex’ x' Wz
0 13.69 1.2 28.2
17 37 19 42
34 57 37 51
52 75 55 56
77 100 79 56
102 125 104 62
127 150 129 71
152 175 153 74
177 199 178 72
202 224 202 83
227 248 226 87
252 273 251 96
277 297 275 g7
302 322 299 107
327 346 324 109
352 370 348 116
377 395 372 10%&
402 419 396 114
427 443 421 111
452 468 444 110
0 21 2 32
17 42 20 44
34 64 37 55
52 82 55 67
77 107 80 73
102 133 105 81
127 157 129 86
152 182 153 91
177 206 178 90
202 230 202 92
227 255 226 95
252 280 250 98
277 304 274 111
302 328 299 105
327 353 323 107
352 377 347 115
377 401 370 125
402 426 395 122

TIME:
COMPUTED VALUES
Ex'/ xt 7/
R*d R*d
0.46432 0.04071
1.24 0.65
1.93 1.25
2.53 1.85
3.38 2.69
4.25 3.53
5.08 -3
5.93 5 4
6.76 6.02
7.59 6.84
8.41 7.67
9.25 8.50
10.08 9.32
10.91 10.14
11.74 10.97
12.57 11.79
13.39 12.61
14.21 13.42
15.03 14.26
15.86 15.05
0.54 0.05
1.12 0.52
1.69 0.98
2.16 1.45
2.83 2.10
3.50 2.75
4.15 3.39
4.79 4.03
5.43 4.67
6.07 5.31
6.73 5.95
7.37 6.58
8.01 7.22
8.64 7.86
9.28 8.49
9.83 9.12
10.57 9.74
11.21 10.39

0.9559 HODGSON DATA

1.43
1.74 AN
1.80d
1.90D
2.10 Uo
2.42 U
252 R
2.45 Rd/D
2.80 RRd/D

3.24
3.29
3.62
3.7
3.95
3.56
3.86
3.78
3.72
0.84 HODGSON DATA
1.16

1.45 AN 1231
1.75d 12.7
1.93D 298
212 Uo 0.658
2.27 U 0.220
2.40R 2.99
2.37 Rd/D 0.127
2.41 RRd/D  0.381
2581 cvereieannn
2.59
2.92
2.76
2.81
3.03
3.29
3.21
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427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17
34
52
77
102
V27

450
474

31

58

82
101
127
182
178
202
228
252
276
300
324
348
372
395
419
443
466
489

16

44

63

82
107
132
156
181
205
230
254
278
303
327
351
375
399
424
448
472

42

78
100
119
145
169
194

418
442

21

39

57

82
106
130
154
178
202
226
24¢
273
296
320
344
367
391
414
437

20

37

55

80
105
129
153
178
202
226
250
275
299
323
347
371
395
419
443

23
40
58
83
107
131

135
148

39
48
57
65
77
87
93
99
109
111
112
129
130
129
140
135
131
135
141
160

27
42
51
56
67
72
83
80
89
88
85
99
97
101
111
123
118
119
113
127

50
61
73
87
98
107
123

11.24
11.90

0.00
0.32
0.65
0.99
1.47
1.94
2.42
2.90
3.37
3.85
4.33
4.80
5.28
5.76
6.23
6.71
7.19
7.66
8.14
8.62

0.00
0.41
0.83
1.27
1.88
2.48
3.09
3.70
4.31
4.92
5.83
6.14
6.75
7.36
7.97
8.57
9.18
9.79
10.40
11.01

0.00
0.25
0.51
0.78
1.5
1.52
1.90

11.86
12.49

0.59
1.10
1.56
1.93
2.43
2.90
3.39
3.86
4.34
4.80
5.26
5.72
6.17
6.63
7.08
7.53
7.98
8.44
8.88
9.33

0.39
1.06
1.53
1.99
2.60
3.20
3.80
4.40
5.00
5.60
6.19
6.78
7.37
7.96
8.55
9.14
9.73
10.32
10.80
11.49

0.63
1.16
1.49
1.78
2 %6
-.93
2.90

0.05
C.40
.74
1.08
1.55
2.02
2.48
2.94
3.40
3.85
4.30
475
5.20
5.65
6.10
6.55
7.00
7.44
7.89
8.33

0.03
0.49
0.91
1.35
1.95
2.55
3.14
3.74
4.33
4.92
5.52
6.10
6.70
7.29
7.87
8.46
AR
~.83
10.22
10.80

0.06
0.34
0.60
0.87
1.23
1.59
1.95

2.55

3.89

0.75 HODGSON DATA
091 --vcvee mmnnnan
1.09 RN 1232
1.24d 12.7
1.46 D 298
1.67 Uo 0.908
1.76 U 0.220
1.88 R 4.13

2.08 Rd/D 0.176
2.12 RRd/D 0.727

2.47
2.49
2.46
2.67
2.57
2.50
2.57
2.70
3.04
0.65 HODGSON DATA
1.03------n cemmes

1.24 AN 2111
1.36d 11.0
1.63D 174
1.75 Uo 0.877
2.03U 0.235
1.95R 3.73

2.16 Rd/D 0.236
2.14 RRd/D  0.880

2.40
2.35
2.45
2.70
2.99
2.88
2.91
2.74
3.09
0.74 HODGSON DATA
0.91-------------
1.09 AN 1233
1.31d 12.7
1.47D 298
1.61 Uo 1.158
1.84 U 0.220
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152 218 154 124 2.27 3.26 2.31 1.86 R 5.27
177 242 178 127 2.64 3.62 2.66 1.89 Rd/D 0.225
202 266 202 139 3.02 3.97 3.02 2.07 RRd/D 1.184
227 290 226 146 3.39 4.34 3.37 218 ----ane col
252 314 249 149 3.76 4.69 3.72 2.23
277 338 273 143 4.14 5.05 4.07 2.14
302 362 296 148 4.51 5.40 4.42 2.18
327 385 319 152 4.89 5.76 4.77 2.28
352 409 343 161 5.26 6.11 5.12 2.40
377 432 366 177 5.63 6.46 5.47 2.64
402 456 389 169 6.01 6.81 5.81 2.52
427 479 412 170 6.38 7.16 6.16 2.54
452 502 435 191 6.75 7.50 6.50 2.85
0 35 3 37 0.00 0.61 0.05 0.64 HODGSON DATA
17 67 22 51 0.30 1.17 0.38 089 -----cn o-nnn.
34 88 39 66 0.59 1.53 0.68 1.14 AN 2112
52 107 57 77 0.91 1.86 0.99 1.34d 11.0
77 1383 82 77 1.34 2.31 1.42 1.35D 174
102 157 106 89 1.78 2.74 1.84 1.55 Uo 1.227
127 182 130 98 2.21 3.17 2.27 1.70 U 0.235
152 206 154 107 2.65 3.59 2.68 1.87R 5.22
177 231 178 107 3.08 4.02 3.10 1.87 Rd/D 0.330
202 255 202 114 3.52 4.43 3.52 1.99 RRd/D 1.723
227 279 226 116 3.95 4.85 3.93 202------- aonn-n
252 303 250 113 4.39 5.27 4.35 1.98
277 327 273 116 4.82 5.69 4.76 2.02
302 351 297 129 5.26 6.11 5.17 2.25
327 374 321 134 5.69 6.52 5.59 2.33
352 398 344 137 6.13 6.93 6.00 2.38
377 422 368 136 5.56 7.35 6.41 2.37
402 446 392 137 7.00 7.76 6.82 2.39
427 469 415 143 7.43 8.17 7.23 2.49
452 493 439 141 7.87 8.58 7.64 2.45
0 53 5 60 0.00 0.62 0.06 0.70 HODGSON DATA
17 80 24 72 0.20 1.06 0.28 0.84 -------cnnnnn
34 117 42 84 0.40 1.37 0.49 0.98 AN 1234
52 139 60 98 0.61 1.63 0.70 1.15d 12.7
77 169 84 114 0.90 1.98 0.99 1.33D 298
102 184 108 120 1.20 2.28 1.27 1.41 Uo 1.474
127 219 132 12€ 1.49 2.57 1.55 1.48 U 0.220
152 243 155 134 1.78 2.85 1.82 1.57 R 6.71
177 266 179 148 2.08 3.12 2.10 1.73 Rd/D 0.286
202 290 202 15§57 2.37 3.40 2.37 1.84 RRd/D 1.919
227 313 225 168 2.66 3.67 2.64 1.97 -----vn ove-n
252 336 248 175 2.96 3.95 2.91 2.05
277 360 271 174 3.25 4.22 3.18 2.05
302 383 295 184 3.54 4.49 3.46 2.16
327 407 317 189 3.84 4.78 3.72 2.21
362 431 340 196 4.13 5.06 3.99 2.30

377 454 363 211 4.42 5.32 4.26 2.48



402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
27
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17
34
52
77
102

477
500
523

68
106
134
156
182
208
232
256
280
303
327
351
374
397
420
443
466
489
512
535

44

82
104
123
150
178
199
223
247
271
294
318
342
365
389
412
436
460
483
507

59
100
125
146
170
195

385
408
431

25

43

61

85
109
132
156
179
202
225
248
271
294
316
339
362
384
406
429

23

41

58

83
107
131
155
178
202
226
249
273
296
320
343
367
391
414
438

25
42
60
84
108

203
182
187

68

83
101
111
129
127
141
147
160
175
173
184
204
211
198
211
214
206
237
230

44

57

73

86

93
1056
113
120
123
127
134
139
154
155
157
171
192
216
218
223

47
59
75
89
97
119

4.72
5.01
5.3C

0.00
0.17
0.34
0.52
0.77
1.02
1.26
1.51
1.76
2.01
2.26
2.51
2.76
3.01
3.26
3.50
3.78
4.00
4.25
4.50

0.00
0.23
0.46
0.70
1.04
1.38
1.72
2.06
2.40
2.74
3.08
3.41
3.75
4.09
4.43
4.77
511
5.45
5.79
6.12

0.00
0.19
0.38
0.58
0.85
1.13

5.59
5.86
6.13

0.68
1.05
1.33
1.58
1.81
2.07
2.31
2.55
2.78
3.02
3.26
3.49
3.72
3.95
4.18
4.41
4.64
4.87
5.10
5.33

0.59
1.1
1.41
1.67
2.03
2.37
2.70
3.03
3.35
3.67
3.99
4.31
4.63
4.95
5.27
5.59
5.91
6.23
6.55
6.87

0.66
1.1
1.39
1.62
1.89
2.16

4.52
4.79
5.06

0.06
0.25
0.43
0.61
0.85
1.08
1.32
1.55
1.78
2.01
2.24
2.47
2.70
2.92
3.15
3.38
3.60
3.82
4.05
4.27

0.05
0.31
0.55
0.79
1.12
1.45
1.77
2.09
2.42
2.74
3.06
3.37
3.69
4.01
4.33
4.65
4.97
5.29
5.61
5.93

0.06
0.27
0.47
0.67
0.93
1.19

2.38
2.26
2.20

e
o
-t
Y
n
w
]

.59 Rd/D 0.337
.75 RRd/D 2.666

d A d d A d od oA e
c . N

()]

oy ]

~

w0

-

2.03
2.10
1.97
2.10
2.13
2.05
2.36
2.29

67 RI/D  0.424
72 RRID  2.846

1.89
2.09
2.10
2.13
2.31
2.60
2.92
2.95
3.03
0.52 HODGSON DATA
065-------------

0.83 AN 2114
0.98d 11.0
1.08D 174

1.32 Uo 1.929
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127
152
177
202
227
252
277
302
327
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352
377
402
427
452

17

34

52

77
102
127
152
177
202
227
252
277
302
327
352

218
242
265
289
312
336
360
383
407
430
454
477
501
524

99
149
177
203
235
260
284
307
329
3562
375
397
420
442
464
487
509
532
554
576

75
116
138
156
180
204
228
251
275
298
322
345
369
393
416
440

131
155
178
202
226
249
273
296
320
343
367
390
414
437

29

46

64

88
111
134
187
179
202
224
247
269
292
314
337
359
381
404
426

26

43

61

84
108
132
155
179
202
225
249
272
296
319
343

137
152
162
179
197
219
229
246
250
256
263
286
296
297

74

89
106
118
138
154
167
179
179
225
235
261
279
312
322
341
368
385
404
419

59

73

83

93
118
158
183
200
214
244
268
292
3C7
321
338
355

1.41
1.69
1.96
2.24
2.52
2.79
3.07
3.35
3.63
3.90
4.18
4.46
4.73
5.01

0.00
0.12
0.25
0.38
0.56
0.74
0.93

.29
.47
.63
.84
2.02
2.20
2.38
2.56
2.75
2.93
3.11
3.29

A

-t

0.00
0.16
0.32
0.49
0.72
0.96
1.19
1.42
1.66
1.89
2.13
2.36
2.60

2.83

3.06
3.30

2.42
2.68
2.94
3.20
3.46
3.73
3.99
4.25
4.51
4.77
5.03
5.29
5.55
5.81

0.72
1.08
1.29
1.48
1.71
1.89
2.07
2.23
2.40
2.56
2.73
2.89
3.06
3.22
3.38
3.55
3.7
3.87
4.04
4.20

0.70
1.08
1.29
1.46
1.69
1.91
2.14
2.36
2.58
2.80
3.02
3.24
3.46
3.68
3.90
4.12

1.46
1.72
1.98
224
2.50
2.76
3.02
3.28
3.54
3.80
4.06
4.32
4.58
4.84

0.06
0.21

0.34
0.47
0.64
0.81

0.98
1.14
1.31
1.47
1.63
1.80
1.96
2.13
2.29
2.45
2.61
2.78
2.94
3.10

0.66
0.24
0.40
0.57
0.79
1.01
1.23
1.45
1.67
1.89
2.1
2.33
2.55
2.78
2.99
3.22

1.52U 0.235
1.69 R 8.20
1.80 Rd/D 0.518

1.98 RRad/D 4.251

2.43
2.54
2.73
2.77
2.84
2.91
3.17
3.28
3.30
0.54 HODGSON DATA
0.65----c00 oo

0.77 AN 1136
0.86d 12.7
1.00 D 298
1.12 Uo 1.395
1.22 U 0.129
1.30 R 10.81

1.30 Rd/D 0.461
1.64 RRd/D 4.980
LI B
1.90
2.04
2.27
2.35
2.48
2.68
2.89
2.94
3.06
0.56 HODGSON DATA
069 ------- oo

0.78 RN 2115
0.87d 11.0
1.11 D 174
1.48 Uo 2.280
1.71 U 0.235
1.87 R 9.70

2.00 Rd/D 0.613
2.28 RRd/D  5.948
252 ---cceemianne
2.73
2.87
3.01
3.17
3.33
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377
402
427
452

366 364 3.53 4.34 3.43 3.42
390 381 3.77 4.56 3.66 3.57
413 388 4.00 4,78 3.87 3.64
437 399 4.24 5.00 4.10 3.74
11 100 0.00 0.73 0.06 0.60 HODGSON DATA
31 116 G.10 1.08 0.19 070 ------c c--uu-
49 142 0.21 1.27 0.29 0.86 RN 1136
66 166 .31 1.40 0.40 1.00 4 12.7
89 210 0.46 1.56 0.54 1.27D 298
112 272 0.62 1.70 0.68 1.64 Uo 1.684
135 303 0.77 1.84 0.81 1.83 U 0.129
157 355 0.92 1.98 0.95 2.14 R 13.05
180 385 1.07 2.11 1.C3 2.33 Rd/D 0.556
202 412 1.22 2.25 1.22 2.49 RRd/D 7.258
224 430 1.37 2.38 1.35 259 ------e -
247 467 1.52 2.52 1.49 2.82
269 493 1.67 2.65 1.62 2.97
291 525 1.82 2.79 1.76 3.17
314 553 1.97 2.92 1.89 3.33
336 583 2.12 3.06 2.03 3.52
358 577 2.27 3.19 2.16 3.48
381 607 2.43 3.33 2.30 3.66
403 621 2.58 3.46 2.43 3.74
425 637 2.73 3.60 2.57 3.84
444 637 15.33 15.86 15.05 3.95
1 27 0.00 0.39 0.03 0.52
x' Wz x / Ex' / x'/ Wz
R*d R*d R*d /R*d

x IS DISTANCE DOWNSTREAM FROM CENTRE OF JET NOZZLE.
Ex' IS DISTANCE ALONG AXIS FOR SIDE VIEW MEASUREMENTS.
x' IS DISTANCE FROM NOZZLE CORRECTED FOR PARALAX.

Wz IS PLAN VIEW JET WIDTH (CORRECTED VALUE).

d IS JET NOZZLE DIAMETER (CONVERGING NOZZLE DESIGN).
D IS FLUME DEPTH.

Uo IS JET NOZZLE VELOCITY.

U IS FLUME VELOCITY.

R IS VELOCITY RATIO (Uo/U).

ALL DISTANCES ARE IN mm; ALL VELOCITIES ARE IN m/s.



APPENDIX B

SUMMARY OF REGRESSION ANALYSES

The equation coefficients developed in the text were
determined by regression analysis using the statistical
package MINITAB. The package was originally developed at
Pennsylvania University and the University of Wisconsin. The
program was applied on the University of Alberta's computer
system. MINITAB presents sufficient information to conduct
ANOVA (ANalysis Of VAriance) testing on the regressions to
determine their validity. The following tables present the
results of the various regression analyses carried out,
Information presented includes:

- the equations and equation numbers,

- the coefficient of determination (r2),

- the number of pieces of data used in the regression (n),

—- the number of parameters estimated (m),

- the F ratio (Fy - which is the average mean squared
deviation explained by the regression parameter divided by
the mean squared error), and

- the F statistic for the 99.5% confidence interval.

If the value of the F statistic is flagged by a single
asterisk (*), then the F statistic is for the 99% confidence
interval; if it is flagged by a double asterisk (**), then
the F statistic is for the 95% confidence interval. To be
statistically significant, the F, value must be greater than

the F statistic for a reasonable level of confidence (i.e the
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95% level or greater). All of the following regressioans
satisfy the 95% criterion; most satisfy even the 99.5%

criterion.
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9°81 61€ 8 8L6°0 e 0(G/PD) 81°2Z = A/°X (LE"€)
Z2°91 161 6 096°0 cg-0(a/PwW) 99°T = a/°k (9€°¢)
9°¢T 111 11 916°0 oe-1(A/PW) GG'T = a/TX  (SE°€)
£°1¢ 1°LE 9 8L8°0 0°1-(Q/Pz0) 1S°0 =W (pE°€)
822 98¢ L 2980 g-1-(A/PW) €0°0 = w (€€°€)
x€° 11 8°€T 01 885°0 LZ/(a/Pz0) - 62°0 =W (ZE°E)
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APPENDIX C
SUMMARY OF CONCENTRATION MEASUREMENTS

LESSER SLAVE RIVER FIELD TRIP

This appendix presents the partially reduced data from
the three bottom jet discharge conditions and the one side
jet discharge condition examined during the Lesser Slave
River field program of June 1988. General information on the
jet conditions are first presented followed by a tabulation
of the concentration mea urements. The data comprises:

- the section number,

- the profile or transect identification,

- the distance downstream of the jet nozzle (x),

- the distance across from the nozzle (z),

- the height above the nozzle (y),

- the reading number, and

- the concentration readings (adjusted to eliminate
background fluorescence).

Three columns of concentration values are presented:

- the first contains all readings,

~ the second has the duplicated readings averaged and/or
eliminated, and

~ the third indicates the maximum concentration (Cy) for the

cross section that can be deterrm:.ned from the data.



LESSER SLAVE RIVER FIELD TRIP CONCENTRATION DATA

80TTOM JET DISCHARGE -- JET 1

DATE:

12-Nov

Uo =

Rd/D=
RRd/D

90

3.255 m/s

3.682
0.209
0.769

FILE: BOTM-01

JET CONDITIONS:

d = 50.4 mm

D = 889 mm

D/d= 17.6

Qp= 386.8L/m

Qi = 29 L/m

Qo= 389.7L/m

U= 0.884 m/s

T = 15.5deg C

Co= 74.4 ppb

full scale 77.5 ppb
SEC V/H X 2
# mm mm
1 vi 305 0
1 vi 305 0
1 vi 305 0
1 vi 305 0
1 v1 305 0
1 v1 305 0
1 vi 305 0
1 vi 305 0
1 v1 305 0
1 v2 305 89
1 v2 305 89
1 v2 305 89
1 v2 305 89
1 v2 305 89
1 v2 305 89
1 v2 305 89
1 v3 305 191
1 v3 305 191
1 v3 305 191

9.18
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v3
v3

TI>IITIITTITT

L4}

v1
vi
vi
v
v

vi

305
305
305
305
305
305
305
305
305
305

914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914

2013
2013
2013
2013
2013
2013
2013

191
191
-165

439
539
289
289
289
289
289
289
289
289

89
189
289
389
389
489
189
289
389
489
589

89
189
289
389
489
589
389
389
389
389
389
389
389

11
139
289
439
439
439
589

29
30
18
17

19
14

15
16

47
46
48
49
38
50
42
43
37
44
45
31
32
33
34
35
36
39
38
49
37
34
40
41

73
68
69
70
58
59
71

2.01
0.01
0.06
5.11
9.18
7.46
5.75
3.52
0.89
0.18

0.01

0.99
1.23
1.54
2.23
1.48
0.70
4.48
4.33
2.93
0.45
0.06
0.84
2.08
3.24
2.62
0.04
0.04
2.23
1.54
4.33
3.24
0.89
0.04

c.08
0.57
1.35
1.15
1.74
1.61
0.66

2.0
0.0
0.1
5.1
9.2
7.5
5.7
3.5
0.9
0.2

2.9
0.5
0.1
0.8
2.1

2.6
0.0
0.0

1.9
4.3
3.2
0.9
0.0

0.7

4.48
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vi 2013 -153 739 72 0.02 0.0
-11 51 0.19 0.2
139 52 0.85 0.8
289 53 2.15 2.2

589 55 1.38 1.4
689 56 0.85 0.8
ve2 2013 0 789 57 0.19 0.2
v3 2013 152 139 64 0.44 0.4
v3 2013 152 289 65 1.56 1.6

WWWWwWwWwLwwWwWwWwLwLwWwWLwWwWwWwWwWwwWwoww
<
w
n
o
=X
w
[5)]
1]
H
w
w
[o)]
k.
N
H
nN

h

h

h .

h 2013 0 439 54 2.80 2.8 2.80
h

h

h
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LESSER SLAVE RIVER FIELD TRIP CONCENTRATION DATA

BOTTOM JET DISCHARGE -- JET 2

FILE: BOTM-02 DATE: 12-Nov 90
JET CONDITIONS:
d = 34.5 mm Uo = 573 m/s
D = 762 mm R = 6.987
D/d= 22.1 Rd/D= 0.316
Qp= 318.5L/m RRd/D 2.21
Qi = 29L/m
Qo= 321.4L/m
U= 0.82 m/s
T = 15.5degC
Co= 180.5 ppb
full scale 77.5 ppb

ADJ ADJ
SEC V/H X z y RDG CONC  CONC
# mm mm mm # ppb ppb
1 vi 305 -152 172 22 0.01 0.0
1 A 305 -152 272 24 4.24 4.2
1 vi 305 -152 322 25 5.17 5.2
1 v 305 -152 372 19 10.583
1 vi 305 -152 422 26 5.14 5.1
1 vi 305 -152 522 27 0.28 0.3
1 vi 305 -152 622 28 0.03 0.0
1 v2 305 0 72 4 0.03 0.0
1 ve 305 0 172 5 1.56 1.6
1 v2 305 0 272 6 7.05 7.1
1 v2 305 0 372 7 12.32
1 vz 305 0 372 15  13.99
1 v2 305 0 472 8 8.60 8.6
1 v2 305 0 572 g 2.71 2.7
1 v2 305 0 672 10 2.24 2.2
1 v3 305 153 172 30 0.45 0.5
1 v3 305 153 222 32 2.00 2.0
1 v3 305 153 272 31 7.03 7.0
1 v3 305 153 322 33 10.95 11.0
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vi
vi
vi
vi
vi
vi
vi
v2
v2
v2
v2
v2
v2
v2
v2
v2
v3
v3
v3
v3
vy
vad
v3
v3
v3

305
305
305
305
305
305
305
305
305
305
305
305
305
305
305

914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
814
914
514
914
914
914
914
914
914
914

153
1563
153
153
163
-610
-457
-305
-152

153
1563
305
457

-152
-152
-152
-152
-152
152
-152

OO0 DODOO0O0OO0O0

1563
1563
153
153
1563
153
153
153
-305
-152

372
372
472
572
672
372
372
372
372
372
372
372
372
372
372

187
287
387
437
487
587
687

87
187
287
387
437
487
587
687
737
187
287
387
437
487
587
687
687
737

437

437

34
16
35
36
37
13
12
11
19
15

16
34
17
18

67
68
69
51
70
71
72
40
41
42
43
52
44
45
47
48
57
58
59
53
60
61
62
63
64
50
51

10.46
11.93
7.52
0.45
-0.04
0.32
0.32
1.91
10.06
13.99
12.32
11.53
10.06
3.77
0.69

0.24
2.49
4.66

4.89 .

5.28
2.33
0.09
0.01
0.38
1.89
- 8.08
8.08
7.59
4.60
1.21
0.18
0.33
1.88
6.02
7.00
6.51
3.28
0.64
1.12
0.18
0.18
5.01

7.5
0.4
0.0
0.3
0.3
1.9
10.3

13.2

11.0
3.8
0.7

0.2
2.5
4.7

53
2.3
0.1
0.0
0.4
1.9
8.1

7.6
4.6
1.2
0.2
0.3
1.9
6.0

6.5
3.3

0.9
0.2
0.2
5.0

13.15
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2 h 914 0 437 52
2 h 914 153 437 53
2 h 914 305 437 54
2 h 914 457 437 55
3 vl 2013 -152 152 102
3 vl 2013 -152 252 103
3 vl 2013 -152 352 104
3 vi 2013 -152 452 105
3 vi 2013 -152 552 106
3 vl 2013 -152 552 86
3 vi 2013 -152 652 107
3 vi 2013 -152 732 108
3 v2 2013 0 52 75
3 ve 2013 o i52 786
3 vz 2013 0 252 77
3 vz 2013 0 352 78
3 vz 2013 0 452 79
3 v2 2013 0 552 80
3 v2 2013 0 552 87
3 v2 2013 0 652 81
3 v2 2013 0 742 82
3 v3 2013 153 52 93
3 v3 2013 153 152 94
3 v3 2013 153 252 95
3 v3d 2013 153 352 86
3 v3d 2013 153 452 97
3 v3d 2013 153 5§52 98
3 v3d 2013 153 552 88
3 v3 2013 153 652 99
3 v3 2013 153 737 100
3 h 2013 -457 552 84
3 h 2013 -305 552 85
3 h 2013 -152 552 86
3 h 2013 -152 552 1086
3 h 2013 0 552 87
3 h 2013 0 552 80
3 h 2013 153 552 88
3 h 2013 153 552 98
3 h 2013 305 552 89
3 h 2013 457 552 90
3 h 2013 610 552 91

8.2
7.0
2.5
0.1

2.2
1.5
0.2
0.3
1.3
3.0
4.2

3.9
3.4
0.0
0.2
0.6
1.6
3.5

4.0
3.0
0.1
1.1

3.6

5.0

5.03

T T T T T S N S S e r et crr et e dtf e e s er . crr e . cnemre m..e. -
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BOTTOM JET DISCHARGE -- JET 3

DATE:

12-Nov

Rd/D=
RRd/D

90

4.189
5.108
0.231
1.181

LESSER SLAVE RIVER FIELD TRIP CONCENTRATION DATA

m/s

FILE: BOTM-03

JET CONDITIONS:

d = 34.5mm

D = 762 mm

D/d= 22.1

Qp= 2321 L/m

Qi = 29 L/m

Qo = 235L/m

U= 0.82 m/s

T = 15.5 deg C

Co= 246.9 ppb

full scale 77.5 ppb
SEC V/H X z
# mm mm
1 vi 305 -76
1 vi 305 -76
1 vi 305 -76
1 vi 305 -76
1 vi 305 -76
1 vi 305 -76
1 v 305 -76
1 vi 305 -76
1 v2 305 0
1 v 305 0
1 va 305 0
1 v2 305 0
1 vz 305 0
1 v2 305 0
1 ve 305 0
1 ve 305 0
1 v2 305 0
1 v 305 0
1 v3 305 76
1 v3 305 76

25.3
12.5
3.8
0.4
0.7
3.5
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vi
vi

vi
vi
vi
vZ
v2
v2
v2
v2
v2
v2
v2
v3
v3
v3
v3
v3
v3
v3
v3

305
305
305
305
308
305
305
305
305
305
305
305
305
305
305
305
305
305
305

914
914
914
914
914
914
g14
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914
914

76
76
76
76
76
76
76
76
76
-305
-152

217
267
267
317
367
417
467
517
567
267
267
267
267
267
267
267
267
267
267

62
162
262
362
462
562

62
162
262
312
312
362
462
562

62
162
212
262
312
362
462
562
312
312

193
194
187
195
196
197
198
199
200
183
184
185
204
186
177
187
194
188
189

167
168
169
170
171
172
145
146
147
149
156
148
150
151
160
161
163
162
157
164
165
166
153
155

12.27
19.87
20.12
19.14
11.04
4.41
2.24
0.61
0.15
0.04
1.02
20.22
19.24
27.52
29.07
19.98
19.73
12.37
2.10

0.23
3.7
9.82
11.29
3.24
0.04
0.35
5.00
11.63
13.85
14.29
11.34
5.46
0.60
0.40
1.83
3.76
6.19
7.91
8.40
3.29
0.50
0.01
0.08

12.3

19.1
11.0
4.4
2.2
0.6
0.2
0.0
1.0

19.7

28.3

19.9
12.4
2.1

0.2
3.7
9.8
11.3
3.2
0.0
0.4
5.0
11.8

11.3
5.5
0.6
0.4
1.8
3.8
6.2

8.4
3.3
0.5

0.0

28.30
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2 h 914 -152 312 154 5.74 5.7
2 h 814 -76 312 --- 70.58 10.6
2 h 914 0 312 156 14.26

2 h 914 0 312 149 13,52 13.9 13.89
2 h 914 163 312 157 7.88 7.9
2 h 914 305 312 158 0.30 0.3
3 vl 2013 -152 72 134 0.50 .
3 vi 2013 -152 172 135 1.69 1.7
3 vl 2013 -152 272 136 2.93

3 vi 2013 -152 372 139 3.09

3 vi 2013 -152 372 121 3.40

3 vi 2013 -152 472 140 2.00 2.0
3 vl 2013 -152 572 141 0.60 0.6
3 vl 2013 -152 672 142 0.30 0.3
3 va 2013 0 72 110 1.19 1.2
3 v2 2013 0 172 111 3.21 3.2
3 v2 2013 0 272 112 4.84 4.8
3 v2 2013 0 372 113 7.17

3 v2 2013 0 372 122 7.17

3 vz 2013 0 472 114 4.38 4.4
3 v2 2013 0 5672 115 2.05 2.1
3 v2 2013 0 672 116 0.11 0.1
3 v2 2013 0 722 117 0.11 0.1
3 v3 2013 153 72 127 1.44 1.4
3 v3 2013 153 172 126 2.07 2.1
3 v3 2013 153 272 128 4.32 4.3
3 v3 2013 153 372 129 5.87

3 v3 2013 153 372 123 5.72

3 v3 2013 1563 472 130 3.39 3.4
3 v3 2013 153 572 131 1.07 1.1
3 v3 2013 153 672 132 0.45 0.5
3 h 2013 -305 372 120 0.31 0.3
3 h 2013 -182 372 121 3.58

3 h 2013 -152 372 139 3.09 3.3
3 h 2013 0 372 122 7.27

3 h 2013 0 372 113 7.27 7.3 7.27
3 h 2013 153 372 123 5.72

3 h 2013 153 372 129 5.87 5.8
3 h 2013 305 372 124 1.48 1.5
3 h 2013 4587 372 125 0.23



LESSER SLAVE RIVER FIELD TRIP CONCENTRATION DATA

SIDE JET DISCHARGE -- JET 4

12-Nov 90
5.32f m/s
6.740

ADJ ADJ
RDG RDG
ppb ppb
0.10 0.1
2.57 2.6
14,22 14.2
32.68 32.7
12.21 12.2
0.27 0.3
0.12 0.1
0.12 0.1
3.38 3.4
22.52 225
34.07 34.1
30.29 30.3
23.75 23.7
12.75 12.8
0.47 0.5
0.00 0.0

FILE: SIDE-01 DATE:
JET CONDITIONS:

d = 34.5 mm Uo =
D= 914 mm R =

yn = 457 mm

Qp= 285.8L/m

Qi = 29L/m

Qo= 298.7L/m

U= 0.79 mi/s

T 15.5degC

Co= 194.2 ppb

full scale 77.5 ppb

SEC V/IH X z y HG
# mm mm mm #
4 h 378 131 439 67
4 h 272 241 439 62
4 h 220 296 439 64
4 h 167 351 439 63
4 h 114 406 439 65
4 h 62 461 439 66
4 v 167 351 189 68
4 v 167 351 289 69
4 v 167 351 339 70
4 v 167 351 389 71
4 v 167 351 439 72
4 v 167 351 489 73
4 v 167 351 539 74
4 v 167 351 589 75
4 Vv 167 351 639 76
4 v 167 351 689 77
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jus Jibee s M M 3

873
815
756
727
6498
668
639
581
S22
698
698
698
698
698
698
698
698
698

1432
1366
1349
1332
1316
1299
1266
1233
1316
1316
1316
1316
1316
1316
1316
1316
1316

2064
2064
2064
2064
2064

81
222
263
433
5C3
574
644
785
926
503
503
503
503
503
503
503
503
503

97
395
469
544
618
692
841
990
618
618
618
618
618
618
618
618
618

-48
105
257
410
486

414
414
417
é*4
414
414
414
414
414

64
164
264
364
414
464
564
664
764

464
464
464
464
464
464
464
464

64
214
314
414
464
514
614
714
814

464
464
464
464
464

43
44
45

40
43
47
50
51
53
54
55
56
46
57
58
59
60

25
26
32
27
31
28
29
30
33
34
35
36
31
37
38
39
40

12
11
10

0.02
0.17
6.26
177,92
9.14
6.50
0.38
0.08
0.57
2.81
9.16
13.12
10.94
8.69
6.76
2.47
0.08

0.00
1.88
3.58
5.60
5.29
4.05
0.64
0.07
3.43
6.53
8.31
6.30
5.29
5.75
3.58
1.37
0.15

0.12
0.47
1.18
2.75
3.06

0.0
0.2
2.5
6.3
10.9

13.12

8.31
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1 h 2064 562 464 6 3.68 3.7
1 h 2064 638 464 9 2.91 2.9
1 h 2064 714 464 5 2.60 2.6
1 h 2064 867 464 4 0.50 0.5
1 h 2064 1019 464 3 0.05 0.1
1 h 2064 1324 464 2 0.00 0.0
1 v 2064 525 14 14 2.85 2.9
1 v 2064 525 114 15 4.40 4.4
1 Y 2064 525 214 16 4.56 46 456
1 v 2064 525 314 17 4.09 4.1
1 v 2064 525 414 18 3.86 3.9
1 v 2064 525 514 19 3.47 3.5
1 v 2064 525 614 20 2.77 2.8
1 v 2064 525 714 21 1.12 1.1
1 v 2064 525 814 22 0.41 0.4
1 v 2084 525 904 23 0.00 0.0
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APPENDIX D

DATA SUMMARY FOR LABORATORY DILUTION STUDY
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This appendix presents the partially reduced data from

the laboratory dilution study conducted during August,

September and October of 1990. General data for each run are

first presented. These include:
~ the run number,
- the jet exit velocity (Ug) .,
- the crossflow velocity (U),
- the jet nozzle diameter (d), and
- the depth of the crossflow (D).
The dilution measurements are then presented.
data include:
- the reading number,
- the horizontal distance downstream from the jet
centreline (x),

~ the vertical distance above the bed (y),

These

nozzle

- the transverse distance from the jet nozzle centreline

(z); here, 0 is at the nozzle, negative values are
left (looking downstream) and positive values are
right, and

- the jet dilution (C/Cp) in percent; these have

corrected to eliminate background fluorescence.

to the

to the

been
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DISK:
FILE:

RUN:

c
(o]
non

a
"

READING
#
sactioh 5
1137
1136
1135
11414
1142
1143
1134
1127
1131
1128
1132
1133
1129
1130
1138
1139
1140
section 4
1184
1183
1189
1188
1190
1182
1181
1173
1174
1178
1175
1179
1177
1176
1180
1185
1186
1187
saction 3
1228
1229
1231
1227
1230
1232
1226
1220
1224

HOGY08
APPD.200

201
0.175
0.120

19.0

442

58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8

38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1

28.6
28.6
28.6
28.6
28.6
28.6
28.6
28.6
28.6

m/s
m/s
mm
mm
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41.5
41.5
41.5
41.5
46.5
56.5
16.5
26.5
31.5
36.5
41.5
44.0
46.5
56.5
41.5
41.5
41.5

39.3
39.3
21.8
31.8
34.8
39.3
39.3
16.8
26.8
31.8
36.8
39.3
41.8
46.8
56.8
39.3
39.3
39.3

34.8
26.8
31.8
34.8
41.8
31.8
34.8
26.8
31.8

mm

-32.0
-25.9
-13.7
-7.6
-7.6
-7.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
7.6
16.8
21.3

-24.4
-18.3
-12.2
-12.2
-12.2
-12.2
-6.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.1
18.3
24.4

-18.3
-12.2
-12.2
-12.2
-12.2
-6.1
-6.1
0.0
0.0

C/Cm
%

28.9
70.5
108.6
105.6
106.2
50.3
47.2
71.7
82.8
93.8
100.0
99.4
93.5
42.9
£6.9
69.4
44.8

54.1
92.2
97.5
111.9
114.3
106.7
104.3
43.5
66.4
84.5
98.5
100.0
95.2
70.7
8.9
84.5
62.8
22.8

80.6
101.4
107.5
102.6

66.4

93.3
103.7

69.4

92.2

Qa-C
o (=
non

READING
#
saction 5
11565
1154
11583
1162
1164
1163
1161
1162
1160
1161
1150
1144
1145
1146
1148
1147
1149
1156
1187
11588
1159
saction 4
1202
1201
1200
1211
1210
1208
1209
1207
1199
1191
1192
1197
1193
1194
1198
1196
1195
1203
1204
1205
1206
saction 3
1242
1246

202
0.356 m/s
0.120 m/s

19.0 mm

442 mm

mm

58.8
58.8
58.8
58.8
58.8
58.8
58.8
5§8.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8
58.8

38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1

28.6
28.6

76.5
76.5
76.5
76.5
46.5
56.5
66.5
76.5
86.5
76.5
76.5
26.5
46.5
66.5
76.5
86.5
106.5
76.5
76.5
76.5
76.5

71.8
718
71.8
41.8
51.8

61.8 °

€6.8
71.8
71.8
26.8
46.8
56.8
66.8
66.8
71.8
76.8
86.8
71.8
71.8
71.8
71.8

€6.8
46.8

-44.2
-38.1
-29.0
-19.8
-16.8
-16.8
-16.8
-16.8
-16.8
-13.7
-7.6
0.0
0.0
0.0
0.0
0.0
0.0
7.6
16.8
25.9
32.0

-33.5
-27.4
-18.3
-12.2
-12.2
-12.2
-12.2
-12.2
-9.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.1
18.3
27.4
33.5

-18.3
-12.2

338

C/Cm
%

30.7
59.7
94.2
108.8
85.3
112.2
108.6
106.9
82.6
109.4
104.1
13.4
63.3
92.1
100.0
87.9
18.2
92.6
89.8
71.4
38.1

38.7
74.5
104.8
103.3
108.0
108.0
106.6
108.0
108.3
14.8
66.3
82.9
99.6
99.9
100.0
94.1
58.1
96.0
83.6
61.5
30.4

83.2
107.0



1228
1221
1223
1222
saction 2
1261
1262
1260
1263
1255
1256
1259
1258
1257
section 1
1287
1286
1280
1284
1281
1290
1285
1283
1282
1288
1289

28.6
28.6
28.6
28.6

19.1
19.1
18.1
19.1
19.1
19.1
19.1
19.1
19.1

14.3
14.3
14.3
14.3
14.3
14.3
14.3
14.3
143
14.3
14.3

34.8
36.8
41.8
46.8

31.9
26.9
31.9
34.9
16.8
26.9
29.9
31.9
36.9

27.2
27.2
17.2
22.2
27.2
28.2
29.2
32.2
37.2
27.2
27.2

0.0
0.0
0.0
0.0

-14.0
-7.9
-7.9
-7.9

0.0
0.0

0.0
0.0

-12.8
-6.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.5
11.6

98.1
100.0
79t
37.1

90.6
97.0
102.1
88.9
38.5
88.5
97.9
100.0
66.3

88.2
98.1
36.0
70.8
98.1
100.0
100.0
90.2
43.8
100.0
88.2

1245
1244
1243
1241
1240
1233
1234
1238
1235
1239
1237
1236
section 2
1271
1273
1270
1275
1274
1272
1264
1265
1269
1266
1268
1267
saction 1
1300
1299
1291
1292
1293
1297
1298
1302
1294
1296
1295
1361

28.6
28.6
28.6
28.6
28.6
28.6
28.86
28.6
28.6
28.6
28.6
28.6

191
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1

14.3
14.3
14.2
14.3
14.3
14.5
14.3
14.3
14.2
14.3
14.3
14.3

51.8
56.8
61.8
66.8
66.8
46.8
56.8
61.8
66.8
68.8
71.8
76.8

56.9
51.9
56.9
56.9
60.9
56.9
36.9
46.9
52.9
56.9
60.9
66.2

53.2
$3.2
37.2
47.2
47.2
53.2
55.2
56.2
§7.2
61.2
67.2
53.2

-12.2
-12.2
-12.2
-12.2
-6.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

-171
-7.9
-7.9
-7.9
-7.9
-4.9
0.0
0.0
0.0
0.0
0.0
0.0

-12.8
-6.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.5

339

110.6
108.8
107.0
102.3
98.2
64.3
91.7
88.1
100.0
95.2
95.2
83.3

89.0
96.2
97.6
96.2
92.3
92.3
42.7
69.8
92.6
100.0
94.5
76.0

87.4
101.1
46.1
80.3
80.1
100.0
100.0
99.9
21.5
75.5
55.0
99.9
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APPENDIX E

Application of Reichardt's Hypothesis
to the Concentration Field of Multiple Jet Discharges

in a Quiescent Ambient
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Introducticon

Thi egquations describing the dispersion of passive plume
discharges in rivers are linear equations. One of the
desirable properties of linear equations is that solutions to
multiple concurrent conditions are independent of each other.
For multiple effluent discharges to a river, this means that
the concentrations determined for each discharge can be added
to determine their combined effect. This greatly facilitates
the far field analysis of multiple effluent discharges in a
river system,

The equations describing the dilution of jet discharges
in a quiescent ambient, however, are not linear. When
several jets are located adjacent to each other, the velocity
and concentration fields of nearby jets will interact. Their
interaction does not result in the net concentration being
determined simply by adding the contributions of each jet.

Reichardt's (1943) turbulent transfer theory has been
described by Abramovich (1963). Reichardt asssumed that the
lateral transport of momentum is proportional to the
transverse gradient of the 1longitudinal component of
momentum:

v = —A(x)-a-a—ﬁ'z (E.1)
Y
where: u 1is the instantaneous longitudinal velocity,
u? is the time-averaged value of the square of the

longitudinal velocity,

v 1is the instantaneous transverse velocity,
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Uv is the time-averaged value of the product of the
longitua:nal and transverse velocities,

Y is the transverse distance from the jet axis, and

A is a function which is only dependent on the
distance along the jet axis (x).

Reichardt's hypothesis has previously been applied to
determine the velocity fields of multiple circular jet
discharges (Knystautas, 1964; Pani and Dash, 1983a;
Rajaratnam, 1985), multiple unbounded plane jet discharges
(Rajaratnam, 1979) and multiple unbounded slot jet discharges
(Demissie and Maxwell, 1982; Pani and Dash, 1983a). It has
also been used to assess circular and rectangular wall jets
(Pani and Dash, 1983b).

In this appendix, Reichardt's hypothesis is used to
determine the concentration fields of multiple jet discharges
in a quiescent ambient. The analysis is first carried out in
detail for circular jets. The analysis is then extended to
consider multiple plane jets.

The combined effects of multiple jet discharges is
important in the design of a diffuser outfall. Jet discharge
ports can be spaced along the diffuser so that the edges of
the concentration fields overlap, however, the jets should
not be spaced so closely that they interfere with the
dilution that a single jet can achieve along its centreline,
Considering these needs, the velocity and concentration
fields of multiple circular jet discharges are examined to

provide a basis for the selectiun of the jet spacing.
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Governing Equations for Circular Jet Discharges
For circular turbulent non-buoyant jets, the verning
equations for momentum, continuity and pol'utant £flu can be

written (Figure 2.1):

d 2
momentum: 3% r.u? + 5; ruvs= 0 (E.2)
i ity 9 + jL rv = ( (E.3)
continuity: % r u or .
1 lux: 9 + 2 = 0 E.4)
pollutant flux: 3x T uc 3r T VeE-= (E.

where: x 1is the distance along the jet centreline axis,
r is the radial distance away from the x axis,
u 1is the instantaneous axial velocity (in the x
direction),
v is the instantaneous radial velocity (in the r
direction), and
c is the instantaneous concentration at a point.
In equation (E.2), laminar stresses have been assumed to be

relatively small and, hence, are neglected.

Results of Integral Analysis of a Circular Jet
Equations (E.2), (E.3) and (E.4) can be solved for a

single circular jet discharge using integral analysis

procedures coupled with certain experimental observations.

The solutions to these equations result in a number of simple
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expressions for the time-averaged characteristics of the jet

discharge (Rajaratnam, 1983):

a) velocity along the x axis:

T = K1/ x = 6.13d / x (E

b) half width of jet (at u/up = 0.5):

b = k2 x = 0.096 x (E.

c) concentration along the x axis:

Sm

c = k3 / x = 5.34d/ x (E
o

d) velocity distribution at a section:

exp{-1n2 M2} = exp({-0.693 N2} (E

5 |e
i
Hh
Il
H
3
it

e) concentration distribution at a section:

-1n2 2
£ _ h(E) = h(m = exp{——2—~ﬂ-} = exp({-0.506 M?) (E.
Cm b

k2

where: u is the axial velocity at a point in a section of
the Jjet,

unp is the maximum velocity in the section,

.3)

.7)

.8)

9)



Uy is the velocity at the jet nozzle,

d is the jet nozzle diameter,

b is the jet half-width (the distance from the jet
centreline to the point where u/uy = 0.5),

¢ 1is the concentration at a point in a section of
the jet,

¢m is the maximum concentration in the section,

Co 1s the concentration at the jet nozzle,

N 1is the dimensionless radial distance (N = r/b),

f 1is a function describing the self-similar velocity
distribution,

h is a function describing the self-similar
concentration distribution,

k is the ratio of concentration and momentum
diffusion coefficients (k = bes/b = 1.17),

bc is the concentration half-width, and

ki, k2 and k3 are constants.

Equations (E.5) to (E.9) are applicable in the zone of
established flow of a single jet discharge (i.e. x > 6 d).
These equations can be used to provide a complete description
of the axial velocity and concentration distributions

throughout the field of the Jjet.

Results of Applying Reichardt's Hypothesis to the
Velocity Field of MNMultiple Circular Jets
Reichardt's hypothesis has been applied to equations

(E.1) and (E.2) previously (Knystautas, 1964; Pani and Dash,
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1983a; Rajaratnam, 1985). The results of these analyses
indicate that the square of the time-averaged axial velocity

is a linear equation. Rajaratnam's work indicates:

2 p{ 5}_ 2
el expj—-2 1ln2 (b)z = exp{-1.386 n<} (E.10)

Thus, the squares of the axial velocities (i.e. the axial
momentum) of adjacent jet discharges are additive.

If a series of 2m + 1 identical jets are spaced a

distance of A apart, the velocity in the plane of the

diffuser jets can be dete. . . _~om (Figure E.1):
n=tm 37.6 2 0
T SRR S (oY)
ul = u, = =2 expi—-1.386 b (E.11)
n=-m n==m

2 . . . .
where: u, is the momentum contribution of the nth jet, and

y 1is the distance from the central jet axis in the
plane of the diffuser jets.
Examination of equation (E.11) for n = 0 results in equation
(E.5) for a single jet discharge.
Equation (E.1ll1) can be expanded to consider any point

about the central jet (Figure E.2):

37.6 U2 g2 I o
—_—_— fond 4
u2 = 2 E exp{—1.386 (b)}

n=-m

2 =
37.6 U, d2 &

2
= — Z exp{—lSO (iﬂ)} (E.12)

n=:+~m
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. . 2 .
where the square of the axial distance (r,) from the nth Jet

is determined from:

ri = (oA - y)2 + 22 = n2A2 - 2nAy + y2 + 22 (E.13)

where z is the distance from the plane of the jet discharges.

Application of Reichardt's Hypothesis to the
Concentration Field of Multiple Circular Jets
The continuity and pollutant flux equations for a

circular turbuient jet have been given earlier:

- 0 9
continuity: 3% £ U + 3¢ TV = U (E. 3)
llutant flux: - + 9 = 0 (E.4)
pollutan ux: g T U cC 3p L Ves .

From calculus, it can ke shown that:

) 0 0 d

5; ruauc = ¢ 5; uc+uc 5; r = r 5; u c (E.14)

Using equation (E.14) in equation (E.4) gives:

r g% uc = - g% rve (E.15)
d -1 0
g UC = Tfaprve (E.16)
Time averaging equation (E.16), using u = u + u' and

c =c¢ + c', then assuming u >> u' and ¢ >> c' (to allow the

smaller terms to be discarded) gives:
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Similar to Reichardt's hypothesis, it would be convenient to

assume:
vec = -H a—;EE (£.18)

The assumption is that the radial transport of a tracer is
proportional to the radial gradient of the axial transport of

the tracer and, that the constant of proportionality is a

o

function of the distance downstream only.

Substituting equation (E.18) into equation (E.17) gives:

)

ox u c =

)

a@r—rna—raa=

R =
H iz

d d — —
3¢ F 3¢ U ¢© (E.19)
Equation (E.19) is a 1linear second order partial
differential equation. The linearity provides promise that a
useful solution (which would allow concentrations to be
determined for multiple jets by superposition) can be found.
Let the function H be of the form:
Dropping the overbars (which so far have been used to denote
time-averaged values) equation (E.19) becomes:
p) kg xt [ 9 0 1
3x W ¢ = _AET_' 3z £ 3¢ Y cJ (E.21)
This equation form will be used later in determining the
final solution.
Examining equation (E.19) using equations (E.8) and

(E.9) results in:
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d d
5; 5‘ f(M) hM) un cm (£.22)

alitee

0
5(; £(M) h(M) Um Cm =

Using equations (E.5) and (E.7) (and by noting that r =M b;

I3 = 1/b; and 0r = b dn), equation (E.22) becomes:

2 £ hM) ki k3 Ug Co
dx %2

£(M) h(M) ki k3 Uy Co

H
3 (E.23)

22
2an " an

Using equation (E.6) for the jet half width (b) gives:

9 k1ik3Us Co £(M) h(M) _ -2 ki k3 Up Co £(M) h (M)
Ix %2 - %3
k1 k3 Ug Co 1 0
= H =0 9 n——fm) h(n) (E.24)
k2 x4 N on
Thus:
2
=2 ko, x M £(M) h(M
H = a (E.25)
PR 4. £f(M) h(m)
on  on
Inspection of equation (E.25) indicates that H is a linear
function of x (i.e. t = 1 in equation E.20). Thus:
) kg x [0 T
3x W ¢ = —%;—'[5; r g% u cJ (E.26)

The solution to equation (E.26) is of the form (Knystautas,

1964) :



{5
(83}
(Y]

} (E.2T)

uc = A exp{
= > —
X k x2

where k = 2 kg.
The constant A can be found by examining the conditions

at r = 0:
A o
UucC = Uy Cp = ;3 exp({-0} (E.28)
This gives:
6.13 Uy 5.34 C, d2
A = x2uycp = = N Q (E.29)
Thus:
-2
1 C = up Cp exps T —
k x
32.73 Uy Cq d? -rZ
- 2 0 exp{_r } (E.30)
X
k x

k can be found by examining the condition

The constant
= e. M =1 and u c¢c = 0.30 un cn) and using

when r = b (1.

(E.8), (E.9) and (E.30):

equations

exp{=-0.693) uy exp{-v.506} cn

uc =
-r2 )
= Uy Cm €Xp< T } (E.31)
k (0/0.096)2
which gives:
re 1
1.199 = = = — (E.32)
108.5 k b2 108.5 k
and, therefore:
i (E.33)
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Equacion (E.30) now can be used to describe the concentration

field of multiple jet discharges:

22.73 Uy Co d? -1.199 r2
x2 exp b2

(E.34)

32.73 Ug Co d? {—130 rZ}

“

x2
The contributions of u ¢ for 2m + 1 identical Jets located a

distance A apart can be summed. The following equation can

be used to determine the value of u c at a point relative to

the central jet in the plane of the jets (i.e, r = y):

n=-+m

n=+m 2 ™ .
32.73 U, Co d 2 y-nA
d ¢ = 2 Up Cn = X% =2 exp{-»1.199( b )2}

n=-m n=-m

n=+m

32.73 Uy Co d? E‘ { (y-nk)z}
= <2 expl]-130 " (E.35)

n=-m

The procedure for application would be to determine u, by

using egquation (E.11), then the product u c can be determined

from equation (E.395). The concentration at the point can
then be found from:

¢c = uc/u (E.36)

The generality of equation (E.35) can be extended to

anywhere in the jet flow field (relative to the central jet)

by using the form:
n=+m

n=+m
32.73 Uy Co d2 §: r
uc = }; Up Cp = xg = exp{-l.lQQ(}?)z}

n=-m n=-m




n=+m
32.73 Uy Co d? E: { gn}
= xpj- 3
<2 exp 130(xi)- (E.3N)
n=-m
where ry 1s determined using equation (E.13). Eguations

(E.12), (E.13), (E.36) and (E.37) can be used together to
decermine the axial velocity and concentration anywhere in

filow field.

Fxtension of tha Analyses to Multiple Plane Jets

The analysis carried out in .- revious section can
also be applied to multiple plane - :ts. As this analysis
involves a similar prodedure for a simpler case, only the
major steps are presented.

For plane turbuleat non-buoyant jets the governing

equations are:

9o 9
momentum: u 3% u o+ v ay u= 0 (E.38)
ti ity: jL + 'Q“ = () (E.39
continuity: Ix U ay v = .39)
llutant flux: 9 + jL = 0 (E£.40)
pollutan ux: u 3= c v dy c = .

where y is the distance from the jet centreline.

Integral analysis of a single plane jet discharge
results 1in the following time-averaged characteristics

(Rajaratnam, 1983):
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a) velocity along the x axis:

Umo_ ok /Vx = 3.70 Voo / Vx (E.41)

b) half-width of Jjet (at u/upm = 0.5):

b = k2 x = 0.097 x (E.42)

c) concentration along the x axis:

o . k3 /7 Vx = 3.44 Vb / Vx (E.43)

Co

d) velocity distribution at a section:

el f(x) = £(1) = exp{-1n2 N2} = exp(-0.693 n?} (E.44)

e) concentration distribution at a section:

-1n2 M2
< - h(x) = h() = exp{“'jzfﬂ—} = exp{-0.506 12}  (E.45)

where by is the slot half width, and k = 1..7.

Reichardt’s hypcthesis has been applied to equations
(E.38) and (E.39) previously (Rajaratnam, 1979). The results
of the analysis indicate that the time-averaged axial
velocity for a series of 2m + 1 identical Jets can be

determ_ued from:



(9]
(53]
-]

n=+m

n=+m 2
5 13.7 UO bo y_nl 2\
ul = u, = —————————— expl-2 1ln2 f
n X p b .

n=-m =-m

2 n=+m
13.7 U, bo

BT Y

n=-m

n=+m

2
13.7 U be y-nA\2
= —— exp{—147 ( )} (E.46)
X X

n=-m

The concentration field <can be considered by
manipulating equations (E.39) and (E.40), using calculus and

then time-averaging the results, to give (overbars deleted):

% uc = - 5; v C (£.47)

Similar to Reichardt's hypothesis it is assumed:

vec = - Hp g% u c (E.48)

Thus, a linear second order partial differential equation can
be developed:

2
gi uc = Hp g%; u c (£.49)

Examination of equation (E.49), using equations (E.41)
through (E.45), indicates that the form of the function Hp is
linear (Hp = ks x).

Using the function:

£ = x2 (E.50)
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. 9 _ 2% _ 3
gives: Iz = aé 3% = 2 x a& (E.51)

Equation (E.49) can then be rewritten as:

a2

0 ay2 u c (E.52)

55 u

(9]
1]
~1

The solution to equation (E.52) is:

.2

uc = jﬁ—gexp{j—i—é} (E.53)

Evaluation of equation (E.53) for the cuiditions at y = 0
({i.e. uc =up cm) and vy = b (i.e. uc = 0. " up cn) gives:
11.73 Up Co b v
uc = 22 —0 exp{—l.lQEff
x e,
11.73 Ug Co b
- P exp{—lzvcf)z} (E.54)

For 2m + 1 jets located a distance A apart, the contributions

of u ¢ can be summed:
n=+m

n=+m
11.73 Uy Co b z -nA
u Cc = 2 Up Cp = ; =0 exp{—1.199(yb )2}

n=-m n=-m

n=+m

1.7 b -n\
= - 3 U; Co Do zexp{—m?(yx )Z} (E.55)

n=-m

The procedure for application is to first determine u, by
using equation (E.46). Then the value of u ¢ is determined
from equation (E.55) and ¢ is subsequently found from

¢ =uc/ u (equation E.36).
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Examination of the Velocity and Concentration Fields
for Multiple Circular Jet Discharges
Equations (E.12) and (E.37) have kteen examined to
provide some insight on the characteristics of the velocity
and concentration fields for multiple <circular jet
discharges.
a) velocities and concentrations along the central jet axis:

Velocities and concentrations along the central jet axis

(i.e. y = 2 0) were computed for a number of jet spacing
intervals (figures E.3 and E.4). The velocities and
concentrations for a single circular jet discharge 1is
represented on these figures by an infinite spacing (i.e.
A/d = o). For this condition, the velocities and
concentrations along the central ijet axis decreases in a
linear fashion as described in equations (E.S) and (E.7).

A series of circular jets can be spaced close enough
together to have the characteristics of a plane Jjet. Pani
and Dash (1983a) indicated that the equivalent slot width for

a plane jet could be determined based cn the port areas.

This results in:
® d2
4

= 2 bo A (E.56)
Equation (E.56) gives a value of A = 0.785 d for a

theoretical plane jet with a slot half width of by = d/2.

Examination of equations (E.12) and (E.37) for multiple

Circular Jjets with a theoretical spacing of A/d = 0.785 gives
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the same results as equations (E.41) and (E.43) for plane
jets (figures E.3 and E.4).

In practical terms, the minimum jet spacing would be
A/d = 1 for a series of thin walled tubes but, for welded
steel outfall diffusers, the minimum value would more likely
be A/d = 2.

The axial velocity and concentration distributions for
jet spacings of A/d = 2, 5 and 10 have also been shown on
figqures E.3 and E.4. The distributions indicate that the
flows are like circular jets (i.e. vary with the inverse of
x/d) for scme distance, then eventually become like plane
jets (i.e. vary with the inverse of Vx/d). The distance "o
the point at which the velocity stops behaving 1like a
circular jet is about 6 A (the concentration reaches this
point a bit sooner). Knystautas (1964) indicated that the

point at which the circular jets behave like a plane jet was

a distance of 12 A from the outlets. Although the plane jet

behaviour is approached asymptotically, the 12 A distance is

supported by this work.

One common mistake often made in assessing multiple jet
discharges 1is to use the principle of superposition to
determine the velocity and concentration fields. This can
result in significant overestimations (figures E.5, E.6, E.7,
and E.8). The significance of the error increases with the
distance from the nozzles, being in the order of 2 to 4 times

the correct values at x/d = 100.
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b) Velocities and concentrations in the plane of diffuser:
Velocities and concentrations in the plane of the
diffuser have been examined in fiqures E.9 and E.10 for a jet
spacing of A/d = 5. Near the outlets, at x = 10 d, the
velocities and concentrations are independent of the adjacent
jets. At x = 20 d they interact (note the overestimation by

the method of superposition). At x =50 d (i.e. x = 10 A)

the jets appear like a plane jet with a slot half width of:

b = (E.57)

c) Velocities and corcentrations normal to diffuser plane:
Velocities and concentrations normal to the diffuser
plane have been examined in figures E.11, E.12, E.13, E.14,
E.15 and E.1l6. Near the nozzle, the jets behave like a
single jet wuntil the spacing is very close. At some
significant distance from the nozzle, each jet discharge

configuration behaves like a plane jet. When A/d = 0.785 the

jet diffuser behaves exactly like a plane jet,

Conclusions

a) Reichardt's hypothesis has been successfully applied by
others to determine the velocity fields of multiple jet
discharges. Reichardt's hypothesis can also be adapted to
develop equations for the concentration fields of multiple
jet discharges. This work has done so for multiple circular

jet discharges and multiple plane jet discharges.
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L) Equation (E.56) can be used to determine the equivalent
slot half width (be) for a series of circular jets spaced at
a distance of A apart. The use of the multiple circular jet
discharge equations (E.12) and (E.37) with a theoretical ijet
spacing of A/d = 0.785 gives the same velocity and
~oncentratior distributions as the plane jet equations (E.41)

and (E.43).

c) Multiple circular jet discharges behave like independent
circular jets (i.e. the velocity and concentration vary
inversely with the distance x/d) for a distance of 6 A from
the nozzle. Beyond this distance, adjacent jets begin to
affect the velocity and concontration conditions of their
neighbours and, the mixing is not as efficient as that for a

lone jet.

d) As the discharges from multiple circular jets progress
downstream, their behaviour becomes increasingly similar to
that of a plane jet. This work confirms the work of
Knystautas (1964) which indicates that multiple circular Jjets
behave like a plane jet (i.e. where the velocity and
concentration vary inversely with J§7a) after a distance of

12 A from the nozzles. The equivalent slot half-width (bo)

can be determined from the jet diameter (d) and the Jjet

spacing (A) using equation (E.57).
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e) A common mistake oftc¢n made in assessing multiple jet
discharges 1is to use the principle of superposition to
determine the velocity and concentration fields. The super-
position procedure results in a significant ocverestimation of

the magnitude of the velocities and concentrations.
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APPENDIX F

GLOSSARY

advection: the transport of an effluent by the current.
Baest Available Technology: the most sophisticated and
effective in-plant environmental protection and waste
trecatment technologies.

Best Practical Technology: the most commonly used and
economical in-plant environmental control practices and waste
treatment technologies.

bifurcation: the splitting of a Jjet discharge into two
distinctly separated vortices.

bimodal jet: a jet discharge which develops concentration
distributions having two maximums located equidistant from
the jet centreline.

bimodal ratio: the average of the two bimodal peak
concentrations divided by the maximum concentration for a
vertical profile through the section's centreline.
cavitation: the lpcal vaporization (i.e. boiling) of a
flowing fluid resulting from low local pressures as the flow
encounters a discontinuity.

criteria: scientific data evaluated to derive the
recommended limits for water uses.

critical concentration (Cj3): the maximum concentration

along the LUZ (limited use zone) boundary.
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critical length (X3): the distance from the outfall
downstream to the point of maximum concentration along the
LUZ (limited use zone) boundary.

critical point: the point along the LUZ (limited use zone)
boundary where the concentration profile reaches a maximum
value.

crossing length: the distance from the outfall downstream
to the point where a noticeable (e.g. 2% to 5%) in the
concentration of effluent parameters occurs in the river near
the opposite shoreline.

deep water jets: jet discharges which are in crossf;ows
sufficiently deep to exclude surface effects.

differential advection: the spreading of an effluent due
to the uneven advection resulting from the non-uniform
velocity distributions in rivers; the velocity distributions
can occur due to the vertical velocity gradient (due to the
stream bed alone or in conjunction with an ice cover) and the
transverse velocity gradient which would occur due to the
varying depths across the river's cross-section.

dilution ratio: the ratio of the concentration of the jet
discharge to the maximum concentration at a section.

far field mixing xone: the reach of a river, downstream
of an effluent discharge, from the section where vertical
mixing has been achieved to the section where the effluent is

completely mixed across the river.
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initial dilution =zone: the region in the immediate
vicinity of an effluent discharge structure where a specified
minimum degree of dilution is expected to occur.

jet centreline penetration distance (Yp): one half the
distance from the nozzle to the outer visual boundary of the
jet at x = 0.

jet entrainment zone: the region of a jet discharge
(nearest the nozzle) where the growth and dilution of the
discharge is dominated by jet entrainment.

jet half-width: the distance from the centreline to the
point where the velocity is one half the maximum for the
section.

limited usa zone (XUZ): the portion of the width of a
river where pollutant g¢oncusntrations may exceed receiving
stream guidelines.

limited use =zone length (X): the distance from the
outfall to the point where the shoreline concentration
reaches the receiving stream guideline.

maximum permissible LUZ length (Xp): a prescribed
constraint on the LUZ length based on existing a~d future
water users.

maximum terminal levels: for jet discharges into a
crossflow of finite depth, the maximum elevation a jet
boundary profile can achieve regardless of the relative jet

strength.
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mixing length (Xm): the distance from an outfall to the
river section downstream where the effluent has become
completely (e.g. 95% or 98%) mixed.

mixing =zone: the reach of river where vertical and
transverse mixing of an effluent is taking place.

molecular diffusic.; the movement of matter on a
molecular scale; these random mohions move an effluent from
areas of high concentration to areas of low concentration.
momentum dominated far field (H4DFF): rhe region of
flow, for a jet discharging into a crossflow, where the

centreline profile (‘55‘;) varies with the cube root of the

% . . .
distance downstream (;‘g); jet momentum dominates the flow in

this region.
momentum dominated near field (MDNF): the region of
flow, for a jet discharging into a crossflow, where the

centreline profile (jE:) varies with the square root of the

. X . .
distance downstream (_—E); jet momentum dominates the flow in
a

this region.

near field mixing zone: the region downstream of an
effluent discharge structure where complete vertical mixing
is achieved.

passive plume: an efluent discharge which has no momentum
flux of buoyancy flux.

potential core: the region of flow development in a jet

discharge where the velocities change from being uniform with
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low turbulence (potential flow) to turbulent flow; Jjust
beyond the potential core, the centreline velocities begin to
decrease from that at the nozzle (also called the zone of
flow establishment).

relative jet strength: a dimensionless ratio to quantify
the strength of the jet discharge relative to the strength of

the crossflow; two measures of this have been identified in

. . _ a d a? d
this dissertation: o and D
secondary currents: lateral circulation of the flow, as a

river progresses downstream, induced by the shape of the
cross—-section or the curvature of the channel's alignment.
shallow water jets: Jjet discharges in crossflows which are
affected by the depth of flow.

subsequent dilution zone: the river reach, downstream of
the mixing zone, where tributary inflow and diffuse lateral
inflow reduce parameter concentrations further.

surface dominated field (SDF): the region of the flow,
for a jet discharging into a crossflow of finite depth, where
the water surface slows the upward progression of the jet.
terminal level raegion: the re¢ion of flecw, for a jet
discharging into a crossflow of finite depth, where the jet
maintains a relatively stable position.

transition zone jets: jet discharges which are only
partvially affected by the fini‘e depth of flow.

turbulent diffusion: the movement of material due to the

random fluctuations of a fluid in turbulent flow; these
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motions also move material from areas of high concentration
to areas of low concentration; in rivers, the dispersive
effect of turbulent diffusion is far more significant than
molecular diffusion.

unimodal jet: a jet discharge which develops concentration
distributions having only one maximum located on or nzar the
jet centreline.

visual jet centreline: the midpoint 1line between the
inner and outer jet boundaries (determined photographically).
vortex entrainment zone: the region of a jet discharge
(downstream of the jet entrainment zone) where the jet
velocities approach that of the free stream and the motion
and dilution of the flow is dominated by the jet wcrtices.
water quality guideline: numerical concentration or
narrative statement recommended to support and maintain a
designated water use.

water quality objective: numerical concentration or
narrative statement which has been established to support and
protect the designated uses of water at a specified site.
water quality standard: an objective that 1is recognized
in enforceable environmental control laws of a level of
government .

zone of established flow (Z2EF): the region in a jet
discharge, beyond the potential core, where the flow is fully
developed and the velocity distributions are self-similar.

zone of flow establishment (ZFE): see potential core.
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zone of passage: the portion of the width of the river
where pollutant concentrations must be within the limits set

out in receiving stiream guidelines.






